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FOREWORD 

This  r e p o r t  is  t h e  f o u r t e e n t h  i n  a series of Techn ica l  P rogress  
Repor ts  on "Alloy Development for Irradiation Performance" (ADIP)  , which 
i s  one element of t h e  Fusion Reactor  Materials Program, conducted i n  
suppor t  of t h e  Magnetic Fusion Energy Program of t h e  U . S .  Department of 
Energy. Other  elements of t h e  Materials Program are 

Damage Analysis and Fundamental Studies ( DAFS) - Plasma-Materials Interaction (PMI) 

. Special-Purpose Materials (SPM) 

The f i r s t  seven r e p o r t s  i n  t h i s  series are numbered DOE/ET-0058/1 
through 7. This  r e p o r t  is  t h e  seven th  i n  a new numbering sequence t h a t  
begins  wi th  DOE/ER-0045/1. 

The ADIP program element is  a n a t i o n a l  e f f o r t  composed of c o n t r i-  
b u t i o n s  from a number of N a t i o n a l  L a b o r a t o r i e s  and o t h e r  government 
l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organized 
by t h e  M a t e r i a l s  and Rad ia t ion  E f f e c t s  Branch, O f f i c e  of Fusion Energy, 
DOE, and a Task Group on Alloy Development f o r  Irradiation Performance, 
which o p e r a t e s  under t h e  a u s p i c e s  of t h a t  Branch. The purpose of t h i s  
series of r e p o r t s  i s  t o  provide  a working t e c h n i c a l  r ecord  of t h a t  e f f o r t  
f o r  t h e  u s e  of t h e  program p a r t i c i p a n t s ,  f o r  t h e  f u s i o n  energy program 
i n  g e n e r a l ,  and f o r  t h e  Department of Energy. 

This  r e p o r t  is organized a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a 
Program Plan of t h e  same t i t l e  so that  a c t i v i t i e s  and accomplishments 
may be fol lowed r e a d i l y  r e l a t i v e  t o  that  Program Plan.  Thus, the work 
of a g iven  l a b o r a t o r y  m y  appear  throughout t h e  repor t .  Chapters  1, 2 ,  
8, and 9 review a c t i v i t i e s  on a n a l y s i s  and e v a l u a t i o n ,  tes t  methods 
development, s t a t u s  of i r r a d i a t i o n  exper iments ,  and c o r r o s i o n  t e s t i n g  
and hydrogen permeation s t u d i e s ,  r e s p e c t i v e l y .  These a c t i v i t i e s  re late  
t o  each of t h e  a l l o y  development paths.  Chapters  3 ,  4 ,  5, 6 ,  and 7 
p r e s e n t  t h e  ongoing work on each a l l o y  development path.  The Table of 
Contents  is anno ta ted  f o r  t h e  convenience of t h e  reader .  

This  r e p o r t  has  been compiled and e d i t e d  under t h e  guidance of t h e  
Chairman of t h e  Task Group on Alloy Development for Irradiation Performance. 
E. E. Bloom, Oak Ridge N a t i o n a l  Laboratory ,  and h i s  e f f o r t s  and those  of 
t h e  suppor t ing  s t a f f  of ORNL and t h e  many persons who made t e c h n i c a l  
c o n t r i b u t i o n s  are g r a t e f u l l y  acknowledged. T. C. Reuther ,  Materials and 
Rad ia t ion  E f f e c t s  Branch, is  t h e  Department of Energy Counterpar t  t o  t h e  
Task Group Chairman and has  r e s p o n s i b i l i t y  f o r  t h e  ADIP Program w i t h i n  DOE. 

D. L. Vie th ,  Chief 
Materials and Rad ia t ion  E f f e c t s  Branch 
O f f i c e  of Fusion Energy 

i i i  
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-4A experiment and 9 ORR cycles completed for the 
-48 experiment, which correspond to 221,178 W h  and 
83,634 Mkrh, respectively. 
tions yield 6.66 x 1025 neutrons/m2 in thermal fluence, 
1.99 x 1026 neutrons/m2 in total fluence, 5 .05  dpa in 
type 316 stainless steel, and 51.78 at. ppm He in type 316 
stainless steel (not including 2.0 at. ppm from 1 ° B )  for 
the -4A experiment. 
2.52 x 1025 neutrons/m2 in thermal fluence, 7.52 x 
1025 neutrons/m2 in total fluence, 1.91 dpa and 
8.13 at. ppm He in type 316 stainless steel. 

At these exposures, the calcula- 

The -4B experiment has achieved 

V 
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The nuclear analysis of the hafnium corepiece for the 
ORR-MFE-4A experiment has been completed. The results of 
this analysis indicate acceptable helium production to 
displacement damage ratios over the lifetime ( > 5 0  dpal of 
the experiment my be obtained using solid aluminum core- 
pieces containing a 0.65-m-thick hafnium annulus. 

2.3 Operation of the ORR Spectral Tailoring Experiments 
ORR-MFE-4A and ORR-MFE-4B (Oak Ridge National 
Laboratory).. . . . . . . . . . . . . . . . . . . . . . .  24 

installed in the Oak Ridge Research Reactor IORR) a 
June 10, 1980, and as of September 10, 1981, it had 
operated for an equivalent 330 d at 30 Mkr reactor power, 
with m x i m  specimen temperatures in each region of 330 
and 4OO0C, respectively. On September 8, 1981, two of the 
multijunction thermocouples located in the lower region of 
the capsule, as previously described, indicated sharp drops 
in temperatures of about 90°C a each. 
removed from the reactor for investigation. 
indicated that there are no leaks in the secondary system 
and no leaks between the thermocouple welt and primary 
system. 
dary system boundaries to permit continuation of the cap- 
sule irradiation is under investigation. 

The ORR-MFE-4B experiment, installed in the ORR on 
April 23, 1981, is essentially identical to ORR-MFE-4A. 
Its upper region operates at 600°C, and its lower region 
operates at 500OC. 
operated for an equivalent 136 d at 30 Mkr reactor power. 

The ORR-MFE-4A experiment, described previously, was 

The capsule was 
Tests have 

The possibility of rearranging primary and secon- 

As of September 30, 1981, it has 

2.4 Experiments HFIR-MFE-RBI, -RB2, and -RB3 for Low- 
Temperature Irradiation of Path E Ferritic Steels 
(Oak Ridge National Laboratory) . . . . . . . . . . . . . .  30 

planned for low-temperature irradiation of a variety of 
specimen types of ferritic steels to approximately 10 and 
20 dpa. The final specimen mtrices for RBI and RB2 are 
given, along with a preliminary matrix for RB3. 
are details a the alloys included and their conditions. 
Assembly of the RBI and RB2 capsules is presently under 
way. 
November 1981, and irradiation of RB2 is expected to begin 
about January 1982. 
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The HFIR-MFE-T3 experimental capsule is described. 
This experiment consists of miniature Charpy V-notch speci- 
mens of 12 Cr-1 MoVW and 12 Cr-1 MoVW-2 Ni alloys. The 

The HFIR-MFE-RBI, -RB2, and -RB3 experiments are 

Also given 

Irradiation of the RBI capsule is planned to start in 

2.5 
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different levels o 

for  an evaluation of the effect of helium a impact 
properties. 
projected fluence at midplane that Will produce 10 dpa 
expected by January 1982. 

nickel will result in different helium 
levels generated df uring irradiation, and thus will allow 

Irradiation of the capsule has started with 

3. PATH A ALLOY DEVELOPMENT - AUSTENITIC STAINLESS STEELS . . . . . 41 

3.1 Results of the MFE-5 In-Reactor Fatigue Crack Growth 
Experiment (Hanford Engineering Development Laboratory) . . 42 

Emmination of the crack growth specimens from the 
ORR-MFE-5 in-reactor fatigue test and from the HEDL thermal 
control test has been completed. Results indicated that 
there were no effects of dynamic irradiation a crack 
growth at a fluence of 1.5 x 1021 n/cm2 (E > 0.1 MeV). 
Furthermore, the crack growth mtes in elevated temperature 
sodium were a factor of 3 to 4 lower than in room tem- 
perature air. 

3.2 Effect of Preinjected Helium on Swelling and Microstructure 
of Neutron Irradiated Stressed Type 316 Stainless Steel 

In this period, examination was performed a 
(Oak Ridge National Laboratory) . . . . . . . . . . . . . . 4a 

pressurized tubes of 22%-cold-worked type 316 stainless 
steel after irradiation at 525OC. 
31.7 m a  and the fluence was 5 x 1026 neutrons/m2 
(>O.l MeV) producing 23 dpa. 
the center portion of the tube specimen to levels of 20 and 
60 at. ppm. 

Diameter measurements, which include both swelling and 
creep effects, show that a 20 at. ppm He preinjected region 
expnded about 30% less than the uninjected regions. For a 
sample with 60 at. ppm He, a 60% lower expansion was found. 

The microstructure of a 60 at. ppm He preinjected 
region shows a bimodal cavity distribution. An inhomoge- 
neous distribution of voids less than 50 nm in diameter is 
accompanied by a homogeneous population of tiny cavities, 
with a concentration near lO21/m3. 
region, a single distribution of cavities was observed &th 
a number density of about 1 x lO2o/m3 and an average 
diameter of about 100 nm. 
both regions. 
density of about 5 x lO19/m3. 

The hoop stress was 

Helium was preinjected into 

In the uninjected 

Precipitates were observed in 
Almost all were eta-phase, with a number 

3.3 Microstructural Development on 20%-Cold-Worked Types 316 
and 316 + Ti Stainless Steels Irradiated in HFIR: 
Temperature and Fluence Dependence of the Dislocation 
Component (Oak Ridge National Laboratory) . . . . . . . . . 54 

The dislocation structures of 20%-cold-worked type 316 
stainless steel (CW 3161 and CW 316 + Ti are investigated 
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and compared after t h e m 1  aging, HFIR irradiation at 
55 to 75OoC at fluences producing up to 16 dpa and 
1020 at. ppm He, and EBR-11 irradiation to 8.4 and 36 dpa 
at 500 to 63OoC. 
aging in the range 550 to 700°C, with recovery increasing 
as temperatures increase. 
exhibits MC formation and resists dislocation recovery for 
4400 h at 70OOC. Dislocation recovery and precipitation 
are uncoupled in CW 316 after EBR-11 irradiation. Recovery 
is enhanced and precipitation is retarded. The DO heat of 
CW 316 does not form Frank loops in the 500 to 630OC range. 
Network dislocation concentrations tend toward a steady 
value of 1 to 3 x l014m/m3. with only slight temperature 
and fluence variations. During HFIR irradiation, CW DO 
heat 316 shows dislocation recovery after 7 to 10 dpa, with 
moderate temperature dependence from 55 to 45OoC and 
stronger temperature dependence above 45OoC. 
and 55OoC the dislocation recovery is strongly coupled to 
other microstructural features. 
irradiation at 450%' and below, cavities at 35OoC and 
above, and precipitation at 45OoC and above. 
t i a  structure recovers to similar values i n  HEIR and 
EBR-II at 500 to 630°C. 

tar to CW 316 after HFIR irradiation from 55 to 75OoC, but 
the coupling of network recovery, Frank loop behavior, and 
other microstructural phenomena is different from those in 
CW 316. 
pinning and reduced phase instability. 
centrations are 3 to 5 times higher in the CW 316 + Ti than 
in the CW 316. 

The CW 316 shows dislocation recovery on 

By comparison, CW 316 + Ti 

Between 55 

Frank loops are found for 

The distoca- 

The dislocation microstructure in CW 316 + Ti is si& 

The greatest differences reflect MC dislocation 
Dislocation con- 

3 . 4  Equations to Describe the Swelling of 20%-Cold-Worked 
Type 316 Stainless Steel Irradiated in HFIR (Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . . 98 

are developed for 20%-cold-worked type 316 stainless steel 
(CW 316)  irradiated in HFIR. These equations are based on 
the physical phenomena observed in the microstructure, such 
as matrix void swelling, matrix bubble swelling, grain 
boundary cavity swelling, and precipitate-assisted void 
swelling. 
component is considered, and microstructural information is 
interpolated to provide a description of the swelling 
behavior within the limits of the data set (up to 
50-60 dpa). 
Some facets of the swelling behavior, such as void attach- 
ment to eta ( M & )  phase particles at lower temperature, 
may vary between heats of type 316 stainless steel. Other 
components, such as bubbles in the matrix and grain boun- 
dary cavities, may be more general. 

Equations describing cavity volume fraction swelling 

The temperature and fluence dependence of each 

The data base is for the DO heat of CW 316. 

The expression of 
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total swelling as the sum of distinct, microstructumlly 
related components allows flexibility in describing other 
heats of steel having generally similar behavior but with 
some differences in precipitate response, for example. 
also permits separate comparison of components of the 
swelling, such as bubbles or void formation, with these 
same phenomena observed under different irradiation 
conditions. Comparison of the overall swelling in HFIR 
with that observed in EBR-11 indicates substantial dif- 
ferences in the temperature and fluence dependence of 
swelling in these reactors. The microstructural infor- 
mation shows that the differences are due to the helium 
generation m t e  and its effect a various mechanisms 
responsible for development of the cavity microstructure. 
An understanding of these differences and development of 
physically bused models that predict both EBR-11 and HFIR 
data will be necessary to project the swelling behavior in 
a fusion reactor. 

It 

3.5 Weld Bend Tests on Irradiated, 20% Cold-Worked 316 Stain- 

Samples of 20% CW 316 SS were sectioned from various 
less Steel (Hanford Engineering Development Laboratory) . . 110 

axial locations along an irradiated EBR-11 duct. 
samples were fabricated by Tungsten-Inert-Gas (TIGI welding 
two tabs together along the width. 
accomplished by centrally loading the root side of the weld 
white both ends of the specimen were supported by pins. 
The effects of sample fluence level, test temperature, 
and deflection rate on strength and ductility were 
investigated. A preliminary evaluation indicates the 
ductility of the welded material is much greater than 
expected. 
service does not appear to cause embrittlement of the weld 
zone. 

The bend 

Bending was 

Helium produced in the metal during reactor 
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No contributions. 
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specimens of the three Path C vanadium Scoping Alloys in 
the temperature range 650 to 800OC. 
V-lSCr-5Ti was strongest in creep, followed by VANSTAR-7 
and V-20Ti. 
testing in the ultra-high vacuum creep test stands. 
addition to the creep tests, a series of controlled non- 
metallic contamination exposures were carried out at 800OC. 

Creep/stress-rupture tests were performed a sheet 

As expected, the 

These tests represented over 12,000 hours of 
In 
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Oxygen was used as the contaminating specie f o r  these tests 
which demonstrated the capability of an existing UHV 
microbalance system for introducing controlled levels of 
contaminants into the vanadium alloys. 
analyses of both creep and tensile tested specimens are 
also presented. 

Fractographic 

5.2 Fatigue Behavior of Unirradiated Vanadium Alloys (Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . .  139 

A simple two-term power law was used to fit the strain 
controlled fatigue data obtained f o r  unirradiated V-15% C r -  
5% Ti at room temperature, 555 ,  and 65OoC. 
were then made between data generated on this alloy at 
55OoC and similar data obtained on 25%-cold-worked type 316 
stainless steel at the same temperature. 
showed the vanadium alloy to have a similar low cycle 
fatigue life at less than 15,555 cycles but a superior 
resistance to fatigue damage at higher cyclic lives. 
general data trend for this alloy suggested an endurance 
limit at strain ranges of approximately 5.7 and 5.6% at 
550 and 65OoC, respectively. Limited testing of VANSTAR-7 
indicates fatigue properties slightly inferior to the 
V-15% C M %  Ti alloy. 

Comparisons 

This comparison 

The 

5.3 The Effect of 70°C Irradiation on the Tensile Properties 

Irradiation of VANSTAR-7 at about 75T, followed by 
of VANSTAR-7 (Oak Ridge National Laboratory) . . . . . . .  145 

tensile tests at 25OC, has shown that plastic instability 
occurs in this alloy as it does in m n y  other bcc alloys. 
Plastic instability, which results from dislocation 
channeling, occurs for displacement damage levels of 
5.51 dpa or greater and limits the uniform tensile elonga- 
tion to about 5.1%. Irradiation strengthening has not yet 
saturated at a damage level of 1 dpa. Total elongation is 
still greater than 2% at this damage level, and the frac- 
ture mode is fully ductile. 

Fatigue Crack Propagation in Selected Titanium Alloys 5.4 
(Hanford Engineering Development Laboratory) . . . . . . .  153 

Room temperature tests have been performed on selected 
At relatively sll~lll values for the stress titanium alloys. 

intensity factor, hK, the crack growth rates for all 
titanium alloys investigated are within a factor of three. 
Each of the titanium alloys has observable crack propaga- 
tion for stress intensity factors as small as 4.2 W a  &. 

6. INNOVATIVE MATERIAL CONCEPTS . . . . . . . . . . . . . . . . . .  165 

No contributions. 
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7. PATH E ALLOY DEVELOPMENT - FERRITIC STEELS . . . . . . . . . . .  167 

7.1 Evidence of Segregation to Martensite Lath Boundaries 
in Temper-Embrittled 12Cr-lMo-.3V Steel (HT-9) 
(General Atomic Company) . . . . . . . . . . . . . . . . .  168 

The decrease in toughness of normalized and tempered 
HT9 on aging f o r  100 h at 550°C is related to segregation 
of minor elements at martensite lath boundaries. 

7.2 An Auger Analysis of a Superheater Tube of HT-9 In-Service 
for 80,000 hrs at 600°C (General Atomic Company) . . . . .  178 

It has been shown in the previous contribution 
(See. 7.1)  that the microstructure of HT-9 to be placed in- 
service or in irradiation experiments is critically 
affected by prior processing and heat treating steps taken 
prior to that. 
long-term thermal aging effects on the mechanical proper- 
ties are not as dependent on the metalloid or nonmetallic 
impurities such as silicon or sulphur, but are controlled 
by larger, more slowly diffusing species such as copper. 

This paper presents data suggesting that 

7.3 The Effect of Hydrogen Charging on the Tensile Properties 
of HT-9 Base Metal (Sandia National Laboratories, 
Livemore, CA) . . . . . . . . . . . . . . . . . . . . . .  186 

This report summarizes results on the effect of 
hydrogen, introduced by cathodic charging, on the tensile 
properties of HT-9 from the National Fusion heat supplied 
by General Atomic. 
as-queched (Q), quenched-and-tempered (&/TI, and quenched- 
and tempered and cold worked IQ/T/CWl. These data will 
serve as the baseline for the continuing study of hydrogen 
effects on the tensile and toughness properties of HT-9 
base metal and weld microstructures. 

Tensile specimens were cathodically charged at 
0.003 A/cm2 and 0.006 A/cm2 for up to 1500 minutes, 
immediately copper plated, and tested at room temperature. 
Previous testing has shown that the tensile properties of 
quenched-and-tempered HT-9 from a different heat were not 
degraded by hydrogen even at charging levels of 0.006 A/cm2 
for 150 minutes. 
affected the Q/T specimens from the National Fusion heat. 
Charging at 0.003 A/cm2 for only 90 minutes reduced the 
tensile ductility by 63% and changed the fracture mode from 
that of dimpled rupture to a combination of intergranular 
cracking and martensite interlath fracture. Unexpectedly, 
the quenched-and-tempered specimens which were cold worked 
(Q/T/CW) were not as sensitive to hydrogen charging. 
Charging at 0.006 A/cm2 for 150 minutes neither lowered the 
tensile ductility nor changed the fracture mode. 

Three microstructures were tested; 

Ymever, hydrogen exposure significantly 

This is 
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surprising since, in general, higher strength microstruc- 
tures are more severely degraded by hydrogen. 
efforts are aimed at understanding these results, and 
assessing their impact a the applicability of HT-9 as a 
first wall mterial. 

Current 

7.4 Interpretive Report on the Weldability of 12Cr-lMo-.3V-.5W 
(HT-9) Martensitic Steel f o r  Use in First Wall/Blanket 
Structures in Fusion Reactors - Part 1, A Review of Current 
Technology (Sandia National Laboratory and General Atomic 
Company) . . . . . . . . . . . . . . . . . . . . . . . .  . 204 

ence in both the U.S. and Europe, and the results of 
research performed under the A D P  Path E program has 
resulted in a number of observations and recononendations 
regarding the weldability and long term integrity of HT-9. 
In the opinion of the authors, the weldability chamcter- 
istics of HT-9 does not preclude this alloy from consider- 
ation as a first watt/blanket material for fusion machines. 
Indeed, weldability observations on this alloy, to date, 
are encouraging. However, although the transformation and 
tempering response of the fusion zone and heat-affected 
zone (HAZI has been well characterized, optimization of the 
welding process and process parameters will be necessary in 
order to successfully fabricate the first wall modules. In 
particular, there are several factors which m y  affect weld 
joint integrity and must be studied to further define the 
weldability of HT-9. 
effects of hard triaxiat restraint, discontinuities and 
defects, delay time prior to post-weld heat treatment and 
horizontal and vertical weld positions. In addition. the 
weldability and weld integrity of product forms pertinent 
to first waZl/btanket structures must be studied. 
Evaluation of these aspects is the next logical step in 
determining whether reliable weld joints of HT-9 can be 
fabricated in the shop or field. Both the gas tungsten-arc 
(GTAI and laser welding processes have been demonstrated 
a8 suitable techniques for joining HT-9, although the 
choice of laser welding as a primary or secondary joining 
process wilt require considerable process control to ensure 
reliable welded joints. Finally, in order to optimize both 
the welding process and the postweld heat treatment (PWHTI 
which will be required it is necessary to determine the 
minimum mechanical properties necessary to ensure the 
fabrication and safe operation of fusion reactor devices. 

future ADIP quarterly will focus on areas of future 
research which will be necessary t o  qualify HT9 weldments 
f o r  use in irradiation and hydrogen environments. 

A review of the current literature, industrial experi- 

Thesse include evaluation of the 

The second part of this report to be published in a 
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7.5 Fracture Toughness Measurements for Unirradiated 9Cr-1Mo 
Using Electropotential Techniques (Hanford Engineering 
Development Laboratory) . . . . . . . . . . . . . . . . . .  220 

The electropotential technique has been applied to 
determine Jlc on single specimens of HT9. 
was extended to 9Cr-1Mo in this work. Fracture toughness 
tests were performed on unirradiated 9Cr-1Mo specimens at 
25, 232 and 427"C, and on HT9 specimens at 25 and 232OC for 
comparison. 
versus ha curves were obtained through the use of a semi- 
empirical expression in terms of V/Vo  and a/ao. 
analysis of tests results shows that for HT9, the single 
specimen method agrees well with the multi-specimen method 
in determining Jlc, however, there is noticeably larger 
(order 15%) uncertainty for 9Cr-1Mo tested at 427OC. 
Alloy 9Cr-1Mo shows less variation in the temperature 
dependence of Jlc and a higher resistance to crack 
propagation than HT9. 

The technique 

Continuous crack extension measurements and J 

The 

7.6 TEM Specimen Preparation for the HFIR-MFE-RB1 Experiment 
(Hanford Engineering Development Laboratory) . . . . . . .  230 
2 1/4Cr-IMo have been prepared f o r  inclusion in the 
HFIR-MFE-RBI irradiation. The specimen matrix encompasses 
all the conditions being irradiated in the EBR-11 AD-2 
test. Additionally, the matrix includes specimens of HT-9 
weld fusion zones and simulated heat-affected zones to 
study the microstructural response of weldments. 

7.7 Miniature Charpy Specimen Test Device Development and 

TEM specimens of the ferritic alloys HT-9, 9Cr-1Mo and 

Impact Test Results for the Ferritic Alloy HT9 (Hanford 
Engineering Development Laboratory) . . . . . . . . . . . .  235 

geometry has been selected and two instrumented drop towers 
have been purchased from Effects Technology, Incorporated 
(ETII and received at HEDL. Impact testing of unirradiated 
HT9 miniature CQN specimens has been performed at tem- 
peratures of -100 to +lOO°C. The ductile to brittle 
transition temperature obtained is in excellent agreement 
with data obtained using full size HT9 C V N  specimens. 
Dynamic fracture toughness data can also be obtained. 
However, improved instrumentation will be required to 
obtain dynamic fracture toughness data outside the lower 
shelf region. 

A miniature charpy v-notch ICVNI type impact specimen 

7.8 Effects of a Water Quench on HT-9 (Hanford Engineering 
Development Laboratory) . . . . . . . . . . . . . . . . . .  252 
5 minutes at 1038OC followed by a water quench, then 1 hour 
at 760OC followed by air cooling. 

Charpy specimens of HT-9 were given a heat treatment 

Surface cracks were 
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found in all three specimens following heat treatment. 
Charpy tests were performed on these HT-9 specimens to 
determine the effect of water quenching relative to air 
cooling. A Charpy test at 23OC (upper shelf behavior) 
showed the water-quenched HT-9 to be 1.70 times as tough as 
the HT-9 air cooled. 
shelf behavior) showed a similar increase in toughness 
(up to 1.71 times). 
therefore found t o  be a large increase in upper shelf 
energy which results in an effective DBTT shift of -4OOC 
but only a small change in the tower shelf behavior. 

The tests performed at 4 9 O C  (lower 

The consequence of a water quench is 

7.9 Effect of Heat Treatment Variations on 9 Cr-1 MoVNb and 
12 Cr-1 MoVW Ferritic Steels (Oak Ridge National 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . . 263 

The effect of variations in the heat treatment of 
9 Cr-1 MoVNb and 12 Cr-1 MoVW have been evaluated. 
Dissolution of carbides during austenitization was found to 
be somewhat faster in 9 Cr-1 MoVNb than in 12 Cr-1 MoVW. 
The effect of cooling rate after austenitization was 
strongly dependent a the austenitization time and 
temperature. The 9 Cr-1 MoVNb alloy structure was found to 
be more sensitive to cooling rate than the structure of 
12 Cr-1 MoVW. Under some circumstances, furnace cooling of 
9 Cr-1 MoVNb after austenitizing resulted in a ferrite plus 
carbide structure rather than a martensite lath structure, 
and in addition the carbide was not the same as that formed 
during tempering. The precipitation reactions in both 
alloys are essentially complete after tempering 1 h at 
65OOC. 
chromium-iron rich M 3C6 and vanadium rich MC, whereas 
those in 9 Cr-1 M o V N ~  were chromium-iron rich MZ3C6 and 
niobium-vanadium rich MC. 

In 12 Cr-1 MoVW the principal carbides are 

7.10 Tensile Properties of Ferritic Steels After Low-Temperature 
HFIR Irradiation (Oak Ridge National Laboratory) . . . . . 275 

Tensile specimens from small heats of ferritic 
(martensitic) steels based a 12 Cr-1 MoVW, 9 Cr-1 MoVNb, 
and the low-alloy ferritic 2 1 /4  Cr-1 Mo steel have been 
irradiated in HFIR to displacement damage levels of up to 
9.3 dpa and helium contents of 10 to 82 at. ppm. 
12 Cr-1 MoVW- and 9 Cr-1 MoVNb-base compositions were irra- 
diated along with similar alloys to which nickel had been 
added for helium production. 

During the present reporting period, irradiated speci- 
mens of 2 1 / 4  Cr-1 Mo steel in the normalized-and-tempered 
and isothermally annealed conditions were tensile tested at 
room temperature and 300OC. The yield strength and ulti- 
mate tensile strength of the irradiated samples displayed 
considerable hardening over the unirradiated condition. 

The 



The increased strength was accompanied by decreased 
ductility. The strength and ductility values of the 
nomlized-and-tempered 2 1 / 4  Cr-1 Mo steel compared 
favorably with the results on the 12 Cr-1 MoVW and 
9 Cr-1 MoVNb steels. In the isothermally annealed 
condition, 2 1 / 4  Cr-1 Mo steel is considerably weaker 
than the normalized-and-tempered steel. 
irradiation the isothermally annealed steel retains 
considerably more ductility than the other alloys did for 
tests at 300OC. 

HOwEVeP, after 

8. STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . . .  285 

8.1 Irradiation Experiment Status and Schedule (Oak Ridge 
National Laboratory) . . . . . . . . . . . . . . . . . . .  286 

Principal features of many ADIP irradiation experi- 
ments are tabulated. 
recent, current, and planned experiments. 
presently under m y  in the Oak Ridge Research Reactor and 
the High Flux Isotope Reactor, which are mixed spectrum 
reactors, and in the EXpEPimEntal Breeder Reactor, which is 
a fast reactor. 

Bar charts show the schedule for 
Experiments are 

8.2 ETM Research Materials Inventory (Oak Ridge National 
Laboratory and McDonnell Douglas) . . . . . . . . . . . . .  293 

The Office of Fusion Energy has assigned program 
responsibility to ORNL for the establishment and operation 
of a central inventory of research materials to be used in 
the Fusion Reactor Materials research and development 
programs. 
material for the Fusion Reactor Materials Program. This 
will minimize unintended materials variables and provide 
f o r  economy in procurement and for centralized 
recordkeeping. Initially this inventory wilt focus on 
materials related to first-wall and structural applications 
and related research, but various special purpose materials 
may be added in the future. 

The objective is to provide a common supply of 

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES . . . .  299 

9.1 Compatibility of Austenitic and Ferritic Steels with 
Pb-17 at. % Li (Oak Ridge National Laboratory) . . . . . .  300 

Type 316 stainless steel and HT9 suffered significant 
weight losses when exposed to static Pb-17 at. % Li, YT- 
ticularly at 500°C. This ms in contrast to the neglzgzbte 
weight changes of these alloys when they were exposed to 
pure lithium under similar conditions. However, the magni- 
tude of the weight tosses in Pb-17 at. % Li were apparently 
not sufficient to change the tensile properties of these 
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alloys or to cause sufficient attack of the specimens 
exposed at 300 and 400OC. 
alloys, the application of P b l ?  at. % Li as a semistagnant 
breeding fluid in a fusion reactor m y  be limited to tem- 
peratures of 40OoC or less. 
nickel and chromium activities would be preferable. 

It appears that, for ferrous 

Containment alloys of low 

9.2 Corrosion of Iron-Base Alloys in Flowing Lithium 
(Oak Ridge National Laboratory) . . . . . . . . . . . . . .  312 

Weight loss data are reported for the tong-range- 
ordered (LROI alloy Fe-31.8 NL22.5 V4.4 Ti (wt %I exposed 
to lithium in type 316 stainless steel thermal-convection 
loops (TCLsI for up to 5000 h at 600OC. Very high corro- 
sion mtes were measured and extensive corrosive attack was 
observed. The exposed surfaces were depleted in nickel and 
correspondingly enriched in iron and vanadium. 
lithium-type 316 stainless steel TCL was used to study the 
dependence of the dissolution rate of type 316 stainless 
steel in flowing lithium on temperature. The observed tem- 
perature dependence was consistent with an apparent overall 
activation energy of 160 W/mol (38 kcat/molI. This is a 
higher activation energy than has been measured in earlier 
tests and this difference indicates problems with reprodu- 
cibility of activation energies measured in different 
experiments. 

Another 

9.3 Environmental Effects on Properties of Structural Alloys 
(Argonne National Laboratory) . . . . . . . . . . . . . . .  321 

Several constant-stress compatibility tests and 
continuous-cycle fatigue tests have been conducted on HT-9 
alloy and Type 304 stainless steel at 755 K in a flowing 
lithium environment. The results indicate that for applied 
stresses below the yield stress of the material, the corro- 
sion behavior of HT-9 alloy and Type 304 stainless steel is 
independent of stress. 
materials are strongly influenced by the concentration of 
nitrogen in lithium. For HT-9 alloy, the fatigue life in 
lithium containing 100-200 wppm nitrogen is a factor of 2 
to 5 greater than that in lithium with 1 0 0 ~ 0 0 0  wppm 
nitrogen. 
independent of strain rate. 
observed in high-nitrogen lithium m y  be attributed to 
corrosion. 
in progress to investigate the long-term environmental 
effects. 

progress. 
combined effects of stress and environment on the corrosion 
and mechanical properties of structural mterials. 

The fatigue properties of these 

In tow-nitrogen lithium, fatigue life is also 
The lower fatigue lives 

Fatigue tests on lithium-exposed specimens are 

Construction of a forced-flow lead-lithium loop is in 
Tests have been formulated to investigate the 
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The compatibility of solid Li20, LiA1O2, and Li2Si03 
breeding mterials with several commercial alloys has been 
investigated at 873 and 973 K. The results show that Li20 
is the most reactive and LiAlO, is the least reactive of 
the three breeding materials. 
alloys exposed with Li20 ceramic contain Li5Fe0, and 
LiCrO? compounds. 
explazn the greater interaction between the alloys and 
Li20 mteriat. Compatibility tests at 773 K are in 
progress. 
constructed to study the alloy/ceramic interactions in a 
flowing helium environment containing known amounts of 
moisture. 

The reaction scales on 

The formation of those compounds m y  

A compatibility-test facility is being 
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1.1 FUNCTIONAL REQUIREMENTS FOR FUSION KEACTOR FIRST WALLS - 
A. 0. Adegbulugbe and J. E. Meyer ( k s s a c h u s e t t s  I n s t i t u t e  of 
Technology) 

To be r e p o r t e d  i n  t h e  next semiannual r e p o r t .  



1.2  MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W. Davis (McDonnell 

Douglas A s t r o n a u t i c s  Company - St. Louis )  and T. K. B i e r l e i n  (Hanford 

Engineer ing  Development Labora tory)  

1 .2 .1  ADIP Task 

Task Number 1.A.1 - Def ine  m a t e r i a l  p rope r ty  requi rements  and make 

s t r u c t u r a l  l i f e  p r e d i c t i o n s .  

1.2.2 O b j e c t i v e  

To p rov ide  a c o n s i s t e n t  and a u t h o r i t a t i v e  sou rce  o f  m a t e r i a l  p rope r ty  

d a t a  f o r  use by t h e  f u s i o n  community i n  concept e v a l u a t i o n ,  des ign ,  s a f e t y  

a n a l y s i s ,  and performancelverification s t u d i e s  of v a r i o u s  f u s i o n  energy 

systems.  A secondary o b j e c t i v e  i s  t h e  e a r l y  i d e n t i f i c a t i o n  of a r e a s  i n  

t h e  m a t e r i a l s  d a t a  base  where i n s u f f i c i e n t  i n fo rma t ion  o r  vo ids  e x i s t .  

1.2.3 Summary 

The second p u b l i c a t i o n  package of d a t a  s h e e t s  f o r  t h e  MHFES h a s  been 

r e l e a s e d  and t h e  t h i r d  p u b l i c a t i o n  package should be r e l e a s e d  by t h e  t i m e  

t h i s  r e p o r t  i s  p r i n t e d .  The second p u b l i c a t i o n  package c o n t a i n s  r e v i s i o n s  

of t h e  handbook i n t r o d u c t o r y  pages a long  wi th  d a t a  s h e e t s  on t h e  e l e v a t e d  

tempera ture  f a t i g u e  c r a c k  growth of 20% c o l d  worked t y p e  316 s t a i n l e s s  

s t e e l .  The t h i r d  p u b l i c a t i o n  package, which i s  c u r r e n t l y  i n  p r i n t i n g ,  

c o n t a i n s  i n fo rma t ion  on a g l a s s  epoxy l amina te  c a l l e d  G-1OCR which i s  used 

i n  superconduct ing magnets. Data s h e e t s  on t h e  e l e c t r i c a l  r e s i s t i v i t y ,  

t r i t i u m  p e r m e a b i l i t y ,  and i r r a d i a t i o n  induced s w e l l i n g  of 20% co ld  work 

s t a i n l e s s  steel have been r ece ived  and c u r r e n t l y  under review p r i o r  t o  

p u b l i c a t i o n .  

1.2.4 P r o g r e s s  and S t a t u s  

During t h e  f i rs t  s i x  months of t h i s  y e a r ,  t h e  primary t h r u s t  of t h e  

m a t e r i a l s  handbook was d i r e c t e d  towards e s t a b l i s h i n g  a format ,  page 

c l a s s i f i c a t i o n ,  a method f o r  p repa r ing  pages,  and a p roces s  f o r  reviewing 

t h e  d a t a  pages p r i o r  t o  p u b l i c a t i o n .  

a c t u a l  d a t a  s h e e t  p r e p a r a t i o n .  

Very l i t t l e  e f f o r t  w a s  devoted t o  

A s  a consequence t h e  handbook con ta ined  
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only  a l i m i t e d  amount of i n fo rma t ion  which r e l a t e d  t o  t h e  u n i r r a d i a t e d  

p r o p e r t i e s  of 316 s t a i n l e s s  s t e e l .  It was no t  u n t i l  May t h a t  a c t u a l  

eng inee r ing  in fo rma t ion  s t a r t e d  t o  f i n d  i t s  way i n t o  t h e  handbook. Th i s  

w a s  t h e  e f f e c t  of i r r a d i a t i o n  on t h e  e l e v a t e d  tempera ture  f a t i g u e  s t r e n g t h  

of 20% cold  worked s t a i n l e s s  s t e e l  which was prepared  by M. L. Grossbeck 

of OWL. To r e c t i f y  t h i s  s i t u a t i o n  a s u b s t a n t i a l  e f f o r t  was launched t o  

t r y  t o  g e t  i n fo rma t ion  i n t o  t h e  handbook. T h i s  e f f o r t  i s  s t a r t i n g  t o  b e a r  

f r u i t  i n  t h a t  a number of d a t a  pages a r e  e i t h e r  i n  p r e p a r a t i o n ,  rev iew,  o r  

have been publ i shed .  The f i r s t  of t h e s e  covers  t h e  e l e v a t e d  tempera ture  

f a t i g u e  c rack  growth of 20% cold  worked 316 s t a i n l e s s  s t e e l  which was 

prepared  by A. M. E r m i  of HEDL. These d a t a  pages d i f f e r  from s i m i l a r  d a t a  

pages found i n  o t h e r  m a t e r i a l  d a t a  books i n  t h a t  they  c o n t a i n  e x t r a p o l a t i o n s  

i n t o  t h e  nea r- th re sho ld  r e g i o n s  of c r ack  growth. T h i s  i n fo rma t ion  was 

needed because a number of s t r u c t u r a l  a n a l y s t s  i n  t r y i n g  t o  a s s e s s  t h e  l i f e  

of a f i r s t  w a l l  w e r e  making t h e i r  own e x t r a p o l a t i o n s  of t h e  d a t a  and ending 

up wi th  a wide r ange  of conc lus ions  r ega rd ing  component l ifetimes depending 

on how t h e  e x t r a p o l a t i o n s  were made. I n  an e f f o r t  t o  g e t  cons i s t ency  i n  

t h i s  a n a l y s i s  i t  was decided by t h e  Analys is  and Eva lua t ion  t a s k  group t h a t  

a goa l  f o r  t h e  handbook would be t o  g e t  t h e  m a t e r i a l  s c i e n t i s t s  who a r e  

f a m i l i a r  wi th  c rack  growth d a t a  t o  make t h e s e  e x t r a p o l a t i o n s  which would be 

based on t h e i r  " bes t  guess" of what t h e  m a t e r i a l  response  should be. These 

d a t a  pages formed t h e  b a s i s  f o r  t h e  second p u b l i c a t i o n  package which was 

r e l e a s e d  i n  June. Also du r ing  t h i s  t i m e  frame d a t a  s h e e t s  r e l a t i n g  t o  t h e  

e l e c t r i c a l  r e s i s t i v i t y  and t r i t i u m  p e r m e a b i l i t y  of 20% cold  worked 316 

s t a i n l e s s  steel were be ing  prepared  by R. F. Mat tas  of ANL. Th'ese d a t a  

s h e e t s  have been reviewed by t h e  Analys is  and Eva lua t ion  t a s k  group and 

r e t u r n e d  t o  D r .  Mat tas  f o r  r e v i s i o n .  The r e v i s e d  d a t a  s h e e t s  were 

subsequent ly  r e t u r n e d  t o  t h e  handbook and a r e  now i n  t h e  p roces s  of be ing  

reviewed by t h e  Ana lys i s  and Eva lua t ion  t a s k  group p r i o r  t o  t h e i r  r e l e a s e  

f o r  p u b l i c a t i o n .  P u b l i c a t i o n  of t h e s e  d a t a  pages i s  a n t i c i p a t e d  f o r  e a r l y  

nex t  y e a r .  I n  a d d i t i o n  t o  r e c e i v i n g  d a t a  pages on p h y s i c a l  and mechanical  

p r o p e r t i e s , p r e d i c t i v e  e q u a t i o n s  have a l s o  been submi t ted .  

r ece ived  two s e p a r a t e  equa t ions  d e s c r i b i n g  i r r a d i a t i o n  induced s t r e s s  f r e e  

s w e l l i n g ,  one submi t ted  by P. J. Maziasz of ORNI, and t h e  o t h e r  by 

The handbook 
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F. A .  Garner of HEDL. S ince  each of t h e s e  e q u a t i o n s  p r e d i c t s  a d i f f e r e n t  

s w e l l i n g  r a t e , w o r k  i s  i n  p r o g r e s s  t o  t r y  t o  r e s o l v e  t h e  d i f f e r e n c e s  p r i o r  

t o  t h e i r  r e l e a s e .  P u b l i c a t i o n  of a f i n a l  s w e l l i n g  equa t ion  i s  no t  a n t i -  

c i p a t e d  b e f o r e  t h e  middle of next  yea r .  

de sc r ibed  focused on t h e  p r o p e r t i e s  of 316 s t a i n l e s s  s t e e l  f o r  u se  i n  t h e  

f i r s t  w a l l  s t r u c t u r e  of t h e  Fusion Engineer ing  Device (FED). 

des ign  of a f u s i o n  r e a c t o r ,  p r o p e r t i e s  w i l l  be  needed on a v a r i e t y  of 

m a t e r i a l s  i n  a d d i t i o n  t o  t h o s e  planned f o r  u s e  i n  t h e  f i r s t  wa l l .  One a r e a  

i n  which m a t e r i a l  p rope r ty  i n fo rma t ion  is needed now is i n  t h e  des ign  of 

superconduct ing  magnets. Superconduct ing magnets a r e  c u r r e n t l y  planned 

f o r  u s e  on n e a r  term machines such as EBT-P and MFTF-B and longe r  term 

d e v i c e s  such a s  FED and DEMO a long  w i t h  t h e  commercial des igns .  

t o  suppor t  t h e  n e a r  t e r m  des ign  p r o j e c t s  and t h e  longe r  range  conceptua l  

des igns ,  r e q u e s t s  were made t o  v a r i o u s  o r g a n i z a t i o n s  a c t i v e  i n  t h e  f i e l d  

of superconduct ing  magnets t o  p rov ide  d a t a  s h e e t s .  I n  response  t o  t h i s  

r e q u e s t  d a t a  s h e e t s  were provided by G. P. Lang of MDAC f o r  t h e  G-1OCR 

( g l a s s  epoxy laminate)  which i s  used a s  an  i n s u l a t o r  i n  superconduct ing  

magnets. These d a t a  s h e e t s  cover  a wide range  of p r o p e r t i e s  i n c l u d i n g  

bo th  p h y s i c a l  and mechanical  and were prepared  i n  suppor t  of t h e  EBT-P 

p r o j e c t .  A l l  of t h e s e  d a t a  s h e e t s  have been reviewed and approved by t h e  

Ana lys i s  and Evalua t ion  t a s k  group and are planned f o r  release i n  t h e  3rd 

p u b l i c a t i o n  package which should be a v a i l a b l e  i n  e a r l y  December. 

A l l  of t h e  d a t a  s h e e t s  p r e v i o u s l y  

However i n  t h e  

In o r d e r  

1.2.5 F u t u r e  Work 

The e f f o r t  f o r  t h e  handbook over  t h e  nex t  6 months will con t inue  t o  

b e  d i r e c t e d  towards t h e  p r e p a r a t i o n  of d a t a  s h e e t s  f o r  a wide range  of 

materials. C u r r e n t l y  planned d a t a  s h e e t s  w i l l  cover  f e r r i t i c  steels, 

magnet c a s e  s t e e l ,  s o l i d  l i t h i u m  compounds, and armor o r  t i l e  materials. 





2. TEST MATRICES AND METHODS DEVELOPMENT 
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2.1 Neutron Source Characterization for Materials Experiments - 
L. R .  Greenwood (Argonne National Laboratory) 

2.1.1 ADIPjDAFS Tasks 

ADIP Task I.A.2 - Define Test Matrices and Procedures 

DAFS Task II.A.l - Fission Reactor Dosimetry 

2.1.2 Objective 

To characterize neutron environments in terms of neutron 

flux and spectra as well as fundamental damage parameters @PA, PKA, 

transmutation) and to measure these exposure parameters during materials 

irradiations. 

2.1.3 Summary 

Dosimetry results are presented for the W E 2  and MFE4A 

irradiations in ORR. The status of all the experiments is summarized 

in Table 2.1.1. 

2.1.4 Progress and Status 

2.1.4.1 Dosimetry Results for the ORR-MFE2 Experiment 

Dosimeters have been counted from the ORR-MFE2 

experiment which was irradiated from September 1, 1978 to March 24, 1980 

in position E7 of the Oak Ridge Research Reactor. The sample was out of 

the reactor for 154 days; hence, the total time in core was 416 days. 

The average power level was 19.24 MW (26.4 Mw in core) and the accumu- 

lated exposure was 10,972 MWD. Sixteen small dosimetry capsules (Co-A1, 

Fe, Ni, and Ti wires) were included with the experimental assemblies, 

one i n  each assembly on level 1-4, labeled E-V. Two 30-cm long dosimetry 
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TABLE 2.1.1 

STATUS OF REACTOR EXPERIMENTS 

~~~~~~~ 

Fac i l i ty fExper iment  S t a t u s  and Comments 

ORR - MFEl - 

- WE2 

- hTE4A 

- MFE4B,C 

- T8C07 

- T R I O  

HFIR - CTR 32 
~ 

- CTR 30,31 

- CTR 34,35 

- T 1 , T Z  

- T3 

- RBl,2 ,3  

Omega West - S p e c t r a l  Ana lys i s  

- HEDLl 

EBR I1 - X287 

Completed 12/79 

Completed 6/81 

Completed 8/81 

I r r a d i a t i o n  i n  Progress  

Completed 7/80 

Planning i n  P r o g r e s s  

Samples Received 5/81 

I r r a d i a t i o n  i n  Progress  

Samples Provided 9/81 

I r r a d i a t i o n  i n  Progress  

Samples Provided 9/81 

Samples Provided 9/81 

Completed 10180 

Completed 5/81 

Completed 9/81 
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tubes  were welded t o  t h e  o u t s i d e  of t h e  assembly on t h e  east s i d e .  One 

tube con ta ined  t h e  above mentioned w i r e s .  The o t h e r  conta ined hel ium 

accumulation moni to r s  and r a d i o m e t r i c  wires.  A l l  r a d i o m e t r i c  samples 

have been g a m a  counted a s  w e l l  as s e l e c t e d  hel ium samples.  The l a t t e r  

have been s e n t  t o  Rockwell I n t e r n a t i o n a l  @. Kneff and H.  F a r r a r  I V )  f o r  

helium a n a l y s i s .  

S i x  r e a c t i o n s  were analyzed from t h e  dosimetry  

wires, namely, 59Co (n ,  y) , 58Fe (n ,  y) , 54Fe (n,p) , 4 6 T i  (n,p) , 5 8 N i  (n ,p)  , and 

6oNi(n,p).  

have v e r y  l a r g e  burnup c o r r e c t i o n s  s i n c e  5 8 C 0  i s  conver ted  t o  6oCo i n  t h e  

h igh  thermal f l u x .  Hence, t h e  n i c k e l  r e a c t i o n s  a r e  considered h i g h l y  

u n r e l i a b l e  and have not been used.  Addi t iona l  measurements were ob ta ined  

from t h e  helium samples ,  namely, 63Cu(n,u) and 93Nb(n,y) at  s e l e c t e d  

l o c a t i o n s .  

However, as w a s  found wi th  MFE1, t h e  two n i c k e l  r e a c t i o n s  

Table 2 .1 .2  l i s t s  the mean measured r e a c t i o n  r a t e s  

f o r  each l e v e l .  H o r i z o n t a l  g r a d i e n t s  on each l e v e l  appear  t o  be less  

than  10% i n  a l l  cases  and are  u s u a l l y  l e s s  than t h e  ?2% s t a t i s t i c a l  var-  

i a t i o n s  i n  t h e  d a t a .  

Fluence v a l u e s  can  be d e r i v e d  from t h e  r e a c t i o n  rates 

assuming t h a t  t h e  spectrum i s  known. The spectrum was measured p r e v i o u s l y  

i n  p o s i t i o n  E7 a t  low power d u r i n g  January  1979. ( l )  

p r e s e n t  r e a c t i o n  r a t e s  w i t h  those  measured p r e v i o u s l y  should roughly  s c a l e  

w i t h  t h e  d i f f e r e n c e  i n  r e a c t o r  power (19.24 MW/0.965 MW = 19.94).  The 

measured r a t i o  i s  17.3  a t  the  peak f l u x  p o s i t i o n  ( l e v e l  4 ) ,  and v e r t i c a l  

A comparison of the  



TABLE 2.1.2 

MEAN REACTION RATES FOR ORR-MFE2 

P o s i t i o n  E7; average  power = 19.24 MW 
(26.4 MW Live) .  

Values are mean of f o u r  samples  on 
each l e v e l ;  accuracy  ?5%. 

b 06 (atom/atom-s) 

59Co(n,y) 59Fe(n,y) 54Fe(n,p) 46Ti(n ,p)  63Cu(n,a)c 

Level He igh t ,  cma (x (x (x (x (x 

1 11.4 2.63 7.00 5.00 6.46 3.17 

2 5.0 3.13 8.67 5.59 7.53 3.64 

3 2.4 3.31 9.31 5.93 8.00 3.83 

4 -9.1 3.82 10.89 6.38 8.80 4.06 

a 
Height above v e r t i c a l  midplane.  Capsules were l o c a t e d  a t  the  bottom 
of l e v e l s  1, 2 ,  and 4 and a t  the  t o p  o f  level  3. 

bBurnup c o r r e c t i o n s  inc luded ;  s e l f- s h i e l d i n g  n e g l i g i b l e .  
C Data e x t r a p o l a t e d  from helium tube p o s i t i o n ;  accuracy  ?7%. 
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g r a d i e n t s  appear  t o  be q u i t e  c l o s e  t o  those  measured p rev ious ly .  Th i s  

d i f f e r e n c e  is probably  due t o  d i f f e r e n c e s  i n  f u e l  load ing .  

The f i v e  r e a c t i o n  r a t e s  a t  each l e v e l  i n  Table 2 . 1 . 2  

were thus  used wi th  the  STAYSL computer code t o  a d j u s t  the spectrum mea- 

sured  a t  low power w i t h  28 r e a c t i o n s ,  cadmium c o v e r s ,  and f i s s i o n  f o i l s .  

The s p e c t r a l  a n a l y s i s  showed no evidence f o r  any s p e c t r a l  s h i f t  between 

h igh  power (30 MW) and low power (1MW). I n  f a c t ,  a l l  f l u x  groups and 

r e a c t i o n  rates were a d j u s t e d  by l e s s  than 10%. 

Complete f l u e n c e  and DPA g r a d i e n t s  have been 

measured, as shown i n  F igure  2 . 1 . 1 .  It is important  t o  no te  t h a t  the  

g r a d i e n t  measurements were  made w i t h  long  wi res  l o c a t e d  on t h e  e a s t  s i d e  

of t h e  exper imental  assembly.  The f a s t  f l u x  w a s  about 8% h i g h e r  a t  t h i s  

p o s i t i o n  than a t  the  sample l o c a t i o n s ;  a l t h o u g h ,  t h e  thermal f l u x  was the  

same a t  bo th  l o c a t i o n s .  Hor izon ta l  g r a d i e n t s  w i t h i n  t h e  samples were l e s s  

than 2% and have t h u s  been n e g l e c t e d .  The g r a d i e n t s  were averaged over  

each of t h e  f o u r  l e v e l s  and recommended average f l u e n c e  v a l u e s  a r e  g i v e n  

i n  Table 2.1.3.  

Damage parameters  were then computed and a l s o  aver-  

aged over  t h e  f o u r  l e v e l s .  Recommended DPA and hel ium product ion v a l u e s  

a r e  a l s o  l i s t e d  i n  Table 2 .1 .3 .  The damage c a l c u l a t i o n s  were performed 

u s i n g  o u r  r e c e n t l y  r e v i s e d  damage c r o s s  s e c t i o n s  based on ENDFIB-V. The 

(n ,v )  r e a c t i o n  i s  a l s o  inc luded ;  however, t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  

damage i s  g e n e r a l l y  l e s s  than 2 % ,  t h e  excep t ions  being Co(13%) and Mn(5X). 

Caut ion should  be used i n  t h e s e  two cases  s i n c e  neutron s e l f- s h i e l d i n g  and 

burnup e f f e c t s  would d r a s t i c a l l y  a l t e r  t h e  r e s u l t s .  
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OAK RIDGE REACTOR 

ooo, -00 
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0 D =  DPA, 316 SS 

o =  r$t, >.1 M e V  
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Figure 2 . 1 . 1 .  DPA i n  316 s t a i n l e s s  s t e e l  and neutron f luence >O.1 MeV 
(x l oz2  n/cmz-s) gradients are shown for the MFE2 
experiment in ORR. 
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TABLE 2.1 .3  

AVERAGE FLUENCES AND DAMAGE PARAMETERS 
FOR VARIOUS LEVELS FOR ORR-MFE2 

Gradien ts  averaged a t  each l e v e l ;  c ross  s e c t i o n s  from 
ENDF/B-V, ( n , y )  inc luded:  helium in appm ( ? 1 5 % ) ;  DPA ( ? l o % ) .  

LEVEL 

Height ,  c m :  
1 1 . 4 ,  16.2 4 . 8 ,  9 .5 - 1 . 9 ,  2.8 - 3 . 8 ,  - 9.5 

Fluence ( d o z 1  n/cm2) : 

Tota l :  12.04 14.40 15.97 16.93 

Thermal: 3.14 3.87 4.44 4.74 

>0.11 M e V :  4.89 5.78 6 .41  6.78 

>1.0 M e V :  2.33 2.71 3 . O l  3.17 
_ _  

Element: DPA 

A 1  6.17 

T i  3.60 

V 4.16 

C r  3.74 

Mn 3.96 

Fe 3.32 

c o  3.76 

N i a  3.53 

cu 3.21 

Z r  3.55 

Nb 3.25 

Mo 2.37 

T a  0 . 9 1  

316 SSb 3.40 

He DPA He DPA H e  DPA H e  

2.06 7.28 2.46 8.04 2.69 8.50 2.77 

1.83 4.32 2.14 4.77 2.35 5.04 2.47 

0.08 4.91 0.09 5.41 0.09 5.72 0 .10  

0.55 4.40 0 . 6 5  4.86 0.72 5 .13  0.75 

0 .41  4.68 0.49 5.17 0.53 5.48 0 .55  

0 .88  3.90 1.04 4.30 1.14 4 .55  1.18 

0 . 4 3  4.47 0.52 4.93 0.57 5.25 0 .58  

153 .  4.17 248 .  4 .58 325 .  4.86 386 .  

0 .75  3.80 0 .90  4.19 0.98 4.42 1.02 

0 .09  4.19 0.10 4.63 0 .11  4.89 0 .11  

0 .18  3.85 0 .21  4.24 0.23 4.48 0.24 
- 2.82 - 3.09 - 3.28 - 

- 1.19 - 1.25 - - 1.07 

16.0 4.00 25.6 4 .41  33.4 4.67 39.6 
_. 

a 

b 
Thermal hel ium product ion  inc luded .  

Composition assumed as : C r  ( 1 6 ) ,  Mn(2), Fe ( 7 0 ) ,  N i  ( l o ) ,  Mo ( 2 ) .  
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Helium c r o s s  s e c t i o n s  were a l s o  t aken  from ENDFIB-V. 

The thermal p rocess  f o r  n i c k e l  was computed u s i n g  t h e  equa t ions  i n  ORNLI 

TM-6361 (1979) w i t h  t h e  t o t a l  thermal  f l u x  below 0.5 e V .  Th i s  procedure 

w a s  found t o  a g r e e  w i t h  measured helium rates  f o r  t h e  OFF-MFE1 exper iment .  

O f  c o u r s e ,  H .  F a r r a r  I V  and D .  Kneff (Rockwell I n t e r n a t i o n a l )  w i l l  r e p o r t  

p r e c i s e  helium measurements f o r  a v a r i e t y  of materials. 

A l l  of t h e  f l u e n c e  and damage parameter  g r a d i e n t s  

can be wel l- descr ibed by a simple q u a d r a t i c  formula:  

f ( x )  = N ( l  + bx + cx2)  

where x i s  t h e  h e i g h t  above midplane (cm), and t h e  o t h e r  v a r i a b l e s  are 

g iven  i n  t h e  f o l l o w i n g  t a b l e .  

Quan t i ty  b C n 

Fluence -0.01101 -0.0004690 6.45 x loz1 n/cm2 

DPA (316 SS) -0.01101 -0.0004690 4.47 DPA 

H e  ( N i )  -0.03010 -0.0006364 330.1 appm 

A d d i t i o n a l  DPA, F'KA, and helium va lues  are a v a i l a b l e  (37 i s o t o p e s )  on 

request .  

2.1.4.2 Ana lys i s  of  t h e  ORR-MFE4A Experiment 

Dosimetry samples have been analyzed from t h e  MFE4A 

i r r a d i a t i o n  i n  ORR. The experiment s t a r t e d  on June  12 ,  1980 and ended on 

January 20, 1981 wi th  a t o t a l  exposure of 5471 MWD. Fe,  N i ,  T i ,  and Co-V 

wires measuring about  6" i n  l e n g t h  were i r r a d i a t e d  n e a r  t h e  c e n t e r  of the  

assembly. S i x  r e a c t i o n s  were measured a t  f i v e  d i f f e r e n t  l o c a t i o n s  a long  

t h e  l e n g t h  of t h e  wire. 

4 6 T i ,  5 8 N i ,  and 6 o N i ;  however, t h e  two n i c k e l  r e a c t i o n s  cannot  be used 

The (n,p) r e a c t i o n s  were gamma-counted from 54Fe, 
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s i n c e  about h a l f  of  t h e  58C0 i s  conver ted t o  6oCo i n  t h e  h igh  thermal 

f l u x .  The thermal f l u x  w a s  determined by coun t ing  t h e  (n ,y )  r e a c t i o n  

p roduc t s  from 58Fe and 59Co. 

F a s t  g r a d i e n t s  were found t o  v a r y  by less than 5% 

a long  t h e  l e n g t h  of t h e  wires (6" ) .  However, t h e  thermal g r a d i e n t s  were 

l a r g e r  and showed a 10% change. The measured r e a c t i o n  r a t e s  n e a r  t h e  

c e n t e r  of t h e  wi re  (about maximum f l u x )  are l i s t e d  i n  Table 2.1 .4  and 

compared t o  those  measured p r e v i o u s l y  dur ing  t h e  ORR-MFE2 exper iment .  

A s  can  be s e e n ,  t h e  59Co(n,y) r e a c t i o n  is about 15% h i g h e r  than t h e  

'*Fe ( n , y )  r e s u l t s ,  when compared t o  p rev ious  measurements. 

bo th  thermal r e a c t i o n s  u s u a l l y  a g r e e  in ORR and depend p r i m a r i l y  o n l y  

on t h e  thermal f l u x .  Th i s  d i f f e r e n c e  may be due t o  an u n c e r t a i n t y  i n  

t h e  c o b a l t  c o n c e n t r a t i o n  i n  t h e  Co-V a l l o y  (suppl ied  by O W L ) .  Checks 

a r e  now i n  p r o g r e s s  t o  compare t h i s  a l l o y  wi th  a Co-A1 a l l o y  (NBS s tan-  

d a r d )  dur ing  a s imul taneous  neu t ron  a c t i v a t i o n  a n a l y s i s .  

I n  f a c t ,  

Fluence v a l u e s  were ob ta ined  us ing  t h e  STAYSL com- 

p u t e r  code,  t h e  f o u r  r e a c t i o n  r a t e s  i n  Table 2 . 1 . 3  and a n e u t r o n i c s  c a l -  

c u l a t i o n  by T. A .  G a b r i e l  (OWL) .  The f l u x e s  l i s t e d  i n  Table 2 . 1 . 4  a r e  

normalized t o  a 30 MW power l e v e l .  The f l u x e s  a r e  about 30% lower than 

t h e  n e u t r o n i c s  c a l c u l a t i o n s .  The reason f o r  t h i s  d i f f e r e n c e  i s  no t  known 

and i s  under i n v e s t i g a t i o n .  The thermal f l u x  va lues  are a l s o  u n c e r t a i n  

s i n c e  the  neutron t empera tu re  d i s t r i b u t i o n  is no t  c o r r e c t .  An ambient 

(20OC) d i s t r i b u t i o n  w a s  assumed t o  a g r e e  w i t h  the  n e u t r o n i c s  c a l c u l a t i o n s .  

Ra i s ing  t h e  temperature  t o  t h e  c o r r e c t  v a l u e  (600°C) would raise the  

thermal  f l u x  c o n s i d e r a b l y .  However, t h i s  would not  change average thermal 
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TABLE 2.1.4 

DOSIMETRY RESULTS FOR THE ORR-MFE4A EXPERIMENT 

(Resu l t s  normalized t o  30 MW; accuracy  9%) 

React ion a4 (atomlatom-s) R a t i o  t o  MFE2 

1.02 x 10-l1 1.025 
54Fe(n,p) 54 Mn 

58Fe(n,y) 59 Fe 

T i  (n ,p )  46 Sc 1.40 x 10-l' 1.022 
46 

1.79 x 10-l' 1.053 

7.17 1. 203a 5 9 ~ o ( n , y )  60 c o  a 

a 
Burnup c o r r e c t i o n  of 6% i n c l u d e d ;  c o n c e n t r a t i o n  
of c o b a l t  i n  Co-V a l l o y  may be u n c e r t a i n .  

TABLE 2.1.5 

F L U X  AND FLUENCE VALUES FOR ORR-MFE4A 

(5471 MWD, 222 days ,  normalized t o  30 MW) 

React ion 

F lux  (30 MW) 
tX10l4 nIcm2-s) 

Fluence E r r o r  
ANL OWLa R a t i o  ( ~ 1 0 ~ '  n /an2)  (z) 

T o t a l  (5.39) 7.85 (0.69) (8.45) 10 

Thermalb (< .5 eV) (1.72)  2.51 (0.69) (2.70) 15 

0.5 eV-0.11 MeV 1.88 2.73 0.69 2.95 22 

> O . l l  MeV 1.79 2.61 0.69 2.81 15 

>1 MeV 0.96 1.39 0.69 1.50 1 4  

>2 MeV 0.51 0.75 0.68 0.80 12 

>5 MeV 0.072 0.107 0.67 0.11 15 

a 

b 
T.  G .  G a b r i e l  (ORNL) . 
Thermal t empera tu re  d i s t r i b u t i o n  m t  c o r r e c t  (ambient assumed). 
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r e a c t i o n  r a t e s  ( e .g . ,  helium produc t ion  from n i c k e l )  s i n c e  most thermal 

c r o s s  s e c t i o n s  have t h e  same l / V  energy dependence. Hence, care m u s t  

be taken t o  u s e  thermal f l u x e s  p r o p e r l y  a t  e l e v a t e d  t empera tu res .  We 

a r e  now a t t e m p t i n g  t o  o b t a i n  the  proper  temperature  and w i l l  r e v i s e  our 

thermal f l u x e s  a c c o r d i n g l y .  

P re l iminary  e s t i m a t e s  can be made f o r  d isplacement  

damage and helium produc t ion .  Using our  r e c e n t l y  r e v i s e d  (ENDFIB-V) c r o s s  

s e c t i o n s ,  we e s t i m a t e  DPA va lues  of 2 . 6 ( N i ) ,  2 .4(Fe) ,  and 2.5(316 S S ) .  

Helium r a t e s  a r e  es t ima ted  t o  be 122 appm(Ni), 0.63 appm(Fe), and 1 2 . 7  

appm(316 S S ) .  The n i c k e l  va lues  f o r  helium assume a thermal f l u e n c e  of 

2 . 7  x LOz1 n/cm2 and t h e  equa t ions  i n  ORNLITM-6361 

cedure  worked w e l l  f o r  t h e  MFEl experiment and agreed wi th  helium measure- 

ments by Rockwell I n t e r n a t i o n a l .  Some n i c k e l  samples from t h e  p r e s e n t  

exper iments  were a l s o  analyzed by D .  Kneff and H .  F a r r a r  I V ,  and t h e i r  

measurements a r e  i n  e x c e l l e n t  agreement w i t h  our  c a l c u l a t i o n s .  

(1979). Th i s  pro- 

One n i c k e l  wire was c u t  i n t o  s h o r t  segments t o  

determine the  g r a d i e n t .  

unusua l ly  f i n e  p a t t e r n  of thermal f l u x  v a r i a t i o n s  t h a t  a r e  a l s o  confirmed 

by helium measurements a t  Rockwell I n t e r n a t i o n a l .  The f a s t  f l u x  shows 

on ly  a smooth v a r i a t i o n .  Hence, we conclude t h a t  some m a t e r i a l  i n  t h e  

exper imenta l  packages i s  producing some thermal neutron shadowing e f f e c t .  

However, t h e s e  v a r i a t i o n s  a r e  only  a few percen t  and w i l l  be f u r t h e r  

i n v e s t i g a t e d .  

The 58Ni(n,p) and 6oNi(n ,p)  r e a c t i o n s  show a n  
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2.1.5 F u t u r e  Work 

Data has been analyzed f o r  t h e  X287 experiment i n  EBR I1 and 

t h e  HEDLl exper iments  i n  t h e  Omega West Reactor  at  Los Alamos. The new 

I n t e n s e  Pu l sed  Neutron Source a t  ANL has a l s o  been c h a r a c t e r i z e d .  A l l  

of  t h e s e  r e s u l t s  w i l l  be r e p o r t e d  i n  t h e  next  ADIP Repor t .  

now being gamma-counted from t h e  (JTR 32 i r r a d i a t i o n  i n  HFIR. 

Samples are 

2.1.6 References  

1. L .  R .  Greenwood, DOE/ET-0065/6, p.  13 (June 1979) .  

2.1.7 P u b l i c a t i o n s  

1. L .  R .  Greenwood, "Neutron Source C h a r a c t e r i z a t i o n  f o r  

Fusion Materials S t u d i e s ,  " Proceedings  of Second Topica l  

Meeting on Fusion Reactor  Materials, S e a t t l e ,  August 1981. 
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2.2 NEUTKONIC CAiCULATIONS t.U SUPPORT OF THE ION-WE-4 SPECTRAL TAI!.OKISL 
EXPEKIMENTS - R. A. L i l l i e ,  K. L. C h i l d s ,  and T. A. G a b r i e l  
(Oak Kidge Nat ional  Laboratory) 

2.2.1 AUIP Task 

ADIP Task I.A.2, Define Tes t  H a t r i c e s  and T e s t  Procedures .  

2.2.2 Objec t ive  

The o b j e c t i v e  of t h i s  work i s  t o  provide  t h e  n e u t r o n i c  des ign  f o r  

m a t e r i a l s  i r r a d i a t i o n  exper iments  i n  t h e  Oak Kidge Research Kenctor (ORX) .  

S p e c t r a l  t a i l o r i n g  t o  c o n t r o l  the f a s t  and t h e r m 1  neutron f l u x e s  i s  

r e q u i r e d  t o  provide  t h e  d e s i r e d  displacement  and helium produc t ion  r d t e s  

i n  a l l o y s  c o n t a i n i n g  n i c k e l .  

2.2.3 Summary 

Three- dimensional n e u t r o n i c s  c a l c u l a t i o n s  are b e i n g  c a r r i e d  o u t  t u  

f o l l o w  t h e  i r r a d i a t i o n  environment of the  OKK-HFE-4A and -48 exper iments .  

These c a l c u l a t i o n s  c u r r e n t l y  cover  t h e  30 OKK c y c l e s  completed f o r  t h e  

-4A experiment and 9 ORK c y c l e s  completed f o r  t h e  -4B exper iment ,  which 

correspond t o  221,178 ,Wh and 83,634 MWh, r e s p e c t i v e l y .  A t  t h e s e  

exposures ,  t h e  c a l c u l a t i o n s  y i e l d  6.66 x l o z 5  neutruns/m' i n  thermal  

f l u e n c e ,  1 .99  X l o z 6  neutrons/m2 i n  t o t a l  f l u e n c e ,  5.05 dpa i n  type  316 

s t a i n l e s s  s t e e l ,  and 51.78 a t .  ppm He i n  type  316 s t a i n l e s s  s t e e l  (nu t  

i n c l u d i n g  2.0 a t .  ppm from 'OB) f o r  t h e  -4A exper iment .  The -48 

experiment has  achieved 2.52 x l o z 5  neutrons/m2 i n  the rmal  f l u e n c e ,  

7 . 5 2  X neutrons/m2 i n  t o t a l  f l u e n c e ,  1.91 dpa and 8.13 a t .  ppm He  i n  

t y p e  316 s t a i n l e s s  s teel .  

The n u c l e a r  a n a l y s i s  of t h e  hafnium c o r e p i e c e  f o r  t h e  OKK-MFE-4A 

exper iment  has been completed. 3-5 

a c c e p t a b l e  helium produc t ion  t o  d isplacement  damage r a t i o s  over  t h e  l i f e -  

time 050 dpa) of t h e  experiment may be ob ta ined  u s i n g  s o l i d  aluminum 

c o r e p i e c e s  c o n t a i n i n g  a 0.65-m-thick hafnium annulus .  

The r e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e  

2.2.4 Progress  and S t a t u s  

The r e a l  t i m e  p r o j e c t i o n s  of t h e  helium produc t ion  and displacement  

damage l e v e l s  based on c u r r e n t  c a l c u l a t e d  d a t a  a r e  g iven i n  Figs.  2.2.1 

and 2.2.2 f o r  t h e  OKK-MFE-4A and -4B exper iments ,  r e s p e c t i v e l y .  These 



^. 
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d a t a  r e f l e c t  a l l  r e f u e l i n g  and extended shutdown t imes  a s  of 

September 9,  1981. However t h e  p r o j e c t e d  d a t e s  f o r  t h e  -4A experiment do 

n o t  t a k e  i n t o  account t h a t  t h i s  experiment was removed from t h e  r e a c t o r  

September 9 ,  1981. In a d d i t i o n  t o  t h e  c a l c u l a t e d  and p r o j e c t e d  c a l c u l a t e d  

d a t a  i n  Figs.  2.2.1 and 2.2.2, t h e  helium produc t ion  and displacement  

l e v e l s  as of September 9 ,  1981, p r o j e c t e d  from -4A measured f l u e n c e  d a t a  

a re  a l s o  shown. 

The measured d a t a  were ob ta ined  from dos imete r s  t h a t  were removed 

The dosi-  from the  ORR-MFE-4A experiment a f t e r  131,304 MWh exposure .6  

met ry  d a t a  y i e l d  2 . 7 1  x l o z 5  neutrons/m2 i n  the rmal  f l u e n c e  and 

8.49 X l o z 5  neutrons/m2 i n  t o t a l  f l u e n c e ,  whereas t h e  corresponding 

f l u e n c e s  a f t e r  131,304 MWh based on t h e  n e u t r o n i c s  c a l c u l a t i o n s  a r e  

3.93 X l o z 5  and 1.23 X neutrons/m2, r e s p e c t i v e l y .  The d i sc repancy  

between t h e  exper imenta l ly  ob ta ined  f l u e n c e s  and t h o s e  ob ta ined  from t h e  

n e u t r o o i c s  c a l c u l a t i o n s  is c u r r e n t l y  under i n v e s t i g a t i o n .  Based on p r e l i -  

minary r e s u l t s ,  i t  appears  t h a t  approximately 40Z of t h e  d i sc repancy  may 

b e  due t o  t h e  geometr ic  model of t h e  ORR-MFE-4A exper imenta l  c a p s u l e  

employed i n  t h e  three- dimensional  n e u t r o n i c s  c a l c u l a t i o n s .  However, s i n c e  

t h e s e  r e s u l t s  are p r e l i m i n a r y ,  t h e  c a l c u l a t e d  and c a l c u l a t e d  p r o j e c t e d  

d a t a  i n  Figs .  2.2.1 and 2.2.2 have no t  been modif ied t o  account  f o r  t h e  

d i s c r e p a n c y  between t h e  exper imenta l ly  determined and c a l c u l a t e d  f l u e n c e s .  

The n u c l e a r  a n a l y s i s  of t h e  hafnium c o r e p i e c e  f o r  t h e  OKR-MFE-4A 

exper iment  has been completed. The r e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e  

a c c e p t a b l e  helium produc t ion  t o  d isplacement  l e v e l s  may be ob ta ined  over  

t h e  l i f e t i m e  0 5 0  dpa) of t h e  experiment u s i n g  s o l i d  aluminum c o r e p i e c e s  

c o n t a i n i n g  a 0.65-mm-thick hafnium annu lus  su r round ing  t h e  exper imenta l  

c a p s u l e .  It i s  a n t i c i p a t e d ,  based on hafnium burn-up c o n s i d e r a t i o n s ,  t h a t  

e a c h  hafnium c o r e p i e c e  w i l l  perform s a t i s f a c t o r i l y  f o r  approximately  

227,000 MWh, and t h e  gamma h e a t i n g  rates w i l l  range from 70 t o  80% of t h e  

cor responding  h e a t i n g  r a t e s  w i t h  t h e  c u r r e n t  (63% H20-37% A l )  c o r e p i e c e  i n  

p l a c e .  

The paper  e n t i t l e d  “ S p e c t r a l  T a i l o r i n g  f o r  Fus ion  Reactor  Damage 

S t u d i e s :  Where Do We S t a n d ? , ”  which w i l l  be pub l i shed  i n  t h e  Journal Of 

Nuclear Mater ia l s ,  was presen ted  a t  t h e  Second Topica l  Meeting on Fusion 

Reac to r  Materials, August S 1 2 ,  1981, a t  S e a t t l e ,  Washington. 
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2.2.5 Fu tu re  Work 

The i n v e s t i g a t i o n  t o  determine the apparen t  d i sc repancy  between the 

e x p e r i m e n t a l l y  determined and c a l c u l a t e d  f l u e n c e s  w i l l  be cont inued.  I f  

t h i s  d i sc repancy  i s  a t t r i b u t e d  t o  the c a l c u l a t i o n a l  procedures ,  the three- 

dimens iona l  n e u t r o n i c s  c a l c u l a t i o n s  t h a t  monitor t h e  r a d i a t i o n  environment 

o f  t h e  ORR-MFE-4A and -48 exper iments  dur ing  each c y c l e  w i l l  be r e v i s e d  

a c c o r d i n g l y .  
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2.3 OPERATION OF THE ORR SPECTRAL TAILOKING EXPERIMENTS ORR-MFE-4A AND 
ORR-HFE-4B - I. T. Dudley (Oak Ridge N a t i o n a l  Laboratory)  

2.3.1 ADIP Task 

A D I P  Task I.A.2, Def ine  Test Matrices and Test Procedures.  

2.3.2 Objec t ives  

Experiments ORR-MFE-4A and - 4B i r r a d i a t e  a u s t e n i t i c  s t a i n l e s s  s tee ls ,  

u s i n g  neu t ron  spectrum t a i l o r i n g  t o  ach ieve  t h e  same helium-to- 

displacement- per- atom (Hejdpa) r a t i o  a s  p r e d i c t e d  f o r  f u s i o n  r e a c t o r  

f i rst-wall  s e r v i c e .  Experiment OM-MFE-4A c o n t a i n s  mainly type  316 

s t a i n l e s s  s t e e l  and t h e  Pa th  A P r i m e  Candidate Alloy (PCA) a t  i r r a d i a t i o n  

t empera tu res  of 330 and 400°C. Experiment ORR-MFE-4B c o n t a i n s  similar 

materials a t  i r r a d i a t i o n  t empera tu res  of 500 and 600°C. 

2.3.3 Summary 

The ORR-MFE-4A exper iment ,  d e s c r i b e d  p r e v i o u s l y ,  was i n s t a l l e d  i n  

t h e  Oak Ridge Research Reactor  (ORR) on June 10, 1980, and as of 

September 10, 1981, it had opera ted  f o r  a n  e q u i v a l e n t  330 d a t  30 HW 
r e a c t o r  power, w i t h  maximum specimen tempera tu res  i n  each r e g i o n  of 330 

and 4OO0C,  r e s p e c t i v e l y .  On September 8 ,  1981, two of t h e  m u l t i j u n c t i o n  

thermocouples l o c a t e d  i n  t h e  lower r e g i o n  of t h e  c a p s u l e ,  as p rev ious ly  

d e s c r i b e d ,  i n d i c a t e d  sha rp  drops  i n  t empera tu res  of about  90°C on each. 

The c a p s u l e  was removed from t h e  r e a c t o r  f o r  i n v e s t i g a t i o n .  Tests  have 

i n d i c a t e d  t h a t  t h e r e  are no l e a k s  i n  t h e  secondary s y s t e m  and no l e a k s  

between the thermocouple w e l l  and primary s y s t e m .  The p o s s i b i l i t y  of 

r e a r r a n g i n g  primary and secondary system boundar ies  t o  permit  c o n t i n u a t i o n  

o f  t h e  c a p s u l e  i r r a d i a t i o n  i s  under i n v e s t i g a t i o n .  

The ORR-MFE-4B exper iment ,  i n s t a l l e d  i n  t h e  ORR on A p r i l  23, 1981, i s  

e s s e n t i a l l y  i d e n t i c a l  t o  ORR-MFE-4A. Its upper reg ion  o p e r a t e s  a t  600"C, 

and i t s  lower reg ion  o p e r a t e s  a t  500°C. As of September 30, 1981, i t  has 

o p e r a t e d  f o r  a n  e q u i v a l e n t  136 d a t  30 MW r e a c t o r  power. 
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2.3.4 P rog res s  and S t a t u s  

The Om-MFE-4A capsu le  has a h i s t o r y  of a p p a r e n t l y  u n r e l a t e d  d i f-  

f i c u l t i e s .  A f t e r  approximately 4000 h o p e r a t i o n  i n  t h e  r e a c t o r ,  a l l  s i x  

thermocouples used t o  monitor specimen tempera tures  f a i l e d  du r ing  a two- 

week per iod .  A new m u l t i j u n c t i o n  thermocouple was i n s t a l l e d  i n  what was 
o r i g i n a l l y  a f l u x  monitor well ,  p o s i t i o n e d  i n  t h e  c e n t e r  of t h e  capsule .  2 

Opera t ion  of t h e  capsu le  was then  resumed, us ing  t h e s e  thermocouples f o r  

moni tor ing  t h e  specimen tempera tures .  

I n  J u l y  1981 a sma l l  l e a k  developed i n  t h e  secondary gas sys t em.  

P r e s s u r e  l e a k  t e s t s  made on t h e  capsu le  a f t e r  i t  was removed from t h e  

r e a c t o r  i n d i c a t e d  no leakage  i n  the  secondary sys tem of t h e  capsule .  Leak 

tests on t h e  l i n e s  o u t s i d e  of t h e  pool  a l s o  i n d i c a t e d  no s i g n i f i c a n t  

leakage.  Based on t h e  r e s u l t s  of t hose  t e s t s ,  t h e  l e a k  probably occurred 

a t  one of t h e  t h r e e  connec t ions  between t h e  capsu le  proper  and t h e  l i n e s  

t o  t h e  system o u t s i d e  of t h e  pool.  The connect ions  are made wi th  

compression- type tube f i t t i n g s  w i t h i n  a j u n c t i o n  box l o c a t e d  i n  t h e  reac- 

t o r  pool.  Routine helium l e a k  tests made a t  t h e  connec t ions  may have 

f a i l e d  t o  d e t e c t  t h e  leak .  I r r a d i a t i o n  was resumed a f t e r  t h i s  t e s t i n g .  

On September 8, 1981, two of t h e  m u l t i j u n c t i o n  thermocouples l o c a t e d  

i n  t h e  lower reg ion  of t h e  capsu le  i n d i c a t e d  a r a p i d  drop i n  tempera ture  

of approximately 90°C. This  tempera ture  drop i s  equal  t o  t h e  drop that 

would be expected i f  t h e  annulus sur rounding  t h e  w e l l  c o n t a i n i n g  t h e  

m u l t i j u n c t i o n  thermocouple were p a r t i a l l y  f i l l e d  wi th  NaK. This i n d i c a t e s  

t h a t  a l e a k  may have developed i n  t h e  i n n e r  c y l i n d r i c a l  p r imary  boundary 

and al lowed some NaK t o  enter t h a t  annulus.  

The i n v e s t i g a t i o n  t o  d a t e  has  i n d i c a t e d  t h a t  t h e r e  a r e  no l e a k s  

between t h e  secondary sys tem and t h e  primary system. There a r e  no l e a k s  

from t h e  secondary s y s t e m  of t h e  capsu le  proper .  There i s  no leakage from 

t h e  thermocouple we l l  i n t o  t h e  primary p o r t i o n  of t h e  capsule .  It i s  not 

p o s s i b l e  t o  l e a k  tes t  t h e  area of t h e  primary system suspec ted  of l eak ing  

NaK i n t o  t h e  annulus around t h e  thermocouple wel l .  

The p o s s i b i l i t y  of r ea r r ang ing  t h e  primary and secondary boundaries  

b y  changing sys tem p r e s s u r e s  and some c o n t r o l s  t o  p e r m i t  c o n t i n u a t i o n  of 

t h e  capsu le  i r r a d i a t i o n  t e s t i n g  i s  under i n v e s t i g a t i o n .  
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Capsule ORR-MFE-4A was opera ted  u n t i l  removed from temperatures  i n d i-  

c a t e d  by t h e  m u l t i j u n c t i o n  thermocouple. Actual  temperatures  i n  the  upper 

and lower c a p s u l e  zones were c o n t r o l l e d  a t  t h e  d e s i r e d  l e v e l s  by use of 

r e l a t i o n s h i p s  e s t a b l i s h e d  by h e a t  t r a n s f e r  a n a l y s e s .  The upper reg ion  of 

t h e  c a p s u l e  opera ted  a t  t h e  d e s i r e d  400°C and t h e  lower reg ion  a t  the  

d e s i r e d  330°C. 

The ORR-MFE-4B c a p s u l e  has opera ted ,  a s  planned,  s i n c e  it was 

i n s t a l l e d  i n  t h e  r e a c t o r  on A p r i l  23,  1981. A s  of October 1 ,  1981, i t  has  

accumulated a n  e q u i v a l e n t  of 136 d a t  30 MW r e a c t o r  power wi th  maximum 

specimen tempera tu res  i n  t h e  upper reg ion  of 600°C and i n  t h e  lower reg ion  

o f  500°C. A schemat ic  r e p r e s e n t a t i o n  of t h e  c a p s u l e  i s  shown i n  

Fig.  2.3.1. P l o t s  of t h e  temperature  h i s t o r y  f o r  t h e  pe r iod  covered by 

t h i s  r e p o r t  a r e  shown i n  Figs .  2.3.2 and 2.3.3. Curve E-1 shows t h e  

t empera tu re  of t h e  upper r e g i o n  of t h e  c a p s u l e ,  and TE-4 shows t h e  tem- 

p e r a t u r e  of t h e  lower  region.  

2.3.5 References  
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ORNL-DWG 79-3082R FED 

FLUX MONITOR 

INSULATOR - 

CONTROLGAS 
ANNULUS A- 

6 TEST SPECIMEN 
T REGIONS 
ON 12.7 ID  x 38.1 OD 

CONTROL GAS 
ANNULUS B ’- 

INSULATOR I. 

ASSEMBLY 
SHIELD PLUG 

DIMENSIONS IN 
MILLIMETERS 

Fig. 2.3.1. Schematic of ORR-MFE-4B Irradiation Capsule Design. 
Thermocouple locations are indicated by TE. 
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2.4 EXPEKIMENTS HFIK-MFE-KB1, -RB2, AND -RB3 FOK LOW-TEMPERATUPS 
I R R A D I A T I O N  OF PATH E F E K K I T I C  STEELS - J. M. V i tek  and .I. W. Woods 
(Oak Ridge N a t i o n a l  Laboratory)  

2.4.1 ADIP Task 

A D I P  Task I.A.2, Define T e s t  Matrices and Test  Procedures .  

2.4.2 Objec t ive  

The o b j e c t i v e  of  t h e s e  exper iments  i s  t o  a c q u i r e  d a t a  on the  e f f e c t s  

o f  low- temperature i r r a d i a t i o n  o n  t h e  p r o p e r t i e s  of f e r r i t i c  s t e e l s .  

I r r a d i a t i o n  i n  a be ry l l ium r e f l e c t o r  p o s i t i o n  of t h e  High Flux I s o t o p e  

Reac to r  (HFIK) w i l l  r e s u l t  i n  concur ren t  p roduc t ion  of helium and d i s-  

placement damage. A broad range of sample t y p e s  i s  t o  be i r r a d i a t e d ,  

i n c l u d i n g  some l a r g e r  specimens t h a t  cannot be accommodated i n  i r r a d i a t i o n  

exper iments  i n  t h e  H F I K  t a r g e t  region.  

2.4.3 Summary 

The HFIK-MFE-RB1, -KB2,  and -K83 exper iments  a r e  planned f o r  low- 

t empera tu re  i r r a d i a t i o n  of a v a r i e t y  of specimen t y p e s  of f e r r i t i c  s t e e l s  

t o  approximately  10 and 20 dpa. The f i n a l  specimen matrices f o r  RB1 and 

RB2 are g iven ,  a long  w i t h  a p r e l i m i n a r y  m a t r i x  f o r  KB3.  Also g i v e n  a r e  

d e t a i l s  on t h e  a l l o y s  inc luded  and t h e i r  c o n d i t i o n s .  Assembly of t h e  RB1 

and RB2 c a p s u l e s  i s  p r e s e n t l y  under way. I r r a d i a t i o n  of the RB1 c a p s u l e  

i s  planned t o  s t a r t  i n  November 1981, and i r r a d i a t i o n  of KB2 is expected 

t o  beg in  about  January 1982. 

2.4.4 P r o g r e s s  and S t a t u s  

2.4.4.1 I n t r o d u c t i o n  

The HFIK-MFE-RM1 experiment was d e s c r i b e d  i n  d e t a i l  i n  a n  earl ier  

q u a r t e r l y  r e p o r t .  S ince  t h a t  t ime, t h e  experiment p l a n  has  been expanded 

t o  i n c l u d e  t h r e e  c a p s u l e s ,  R B 1 ,  RM2, and RB3. These exper iments  w i l l  be 

l o c a t e d  i n  t h e  be ry l l ium r e f l e c t o r  p o s i t i o n s  of HFIK. They w i l l  be a b l e  

t o  accommodate a wide v a r i e t y  of samples,  i n c l u d i n g  l a r g e r  samples t h a t  
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cannot  be i r r a d i a t e d  i n  any o t h e r  H F I R  l o c a t i o n s .  The RB c a p s u l e s  w i l l  

p rov ide  t h e  f i r s t  d a t a  f o r  s e v e r a l  p r o p e r t i e s  under t h e  HFIR  i r r a d i a t i o n  

c o n d i t i o n s  of s imultaneous displacement  damage and helium product ion.  

T h i s  c o n t r i b u t i o n  updates  t h e  RB experiment p l a n  and i n c l u d e s  t h e  r e v i s e d  

tes t  ma t r i ce s .  I n s e r t i o n  of RB1 i n t o  H F I K  i s  expected i n  November of 

1981, w i t h  RB2 to fo l low by January 1982. The RB3 experiment w i l l  be a 

r e c o n s t r u c t i o n  of t h e  RB1 capsu le  and w i l l  be i n s e r t e d  after  October 1982. 

2.4.4.2 Experimental  Design 

The RB capsu le s  w i l l  be  i r r a d i a t e d  a t  t h e  r e a c t o r  c o o l a n t  tempera ture  

o f  50°C. 

t u b i n g  i n  o r d e r  t o  avoid excess ive  co r ros ion .  The e n c a p s u l a t i o n  procedure 

i s  d e s c r i b e d  e1sewhere.l 

gamma h e a t i n g  a r e  expected t o  be less t han  25°C. 

Samples w i l l  be enc losed  i n  evacuated and c o l l a p s e d  aluminum 

Temperature i n c r e a s e s  w i t h i n  t h e  tube  due t o  

Seven d i f f e r e n t  sample geometr ies  a r e  t o  be used: s h e e t  t e n s i l e  

(ST), f a t i g u e  i n i t i a t i o n s  ( F I ) ,  Grodzinsk i  f a t i g u e  (GF), min ia tu re  Charpy 

(MC), compact t e n s i o n  (CT), c r a c k  growth (CG), and t r ansmis s ion  e l e c t r o n  

microscopy (TEM). A b r i e f  d e s c r i p t i o n  of t h e s e  samples i s  g iven  i n  

Tab le  2 .4 .1 .  F u r t h e r  d e t a i l s  and drawings of the  specimens a r e  p re sen ted  

e l sewhere . ' .2  

s l i g h t l y  i n  length ;  HEDL specimens a r e  23.6 mm long whereas ORNL specimens 

a r e  25.4 mm long. 

The min ia tu re  Charpy samples from HEDL and ORNL d i f f e r  

Table  2.4.1. Specimen Geometries t o  be Used 

Dimensions, m 

Thickness Length Width Diameter 

Specimen Material  
Specimen stack des ignat ion  

ST 
F I  

G F  

MC 

M C  

CT 

C G  

TEM 

Sheet t e n s i l e  

Fatigue i n i t i a t i o n  

Gradz i n s k i  f a t i g u e  

Miniature Charpy (OWL) 

Miniature Charpy (HEDL) 

Compact t ens ion  

Crack growth 

TEM d i s k s  

Sheet 

Rod, p l a t e  

Sheet 

Plate 

P l a t e  

P l a t e  

Sheet 

Sheet 

0.762 44.4 

45.2 

0.762 44.4 

5.0 25.4 

5.0 23.6 

2.54 

0.762 12.7 

0.25 

4.95 

6.35 

4.95 

5.0 

5.0 

16.0 

25.4 

3.0 
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A S i c  t empera ture  monitor  was i n s e r t e d  i n  a dummy sample and is 

i nc luded  i n  t h e  c h a i n  of s h e e t  t e n s i l e  and Grodz insk i  f a t i g u e  samples. 

F lux  moni tors  have been inc luded  i n  both t h e  compact t e n s i o n  and s h e e t  

t en s i l e- Grodz in sk i  f a t i g u e  sample t r a i n s .  

2.4.4.3 HFIR-MFE-RB1, -RB2, and -RE3 T e s t  Matrices and I r r a d i a t i o n  
Condi t ions  

A l l  t h r e e  P a t h  E a l l o y s ,  12 C r - 1  MoVW, 9 Cr -1  MoVNb, and 2 1 / 4  C r -  

1 Xo a re  t o  be inc luded  i n  t h e s e  exper iments ,  as both base  me ta l  and 

welds .  In a d d i t i o n ,  a l l o y  v a r i a t i o n s  of t h e  12 Cr-1 XoVW and 9 Cr-1 XoVNb 

a l l o y s ,  wi th  supplemental  n i c k e l ,  w i l l  be i n s e r t e d .  

a l l o y s  are being used t o  de te rmine  t h e  e f f e c t  of helium on t h e  micros t ruc-  

t u r e  and p r o p e r t i e s ,  s ince a t r ansmu ta t i on  of n i c k e l  i n  HFIR produces 

helium. The nickel-doped a l l o y s  have been c h a r a c t e r i z e d  ear l ie r .  A few 

samples of type 316 s t a i n l e s s  s t e e l  w i l l  a l s o  be i r r a d i a t e d .  Table  2.4.2 

These nickel- doped 

Table  2.4.2. Alloy Heats and Heat Treatment Condit ionsa  

Temperature, " C / t i m e ,  h 

Normalizing treatmentb Tempering treatmentb 
Alloy Heat 

2 1/4 Cr-1 Xo 

2 114 CK-1 Ma, w e l d  

9 CK-1 XoVNb 
9 CK-1 XoVNb, weld  

9 CK-1 MoVNb 

9 Cr-1 MoVNb-2 N i  

1 2  Cr-1 MoVW plate  

12 Cr-1 HoVW sheet 

12 CK-1 MoVW weld  

12 Cr-1 MoVW 

12 CK-1 MOVW-1 N i  

12  CK-1 MOVW-2 N i  

T y p e  316 s t a i n l e s s  
s t e e l ,  20% CW 

56447 

56447 

30176 
30176 

XA-3590 

XA-3591 

91353 

91353 

91353 

XAA-3587 

~ ~ ~ - 3 5 8 8  

XAA-3589 

X-15893 

900/0.5 
A s  welded 

1038/0.5 

A s  welded 

1040/0.5 

1040/0.5 

1038/0.16 

1038/0.067 

A s  welded 

1050/0.5 

1050/0.5 

1050/ 0.5 

A s  worked 

700/1 

78011 

760/0.5 
78011 

760/1 

700/5 

76010.5 

760/0.5 

78011 

780/2.5 

780/2.5 

70015 

aNot including TEM disk conditions. 

b A i r  cooled. 
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l i s t s  t h e  a l l o y s ,  t h e i r  hea t  numbers, and t h e i r  cond i t i ons .  This t a b l e  

does not  i nc lude  a l l  of t h e  a l l o y s  and c o n d i t i o n s  of the  TEM d i s k s ,  which 

a r e  t o o  numerous t o  mention i n  this  c o n t r i b u t i o n .  

Two f l u e n c e  l e v e l s  f o r  t h e  specimens a r e  t a r g e t e d  t o  y i e l d  d i sp l ace-  

ment l e v e l s  of 10 and 20 dpa ( t h e s e  va lues  a r e  f o r  t h e  c a p s u l e  midplane).  

With t h e  reduced f l u x  a v a i l a b l e  i n  t h e  HFIR  r e f l e c t o r  p o s i t i o n s ,  i r r a -  

d i a t i o n s  a r e  p r o j e c t e d  t o  t ake  10 and 20 months, r e s p e c t i v e l y .  The RBI 

c a p s u l e  w i l l  be i r r a d i a t e d  t o  10 dpa. Upon complet ion,  t h e  c a p s u l e  w i l l  

b e  d isassembled ,  r e c o n s t i t u t e d ,  and r e i n s e r t e d  a s  RB3 for a f u r t h e r  10 dpa 

i r r a d i a t i o n .  The RB2 capsu le  w i l l  be i r r a d i a t e d  t o  20 dpa. Due t o  space 

l i m i t a t i o n s ,  a l l  of the  20 dpa specimen ma t r ix  cannot  be inc luded  i n  RB2. 

Consequent ly,  some of the  specimens wi th  a planned 20 dpa exposure w i l l  be 

i r r a d i a t e d  i n  both t h e  RBI and RB3 capsu le s .  The 10 dpa m a t r i x  w i l l  be 

d i v i d e d  between t h e  RB1 and RB3 capsu le s .  The specimen m a t r i c e s  a r e  g iven  

i n  Tables  2.4.3 through 2.4.5 f o r  10 and 20 dpa i r r a d i a t i o n s .  

Tab le  2.4.3. Specimen Matr ix  t o  be I r r a d i a t e d  t o  10 dpaa 
i n  Experiment HFIR-MFE-RB1 

Number of specimens of each type  
Al loy  Heat 

ST FI GF MC CT CG T E M ~  

2 114 C r - 1  Mo 
2 114 Cr-1 Mo, weld 
2 114 CK-1 No 

9 C r - 1  MoVNb 
9 Cr-1 MoVNb, weld 
9 Cr-1 MoVNb 

9 Cr-1  MoVNb-2 N i ,  a d j  

12  Cr-1 MoVW 
1 2  Cr-1 MoVW, weld 
1 2  Cr-1 MoVW 
1 2  Cr-1 MoVW-1 N i  
12  0 - 1  MoVW-2 N i  
1 2  C r - 1  MoVW-2 N i ,  a d j  

9 Cr-1 MoVNb-2 N i  

56447 
56447 
72768 

30176 
30176 
XA-3590 
XA-3591 
XA-3593 

91353 
91353 
XAA-3587 

XAA-3589 
XAA-3592 

m - 3 5 8 8  

2 2 4  3 16 

9 

4 7 7 3 24 

3 3  6 3 18 
3 6 3 18 

18 

4 3 7 7 3 31 

4 2 

4 2 

4 2 8c 
3 3 4 5 3  18 

3 5  4 3  18 
3 3 3 4  3 18 

18 

a A t  experiment midplane. 

bfUIIP, Path E a l l o y s  only. 

'?From hea t- a f fec t ed  zone s imula t ion .  
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Table  2 . 4 . 4 .  Specimen Matrix t o  be I r r a d i a t e d  to 
10 dpaa i n  Experiment HFIR-MFE-RB3 

Nwnber of specimens of each type 

FI cr 
Alloy  Heat 

2 114 Cr-1 Mo 
2 114 Cr-1 MD, weld 

9 cr-1 MDvNb 
9 Cr-1 MoVNb, weld 
9 Cr-1 MoVNb 
9 Cr-1 MoVNb-2 N i  

1 2  Cr-1 Mow 
12 Cr-1 MaVW, weld 
1 2  cr-1 MDw 
12  Cr-1 Mow-I N i  
12  Cr-1 MoVW-2 N i  

Type 316 s t a i n l e s s  
steel  

56447 4 
56447 

30176 
30176 5 
XA-3590 3 
XA-3591 4 4 

91353 
91353 5 
XAA-3587 1 
XAA-3588 4 
XAA-3589 1 

x-15893 6 

(IAt experiment midplane. 

Table 2 . 4 . 5 .  Specimen Matrix to be I r r a d i a t e d  t o  
20 dpaa i n  Experiment HFIR-MFE-RB2 

Number of specimens of each type 

ST F I  GF MC CT CG TEMb 
Al loy  Heat 

2 114 Cr-1 Mo 56447 2 3  2 3  16 
2 114 C r l  Mo, weld 56447 2 
2 114 cr-1 Mo 72768 9 

9 Cr-1 MoVNb 30176 4 3 8 0 8  3 24 
9 cr-1 MoVNb, HAZ 30176 4 
9 Cr-1 MoVNb, weld 30176 4 4 2  
9 Cr-1 MoVNb XA-3590 4 4 3 3  18 
9 Cr-1 MoVNb-2 N i  XA-3591 4 40 4 3 18 
9 Cr-1 MoVNb-2 Ni ,  adj  XA-3593 i n  
1 2  Cr-1 MoVW 91353 5 4 n o 8  3 3 1  
12  Cr-1 MoVW, HA2 91353 80 8d 
12 Cr-1 Mow, weld 91353 4 0  4 2 
1 2  cr-1 Mow XAA-3587 4 3 5 0  5 3 18 
1 2  Cr-1 Mow-I N i  XAA-3588 4 3 4 4 3  18 
1 2  Cr-1 MoVW-2 N i  XAA-3589 4 3 50  4 3 i n  
12  Cr-1 MoVW-2 N i ,  adj  XAA-3592 18 

Type 316 s t a i n l e s s  x-15893 4 
B tee1 

a A t  experiment midplane. 

bADIP, Path E a l l o y s  only. 

OSome samples t o  be irradiated t o  10 dpa in each of capsules  

dFrom heat- affected zone simulation. 

HFIR-MFE-RBI and -RB3,  t o  achieve the 20 dpa goal .  
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Only a p a r t i a l  l oad ing  matrix i s  g iven  f o r  t h e  RB3 capsu le ,  and 

t h i s  m a t r i x  w i l l  be supplemented a t  a l a t e r  d a t e .  A l l  samples have 

been prepared f o r  t h e  HFIR-RB experiments  as o u t l i n e d ,  and assembly 

and i n s e r t i o n  of the  RB1 and RB2 capsu le s  is p r e s e n t l y  under way. 
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2.5 EXPERIXENT HFIK-MFE-T3 FOK LOW-TEMPERATURE I R R A D I A T I O N  OF 
M I N I A T U K I Z E D  CHARPY V-NOTCH SPECIMENS OF NICKEL- DOPED F E R R I T I C  
STEELS - J. M. Vi tek  and J. W. Woods (Oak Ridge Na t iona l  Labora to ry)  

2.5.1 ADIP Task 

ADIP Task I . A . 2 ,  Define T e s t  Mat r i ces  and Tes t  Procedures.  

2.5.2 Objec t ive  

The o b j e c t i v e  of t h i s  experiment i s  t o  provide  d a t a  on t h e  e f f e c t  of 

t r a n s m u t a t i o n  produced helium on t h e  impact p r o p e r t i e s  of f e r r i t i c  s t e e l s  

f o l l o w i n g  low- temperature i r r a d i a t i o n .  The i r r d d i a t i o n  w i l l  be done i n  

t h e  t a r g e t  r eg ion  of t h e  High Flux I s o t o p e  Reactor  (HFIK). The 

12  C r - 1  XoVW a l l o y s  (HT9 type)  w i t h  d i f f e r e n t  n i c k e l  c o n t e n t s  w i l l  be  

employed us ing  t h e  t r ansmuta t ion  of n i c k e l  t o  i r o n  and helium t o  produce 

d i f f e r e n t  l e v e l s  of helium i n  t h e  i r r a d i a t e d  s a m p l e s .  

2.5.3 Summary 

The HFIK-MFE-T3 exper imenta l  c a p s u l e  i s  desc r ibed .  Th i s  experiment 

c o n s i s t s  of m i n i a t u r e  C h a r p y  V-notch specimens of 12 Cr-1 MoVW and 

12  C r - 1  MoVW-2 N i  a l l o y s .  The d i f f e r e n t  l e v e l s  of n i c k e l  w i l l  r e s u l t  i n  

d i f f e r e n t  helium l e v e l s  genera ted  d u r i n g  i r r a d i a t i o n ,  and t h u s  w i l l  a l low 

f o r  a n  e v a l u a t i o n  of t h e  e f f e c t  of helium on impact p r o p e r t i e s .  I r r d d i a -  

t i o n  of t h e  c a p s u l e  has s t a r t e d  wi th  p r o j e c t e d  f l u e n c e  a t  midplane t h a t  

w i l l  produce 10 dpa expected by January 1982. 

2.5.4 Progress  and S t a t u s  

2.5.4.1 I n t r o d u c t i o n  

By t a k i n g  advantage of  t h e  two-step t r ansmuta t ion  r e a c t i o n  of n i c k e l ,  

which r e s u l t s  i n  helium produc t ion ,  i n c r e a s i n g  l e v e l s  of helium can be 

g e n e r a t e d  dur ing  i r r a d i a t i o n  by i n c r e a s i n g  t h e  i n i t i a l  n i c k e l  c o n t e n t  of 

t h e  a l l o y .  Nickel-doped f e r r i t i c  a l l o y s , l  wi th  1 / 2 ,  1, and 2% N i  a r e  

b e i n g  s t u d i e d  i n  o r d e r  t o  a s c e r t a i n  t h e  e f f e c t  of helium a t  l e v e l s  

expec ted  i n  f u s i o n  environments on v a r i o u s  m a t e r i a l  p r o p e r t i e s .  The 

HFIR-MFE-T3 experiment i s  des igned t o  e v a l u a t e  t h e  e f f e c t  of helium on t h e  

impact p r o p e r t i e s  of 12 Cr-1 MoVW f e r r i t i c  s tee ls .  Th i s  experiment w i l l  
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a l s o  p rov ide  t h e  necessa ry  b a s e l i n e  in fo rmat ion  needed t o  p r o p e r l y  

e v a l u a t e  t h e  impact p r o p e r t y  r e s u l t s  from t h e  HFIK-MFE-RBI experiment ,' i n  

which more a l l o y s  are being i r r a d i a t e d  bu t  fewer samples of each a l l o y  are 

a v a i l a b l e .  F i n a l l y ,  i n c l u s i o n  of d i f f e r e n t  heats of 1 2  Cr-1 MoVW w i l l  

a l l o w  f o r  a proper  comparison of the Combustion Engineer ing  h e a t s  w i t h  t h e  

b r e e d e r  program r e f e r e n c e  hea t .  

2.5.4.2 Exper imental  Design 

The HFIR-MFE-T3 capsu le  i s  be ing  i r r a d i a t e d  a t  the r e a c t o r  c o o l a n t  

t empera tu re  of 50'C. Samples are enc losed  i n  evacuated and c o l l a p s e d  

aluminum t u b i n g  t o  p r o t e c t  them from e x c e s s i v e  c o r r o s i o n  whi le  main ta in ing  

good thermal  c o n t a c t  w i t h  t h e  coo lan t .  This t echn ique  has been d e s c r i b e d  

ear l ier .3  The i r r a d i a t i o n  i s  i n  one of t h e  outermost  t a r g e t  p o s i t i o n s  of 

t h e  H F I K  f l u x  t r a p  region.  

The exper iment  c o n s i s t s  of a s i n g l e  column of m i n i a t u r e  Charpy V- 

n o t c h  impact specimens. The samples are 5 by 5 am i n  c r o s s  s e c t i o n ,  and 

25.4 mm i n  l e n g t h .  The no tch  has a r o o t  r a d i u s  of 0.05 t o  0.10 mm and t h e  

remaining sample l igament i s  4.24 mm i n  l eng th .  The samples were not  

precracked.  The specimens were c u t  from 5.3-mm-thick p l a t e  w i t h  the 

l e n g t h  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  and t h e  no tch  running through t h e  

t h i c k n e s s  of t h e  p l a t e .  

A S i c  temperature  monitor was i n s e r t e d  i n  a 12 C r - 1  MoVW spacer  t o  

de te rmine  the amount of h e a t i n g  d u r i n g  i r r a d i a t i o n .  A f l u x  moni tor  was 

a l s o  inc luded  i n  the i r r a d i a t i o n  capsule .  

2.5.4.3 HFIK-MFE-T3 T e s t  Matrix and I r r a d i a t i o n  Condi t ions  

Three a l l o y s  are inc luded  i n  t h e  HFIR-MFE-T3 capsu le :  12 C r - 1  MoVW 

( b r e e d e r  h e a t ) ,  12 Cr-1 MoVW (Combustion Engineer ing  h e a t ) ,  and 

1 2  C r - 1  MoVW-2 N i  (Combustion Engineer ing h e a t ) .  The bulk of t h e  samples 

are  from t h e  Combustion Engineer ing  heats,  i n  o r d e r  t o  determine t h e  

e f f e c t  of helium (by way of t h e  n i c k e l  t r a n s m u t a t i o n  r e a c t i o n )  on the 

impact p r o p e r t i e s .  The b reeder  r e f e r e n c e  h e a t  i s  inc luded  i n  o r d e r  t o  

compare d i f f e r e n t  heats of 12 Cr-1  MoVW steel.  Table  2.5.1 l i s t s  t h e  

a l l o y s  and t h e i r  h e a t  t r e a t m e n t s .  The a l l o y  composi t ions  were r e p o r t e d  

p rev ious ly . '  The specimen matrix i s  g iven  i n  Table  2.5.2. 
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Table  2.5.1. Alloys I r r a d i a t e d  i n  HFIK-MFE-T3 

A l l o y  
Normalizing Tempering 

Heat 
("C) ( h )  ("C)  (n)  

1 2  Cr-1 MoVW 91353 (Breeder )  1050 0.5 780 2.3  

1 2  Cr-1 MoVW M A -  35 87 1050 0.5 780 2.5 
(Combustion Engineer ing)  

12 C r - 1  MoVW-2 N i  XU-3589 1050 0.5 700 3 
(Combustion Engineer ing)  

Table  2.5.2. Specimen Matr ix f o r  HFZK-MFE-T3 

Di s t ance  from 

(mm) 
P o s i t i o n  midplane A l l o y  Heat 

1 (Top) 
2 
3 
4 

5 
6 
7 
8 
9 

10 
I 1  

12  
13 
1 4  
1 5  
1 6  
17  
18 

184 12  Cr-1 MoVW 
159 12  Cr-1 MoVW 
133 1 2  C r - 1  MoVW-2 N i  
108 12  Cr-1  MoVW-2 N i  

Aluminwn spacer 

76 1 2  Cr-1 MoVW-2 N i  
51 12 Cr-1 MoVW-2 N i  
25 12 Cr-1 MoVW-2 N i  

0 12 C r - 1  MoVW-2 N i  
-2 5 12 C r - 1  MoVW-2 N i  

Flux monitor 

-5 1 1 2  C r - 1  MoVW 
-7 6 12 Cr-1  MoVW 

Temperature monitor 
-1 08 1 2  Cr-1 MoVW 
-1 33  12  C r - 1  MoVW 
-159 12 Cr-1 MoVW 
-1 84 12 Cr-1 MoVW 

-235 12 Cr-1 MoVW 
-260 1 2  Cr-1 MoVW 

-210 12 C r - 1  MoVW 

91353 
91353 
XAA- 3589 
XAA- 3589 

XAA-3 589 
XAA-3589 
XAA-3589 
XAA- 3589 
XAA-3589 

XAA-3587 
XAA-3587 

XAA-3587 
XAA-3587 
XAA-3587 

XAA-3587 
XAA-3587 
91353 

XAA-3587 
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The goa l  f l u e n c e  f o r  the exper imenta l  midplane w i l l  produce a d i s-  

placement l e v e l  of 10 dpa. The f l u e n c e  d e c r e a s e s  towards t h e  end of t h e  

c a p s u l e ,  f a l l i n g  t o  approximately  50% of t h e  midplane va lues .  Expected 

hel ium l e v e l s  a t  t h e  midplane are 20 a t .  ppm i n  t h e  base  a l l o y  and 

8 5  a t .  ppm i n  t h e  2% N i  doped a l l o y .  The c a p s u l e  was i n s e r t e d  i n t o  HFIK 

i n  e a r l y  September 1981, and w i l l  be removed i n  January 1982. 

2.5.5 References  

1. R. L. Klueh and J. M. Vi tek ,  " C h a r a c t e r i z a t i o n  of F e r r i t i c  S t e e l s  f o r  

H F I R  I r r a d i a t i o n , "  ADIP  Quart.  Prog. R e p .  J u n e  3 0 ,  1980,  

DOE/ER-0045/3, pp. 296308 .  

2. J. M. V i tek  and J. W. Woods, "Experiments HFIR-MFE-RB1, -RB2, and -RB3 

f o r  Low-Temperature I r r a d i a t i o n  of Path  E F e r r i t i c  S t e e l s , "  Sect .  2.4 

in t h i s  r e p o r t .  

3. J. M. V i t e k ,  R. L. Klueh, M. L. Grossbeck, and J. W. Woods, 

"HFIK-MFE-T1, -T2, and -RB1: Experiments t o  Eva lua te  t h e  E f f e c t s  

o f  Low-Temperature I r r a d i a t i o n  on F e r r i t i c  S t e e l s , "  A D I P  Quart.  Prog. 
R e p .  S e p t .  3 0 ,  1980,  DOE/ER-0045/4, pp. 26-35. 
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3 . 1  RESULTS OF THE MFE-5 IN-REACTOR FATIGUE CRACK GROWTH EXPERIMENT - 

A. M. E r m i  (Hanford Engineer ing Development Laboratory)  

3 . 1 . 1  A D I P  Task 

ADIP Task I.B.l, "Fat igue Crack Growth i n  A u s t e n t i c  Alloys"  

(Path  A ) .  

3.1.2 Objec t ives  

An i n- r e a c t o r  f a t i g u e  machine has  been developed t o  conduct a 

f a t i g u e  c r a c k  p ropaga t ion  experiment i n  t h e  ORR on t h e  Pa th  A Reference 

Al loy.  E f f e c t s  of dynamic i r r a d i a t i o n  on c rack  growth behav ior  w i l l  b e  

e v a l u a t e d  by comparing t h e  r e s u l t s  wi th  t h o s e  of an u n i r r a d i a t e d  t e s t .  

3 .1 .3  Summary 

Examination o f  t h e  c r a c k  growth specimens from t h e  ORR-MFE-5 

i n- r e a c t o r  f a t i g u e  test and from t h e  HEDL thermal  c o n t r o l  tes t  has  

been completed. 

dynamic i r r a d i a t i o n  on c r a c k  growth a t  a f l u e n c e  o f  1 . 5  x loz1 n/cm2 

(E > 0 . 1  MeV). Furthermore,  t h e  c r a c k  growth rates i n  e l e v a t e d  

t empera tu re  sodium were a f a c t o r  of 3 t o  4 lower than  i n  room 

tempera tu re  a i r .  

3 . 1 . 4  Progress  and S t a t u s  

3 . 1 . 4 . 1  I n t r o d u c t i o n  

R e s u l t s  i n d i c a t e d  t h a t  t h e r e  were no e f f e c t s  of 

F a t i g u e  c r a c k  p ropaga t ion  (FCP) i n  t h e  f i r s t  w a l l  of  a magnet ic  

f u s i o n  r e a c t o r  may be  a l i m i t i n g  q u a n t i t y  governing r e a c t o r  l i f e t i m e s .  

P rev ious  s t u d i e s  of i r r a d i a t i o n  e f f e c t s  on FCP have all been conducted 

o u t  of r e a c t o r  on materials  p r e i r r a d i a t e d  i n  t h e  u n s t r e s s e d  c o n d i t i o n .  

The ORR-MFE-5 experiment w a s  des igned t o  i n v e s t i g a t e  FCP d u r i n g  

i r r a d i a t i o n ,  where dynamic i r r a d i a t i o n  may e f f e c t  c rack  growth 

c h a r a c t e r i s t i c s .  

3.1.4.2 Specimen Examination and R e s u l t s  

w a s  ( 1 , 2 )  As r e p o r t e d  p r e v i o u s l y ,  t h e  i n- r e a c t o r  f a t i g u e  machine 

removed from t h e  ORR a f t e r  %60,0OO c y c l e s  when a n  apparen t  specimen 
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chain lengthening caused the bellows to reach its stop before the f u l l  

load could be transmitted to the specimens. ( 3 )  

test at HEDL was also terminated after it had accumulated the same 

number of cycles. Both assemblies were sectioned and inserted into a 

specially designed furnace apparatus where the sodium was removed from 

around the specimens. 

The thermal control 

Crack length measurements on the thermal control specimens were 

made with a travelling microscope, while the irradiated specimens were 

measured from a calibrated television screen. Because of (1) the lower 
than expected growth rates in sodium; and (2) the shortened duration of 

the test (the planned duration was 200,000 cycles), nine of the sixteen 

specimens exhibited crack growths which measured less than 0.125 mm 
(0.008 in). 

sidered adequate for a reliable result. 

previous chain testing,(4) only crack extensions greater than 0.125 mm 

were used in the determination of crack growth rates. (The ASTM 

Standard actually specifies 0.250 mm as the minimum crack growth 

criterion. 

These data were discarded since the growth was not con- 

Based on the experience of 

(5)) 

The crack growth results for both the in-reactor and thermal 

control tests are given in Figure 1. 

is included for comparison. The temperatures across the two specimen 

chains (detailed elsewhere ( 7 ) )  varied from 3 1 5 O C  at the bottoms to 
460'C near the centers. 
direct effects of temperature on growth rate should b e  minimal since 

A room temperature air data band 

Since the tests were conducted in sodium, the 

FCP in sodium is not strongly thermally activated up to about 
0.5 T . (8,9) 

m 

The results indicated that there were no significant effects of 

dynamic irradiation on fatigue crack growth for a fluence of 

1.5 x l o z 1  n/cm2, E > 0.1 MeV. 

the sodium environment were a factor of 3 to 4 lower than that for a 

temperature air environment. There was some question as to whether the 

lower growth rates observed were a true representation of the crack 

Secondly, the crack growth rates in 
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growth behavior  o r  whether t h e  growth r a t e s  were a f f e c t e d  i n  some way 

by t h e  s e v e r a l  t e s t  shutdowns and thermal  c y c l e s  common i n  such 

r e a c t o r  t ype  t e s t s .  To i n v e s t i g a t e  t h i s ,  two specimens were ind iv-  

i d u a l l y  cyc led  i n  hel ium on l a b o r a t o r y  h y d r a u l i c  f a t i g u e  t e s t e r s ,  

d u p l i c a t i n g  t h e  t e s t  c o n d i t i o n s  and shutdown h i s t o r y  of t h e  i n- r e a c t o r  

and thermal  c o n t r o l  t e s t s .  The c rack  l e n g t h s  of t h e s e  two specimens 
were cont inuous ly  monitored us ing  an e l e c t r o p o t e n t i a l  t echnique .  (6)  

The c r a c k  l e n g t h  vs.  c y c l e s  r e s u l t s  of one of t h e  t e s t s  i s  shown i n  

F igure  2 .  Despi te  twelve t e s t  i n t e r r u p t i o n s ,  i n c l u d i n g  f i v e  tempera ture  

shutdown c y c l e s ,  t h e  c rack  l e n g t h s  i nc reased  smoothly; t h e r e  was no 

evidence of c rack  growth r e t a r d a t i o n  a f t e r  any of t h e  shutdowns. 

3 .1.5 Conclusions 

An i n- r e a c t o r  f a t i g u e  c rack  propagat ion  experiment was conducted 

i n  t h e  ORR on 20% cold-worked 316 s t a i n l e s s  s t e e l .  The test was 

conducted i n  sodium a t  a peak tempera ture  of 460°C and a t  a f requency 

of 1 cpm. 

i n d i c a t e d  t h a t :  

Comparison of t h e  r e s u l t s  w i th  a l a b o r a t o r y  c o n t r o l  t e s t  

(1) There were no e f f e c t s  of dynamic i r r a d i a t i o n  f o r  a 

f l u e n c e  of 1 . 5  x l o z 1  n/cm2, E > 0 . 1  MeV. 

( 2 )  Crack growth r a t e s  were a f a c t o r  of 3 t o  4 lower 

than  i n  room tempera ture  a i r .  

3.1.6 Fu tu re  Work 

Plans a r e  underway t o  conduct a second i n - r e a c t o r  FCP 

experiment  on t h e  same h e a t  of material  u s i n g  a newly designed f a t i g u e  

machine. The new t e s t  m a t r i x  i n c l u d e s  e x t e n s i o n  of t h e  test t o  a y e a r ,  

o r  a f l u e n c e  of % l o z 2  n/cm2, E > 0.1  MeV. 

3.1 .7  References 
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3.2 EFFECT OF PREINJECTEO HELIUM ON SWELLING AND MICKOSTKUCTURE O F  
NEUTKON IKRADIATEU STRESSED TYPE 316 STAINLESS STEEL - 
A.  Hishinuma* and J. M. Vi tek  (Oak Ridge Na t iona l  Labora tory)  

3.2.1 ADIP Tasks 

A D I P  Tasks I . C . l . ,  M i c r o s t r u c t u r a l  S t a b i l i t y ,  and I . C . 2 . ,  Microstruc-  

t u r e  and Swel l ing  i n  A u s t e n i t i c  Alloys.  

3.2.2 Ob jec t ive  

The o b j e c t i v e  of t h i s  work i s  t o  c h a r a c t e r i z e  t h e  e f f e c t  of helium on 

t h e  s w e l l i n g  and m i c r o s t r u c t u r e  of p r e s s u r i z e d  t ubes  of co ld  worked 

t y p e  316 s t a i n l e s s  s t ee l  a f t e r  i r r a d i a t i o n  i n  EHR-11. Th i s  w a s  

accomplished by p r e i n j e c t i n g  helium i n  only a f r a c t i o n  of t h e  t o t a l  spec i-  

men l e n g t h  i n  p r e s s u r i z e d  t ube  samples ,  thereby  a l l owing  a comparison of 

r e g i o n s  w i th  and wi thout  helium from t h e  same specimen. The helium 

l e v e l s ,  s t ress ,  and i r r a d i a t i o n  tempera tures  were v a r i e d  t o  de te rmine  

t h e i r  i n f luence .  

3.2.3 Summary 

In t h i s  pe r iod ,  examinat ion was performed on p r e s s u r i z e d  t ubes  of 

22%-cold-worked t ype  316 s t a i n l e s s  s t ee l  a f t e r  i r r a d i a t i o n  a t  525°C. The 

hoop stress was 31.7 MPa and t h e  f l u e n c e  was 5 X l o z 6  neutrons/m2 

0 0 . 1  MeV)  producing 23 dpa. H e l i u m  was p r e i n j e c t e d  i n t o  t h e  c e n t e r  por- 

t i o n  of t h e  t ube  specimen t o  l e v e l s  of 20 and 60 a t .  ppm. 

Diameter measurements, which i nc lude  both s w e l l i n g  and c r e e p  e f f e c t s ,  

show t h a t  a 20 a t .  ppm He p r e i n j e c t e d  r e g i o n  expanded about  30% less  than  

t h e  u n i n j e c t e d  r eg ions .  For a s a m p l e  w i th  60 a t .  ppm H e ,  a 60% lower 

expans ion  w a s  found. 

The m i c r o s t r u c t u r e  of a 60 a t .  ppm He p r e i n j e c t e d  r eg ion  shows a 

bimodal c a v i t y  d i s t r i b u t i o n .  An inhomogeneous d i s t r i b u t i o n  of vo ids  less 

t h a n  50 nm i n  d iameter  is  accompanied by a homogeneous popu la t i on  of t i n y  

c a v i t i e s ,  w i th  a c o n c e n t r a t i o n  n e a r  l Q z 1 / m 3 .  I n  t h e  u n i n j e c t e d  r e g i o n ,  a 

s i n g l e  d i s t r i b u t i o n  of c a v i t i e s  was observed w i t h  a number d e n s i t y  of 

* On assignment  from t h e  Japanese  Atomic Energy Research I n s t i t u t e ,  
Tokai-Mura, Japan. 
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about  1 X l O Z 0 / m 3  and a n  average  d iameter  of about 100 nm. P r e c i p i t a t e s  

were observed i n  both r eg ions .  Almost a l l  were eta- phase,  w i t h  a number 

d e n s i t y  of about  5 x 1Ol9/m3. 

3.2.4 Progress  and S t a t u s  

3.2.4.1 Experimental  Procedure 

The specimens examined i n  t h i s  s tudy were thin- walled helium f i l l e d  

c a p s u l e s  produced from drawn tub ing  wi th  welded end caps. They were 51 mm 

i n  l e n g t h ,  wi th  an o u t e r  d iameter  of 4.57 mm and a w a l l  t h i c k n e s s  of 

0.25 mm. These specimens were i n t e r n a l l y  p r e s s u r i z e d ,  producing b i a x i a l  

l oad ing  on t h e  tube wal l  w i th  a hoop s t r e s s  of 31.7 MPa a t  temperature.  

The specimens were p r e i n j e c t e d  wi th  helium i n t o  the c e n t e r  13-mm s e c t i o n  

a l o n g  t h e  l e n g t h ,  us ing  t h e  Oak Ridge Isochronous Cyclo t ron  (ORIC). 

The beam of 60 MeV a lpha  p a r t i c l e s  was degraded t o  y i e l d  a v a r i a b l e  energy 

a t  t h e  tube  specimen, r e s u l t i n g  i n  a uniform d i s t r i b u t i o n  of helium 

through t h e  t u b e  wa l l  t h i ckness .  I n j e c t i o n  a t  20°C achieved helium l e v e l s  

o f  20 and 60 a t .  ppm.l 

j e c t e d  helium. 

Both ends of the  tubes  were f r e e  of any prein-  

The tube  specimens were i r r a d i a t e d  i n  EBR-I1 a t  525°C (nominal 

t empera tu re )  t o  a f l u e n c e  of 5 X l o z6  neutrons/m2 0 0 . 1  MeV), producing 

2 3  dpa. The d iameters  of t h e  specimens were measured a f t e r  helium f i l l i n g  

and a f t e r  neut ron  i r r a d i a t i o n .  These measurements were c a r r i e d  out  a t  

Hanford Engineer ing  Development Laboratory.z  

m i c r o s t r u c t u r e  c h a r a c t e r i z a t i o n  were prepared  by c u t t i n g  t h e  tubes  a s  

shown schema t i ca l ly  i n  Fig. 3.2.1. S e c t i o n s  of t h e s e  hoops were e l e c t r o -  

p o l i s h e d  i n  a s o l u t i o n  of CH300H and H ~ S O L ,  ( 7 : l )  a t  - 10°C and wi th  a 

v o l t a g e  of 12 t o  15 V. 

The d i s k  specimens f o r  

3.2.4.2 Resu l t s  

The d iameter  measurements on a 60 at. ppm He p r e i n j e c t e d  specimen 

(5-22) a r e  shown i n  Fig. 3.2.2. The l e t t e r s  A, B, C ,  D ,  and E on t h e  

a b s c i s s a  correspond t o  t h e  specimen p o s i t i o n s  i n  Fig. 3.2.1. The c e n t e r  

r e g i o n ,  c o n t a i n i n g  p r e i n j e c t e d  helium, shows a much s m a l l e r  d iameter  change 
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due t o  t h e  i r r a d i a t i o n  than that found i n  t h e  u n i n j e c t e d  o u t e r  region.  

The d i ame te r  change w a s  about  14 p i n  the c e n t e r  s e c t i o n  and 36 p i n  

t h e  o u t e r  region.  Thus, the helium p r e i n j e c t i o n  suppressed  t h e  expansion 

(composed of both  s w e l l i n g  and i r r a d i a t i o n  c reep )  by about  60%. 

d e g r e e  of suppres s ion  dec reases  w i t h  dec reas ing  p r e i n j e c t e d  helium l e v e l s .  

T h i s  is shown in Table 3.2.1, where d iameter  measurement r e s u l t s  of spec i-  

mens examined are summarized. 

The 

The m i c r o s t r u c t u r e  of specimen S-22 is shown in Figs .  3.2.3 and 

3.2.4. F i g u r e  3.2.3(a) shows the m i c r o s t r u c t u r e  of t h e  u n i n j e c t e d  region.  

T h i s  r e g i o n  c o n t a i n s  a r e l a t i v e l y  homogeneous d i s t r i b u t i o n  of c a v i t i e s .  

The c a v i t y  number d e n s i t y  and average  d iameter  are about  1 X l O Z 0 / m 3  and 

abou t  100 nm, r e s p e c t i v e l y .  In c o n t r a s t ,  the c a v i t y  d i s t r i b u t i o n  in t h e  

he l ium p r e i n j e c t e d  r eg ion  was inhomogeneous and bimodal; heterogeneous 

c a v i t y  d i s t r i b u t i o n s  w i th  average  d iameter  of less t h a n  about  50 nm were 
observed  as shown in Fig. 3.2.3(b), accompanied by homogeneous t i n y  

c a v i t i e s ,  shown in Fig. 3.2.4. The number d e n s i t y  and ave rage  d iameter  of 

t h e s e  smaller c a v i t i e s  are about  1021/m3 and about  3 nm, r e s p e c t i v e l y .  

Tab le  3.2.1. Diameter Changes a f t e r  Neutron I r r a d i a t i o n  i n  
EBR-I1 t o  23 dpa a t  525'C 

Decrease i n  tube 
expansion i n  the 

reaion 

Helium content  Diameter i nc rease  helium preinjected 
(at. % PPI (nm) 

Sample 

) 

s-22 
Uninjected 0 
H e l i u m  p re in j ec t ed  60 

S-23 
Uninjected 0 
H e l i u m  p re in j ec t ed  60 

s-44 
Unin j ec t ed  0 
H e l i u m  p re in j ec t ed  20 

Uninjected 0 
Helium pre in jec ted  20 

s-45 

6 0.036 
0.014 

0.052 
0.020 

0.064 
0.050 

6 

2 L 

30 U.U4/ 

0.033 

aHoop s t r e s s  was 31.7 MPa. 
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Fig.  3 . 2 . 3 .  Transmission E l e c t r o n  Microscopy Micrographs of 
Specimen S-22 A f t e r  I r r a d i a t i o n  i n  t h e  ( a )  Unin jec ted  and (b)  H e l i u m  
P r e i n j e c t e d  (60 a t .  ppm He) Regions. 
a t  525'C. 

Sample was i r r a d i a t e d  t o  23 dpa 

Fig. 3 . 2 . 4 .  Transmission E l e c t r o n  Microscopy Micrographs of 
P r e i n j e c t e d  Helium (60 a t .  ppm He) Region of Specimen S-22 Showing t h e  
F i n e  D i s t r i b u t i o n  of C a v i t i e s .  
a t  5 2 5 ° C .  

Sample was i r r a d i a t e d  i n  EBR-I1 t o  23  dpa 
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Although t h e  larger c a v i t i e s  i n  t h e  p r e i n j e c t e d  helium reg ion  a r e  inhomo- 

geneous ly  d i s t r i b u t e d ,  t h e i r  average d e n s i t y  i s  smaller t h a n  t h a t  found i n  

t h e  u n i n j e c t e d  reg ion .  I n  a d d i t i o n ,  t h e  s i z e  of t h e  c a v i t i e s  i n  t h e  

he l ium i n j e c t e d  r eg ion  a r e  s i g n i f i c a n t l y  s m a l l e r  t han  those  found i n  t h e  

hel ium- free region.  These two obse rva t ions  account  f o r  t h e  s m a l l e r  

s w e l l i n g  found i n  the  helium p r e i n j e c t e d  reg ion .  These micrographs a l s o  

show a l a r g e  c o n c e n t r a t i o n  of p r e c i p i t a t e s ,  about  5 X 1 0 ' 9 / m 3 ,  i n  both 

r e g i o n s .  Some c a v i t i e s  are a t t a c h e d  t o  the  p r e c i p i t a t e s ,  but t h i s  is not 

a lways  t t u e .  These p r e c i p i t a t e s  were i d e n t i f i e d  as e t a  phase by us ing  

convergent  beam e l e c t r o n  d i f f r a c t i o n  (CBED). 

3.2.5 Conclusions 

The p r e s e n t  r e s u l t s  may be summarized a s  fo l lows:  

1. P r e i n j e c t e d  helium a t  l e v e l s  of 20 t o  60 a t .  ppm suppres ses  t h e  

s w e l l i n g  i n  neut ron  i r r a d i a t e d  cold-worked type  316 stainless steel  a t  

5 25°C. 

2. The degree of suppres s ion  i n c r e a s e s  w i t h  i n c r e a s i n g  p r e i n j e c t e d  

hel ium l e v e l s .  

3 .  The p r e i n j e c t e d  helium r e s u l t s  i n  a bimodal d i s t r i b u t i o n  of cavi-  

t i e s  a f t e r  neut ron  i r r a d i a t i o n .  A l l  of t h e s e  c a v i t i e s  are sma l l e r  t h a n  

t h e  c a v i t i e s  found i n  t h e  u n i n j e c t e d  a r e a s  of the  same tube. 
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3.3 MICROSTRUCTURAL DEVELOPMENT ON 20Z-COLD-WORKED TYPES 316 AND 
316 f T i  STAINLESS STEELS IRRADIATED I N  HFIK:  TEMPEKATURE AND 
FLUENCE DEPENDENCE OF THE DISLOCATION COMPONENT - P. J. Maziasz 
(Oak Ridge N a t i o n a l  Laboratory)  

3.3.1 ADIP Tasks 

A D I P  Task I.C.1, M i c r o s t r u c t u r a l  S t a b i l i t y ,  and I . C . 2 ,  M i c r o s t r u c t u r e  

and Swel l ing i n  A u s t e n i t i c  Al loys .  

3.3.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  c h a r a c t e r i z e  t h e  m i c r o s t r u c t u r a l  

development i n  s t a n d a r d  and t i t a n i u m  modified type  316 s t a i n l e s s  s teels  

i r r a d i a t e d  i n  t h e  High Flux I s o t o p e  Reactor  (HFIK). Th i s  r e p o r t  d e s c r i b e s  

t h e  d i s l o c a t i o n  component of t h i s  mic ros t ruc tu re .  The t o t a l  microst ruc-  

t u r e  is used f o r  s w e l l i n g  de te rmina t ion ,  mechanical  p r o p e r t i e s  c o r r e l a-  

t i o n ,  and i n p u t  t o  a l l o y  development. T h e  e x t e n s i v e  a n a l y s i s  is  a imed  a t  

b e t t e r  unders tand ing  r e l a t i o n s h i p s ,  mechanisms, and impor tan t  v a r i a b l e s  

c o n t r o l l i n g  m i c r o s t r u c t u r a l  e v o l u t i o n  dur ing  i r r a d i a t i o n .  

3.3.3 Summary 

The d i s l o c a t i o n  s t r u c t u r e s  of ZOX-cold-worked type  316 s t a i n l e s s  

s t e e l  (CW 316) and CW 316 + T i  are i n v e s t i g a t e d  and compared a f t e r  thermal  

a g i n g ,  H F I R  i r r a d i a t i o n  a t  55 t o  750°C a t  f l u e n c e s  producing up t o  16 dpa 

and 1020 a t .  ppm He, and EBK-I1  i r r a d i a t i o n  t o  8.4 and 36 dpa a t  500 t o  

630°C. The CW 316 shows d i s l o c a t i o n  recovery on a g i n g  i n  t h e  range 550 t o  

700"C, wi th  recovery i n c r e a s i n g  as temperatures  i n c r e a s e .  By comparison, 

CW 316 f T i  e x h i b i t s  MC format ion and resists  d i s l o c a t i o n  recovery f o r  

4400 h a t  700°C. D i s l o c a t i o n  recovery and p r e c i p i t a t i o n  are uncoupled i n  

CW 316 a f t e r  E B K - I 1  i r r a d i a t i o n .  Recovery i s  enhanced and p r e c i p i t a t i o n  

i s  re ta rded .  The DO h e a t  of CW 316 does not  form Frank loops  i n  t h e  500 

t o  630°C range. Network d i s l o c a t i o n  c o n c e n t r a t i o n s  t end  toward a s t eady  

v a l u e  of 1 t o  3 X 1014mJm3, wi th  only  s l i g h t  t empera tu re  and f l u e n c e  

v a r i a t i o n s .  During H F I K  i r r a d i a t i o n ,  CW DO h e a t  316 shows d i s l o c a t i o n  

recovery a f t e r  7 t o  10 dpa, w i t h  moderate t empera tu re  dependence from 
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55 t o  450°C and s t r o n g e r  tempera ture  dependence above 450°C. 

and 550°C t h e  d i s l o c a t i o n  recovery i s  s t r o n g l y  coupled t o  o t h e r  micro- 

s t r u c t u r a l  f e a t u r e s .  Frank loops  a r e  found f o r  i r r a d i a t i o n  a t  450°C and 

below, c a v i t i e s  a t  350°C and above, and p r e c i p i t a t i o n  a t  450°C and above. 

The d i s l o c a t i o n  s t r u c t u r e  recovers  t o  s i m i l a r  va lues  i n  HPIR  and EBK-I1  a t  

500 t o  630°C. 

Between 55 

The d i s l o c a t i o n  m i c r o s t r u c t u r e  i n  CW 316 + T i  i s  s i m i l a r  t o  CW 316 

a f t e r  H F I R  i r r a d i a t i o n  from 55 t o  750"C, but t h e  coupl ing  of network 

r ecove ry ,  Frank loop behavior ,  and o t h e r  m i c r o s t r u c t u r a l  phenomena i s  d i f -  

f e r e n t  from those  i n  CW 316. The g r e a t e s t  d i f f e r e n c e s  r e f l e c t  MC d i s loca-  

t i o n  p inning  and reduced phase i n s t a b i l i t y .  

a r e  3 t o  5 times h ighe r  i n  t h e  CW 316 + T i  t h a n  i n  t h e  CW 316. 

D i s l o c a t i o n  c o n c e n t r a t i o n s  

3.3.4 P rog res s  and S t a t u s  

3.3.4.1 I n t r o d u c t i o n  

This  is t h e  second p a r t  of a s e r i e s  on t h e  development of t h e  t o t a l  

m i c r o s t r u c t u r e  i n  20%-cold-worked types  316 s t a i n l e s s  s tee l  (CW 316) and 

0 .23 w t  % Ti-modified 316 s t a i n l e s s  s teel  (CW 316 + Ti )  d u r i n g  i r r a d i a t i o n  

i n  HFIR.  

of t h e  m i c r o s t r u c t u r e  reflects t h e  most d i r e c t  e f f e c t  of t h e  inc reased  

hel ium g e n e r a t i o n  r e l a t i v e  t o  a f a s t  b reeder  r e a c t o r  (FBR) l i k e  

Exper imenta l  Breeder Reac tor  (EBR)-11. 

The c a v i t y  component was r epor t ed  p r e v i o u s l y , l  and t h a t  p o r t i o n  

The H F I R  d i s l o c a t i o n  d a t a  on CW 316 and CW 316 + T i  covers  t h e  t e m-  

p e r a t u r e  range 55 t o  about 750°C f o r  neut ron  f l u e n c e s  producing up t o  

16 dpa and 1020 a t .  ppm He. Thermally aged c o n t r o l  samples of CW 316 and 

CW 316 + T i  have a l s o  been examined. [There i s  but l i t t l e  d a t a  on t h e  

t he rma l  recovery  of CW 316 ( r e f s .  2 and 3) and none on CW 316 + Ti.]  

E B R - I 1  d a t a  on CW 316 is  a l s o  inc luded  t o  g ive  a b a s e l i n e  f o r  recovery 

under  i r r a d i a t i o n  w i t h  low helium product ion.  

Bloom and S t i e g l e r  desc r ibed  d i s l o c a t i o n  changes produced by EBR-I1 

i r r a d i a t i o n  of t h e  same hea t  of CW 316 (DO h e a t )  examined i n  t h i s  work.4 

Brager and Garner have r e c e n t l y  r epo r t ed  d i s l o c a t i o n  d a t a  on t h e  same 

m a t e r i a l  i r r a d i a t e d  t o  h ighe r  f l u e n c e s  i n  EBR-I1 ( r e f s .  5 and 6) .  
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Q u a n t i t a t i v e  d i s l o c a t i o n  in fo rma t ion  on o t h e r  h e a t s  of CW 316 have been 

r e p o r t e d  by Bramrnan e t  a L 7  a f t e r  i r r a d i a t i o n  i n  t h e  Dounreay Fas t  Reactor  

(DFR)  and by Brager e t  a l . 8 , 9  a f t e r  EBR-I1  i r r a d i a t i o n .  

l i t e r a t u r e  d a t a  on t h e  e f f e c t  of EBR-I1  i r r a d i a t i o n  on d i s l o c a t i o n s  i n  t h e  

h e a t  of CW 316 + T i  ( R 1  h e a t )  p r e s e n t l y  r epor t ed .  

There i s  no 

3.3.4.2 Experimental 

The composi t ions of two s t e e l s ,  CW 316 (DO h e a t )  and CW 316 + T i  

(R1 h e a t )  a r e  g iven  i n  Table 3.3.1. Rod s t o c k  of each m a t e r i a l  was 

annea led  f o r  1 h a t  1150°C, co ld  swaged t o  50% reduc t ion  i n  a r e a ,  annea led  

1 h a t  1050"C, and then  swaged an  a d d i t i o n a l  20%. Buttonhead t e n s i l e  

specimens were machined from a p o r t i o n  of t h e  rod and i r r a d i a t e d  i n  

exper iments  HFIR-CTR-9 through -13. Many of the  d e t a i l s  of i r r a d i a t i o n  

h i s t o r y  and c o n d i t i o n s ,  i n c l u d i n g  neut ron  s p e c t r a ,  t empera ture ,  and hel ium 

g e n e r a t i o n ,  were r epor t ed  

Table 3.3.1. Composition of Two A u s t e n i t i c  S t a i n l e s s  S t e e l s  

Heat Content," W t  E 
Alloy i d e n t i -  

f i c a t i o n  Cr N i  Mo Mn C Ti si P S N B 

3 16 DO 18.0 1 3 . 0  2 . 5 8  1.90 0.05 0.05 0.80 0.013 0 .016  0.05 0.0005 

316 + Ti R1 1 7 . 0  12 .0  2 . 5 0  0 . 5  0 . 0 6  0 . 2 3  0.40 0.01 0.013 0.0055 0.0007 

,%lance iron. 

Other  segments of t h e s e  same rods were wrapped i n  tan ta lum f o i l  

encapsu la t ed  i n  evacuated q u a r t z  t u b e s ,  b a c k f i l l e d  wi th  h igh- pur i ty  a rgon,  

and then  sea led .  The encapsu la t ed  specimens were i s o t h e r m a l l y ' a g e d  a t  

275, 375, 475, 560, 600, and 700°C f o r  2770 and 4400 h t o  equa l  t h e  H F I R  

i r r a d i a t i o n  t i m e s .  

Sheet  samples of CW 316 were i r r a d i a t e d  i n  experiment X-264, in 

row 8 of EBR-I1  a t  500 and 625°C t o  8.4 dpa ( r e f .  11). Samples of 

C W  316 DO hea t  were a l s o  c u t  from s t r e s s - f r e e  s a m p l e  h o l d e r s  from 

exper iments  X-100 and X-100A. This  m a t e r i a l  had been i r r a d i a t e d  i n  row 2 

of EBR-I1  a t  average  tempera tures  of about 525 and 63OoC, t o  neut ron  
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f luences  producing 36 dpa. Several  papers r epor t  experimental d e t a i l s  of 

t h i s  l a s t  experiment, p a r t i c u l a r l y  t h e  f a c t  t h a t  s t a r t  and f i n i s h  tem- 

pera tu res  were d i f f e r e n t ,  increas ing  by about 50°C during t h e  course of 

t h e  i r r a d i a t i ~ n . ~  Data i s  a l s o  included from Brager and They 

examined p ieces  of these  holders  t h a t  were i r r a d i a t e d  i n  a r econs t i tu t ed  

experiment i n  EBR-I1  f o r  an a d d i t i o n a l  33 dpa a t  510°C f o r  t h e  p iece  

i n i t i a l l y  i r r a d i a t e d  a t  about 525"C, and an a d d i t i o n a l  38 dpa a t  about 

620°C f o r  the  piece i n i t i a l l y  i r r a d i a t e d  a t  about 630°C. 

Only those  d e t a i l s  of the  HFIK i r r a d i a t i o n s  pe r t inen t  t o  the d i s lo-  

c a t i o n  information and not t r e a t e d  previously w i l l  be given here. 

Transmission e l e c t r o n  microscopy (TEM) d i sks  were s l i c e d  from the  

shoulders  of buttonhead t e n s i l e  specimens. The i r r a d i a t i o n  temperature 

was nearly constant  along both gage and shoulders ,  a s  shown i n  r e f .  10, 

un l ike  o lde r  HFIR experiments.l* 

i r r a d i a t i o n  temperature f o r  experiments HFIR-CTR-9 through -13 a r e  

probably 50 t o  75°C higher  than  ca lcula ted .  Recent TEM micros t ruc ture  

matching a f t e r  about 8 t o  10 dpa H F I R  i r r a d i a t i o n  of a sample with an 

i r r a d i a t i o n  temperature measured using melt-capsule monitors a l s o  i n d i c a t e  

t h i s  50 t o  75°C higher  than design temperature. To improve t h e  comparison 

w i t h  thermally aged and EBR-I1  i r r a d i a t e d  m a t e r i a l s ,  t h e  old ca l cu la t ed  

H F I R  temperatures w i l l  be replaced by nominal i r r a d i a t i o n  temperatures 

t h a t  a r e  50 t o  75°C higher  than previously reported. This  i s  cons i s t en t  

w i th  a recent  s i m i l a r  t reatment  of t h e  mic ros t ruc tu ra l  da t a  i n  ref. 14. 

F i n a l  temperature ca l cu la t ions  a r e  s t i l l  pending. 

A s  noted p rev ious ly , l  i1  t h e  a c t u a l  H F I R  

Most TEM d i sks  were cu t  from the  shoulder  of specimens t h a t  were ten- 

s i l e  t e s t e d  a t  75 t o  100'C below t h e  rev ised  i r r a d i a t i o n  temperature. 

While these  samples should conta in  t h e  a s- i r r ad ia t ed  micros t ruc ture ,  

s e v e r a l  d i s k s  were removed before t e n s i l e  t e s t i n g  from a sample i r r a d i a t e d  

a t  525 t o  550°C t o  10 dpa t o  confirm t h i s .  

Transmission e l e c t r o n  microscopy d i s k s  were thinned using e i t h e r  a 

s tandard  two-stage method or  using a n  automatic dual- je t  Tenupole th inning  

u n i t  with cooling attachment. 

Dis loca t ion  a n a l y s i s  methods s i m i l a r  t o  those repor ted  by Barton et  

a1. were used. JEM 100 C and 100 CX microscopes were pr imar i ly  used, 
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with some supplementary examination using a P h i l i p s  EM-400 with f i e l d  

emission gun. All were operated a t  120 kV. Thickness was estimated from 

g l l l  or  9200  dynamical ( s  = 0) thickness f r i n g e s ,  with t h e  d i f f r a c t i o n  

condi t ion  s e t  by observing maximum spacing of f r i n g e s  while  rocking the  

c r y s t a l .  

32.0 nm f o r  9 2 0 0  were taken from Muir16  and values agree  well  with those 

u s e d  by Barton e t  al .  

s e v e r a l  f r i n g e s  from t h e  edge i n  regions about 100 t o  200 nm th i ck  w i t h  

two-beam, s > 0, kinematical  condit ions f o r  g l l l  (usua l ly  10 t o  15' away 

from a (011) o r  (012) f o i l  normal o r i e n t a t i o n )  or  9 2 0 0  (usual ly  10 t o  15" 

away from (001) o r  (Oi l )  f o i l  normal o r i e n t a t i o n s ) .  

volume d i s l o c a t i o n  concent ra t ion  parameter,  A ,  was measured by counting 

i n t e r s e c t i o n s  of t h e  network with a s e t  of concent r ic  c i r c l e s  in sc r ibed  on 

a t r anspa ren t  overlay. Values measured i n  br ight  f i e l d  were mul t ip l ied  by 

1 .5  f o r  9200 and 2.0 f o r  9111 t o  account f o r  i n v i s i b i l i t i e s  of an  i so-  

t r o p i c  d i s t r i b u t i o n  of d i s loca t ions  with <110> type Burgers vectors .  When 

network concent ra t ions  exceeded approximately 1015 m / m 3 ,  o r  when f a u l t e d  

loops were p resen t ,  weak beam imaging with 9 2 0 0  i n  a g/3g d i f f r a c t i o n  con- 

d i t i o n  was used f o r  t h e  network with f o i l s  o r i en ted  near  (001) o r  ( O i l )  

poles.  Frank f a u l t e d  loops were imaged sepa ra t e ly  from the  network, us ing  

h igh  r e s o l u t i o n  dark f i e l d  with <111> kinematical  s a t e l l i t e  s t r e a k s  around 

g2,,,, type matrix re f1ec t ions . l '  

using a Zeiss  p a r t i c l e  s i z e  ana lyzer ,  and a t  l e a s t  two s e t s  of loops 

on  d i f f e r e n t  { l l l }  planes were analyzed. 

were analyzed and t h e i r  s i z e  d i s t r i b u t i o n s  found t o  exac t ly  superimpose, 

c o n s i s t e n t  with the  samples being unstressed.  The loop con t r ibu t ion  t o  

t h e  t o t a l  d i s l o c a t i o n  dens i ty  was then added t o  t h e  network component. 

Given t h e  above precaut ions and techniques,  the  expected accurac ies  a re1  

t o t a l  d i s l o c a t i o n  concent ra t ion ,  +loo%; average loop diameter ,  d L ,  -50 
? ;25%;  and loop concent ra t ion ,  NL, +30%. 

Values of e x t i n c t i o n  d is tance ,  tg, of 27.8 nm f o r  g l l l  and 

Network concent ra t ions  were usual ly  measured 

The length  per  u n i t  

Loop s i z e  d i s t r i b u t i o n s  were measured 

In s e v e r a l  ca ses ,  a l l  fou r  s e t s  

3.3.4.3 Resul t s  

The measured d i s l o c a t i o n  parameters f o r  a l l  samples in a l l  exposure 

environments are given i n  Table 3.3.2 f o r  CW 316 and i n  Table 3.3.3 f o r  

CW 316 + T i .  
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3 .3 .4 .3 .1  Thermal Aging in CW 316.  The dislocation microstructure 
of CW 316 after aging at 47OoC for 4400 h i s  shown i n  Fig. 3 .3 .1 .  The 
microstructure is unchanged from the as-cold-worked structure. The net- 

work shows a somewhat cellular arrangement of tangles with linear arrays 
or clusters (usually parallel to < I l l >  type directions). Image overlap, 
and hence blackness, will occur at local concentrations of 5 to 
7 x 1015 m/m3. 
about 0.5 jm and are characteristic of cold or warm deformed materials. 
Only the dislocation statistics for aging times of 4400 h are reported in 
Table 3 . 3 . 2 ,  because no change occurred between 2770 and 4400 h. 
dislocation concentrations are shown as a function of aging temperature i n  

Fig. 3 .3 .2 .  Dislocation recovery and precipitation apparently both begin 

The cell widths range from several hundred nanometers to 

The 

Fig. 3 . 3 . 1 .  Dislocation Structure of CW 316 After Aging at 47OoC for 
4400 h. The structure is unchanged from the as-cold-worked structure. 



P 

as a Function of 
I 4400 h. 

:s with increasing 

I h at 600 and 
'0 about 

pitation and 

use no changes are 

0,000 h at 600°C 
h at 650°C a small 

grains) can be 
h at 750'C. In 

up to 4400 h at 





64 

3.3.4.3.2 Thermal Aging i n  CW 316 + T i .  The as-cold-worked 

micros t ruc ture  of CW 316 + T i  i s  e s s e n t i a l l y  t h e  same a s  t h a t  of CW 316, 

w i t h  possibly a s l i g h t l y  higher  t ang le  dens i ty  i n  t h e  ce l l  walls. 

m i c r o s t r u c t u r a l  s tatist ics are given i n  Table 3.3.3. In c o n t r a s t  t o  the 

CW 316, CW 316 + T i  shows v i r t u a l l y  no h i n t  of recovery a f t e r  aging a t  

70OoC f o r  4400 h. The micros t ruc ture  of CW 316 + T i  a f t e r  2770 h a t  600°C 

i s  shown i n  Fig. 3.3.4, and t h e  temperature dependence of the  d i s l o c a t i o n  

concent ra t ion  a f t e r  4400 h i s  shown i n  Fig. 3.3.5. Figure 3.3.4 i s  repre-  

s e n t a t i v e  of a l l  the CW 316 + T i  micros t ruc tures  observed a t  700°C and 

below. The dark- field i n l a y  shows t h e  f i n e  MC p r e c i p i t a t i o n  d i s t r i b u t e d  

a long d i s l o c a t i o n  l i nes .  The p r e c i p i t a t i o n  is rep resen ta t ive  of a l l  the 

The 

Fig. 3.3.4. Dis loca t ion  S t ruc tu re  of CW 316 + T i  Af ter  Aging f o r  
2770 h a t  6OOOC. No recovery of t h e  as-cold-worked s t r u c t u r e  i s  observed. 
The high magnif icat ion,  dark  f i e l d  i n l a y ,  shows MC p r e c i p i t a t i o n  t h a t  has 
formed along d i s loca t ions .  
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Fig. 3.3.6. Dislocation Microstructure of Deformed Tensile Specimens 
After Testing at 350'C. (a) CW 316. (b) CW 316 + Ti. Note cellular 
dislocation texture in both. 
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J 

1 

Fig. 3.3.7. High Magnification of Dislocation Structure in Samples 
Tested at 35OOC. The WBDF image uses 9 2 0 0 ,  +g/+3g with foil orientation 
less than 10' from an 001 pole. (a) CW 316. (b) CW 316 + Ti. Inlay of 
diffraction pattern in (b) is corrected for rotation with respect to image 
and shows streaks ;In <111> directions that are parallel to the stacking 
faults of extended dislocations. 
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thickness.  These micros t ruc tures  suggest a s l i g h t l y  higher  d i s l o c a t i o n  

concent ra t ion  i n  t h e  CW 316, pr imar i ly  due t o  th i cke r  c e l l  walls. 

t e n s i l e  p rope r t i e s  of t hese  samples show t h a t  t h e  CW 316 + T i  is about 40% 

s t r o n g e r  with about one- third t h e  d u c t i l i t y  of t h e  CW 316 ( r e f .  20). The 

WBDF images of the  CW 316 + T i  i n  Fig. 3.3.7 show much more f requent  

d i s l o c a t i o n  extension,  evidenced by the  relaxed s t ack ing  f a u l t s  on 

{ill} planes near t h e  f o i l  su r face ,  than  those  of the  CW 316 f o r  t h e  same 

imaging condit ions.  These r e s u l t s  suggest t h a t  t i tan ium i n  s o l u t i o n  

lowers t h e  s tacking  f a u l t  energy of type 316 s t a i n l e s s  s t e e l .  This is 

a l s o  cons i s t en t  with much g r e a t e r  s t r eng th  i n  t h e  CW 316 + T i ,  compared 

wi th  CW 316, f o r  s i m i l a r  d i s l o c a t i o n  s t r u c t u r e s .  

However, 

3.3.4.3.3 EBR-I1 I r r a d i a t i o n  of CW 316. Data a r e  included i n  

Table 3.3.2 f o r  CW 316 W heat  i r r a d i a t e d  i n  EBR-I1 a t  500 t o  525OC and 

625 t o  630°C t o  fluences producing 8.4 and 36 dpa. These d a t a  and the 

h igh  f luence  da ta  of Brager and Garner5*6 are p l o t t e d  as a func t ion  of 

f luence  toge the r  i n  Fig. 3.3.8. Table 3.3.2 and Fig. 3.3.8 show similar 
d i s l o c a t i o n  recovery a t  both temperatures with a s l i g h t l y  lower network 

concent ra t ion  a t  t h e  h igher  i r r a d i a t i o n  temperature a f t e r  8.4 and 36 dpa. 

The 69-to-75-dpa da ta  shows apparent  s a t u r a t i o n  a t  about 1.5 t o  

3 x 1014 m/m3. Subs tan t i a l  recovery has occurred by t h e  t i m e  a f luence  

producing about 10 dpa is achieved and continues slowly up t o  20 t o  

30 dpa. Figure 3.3.9 shows t h e  d i s l o c a t i o n  micros t ruc tures  of CW 316 

a f t e r  36 dpa a t  525 and 625'C. Although similar, t h e  lower temperature 

sample shows a s l i g h t l y  higher  d i s l o c a t i o n  content  i n  t h e  otherwise f a i r l y  

uniform networks. No Frank loops were observed a t  e i t h e r  temperature 

a f t e r  36 dpa, a s  a l s o  repor ted  a t  higher  damage l e v e l  by Brager and 

G a r ~ ~ e r . ~ . ~  There were a l s o  no loops a f t e r  8.4 dpa a t  5OO0C, cons i s t en t  

w i th  Bloom and S t i e g l e r ' s  r e s u l t s 4  a t  similar f luence  a t  450 and 510°C. 

Brager and Garnerz1 suggest  t h a t  t h e  network d i s l o c a t i o n  concen- 

t r a t i o n  i n  CW 316 s t a i n l e s s  s teel  rap id ly  s a t u r a t e  a t  a value of 

6 t 3 X 1014 m/m3. 

independent of i r r a d i a t i o n  temperature under zero- o r  low- stress 

condi t ions .  

This s a t u r a t i o n  dens i ty  i s  claimed t o  be f a i r l y  

Thei r  da t a  apparent ly  do not include loop cont r ibut ions .  * 
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ORNL-DWG 81-13019 

I I I 

CW 316, EBR-I1 

DlATlON TEMPERATURES 
5M) - 525'C 

D 625 - 630'C 

0 20 40 6 
OSPLACEMENT DAMAGI 

Fig. 3.3.8. Dis loca t ion  Concentratic 
Funct ion of Fluence f o r  EBR-I1 I r r a d i a t i o i  

hea t )  as a 
C. Data a t  69 

and 75 dpa are taken from H. R. Brager an( "Comparison of 
t h e  Swelling and t h e  Microstructural/Microchemical Evolut ion of AIS1 316 
I r r a d i a t e d  in EBR-I1 and HFIR," paper presented at  Second Topical  Meeting 
on Fusion Reactor Materials, S e a t t l e ,  Wash., Aug. 9-12, 1981, t o  be 
published in the JourmaZ of Nuclear Materials and H. R. Brager and 
F. A. Garner, "Micros t ruc tura l  Development of 20%-Cold-Worked 316 
I r r a d i a t e d  in EBR-11," DAFS Quart. Prog. Rep. Dec. 1980, DOE/ER-0046/4, 
vol.  1, pp. 81-87. 

B r i t i s h  da ta  by Bramman e t  a1.7 inc lude  f a u l t e d  loops in r epor t ing  the 

t o t a l  d i s l o c a t i o n  concentrat ion.  In t h e  present  work both t h e  l i n e  

network and loop component are shown t o  be s e n s i t i v e  t o  i r r a d i a t i o n  

cond i t ions ,  decreasing with increas ing  i r r a d i a t i o n  temperature. The 

B r i t i s h  va lues  f o r  t h e  d i s l o c a t i o n  concent ra t ion  in t h e  l i n e  network a 
8.6 x 1014 m/m3 a t  480'12 and about 6.6 X 1014 m/m3 a t  548OC, f o r  irra- 

d i a t i o n  t o  about 36 dpa i n  DFR. These values are higher  than  network 
>>_ -___ . . , __  _ _ _ ^ ^ _  .^__ -I... .-.A I.--.. I I L  I - - -  m_I.,_ I 1 1\ 

a n  a d d i t i o n a l  25% t o  t h e  d i s l o c a t i o n  concent ra t ion  d a t a  rep 

i r  

re 

ULSLUC~LLUU WWXULL~LLUUS L U L  L L L ~  uv L L C ~ L  210 L ~ U L C  2.2.~). L U U ~ S  

add o r t e d  by 

Bramman f o r  480°C and con t r ibu te  l i t t l e  o r  nothing a t  510°C and above. 

The concept of a rap id ly  achieved, terminal s a t u r a t i o n  d i s l o c a t i o n  dens i ty  

that is t h e  same f o r  a l l  temperatures may be too broad a genera l iza t ion .  
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Fig. 3.3.9. Dislocation Structures of CW 316 After EBR-I1 Irradia- 
tion to 36 dpa at (a) 525’C and (b) 630°C. (a) is imaged near a 001 pole 
with two orthogonal g2,,,, type reflections excited and hence shows the 
structure without invisibility of any dislocations. (b) is a normal 
9111, two-beam picture and only half the dislocations are visible. 
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This is p a r t i c u l a r l y  t r u e  i f  t h a t  concent ra t ion  neg lec t s  an important com- 

ponent l i k e  Frank loops,  which appear t o  be s e n s i t i v e  t o  both i r r a d i a t i o n  

temperature and t h e  composition of a p a r t i c u l a r  hea t  of steel. 

3.3.4.3.4 HFIR Lr rad i t ion  of CW 316 and CW 316 + T i .  

CW 316, Temperature Dependence. The d i s l o c a t i o n  s ta t is t ics  f o r  

CW 316 DO heat i r r a d i a t e d  i n  HFIR are a l s o  given i n  Table 3.3.2. 
and l i n e  network concent ra t ions  a r e  p l o t t e d  as a funct ion  of temperature 

f o r  s e v e r a l  f luence  ranges i n  Fig. 3.3.10.  This f i g u r e  a l s o  i n d i c a t e s  

T o t a l  

OANL DWG 81 13020 

M % CW 316 STAINLESS STEEL, HFIR 

1 7 

A 13 - 16 dpa. 140 - 1020 alym He 

10 6 d,m. 380 ~ 520 a w m  He 

1 t +NETWORK NO LOOPSA 

1013 I 
O N S E T F  \ /RECOVERED CELLS, BEGINNING INTO 1 
PRECIPITATION TO RECRYSTALLIZE 

TYPICAL AS-SOLUTION 1 -,ANNEALED CONCENTRATION 
1 0 - y  I I I I I I 

lmo 1m 0 100 400 600 8M) 

IRRAOIATION TEMPERATURE f'Cl 

Fig. 3.3.10. Dis loca t ion  Concentration of CW 316 I r r a d i a t e d  i n  HFIR 
as  a Function of I r r a d i a t i o n  Temperature. 
p e r a t u r e  ranges a t  which o the r  important mic ros t ruc tu ra l  components are 
changing. 

Also i nd ica t ed  are the tem-  
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o the r  mic ros t ruc tu ra l  phenomena, such as the  beginning of genera l  prec ip i-  

t a t i o n  and t h e  t r a n s i t i o n  from many t o  few o r  no Frank loops. Some infor-  

mation on t h e  d i s l o c a t i o n  behavior of these  samples i r r a d i a t e d  i n  HFIR has 

been published previously i n  a more q u a l i t a t i v e  and prel iminary form. 

The da ta  i n  t h i s  r epor t  represent  more complete measurements and inc lude  

t h e  loop parameters. The revised  nominal i r r a d i a t i o n  temperatures are 

used throughout. 

Figure 3.3.10 shows considerable temperature dependence of t h e  d i s lo-  

c a t i o n  concent ra t ion  over t h e  range 55 t o  650'C. This r e f l e c t s  changes i n  

both t h e  l i n e  network and i n  t h e  loop component. Figure 3.3.11 shows t h e  

d i s l o c a t i o n  micros t ruc ture  from 55 t o  525 t o  550'C a t  t h e  lower f luence  

l e v e l ,  and Fig. 3 .3 .12  shows t h e  micros t ruc ture  a t  620 t o  700°C a f t e r  15 

t o  16 dpa. A t  the  lower f luence  l e v e l ,  t h e  t o t a l  d i s l o c a t i o n  concentra- 

t i o n  decreases from 1.5 X 1015 m/m3 a t  55°C t o  about 6 X 1014 m/m3 a t  325 

t o  35OoC and then inc reases  aga in  t o  about 1.5 X l o L 5  m/m3 a t  425 t o  45OoC 

before  sharply dropping t o  1 t o  1.5 X 1014 m/m3 a t  525 t o  550°C and 

remaining a t  about that l e v e l  a t  620 t o  645°C. Between 425 t o  45OoC and 

525 t o  550°C t h e  d i s l o c a t i o n  s t r u c t u r e  becomes e s s e n t i a l  l i n e  network wi th  

l i t t l e  o r  no Frank loop component. 

loops  a r e  found. The l i n e  network component remains q u i t e  cons tant  with 

temperature from 55 t o  325 t o  350°C. The loop component from 55 t o  425 t o  

450°C and t h e  network component from 325 t o  35OoC t o  425 t o  45OoC vary i n  

a complicated way that r e f l e c t s  i n t e r a c t i o n  with t h e  o the r  mic ros t ruc tu ra l  

components; c a v i t i e s  and p r e c i p i t a t e s .  

High-magnif icat ion examination of t h e  CW 316 a f t e r  i r r a d i a t i o n  t o  

7 . 7  dpa a t  55'C, Fig. 3 .3 .13 ,  shows a h igh  concent ra t ion  of f i n e  black 

s p o t  damage i n  t h e  d i s l o c a t i o n  s t r u c t u r e  shown i n  Fig. 3.3 .11Ca) .  

t y p e  of damage is observed i n  s e v e r a l  materials i n  both t h e  so lu t ion-  

annealed (SA) and CW condi t ions  but appears confined t o  about 55OC fOt 

i r r a d i a t i o n  i n  HFIR.22.23 

image c o n t r a s t  behavior and t h e  f a c t  that the material becomes so  much 

s t r o n g e r  i n  s p i t e  of network recovery. The d e t a i l s  of t h e i r  vacancy o r  

i n t e r s t i t i a l  na tu re  is not ye t  known and i s  s t i l l  under inves t iga t ion .  

Bloom et  al.24 observed similar damage in SA type 304 s t a i n l e s s  s teel  

Occasionally a few l a r g e  p r i sma t i c  

This  

These were counted as loops because of t h e i r  
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rig .  J.J.~I .  uis locat ion Microstructures of CW 316 After HFIR 
Irradiation t o  7 .7  t o  10.8 dpa and 380 to  520 a t .  ppm He a t  Nominal 
Temperatures of (a) 55"C, (b) 325 to  350"C, (c) 425 to  45OoC, and 
(d)  525 to 550°C. 
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Fig. 3.3.12. Dislocation Microstructures of CW 316 After HFIR 
Irradiation to 15 to 16 dpa and 880 to 1020 at. ppm He at Nominal Tem- 
peratures of (a) 620 to 645'C and (b) 670 to 700'C. 
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Y E-1 1950 I 
Fig. 3.3.14.  Frank Loop Structure i n  CW 316 Irradiated i n  HFIR t o  

7 . 7  t o  10.8 dpa and 380 t o  520 a t .  ppm H e  a t  Nominal Irradiation Tempera- 
tures of (a)  55OC, (b)  325 t o  35OoC, and ( c )  425 t o  450°C. (a)  and ( c )  
are  images of the f a u l t s  using s a t e l l i t e  streaks about g z o 0  as  shown in 
the d i f f rac t ion  inlay  i n  ( c ) .  (b) i s  a WBDF with g l l l r  +g/+3g. 
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The s i z e  (-23-24 nm diam) and number dens i ty  (-1 x loz1 loops/m3) of 

Frank loops are similar a t  55 and 325 t o  35OoC, but they are more uni- 

formly d i s t r i b u t e d  a t  the h igher  temperature. 

t h e  Frank loops is shown i n  Fig. 3.3.15. The d i s t r i b u t i o n s  determined f o r  

The s i z e  d i s t r i b u t i o n  of 

ORNL-DWG 81-13021 
15 I I I I I I I 

z 
w 
0 z " 

20% CW 316 SS. HFlR 

8.5 dpa. 425 - 450'C 

0 20 40 60 80 
LOOP DIAMETER (nm) 

Fig. 3.3.15. Size  D i s t r i b u t i o n  of Frank Loops f o r  CW 316 I r r a d i a t e d  
i n  HFIR t o  t h e  Conditions Shown. 

Lg. 3.3.10 i s  due t o  the  absence of f i n e  loop  s t ruc tu re .  AI 

) t h  Frank loop and l i n e  network components of t h e  d i s loca t i c  

icrease r e l a t i v e  t o  325 t o  35OOC. The Frank loops are show 

lg. 3.3.14 f o r  both temperatures.  Figure 3.3.15 r evea l s  thz 
1 - 0  d i r + r i h . . c i - -  m c  A 9 C  c -  l . C n o P  4 -  ---&-->-> -- L--L 1 ----- 

d i f f e r e n t  (111) planes exac t ly  superimpose, cons i s t en t  with s t r e s s- f r e e  

loop formation. The drop in t o t a l  d i s l o c a t i o n  concent ra t ion  i n  

Fi : 425 t o  450°C 
bc 

iI I i n  

F1 it t h e  loop 

)n s t r u c t u r e  

s i r s  UIILLLYULIuLz aL _.LJ LY .IJV C. IJ SALSLLUSU LU U V L L L  L - L ~ ~ L  and smaller 

s i z e s ,  whereas t h e  average s i z e  of t h e  populat ion is decreased, compared 

t o  325 t o  35OoC, due t o  much l a r g e r  r e l a t i v e  f r a c t i o n  a t  smaller s i z e s .  

The loop number dens i ty  is almost a f a c t o r  of 10 g r e a t e r  a t  t h e  h igher  

temperature. The s ize  d i s t r i b u t i o n  and dens i ty  of loops would i n d i c a t e  

t h a t  more Frank loops are being nucleated and are growing longer  before 

adding t o  t h e  network a t  425 t o  45OoC compared t o  325 t o  350°C. 

behavior  c o r r e l a t e s  wi th  f ine gamma-prime p r e c i p i t a t i o n  (Ni3Si type)  

This 
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observed along t h e  l i n e  network component of t h e  d i s l o c a t i o n  s t r u c t u r e  a t  

425 t o  450'C ( r e f .  1 9 )  and no p r e c i p i t a t i o n  a t  325 t o  35OOC. The l i n e  

network concent ra t ion  i s  a f a c t o r  of 5 g r e a t e r  a t  t h e  higher  temperature. 

Cavity formation is observed a t  both temperatures,  but t h e  c a v i t i e s  a t  t h e  

lower temperature a r e  coarser.1 

A t  t h e  higher  f luence  l e v e l  of 13 t o  16 dpa, t h e  d i s l o c a t i o n  s t ruc-  

t u r e  between 425 t o  450°C and 670 t o  700°C is almost exc lus ive ly  network. 

The concent ra t ion  i s  f a i r l y  constant  a t  2.5 t o  3 X 1014 m/m3 from 425 t o  

45OoC t o  525 t o  550'12. 

w i t h  increas ing  temperature t o  show a c e l l u l a r  s t r u c t u r e  with very low 

i n t r a c e l l u l a r  d i s l o c a t i o n  concent ra t ion ,  t y p i c a l  of t h e  onset of 

r e c r y s t a l l i z a t i o n  fol lowing extens ive  recovery ( see  Fig. 3.3.12). 

The concent ra t ion  then  begins t o  f a l l  off r ap id ly  

CW 316, Fluence Dependence. The l a r g e s t  f luence  dependence of t h e  

d i s l o c a t i o n  micros t ruc ture  is observed a t  425 t o  4 5 O o C ,  w i t h  only a s m a l l  

dependence a t  525 t o  550°C and almost f luence  independent behavior a t  620 

t o  645'C. The f luence  dependence of t h e  t o t a l  d i s l o c a t i o n  concent ra t ion  

a t  these  temperatures i s  shown i n  Fig. 3.3.16. The f luence  dependence 

of  t h e  micros t ruc ture  a t  425 t o  450°C and 525 t o  550°C is shown i n  

Figs.  3.3.17 and 3.3.18, respec t ive ly .  

A t  425 t o  450°C t h e  t o t a l  d i s l o c a t i o n  concent ra t ion  recovers  nea r ly  

a n  order  of magnitude between 8.4 and 16 dpa as shown i n  Figs. 3.3.10 and 

3.3.16. This i s  due both t o  l i n e  network recovery (Table 3.3.2) and t h e  

complete disappearance of Frank loops a t  t h e  h igher  f luence  (Fig. 3.3.17). 

Major changes i n  t h e  p r e c i p i t a t i o n  component of t h e  micros t ruc ture  occur 

between these  f luences ,  with only small changes occurr ing i n  t h e  cav i ty  

component.1~19 The f i n e  y' found pinning t h e  network a t  8.4 dpa i s  absent  

a t  13 dpa and appears t o  have been replaced by much coa r se r  eta (MsC type)  

phase p r e c i p i t a t i o n  along s tacking  f a u l t s  and i n  the matrix. This i s  con- 

s i s t e n t  not  only wi th  t h e  sharp  d i s l o c a t i o n  recovery, but a l s o  wi th  t h e  

sha rp  change i n  y i e l d  s t r e n g t h  observed a f t e r  p o s t i r r a d i a t i o n  t e n s i l e  

t e s t i n g  of t hese  same  sample^.^^**^ 
f luence  is then cons i s t en t  with t h e  p r e c i p i t a t e  and c a v i t y  s t r u c t u r e s  

found t o  develop a f t e r  i r r a d i a t i o n  t o  49 dpa a t  t h i s  nominal temperature 

of 425 t o  45OoC ( r e f s .  1 ,  12,  and 18). 

The p r e c i p i t a t i o n  change a t  low 
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Fig. 3.3.17. Dislocation Microstructures of CW 316 Irradiated in 
HFIR at Nominally 425 to 45OoC to Fluences Producing (a) 8.5 dpa and 
380 at. ppm He and (b) 13 dpa and 740 at. ppm He. No Frank loops are 
observed in (b). 
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Fig. 3.3.18. Dislocation Microstructures of CW 316 Irradiated in 
HFIR at Nominally 525 to 550'C to Fluences Producing (a) 6.9 dpa and 
290 at. ppm He, (b) 10 dpa and 500 at. ppm He, and (c) 16 dpa and 
1020 at. ppm He. A few large prismatic loops are observed in (c). 
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In genera l  t h e  t o t a l  d i s l o c a t i o n  concent ra t ion  decreases monotoni- 

c a l l y  wi th  inc reas ing  i r r a d i a t i o n  temperature and does not e x h i b i t  the 

same degree of anoma havior  as does CW 316. The micros t ruc tures  f o r  

i r r a d i a t i o n  a t  55'C KO nominally 525 t o  550'C a r e  shown i n  Fig. 3.3.20 

and a t  620 t o  645OC t o  720 t o  745OC in Fig. 3.3.21. The t o t a l  con- 

c e n t r a t i o n  dec l ines  slowly from 6.6 X 1 0 l 5  m/m3 a t  55'C t o  2.2 X 10l5 m/m3 

a t  425 t o  450°C. 

425 t o  450°C and 525 t o  55OoC, when, a s  in CW 316, the material undergoes a 

t r a n s i t i o n  from Frank loops p lus  network t o  network a lone  as temperature 

inc reases .  From 3 720 t c  : o t a l  concent ra t ion  

a g a i n  dec l ines  more SLOWLY w i L n  temperaLures ana continues recovery i n t o  a 

network r a t h e r  t Jff i n t o  a c e l l u l a r  s t r u c t u r e  leading  t o  

r e c r y s t a l l i z a t i o n ,  a s  observed i n  t h e  CW 316 (see Fig. 3.3.10). 

Comparison of Figs. 3.3.11 and 3.3.21 shows the genera l  s i m i l a r i t y  between 

t h e  two steels, p a r t i c u l a r l y  wi th  respec t  t o  t h e  temperatures of loop 

disappearance. Comparing Figs. 3.3.10 and 3.3.19 a l s o  shows t h a t  t h e  

d i s l o c a t i o n  concent ra t ions  are genera l ly  a f a c t o r  of 3 t o  5 h igher  i n  

CW 316 + T i  than  in CW 316 a f t e r  i d e n t i c a l  i r r a d i a t i o n s .  

t h i s  r e f l e c t s  res :o d i s l o c a t i  n t h e  network, but at  

lower temperatures it a l s o  r e f l e c t s  d i f f e rences  i n  t h e  loop component. 

For i r r a d i a t i o n  at 325 t o  350-C and above, the d i f f e rences  i n  d i s l o c a t i o n  

s t r u c t u r e  are l a r g e l y  due t o  t h e  s e v e r a l  b e n e f i c i a l  e f f e c t s  of formation 

of f ine- scale  t i tanium- rich MC, which inc lude  reduced phase i n s t a b i l i t y  

The t o t a l  concent ra t ion  dec l ines  more rap id ly  between 

A t  525 t o  55OoC, 

g. 
than 

e 

Y 
16 

on recovery i 
~~ 

w i t h  r e spec t  t o  M23C6, MgC, and Laves phases and MC-dislocation pinnin. 

A t  55OC, t h e  l i n e  network is a f a c t o r  of 5 denser in CW 316 + T i  

i n  CW 316 and t h e  "black spot"  loops c o n t r i b u t e  g r e a t e r  than 50% t o  th ,  

t o t a l  d i s l o c a t i o n  concentrat ion.  The black spot  damage is cons ide rab l  

denser  in t h e  CW 316 + T i ,  and t h e  l a r g e r  Frank loops observed i n  CW 3 

are not  found in t h e  CW 316 + T i .  Figure 3.3.22 shows the temperature 

dependence of t h e  loop component (compare wi th  Fig. 3.3.14), and in pa 

t i c u l a r  t h e  WBDF images show t h e  f i n e  loops formed a t  55°C. Figure 3. 

r- 
3.23 

D L L U W D  L L L S  D I * S  U l D L L l Y Y L l U U I  U L  P L a L L L c  &""pa am- a&, L" J," L, auu *LJ L" 

450'C and can be compared t o  Fig. 3.3.15 f o r  CW 316. 
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Fig. 3.3.20. Dislocation Microstructures of CW 316 + T i  Irradiated 
i n  HFIK to 7 . 7  to 10.5 dpa and 380 to 520 a t .  ppm He at Nominal Tempera- 
tures of (a) 55"C, (b) 325 to 35OoC, (c) 425 to 45OoC, and ( d )  525 to 
55OOC. 
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Fig.  3.3.21. Dislocation Microstructures of CW 316 + Ti Irradiated 
in HFIR to 9.2 to 10 dpa and 400 to 500 at. ppm He at Nominal Temperatures 
of (a) 620 to 645'C, (b) 670 to 7OO0C, and (c) 720 to 75OOC. 
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Fig. 3.3.22.  Frank loop Structures of CW 316 + T i  Irradiated i n  HFIR 
t o  7 . 7  t o  10.5 dpa and 380 t o  490 at .  ppm He a t  Nominal Temperatures of 
(a )  55'C,  (b) 325 t o  350"C,  and ( c )  425 t o  450°C. 
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Fig. 3.3.24. An Example of t h e  Imaging Necessary t o  I s o l a t e  t h e  
Various Components of the Complex Micros t ruc ture  of CW 316 + T i  After HFIR 
I r r a d i a t i o n  a t  Nominally 425 t o  45OoC t o  8.5 dpa and 380 at.  ppm He. 
( a )  WBDF, 9 2 0 0 ,  +g/3g that images both network and Frank loops. (b)  and 
(c)  DF with two d i f f e r e n t  <111> sa te l l i t e  s t r e a k s  around 9200 r e f l e c t i o n  
(as shown i n  d i f f r a c t i o n  i n l a y  of (c). (d)  MC p r e c i p i t a t e  DF. 
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ie d i s l o c a t i o n  concent ra t ions  appear t o  s a t u r a t e  

wi th  f luence  f o r  i r r a d i a t i o n  temueratures above 425 t o  450'C. i n  cont raa t  

3.3.25. The only s ign i j  

t u r e s  a t  425 t o  450°C and 

i l l u s t r a t e  t h i s  point.  Th 
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Fig. 3.3.26. Dislocation Structure Changes i n  CW 316 + T i  After HFIR 
Irradiation a t  Nominally 425 t o  45OoC t o  (a) 8.5 dpa and (b) 13 dpa and a t  
nominally 525 t o  550°C t o  (c) 10 dpa and (d) 16 dpa. Frank loops are 
s t i l l  observed i n  (b) but considerably reduced from (a) and none are found 
i n  ( c )  and (d).  
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t o  v a r i a t i o n s  shown i n  CW 316 (compare Figs. 3.3.16 and 3.3.25). The 

s a t u r a t i o n  l e v e l s  decrease with increas ing  temperature and are a t  least 

a f a c t o r  of 5 higher  than t h e  network l e v e l s  found i n  CW 316 a t  t h e  

same condit ions.  The MC p r e c i p i t a t e  d i s t r i b u t i o n s  a t  525 t o  550°C and 

620 t o  645°C show s a t u r a t i o n  with f luence  a s  wel l ,  whereas t h e  MC preci-  

p i t a t i o n  coarsens with increas ing  f luence ,  fol lowing t h e  network recovery, 

a t  425 t o  450'C. 

The Frank loop component cont r ibut ing  t o  the  t o t a l  d i s l o c a t i o n  con- 

c e n t r a t i o n  a t  425 t o  450°C i s  reduced a s  f luence  inc reases  from 8.5 t o  

13 dpa but does not disappear ,  as observed i n  CW 316. The Frank loops a r e  

a f a c t o r  of 2 l a r g e r  and almost a f a c t o r  of 10 l e s s  numerous a t  t h e  higher  

f luence .  The t o t a l  concent ra t ion  a t  13 dpa remains a t  l e a s t  a f a c t o r  of 7 

g r e a t e r  i n  CW 316 + T i  than i n  CW 316, and these  d i f f e rences  a r e  r e f l e c t e d  

i n  t h e  p o s t i r r a d i a t i o n  mechanical behavior of t h e  CW 316 + T i  and CW 316 

( r e f .  20). 

3.3.4.4 Discussion 

Dis loca t ion  micros t ruc tures  i n  i r r a d i a t e d  s t a i n l e s s  s t e e l s  have 

rece ived  much less cons idera t ion  and experimental a t t e n t i o n  than bubble or  

void swelling. They do not bear t h e  d i r e c t  r e l a t i o n s h i p  t o  volume change 

and swel l ing  t h a t  c a v i t i e s  do, but do very much inf luence  the  development 

of the  cav i ty  component. Dis loca t ion  information i s  required f o r  a 

mechanist ic  understanding t h a t  is important f o r  modeling e f f  o r t Z 6  and 
bears  d i r e c t l y  on mechanical proper t ies .  

The thermal aging da ta  f o r  CW 316 and CW 316 + T i  revea ls  the  s t rong 

in f luence  of MC formation on both d i s l o c a t i o n  recovery and p r e c i p i t a t i o n  

of o ther  phases. The small  add i t ion  of t i tan ium makes t h e  t y p e  316 a l l o y  

a phase s t a b l e  and p o t e n t i a l l y  precipi tat ion- hardenable a l loy .  The r e s u l t  

of t h i s  i s  seen i n  improved t e n s i l e  and creep proper t ies .  The lower 

s t ack ing  f a u l t  energy i n  t h e  titanium-modified ma te r i a l  may a l s o  i n f e r  

b e t t e r  i r r a d i a t i o n  creep p rope r t i e s ,  through mechanisms r ecen t ly  considered 

by Reiley. 27 

The range of i r r a d i a t i o n  temperatures i n  t h i s  work i s  among t h e  

broades t  examined f o r  neutron i r r a d i a t e d  s t e e l s .  The rev i s ion  of HFIR  
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i r r a d i a t i o n  t e m p e r a t u r e s  by an i n c r e a s e  of 50 t o  75°C r e s u l t s  i n  s a t i s f a c -  

t o r y  a l ignment  of many of t h e  g e n e r a l  a s p e c t s  of m i c r o s t r u c t u r a l  b e h a v i o r  

between i r r a d i a t i o n  i n  HFIR or  E B R - I 1  and the rmal  aging.  

The s a t u r a t i o n  d i s l o c a t i o n  c o n c e n t r a t i o n  i n  CW 316 f o r  i r r a d i a t i o n  a t  

500 t o  625°C i s  t h e  same whether  t h e  i r r a d i a t i o n  i s  i n  H F I R  o r  EBR-11. 

However, t h i s  s i m i l a r i t y  may only  h o l d  f o r  t h i s  narrow tempera tu re  range.  

I f  i t  i s  t r u l y  t e m p e r a t u r e  independent  i n  E B R - I 1  over  a wider  t e m p e r a t u r e  

range ,  t h e n  i t  is  q u i t e  d i f f e r e n t  i n  HFIR a t  t e m p e r a t u r e s  above and below 

500 t o  625°C. The p r e c i p i t a t i o n  d i f f e r e n c e s  f o r  CW 316 i r r a d i a t e d  i n  

t h e s e  two r e a c t o r s ,  r e p o r t e d  i n  more d e t a i l  e l sewhere ,  "+I " 9  1 9 $ 2 6  s u p p o r t  

t h i s  p o s s i b i l i t y .  It is a l s o  p o s s i b l e  t h a t  temperature- independent  

s a t u r a t i o n  does  no t  i n  f a c t  occur.  

The d a t a  on CW 316 f T i  i r r a d i a t e d  i n  H F I R  demons t ra tes  the s h i f t  i n  

c o n t r o l l i n g  mechanisms of m i c r o s t r u c t u r a l  development t h a t  r e s u l t s  from 

t i t a n i u m- r i c h  MC format ion.  This i s  c o n s i s t e n t  w i t h  the  ro le  of hel ium 

i d e n t i f i e d  i n  earl ier  w o r k 1 , 1 4 , 1 8 , 1 9 , 2 8 , 2 9  as being m i c r o s t r u c t u r e  

de te rmin ing .  The CW 316 + T i  demons t ra tes  a reduced dependence of t h e  

d i s l o c a t i o n  s t r u c t u r e  on t e m p e r a t u r e  and f l u e n c e  compared t o  t h e  CW 316 

f o r  i r r a d i a t i o n  i n  HFIR.  The h i g h e r  and more s t a b l e  d i s l o c a t i o n  c o n t e n t s  

i n  t h e  CW 316 + T i  a r e  c o n s i s t e n t  w i t h  b o t h  the i n c r e a s e d  phase  s t a b i l i t y 1 9  

and t h e  c o n s i d e r a b l y  r e f i n e d  c a v i t y  m i c r o s t r u c u t r e s l .  l o  compared t o  CW 316 

i r r a d i a t e d  i n  HFIR. These same b e n e f i t s  are expec ted  t o  c a r r y  over  t o  t h e  

14 Cr-16 Ni-0.25 T i  f i r s t - g e n e r a t i o n  prime c a n d i d a t e  a u s t e n i t i c  a l l o y ,  

which i s  more phase  s t a b l e  t h a n  316 + T i  and i s  be ing  i n v e s t i g a t e d  i n  

c u r r e n t  i r r a d i a t i o n  exper iments .  

3.3.5 Conclus ions  

1. During long- term (27704400 h) a g i n g ,  the DO heat of CW 316 shows 

no  recovery  of the as-cold-worked d i s l o c a t i o n  s t r u c t u r e  f o r  t e m p e r a t u r e s  

u p  t o  470°C. The d i s l o c a t i o n  s t r u c t u r e  beg ins  t o  r e c o v e r  between 470 and 

56OoC, c o n c u r r e n t  w i t h  p r e c i p i t a t i o n  of M23C6, Laves,  and M6C phases .  

network t h e n  r e c o v e r s  c o n t i n u o u s l y  w i t h  t e m p e r a t u r e ,  and a t  700°C r e a c h e s  

a v a l u e  t h a t  i s  a f a c t o r  of 30 t o  50 less t h a n  t h e  s t a r t i n g  l i n e  network 

c o n c e n t r a t i o n  of 3 t o  5 x 1015 m ~ m 3 .  

The 
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2. The R1 heat  of CW 316 + T i  shows v i r t u a l l y  no recovery up t o  a t  

l e a s t  700°C f o r  long-term thermal aging. Very f i n e  MC p r e c i p i t a t i o n  

begins between 470 and 56OoC, and t h e  d i s t r i b u t i o n  remains unchanged with 

inc reas ing  temperature up t o  a t  l e a s t  700°C. The MC p a r t i c l e s  p i n  t h e  

d i s l o c a t i o n  s t r u c t u r e  and prevent or  s i g n i f i c a n t l y  reduce M23C6, Laves, 

and M6C p r e c i p i t a t i o n .  

3. During EBR-I1 i r r a d i a t i o n ,  the d i s l o c a t i o n  s t r u c t u r e  of CW 316 

recovers  rap id ly  t o  a uniform network concent ra t ion  t h a t  is  about 2 t o  

3 X lo'' m/m3 a f t e r  8.4 dpa and then  reduces s l i g h t l y  t o  1 t o  2 X lo1' m / m 3  

a f t e r  36 dpa a t  500 t o  630°C. No Frank loops a r e  observed, and t h e  network 

shows only a s l i g h t  temperature dependence with t h e  h igher  concent ra t ions  

a t  t h e  lower temperatures.  

4. Network d i s l o c a t i o n  recovery occurs i n  CW 316 during H F I R  i r r a -  

d i a t i o n  at  55 t o  670 t o  700°C a t  6.9 dpa and above. The l e a s t  amount of 

network recovery occurs a t  425 t o  450°C when f i n e  y '  p r e c i p i t a t e  p ins  the  

d i s l o c a t i o n  s t r u c t u r e  at  8.5 dpa. Recovery a c c e l e r a t e s  when t h e  

y- d i s so lves  a t  higher  f luence.  The t o t a l  d i s l o c a t i o n  concent ra t ion  shows 

t h e  g r e a t e s t  temperature and f luence  dependence i n  the  range between 325 

t o  350°C and 525 t o  550'C and r e f l e c t s  complicated i n t e r a c t i o n s  with loop, 

p r e c i p i t a t e ,  and possibly cav i ty  components of the  microstructure.  Frank 

loops a r e  found below 425 t o  450°C but not above. I n  t h e  range 425 t o  

640°C t h e  network d i s l o c a t i o n  concent ra t ion  may s a t u r a t e  or remain i n  the  

1 t o  3 X lo1' m / m 3  range but drops t o  very low l e v e l s  a t  higher  

temperatures.  

5. The d i s l o c a t i o n  changes i n  CW 316 (DO hea t )  i r r a d i a t e d  i n  HFIK 

a l i g n  q u i t e  well  with ma te r i a l  i r r a d i a t e d  i n  EBR-11. The coupling 

between cav i ty  and p r e c i p i t a t e  formation and d i s l o c a t i o n  recovery i s  

a l t e r e d ,  wi th  those  components acce le ra t ed  and enhanced i n  HFIK. Recovery 

i s  a l s o  acce le ra t ed  i n  H F I R ,  bu t ,  i n  t h e  range of 500 t o  630"C, d i s l o c a t i o n  

concent ra t ions  a r e  1 t o  3 X lo' '  m/m3 f o r  both r eac to r s  with only s u b t l e  

changes with t empera t ure  . 
6. Dis loca t ion  behavior i n  CW 316 f T i  i r r a d i a t e d  i n  HFIK i s  qual i-  

t a t i v e l y  s i m i l a r  t o  CW 316 with regard t o  t r a n s i t i o n s  from f i n e  loops t o  

Frank loops and from loops p lus  network t o  network only. However, 
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q u a n t i t a t i v e  d i f f e r e n c e s  i n  t empera tu re  and f l u e n c e  dependence r e f l e c t  a 

s t r o n g  c o u p l i n g  between d i s l o c a t i o n  and MC p r e c i p i t a t i o n  behavior .  As i n  

CW 316, Frank loops  are found only  a t  425 t o  450°C and below. D i s l o c a t i o n  

c o n c e n t r a t i o n s  are 3 t o  5 times h i g h e r  i n  CW 316 f T i  t h a n  i n  CW 316. 

There  i s  c o n s i d e r a b l e  d i f f e r e n c e  between t h e  two a l l o y s  i n  t h e  amount, 

t e m p e r a t u r e ,  and f l u e n c e  dependence of l o o p  format ion.  There  are more 

l o o p s ,  they c o n t r i b u t e  more t o  t h e  t o t a l  d i s l o c a t i o n  c o n c e n t r a t i o n ,  and 

t h e y  p e r s i s t  t o  h i g h e r  f l u e n c e  i n  t h e  CW 316 + T i  t h a n  i n  t h e  CW 316. 

3.3.6 F u t u r e  Work 

This p r o j e c t  w i l l  c o n t i n u e  w i t h  p r e s e n t a t i o n  of t h e  d e t a i l e d  p r e c i p i-  

t a t i o n  behav io r  f o r  t h e s e  same samples. The v a r i o u s  m i c r o s t r u c t u r a l  com- 

ponen t s  w i l l  t h e n  be c o r r e l a t e d  and w i l l  i n  t u r n  be c o r r e l a t e d  w i t h  

s w e l l i n g  and t e n s i l e  p r o p e r t i e s  t o  unders tand  t h e  p r o p e r t y  changes. T h i s  

w i l l  f a c i l i t a t e  p r e d i c t i n g  p r o p e r t i e s  f o r  t h e  f u s i o n  environment and w i l l  

h e l p  g u i d e  f u r t h e r  a l l o y  development and a l l o y  s e l e c t i o n  f o r  f u s i o n .  
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3.4 EQUATIONS TO DESCRIBE THE SWELLING OF ZO%-COLU-WOKKED TYPE 316 
STAINLESS STEEL IRRADIATED I N  H F I R  - P. J. Maziasz and M. L. Grossbeck 
(Oak Ridge National  Laboratory) 

3.4.1 D I P  Task 

A D I P  Task I . C . 2 ,  Micros t ruc ture  and Swelling i n  Austeni t ic  Alloys. 

3.4.2 Objective 

The ob jec t ive  of t h i s  work is  t o  develop equations g iv ing  t h e  tem- 

pera tu re  and f luence  dependence of swell ing i n  ZO%-colduorked type 316 

s t a i n l e s s  s t e e l  during i r r a d i a t i o n  i n  HFIR.  These equat ions a r e  needed 

t o  (1) descr ibe  swel l ing  f o r  use i n  fus ion  r eac to r  design,  ( 2 )  compare 

with s i m i l a r  equat ions f o r  EBR-11 da t a ,  i n  an e f f o r t  t o  develop design 

swel l ing  equat ions f o r  fus ion ,  on t h e  bas i s  of c o r r e l a t i o n  between 

f i s s i o n  r e a c t o r s ,  and (3) provide a mic ros t ruc tu ra l ly  based desc r ip t ion  

of swelling. 

3.4.3 Summary 

Equations descr ib ing  cav i ty  volume f r a c t i o n  swel l ing  a r e  developed 

f o r  20%-cold-worked type 316 s t a i n l e s s  s t e e l  (CW 316) i r r a d i a t e d  i n  H F I R .  

These equat ions a r e  based on t h e  phys ica l  phenomena observed i n  t h e  

micros t ruc ture ,  such as  matr ix void swell ing,  mat r ix  bubble swel l ing ,  

g r a i n  boundary cavi ty  swel l ing ,  and p r e c i p i t a t e- a s s i s t e d  void swell ing.  

The temperature and f luence  dependence of each component is considered,  

and mic ros t ruc tu ra l  information i s  in t e rpo la t ed  t o  provide a desc r ip t ion  

of t h e  swel l ing  behavior wi th in  t h e  l i m i t s  of t h e  da ta  set  (up t o  

5 0 4 0  dpa). The da ta  base is  f o r  t h e  DO hea t  of CW 316. Some f a c e t s  of 

t h e  swel l ing  behavior,  such as void attachment t o  e t a  (MgC) phase par- 

t i c l e s  a t  lower temperature, may vary between hea t s  of t y p e  316 s t a i n l e s s  

steel. Other components, such as bubbles i n  t h e  matrix and g r a i n  boundary 

c a v i t i e s ,  may be more general .  The expression of t o t a l  swell ing a s  t h e  

sum of d i s t i n c t ,  mic ros t ruc tu ra l ly  r e l a t e d  components allows f l e x i b i l i t y  

i n  descr ib ing  o the r  hea t s  of s t e e l  having genera l ly  s i m i l a r  behavior but 

wi th  some d i f f e r e n c e s  in p r e c i p i t a t e  response, f o r  example. It a l s o  per- 

m i t s  s epa ra t e  comparison of components of the  swell ing,  such a s  bubbles or 
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void formation, with these  same phenomena observed under d i f f e r e n t  i r r a -  

d i a t i o n  condit ions.  Comparison of the o v e r a l l  swel l ing  i n  HFIR with t h a t  

observed i n  E B R - I 1  i nd ica t e s  s u b s t a n t i a l  d i f f e rences  i n  the  temperature 

and f luence  dependence of swell ing i n  these  reac tors .  The mic ros t ruc tu ra l  

information shows t h a t  the  d i f f e rences  a r e  due t o  the  helium genera t ion  

r a t e  and i t s  e f f e c t  on various mechanisms respons ib le  f o r  development of 
t h e  cav i ty  microstructure.  An understanding of these  d i f f e rences  and 

development of phys ica l ly  based models t h a t  p red ic t  both EBR-I1 and HFIR 

da ta  w i l l  be necessary t o  p ro jec t  the  swell ing behavior i n  a fus ion  

reac tor .  

3 . 4 . 4  Progress  and S t a t u s  

3 . 4 . 4 . 1  In t roduct ion  

Since fus ion  i r r a d i a t i o n  environments do not e x i s t ,  e f f o r t s  t o  fore-  

c a s t  the  swell ing behavior of fus ion  r eac to r  components depend on r e s u l t s  

obtained i n  a v a i l a b l e  fast- spectrum o r  mixed-spectrum ( f a s t  and thermal) 

f i s s i o n  reac tors .  Use of t h i s  data  r equ i re s  mechanistic understanding and 

d e s c r i p t i v e  equations. Ext rapola t ion  of the  swell ing behavior t o  a fus ion  

f i r s t  w a l l  can then be based on the v a r i a b l e  dependence of the known 

mechanisms of swelling. To da t e ,  HFIR and EBR-I1 have been used t o  

explore  t h e  temperature and f luence  dependence of swell ing i n  

20%-cold-worked type 316 s t a i n l e s s  s t e e l  (CW 3 1 6 ) .  1-8 The considerably 

d i f f e r e n t  he l ium genera t ion  r a t e s  i n  t h e  t w o  r eac to r s  a l s o  provide a 

helium dependence i n  t h e  da ta  se t .  The swell ing da ta  f o r  a s i n g l e  heat  of 

CW 316 i r r a d i a t e d  i n  both HFIR and EBR-I1 a r e  being examined t o  develop 

t h e  c o r r e l a t i o n  and t h e o r e t i c a l  models necessary t o  extend the  data  t o  

in termedia te  Heldpa r a t i o s 9 - ’ l  more r ep resen ta t ive  of fus ion  serv ice .  

f i r s t  e f f o r t  t o  achieve t h i s  ex t rapola ted  EBR-I1  da t a ,  with very l i t t l e  

adjustment f o r  the fus ion  case, on t h e  assumption t h a t  helium had l i t t l e  

e f f e c t  on cav i ty  swell ing and t h a t  fus ion  i r r a d i a t i o n  would thus produce 

swel l ing  s i m i l a r  t o  t h a t  found i n  EBR-I1 ( r e f .  9). That i n i t i a l  e f f o r t  

w a s  r e s t r i c t e d  by l i m i t a t i o n s  of the  HFIR mic ros t ruc tu ra l  data. The 

The 
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HFIR d a t a  t h a t  have r e c e n t l y  been r e p o r t e d  show c l e a r  d i f f e r e n c e s  i n  

m i c r o s t r u c t u r a l  development and r e s u l t a n t  s w e l l i n g  f o r  i r r a d i a t i o n  i n  H F I R  

or EBR-I1 ( r e f s .  2-4, 10, 12-15). 

The c u r r e n t  work s e e k s  t o  e x p r e s s  t h e  HFIK s w e l l i n g  behavior  v i a  

e q u a t i o n s  t h a t  c o n t a i n  t h e  t empera tu re  and f l u e n c e  dependence of t h e  

s w e l l i n g .  The e q u a t i o n s  are set  up t o  r e p r e s e n t  t h e  m i c r o s t r u c t u r a l  

mechanisms t o  the b e s t  of our  knowledge. They w i l l  a l s o  be compared w i t h  

t h e  w e l l- e s t a b l i s h e d  s w e l l i n g  e q u a t i o n s  f o r  E B R - I 1  i r r a d i a t i o n .  

I f  he l ium h a s  l i t t l e  o r  no e f f e c t ,  t h e  s w e l l i n g  behav io r  i n  H F I R  

s h o u l d  be similar t o  t h a t  found i n  EBR-11, and d a t a  from e i t h e r  would be 

a p p l i c a b l e  t o  f u s i o n .  I f  s w e l l i n g  i n  t h e  two r e a c t o r s  i s  markedly 

d i f f e r e n t ,  n e i t h e r  may a d e q u a t e l y  r e p r e s e n t  f u s i o n ,  and p h y s i c a l l y  based 

modeling w i l l  be r e q u i r e d  t o  p r e d i c t  b o t h  m i c r o s t r u c t u r e  and s w e l l i n g .  

3 . 4 . 4 . 2  Data Treatment and Equa t ions  

The f o l l o w i n g  d e f i n i t i o n s  are p rov ided  t o  c l a r i f y  t h e  u s e  of t h e  

s w e l l i n g  e q u a t i o n s :  

where 

V O  = i n i t i a l  volume, 

V f  = f i n a l  volume, 

P O  = i n i t i a l  d e n s i t y ,  

pf = f i n a l  d e n s i t y .  

S w e l l i n g  measurements are from t r a n s m i s s i o n  e l e c  on microg aphs and 

i n c l u d e  on ly  t h e  c a v i t y  volume f r a c t i o n .  1-4 

f rom phase  t r a n s f o r m a t i o n s  must be i n c l u d e d  t o  de te rmine  net d e n s i t y  

changes .  P r i m a r i l y  f o r  t h e  purpose  of comparison w i t h  o t h e r  s w e l l i n g  

e q u a t i o n s  d e r i v e d  from immersion d e n s i t y  d a t a ,  t h e  f o l l o w i n g  d e f i n i t i o n s  

a re  given:  

Dens i ty  changes r e s u l t i n g  

1 = n e g a t i v e  f r a c t i o n a l  d e n s i t y  change = ( p f -  P O ) / P O  , 
and 

A V / V o  = ( V f -  v o ) / v o  = Z / ( l  - E )  
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The method of development of these  equat ions has been t o  a s ses s  and 

express  sepa ra t e ly  t h e  various mic ros t ruc tu ra l  con t r ibu t ions  t o  t h e  t o t a l  

swell ing.  The equat ion developed then conta ins  t h e  sum of these  

i n d i v i d u a l  components t o  y i e l d  the  t o t a l  swel l ing  behavior. The equat ions 

a r e  j u s t i f i e d  only by t h e i r  a b i l i t y  t o  f i t  t h e  da ta  and do not possess 

f i r s t  p r i n c i p l e  t h e o r e t i c a l  s igni f icance .  

The t o t a l  volume change can be expressed a s  follows: 

- = t- A V  ( 4 )  A V  

'Ototal Oprecipit  a t  ion  'Osubst i tut ional  'ocavity 
+ - .  A V  + -  A V  - 

helium swel l ing  

P r e c i p i t a t i o n  can d i r e c t l y  cause e i t h e r  d e n s i f i c a t i o n  or swel l ing  of 

a s  much a s  +0.5%; t h i s  phenomenon i s  t r e a t e d  elsewhere.16 

t i o n a l  helium con t r ibu t ion  i s  simply a r e f l e c t i o n  of the  f a c t  t h a t  helium 

atoms can occupy l a t t i c e  sites and t h e r e f o r e  inc rease  specimen volume. 

Swelling w i l l  i nc rease  l i n e a r l y  with increas ing  helium genera t ion  and give 

a value of AVIV, = 0.1% at  1000 a t .  ppm He. Data a re  a v a i l a b l e  

t o  i n d i c a t e  th is  type of behavior a t  HFIR i r r a d i a t i o n  temperatures of 

55°C,29 3 ,  

complexes migrate  t o  form c a v i t i e s .  Because of the  l imi t ed  range of 

a p p l i c a b i l i t y  and the  small  magnitude, swell ing due t o  t h i s  mechanism has 

not  been e x p l i c i t l y  included i n  t h e  equation. 

The subs t i t u-  

subs t He  

but t h i s  con t r ibu t ion  w i l l  vanish when helium-vacancy 

The cav i ty  swell ing is  the  dominant swel l ing  component a t  higher  

temperatures.  It can be expressed as t h e  sum of t h e  fol lowing components: 

AV - 
voids 

- AV - _  
voids bubbles 

AV + -  A V  + -  
'Ocavity 'Oprecipitates 'Omatrix 'Omatrix 

swel l ing  

bubbles bubbles 
A V  + -  A V  + -  

Ograin 
V V 

Oprecip i ta tes  
boundaries 



102 

voids 
Swelling attributable to voids on precipitates, , is 

"Oprecipitates 

observed only for eta (q) phase particles at fluences greater than 13 dpa 

f o r  temperatures of about 350 to 425°C (refs. 1, 3 ,  4 ) .  This component of 

swelling i s  expressed as: 

voids 
AV - 
"Oprecipitates 

= 0.7 exp[-a.OOl(T - 380)2][0.028 d - 0.36 + 0.36 exp(4.1 d ) l  , 

where T is temperature ( " C )  and d is atomic displacements (dpa). 

The swelling component due to voids in the matrix is important at tem- 

peratures of 285°C and be lo^;^-^ decreases with increasing temperature and 
=O at 400°C and above; and is assumed to increase with increasing fluence. 
This swelling ts given by: 

voids 
A V  - 
'0, t rix (7) 

= 0.05 exp(4.94 X 10-5(T - 250)2]exp(43/B) , 

where B = exp(26 - 0.039 T ) .  

The swelling due to bubbles on precipitates is  approximately zero for all 

conditions for CW 316. 

bubbles 
A V  = 0 .  - 

"Oprecipitates 

The swelling component due to bubbles in the matrix accounts for most of 

the cavities at 375°C and above. This component dominates swelling from 

about 400 to 700°C (refs. 1, 3, and 4 ) ,  and can be expressed as: 
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bubbles  
A V  - 
'Omatrix 

= 0.5 [ l  + tanh(O.OZ(T - lOO))l{O.5[O.O8(d + D) 

- 2.721[1 + tanh(O. l (d  + D -  4 0 ) ) l  + 0.35 e x p [ 4 . 0 0 5 ( d  + D -  40 )21 )  . 
The c o n t r i b u t i o n  due t o  bubbles  on t h e  g r a i n  boundar ies  i s  e s s e n t i a l l y  

z e r o  f o r  t e m p e r a t u r e s  below abou t  550°C, and t h e n  i n c r e a s e s  r a p i d l y  w i t h  

i n c r e a s i n g  t e m p e r a t u r e  a t  h i g h  f l u e n c e s  ( r e f s .  1, 3 ,  and 4). Th i s  i s  

d e s c r i b e d  by t h e  e q u a t i o n  

bubb les  
A V  - 
'Ograin 

boundar ies  

= 0.033 d exp[0.025(T - 680) l  . 
These  e q u a t i o n s ,  g i v i n g  the c o n t r i b u t i o n s  f o r  the v a r i o u s  components 

o f  t h e  s w e l l i n g ,  can  t h e n  be s u b s t i t u t e d  i n t o  Eq. (5) t o  g i v e  t o t a l  

s w e l l i n g .  The combined and s i m p l i f i e d  t o t a l  s w e l l i n g  e q u a t i o n ,  then, i s  

- A V  

"Ocavi t y  
(%)  = 0.05 A d exp ( - d 3 / B )  

s w e l l i n g  + C[0.028 d - 0.36 + 0.36 e x p ( 4 . l d ) I  

+ E{0.5[0.08 ( d  + D) - 2.72111 + t a n h ( O . l ( d  + D - 4 0 ) ) l  

+ 0.35 e x p [ 4 . 0 0 5 ( d  + D - 40)'l I 

+ 0.033 d exp[0.025(T - 6 8 0 ) l  ; 

f o r  t h e  range 50 < T < 7OO0C, d < 60 dpa. I n  t h e  above e q u a t i o n  - -  - 
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d = atomic displacements, dpa, 
T = temperature ("C), 
A = expL-6.94 X lO-S(T - 250)21, 
B = exp(26 - 0.039 T ) ,  

C = 0.7 exp[-Q.OOl(T - 380)21, 

D = 0.041 T -  15.3, 

E = 0.5{1 + tanh[O.OZ(T - loo)]}, 

The data used and the irradiation conditions are given in Table 3.4.1. 

These results have been presented in more detail in earlier reports.1-4 

The derived swelling equations are shown as functions of temperature and 

fluence in Figs. 3.4.1 and 3.4.2, respectively. 

Table 3.4.1. Swelling and Cavity Statistics for Cold-Worked Type 316 
Stainless Steel Irradiated in H F I R  

Cavity parameters, X Swelling 
from 

i m e r s i o n  Matrix 

Irradlation conditions 

Total Grain 

fraction fraction 

Neutron Displace- Tempera- f luence ture 
("') (neutronslmz) (dpa) 

ment density vo1llme volume 

fraction (7.) >0.1 MeV damage (at. ppm) 

55  

285 

375 

375 

3 80 

475 

475 

460 

565 

565 

5 50 

620 

6Wd 

680e 

1.4 x loz6  10.8 

1.0 7.7 

1.1 8.5 

1.7 13.0 

7.05 49 

1.4 10.0 

2.1 16.0 

7.69 54 

1.2 9.2 

2.0 15.0 

6.18 42 

2. I 16.0 

8.71 60 

0.74 61 

520 

390 

380 

740 

3320 

500 

1020 

3660 

440 

880 

2990 

1020 

4070 

4140 

a. 03 

0.04 

0 

0.36 

1.6 

4. I 

0.03 

0.8 

0. I 

0.37 

0.0 

0.37 

3.3 

0 

0.46 

0.12 

0.03 

2.2 * 0.4 

0.06 t O.Olc 

0.02 

2.0 t 0.4 

0.04 

0.13 

1.4 t 0.1 

0.12 

3.0 * 0.5 

6.0 t 2.5 

(1 

a 

b 
b 

b 

b 
0.005 

0.01 

0.02 

0.02 

0.03 

0.02 

0.4 

2.0 

0 

0.46 

0.12 

0.03 

2.2 

0.06 

0.02 

2.0 

0.06 

0.15 

1.4 

0.14 

3.4 

8.0 

aNone detected. 

*Grain boundary precipitation of eta (NgC) phase. 

%o separate disks with three areas analyzed in one disk and t w o  areas analyzed in the 

dCompletely recrystallized, fine grains. 

%mpletely recrystallized, Coarse grains. 

other to show the Brea-tO-aTea Variation in swelling. 
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Fig.  3.4.1. Temperature  Dependence of Equa t ions  R e p r e s e n t i n g  t h e  
T o t a l  Swel l ing  Behavior of 20%-Cold-Worked (DO-Heat) Type 316 S t a i n l e s s  
S t e e l  After H F I R  I r r a d i a t i o n  a t  Var ious  Fluence Levels.  

ORNL-DWG 81-20990 
6.0 

1.0 

n 

/ ”  600 ‘C 
400 ‘C 

500 ‘C 

100 OC 

- I I i l I I l I ,  
0 IO 20 30 40 50 60 70 80 

FLUENCE I d p o l  

Fig.  3.4.2. Fluence Dependence of Equa t ions  R e p r e s e n t i n g  t h e  T o t a l  
S w e l l i n g  Behavior of 20%-Cold-Worked (DO- Heat )  Type 316 S t a i n l e s s  S t e e l  
A f t e r  HFIR I r r a d i a t i o n  a t  Var ious  Temperatures.  
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3 . 4 . 4 . 3  Discussion 

The swell ing p red ic t ions  f o r  20%-CW 316 i n  a fus ion  r e a c t o r ,  

developed by Gamer,  Maziasz, and W ~ l f e r , ~  are shown i n  Fig. 3 . 4 . 3 .  

Comparison of Figs. 3 .4 .2  and 3.4 .3  shows considerable d i f f e rences  between 

t h e s e  p red ic t ions ,  which were based mainly on EBR-I1 da ta  and t h e  swel l ing  

observed i n  HFIR.  Micros t ruc tura l  phenomena respons ib le  f o r  swel l ing  

are d i f f e r e n t  i n  t h e  two reac to r s .  These d i f€e rences  r e l a t e  t o  t h e  

increased  helium genera t ion  r a t e  i n  HFIR,  as discussed i n  previous work. 

The problem t h i s  comparison poses i s  t h a t  a p p l i c a t i o n  of one or t h e  

o t h e r  da ta  set t o  fus ion  design without i n s i g h t  based on the  physics of 

I O 0  200 300 400 500 600 700 800 
IRRADIATION T E M P E R A T U R E  f "GI 

Fig. 3 . 4 . 3 .  Temperature Dependence of Proposed Fusion Swelling f o r  
20%-Cold-Worked Type 316 S t a i n l e s s  S t e e l  a t  Various Fluence Levels f o r  
Void Swelling That i s  the  Same a s  i n  EBR-I1 and a Superimposed Matrix 
Bubble Component. Source: F. A. Garner, P. J. Maziasz, and W. G. Wolfer, 
"Development of a Swelling Equation f o r  20%-CW 316 i n  a Fusion Device," 
DAFS @art .  Prog. Rep.  NoV. 1980, DOE/ER-0046/3, pp. 15%-77. 
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t h e  swell ing process may be se r ious ly  i n  e r r o r .  S t o l l e r  and Odette have 

developed a swell ing c o r r e l a t i o n  model f o r  CW 316 which is  c a l i b r a t e d  t o  

both the  EBR-I1 and H F I R  data.  However, ex t r apo la t ion  t o  fus ion  r e a c t o r  

s e r v i c e  condi t ions  r equ i re s  assumption on t h e  importance of p r e c i p i t a t e -  

a s s i s t e d  void and matr ix bubble components of the  swelling. Fur ther  

development of the  model and a d d i t i o n a l  experimental da ta  a r e  requi red  

before  confident  ex t r apo la t ions  can be made. 

S u f f i c i e n t  da ta  has recent ly  become a v a i l a b l e  t o  confirm t h a t  t h e  

a c t u a l  HFIR i r r a d i a t i o n  temperatures a r e  about 50 t o  75°C higher  than 

c a l c u l a t e d ,  thus  warrant ing t h e  assignment of new nominal temperatures 

( s e e  Sect.  3.1).1° As a r e s u l t ,  the  equat ions i n  t h i s  work need t o  be 

updated. This t a sk  w i l l  be accomplished i n  the  next progress  repor t .  

3.4.5 Conclusions and Future Work 

The da ta  f o r  swell ing of 20%-cold-worked type 316 s t a i n l e s s  s t e e l  

produced by HFIR  i r r a d i a t i o n  can be represented by equat ions t h a t  depend 

only on temperature and fluence. 

p a r t s  r e l a t e d  t o  various mic ros t ruc tu ra l  mechanisms. The swel l ing  i s  

considerably d i f f e r e n t  from swel l ing  i n  EBR-11. The d i f f e rences  r e f l e c t  

t h e  inf luence  of helium on the  mic ros t ruc tu ra l  evolut ion.  

These equat ions conta in  i d e n t i f i a b l e  

The HFIR swell ing equat ion f o r  cold-worked type 316 s t a i n l e s s  s t e e l  

w i l l  r equ i r e  r ev i s ion  t o  the  ad jus ted  i r r a d i a t i o n  temperatures.  
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3.5 WELD BEND TESTS ON IRRADIATED, 20% COLD-WORKED 316 STAINLESS 

STEEL - S. D. Atkin (Hanford Engineering Development Laboratory) 

3.5.1 ADIP Task 

Path A Alloy Development - Austeni t ic  S t a i n l e s s  S t e e l s .  

3.5.2 Objective 

This work i s  being conducted t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of 

r e p a i r  welding s t a i n l e s s  s t e e l  components i n  a fus ion  r e a c t o r .  The 

post-weld d u c t i l i t y  and s t r e n g t h  of i r r a d i a t e d  20% CW 316 SS w i l l  be 

determined. 

3.5.3 Summary 

Samples of 20% CW 316 SS w e r e  sec t ioned  f r o m  var ious  a x i a l  

l oca t ions  along an i r r a d i a t e d  EBR-I1  duc t .  The bend samples w e r e  fab-  

r i c a t e d  by Tungsten-Inert-Gas (TIG) welding two t abs  together  along t h e  

width. Bending was accomplished by c e n t r a l l y  loading the  root s i d e  of 

t h e  weld while  both ends of t h e  specimen were supported by p ins .  The 

e f f e c t s  of sample f luence  l e v e l ,  test temperature, and d e f l e c t i o n  r a t e  

on s t r e n g t h  and d u c t i l i t y  were inves t iga t ed .  A prel iminary eva lua t ion  

i n d i c a t e s  t h e  d u c t i l i t y  of t h e  welded m a t e r i a l  i s  much g r e a t e r  than 

expected. Helium produced i n  t h e  metal during r e a c t o r  s e r v i c e  does not  

appear t o  cause embritt lement of t h e  weld zone. 

3.5.4 Progress and S ta tus  

3.5.4.1 In t roduc t ion  

The a b i l i t y  t o  make r e p a i r  welds on ma te r i a l s  exposed t o  neutron 

r a d i a t i o n  without  adversely a f f e c t i n g  t h e i r  mechanical p rope r t i e s  i s  of 

importance t o  t h e  Fusion Program. 

of neutron f luence  on welding i r r a d i a t e d  ma te r i a l s .  The hea t  input  

a s soc ia t ed  with welding could a c t  t o  anneal  out r a d i a t i o n  damage and 

cause a decrease i n  s t r e n g t h  i n  t h e  weld zone. Another p o s s i b i l i t y  i s  

severe  embritt lement caused by t h e  helium generated i n  se rv ice .  This 

Very l i t t l e  is known about t h e  e f f e c t s  
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is a critical concern for fusion reactors due to the inherent levels of 

helium production. Although helium production levels are lower in 

EBR-11, materials irradiated to 60 dpa in EBR-I1 produce approximately 
30 appm helium. 
metal, but welding could cause the helium to diffuse to the grain 

boundaries of the heat affected zone or coalesce and form large pores 

in the melt zone. Either of these would result in severe degradation 

of the mechanical properties. 

These atoms normally remain in solution in the base 

Post-weld mechanical tests are necessary to investigate these 

effects and ultimately to define acceptable levels of fluence and 

helium generation for repair welds on components exposed to neutron 

radiation. An investigarion is currently underway to determine the 

strength and ductility of weld samples fabricated from irradiated 

EBR-I1 material. 

3.5.4.2 Procedure 

The material was sectioned from a 2 0 %  CW 316 SS EBR-I1 duct. 

The duct was irradiated at approximately 400°C to a peak fluence of 

12.6 x loz2 n/cm2(63 dpa) ( E  >.1 MeV). 

this work are indicated on the fluence profile (Figure 1). (’) 

duct material was nominally 1.0 mm thick and was machined into tabs 

25 x 13 mm. Two tabs from the same fluence level were butt welded 
together along the width (Figure 2 )  using pulsed TIG welding. The 
welding parameters had been defined through preliminary weld 

development work on unirradiated 316 SS duct material. All welds were 

visually inspected for evidence of cracks or other abnormalities 

prior to bend testing. 

The six axial sections used in 

The 

The bend test apparatus is illustrated in Figure 3 .  The 

procedure was based on ASTM E290 for three point bending tests. 

weld samples were centered over the notch with the root side of the 

weld facing upward. 

support rods. 

across the width with a 6 mm diameter plunger until maximum load had been 

The 

The ends were freely supported by 3 mm diameter 
Bending was accomplished by centrally loading the sample 
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attained. The tests were conducted at constant deflection rates of 

8.5  x 
and 620°C. The different test conditions outlined in Table 1 were 
selected to determine the effects of sample fluence, test temperature 

and deflection rate on strength and ductility. 

8.5 x and 8.5 x lo-’ mm/sec and temperatures of 400 ,  510. 

3.5.5 Results and Discussion 

Weld bend testing of all 23 samples (Table 1) has been completed. 

Welds on samples from all fluence levels appeared sound and free from 

cracks. Bend testing of the weld samples produced bend angles greater 

than 90 degrees and no failures occured. The samples exhibit good 

ductility in tests both at the irradiation temperature and 100°C 

above the irradiation temperature. A quantitative analysis of the data 

is currently in progress. 

3.5.6 Conclusions 

Irradiated 20% CW 316 SS material can be welded even to high 

peak fluence levels of 12.6 x 10” n/cm’ ( 6 3  dpa) (E >.1 MeV). Bending 

of the weld samples through angles greater than 90 degrees did not pro- 

duce any failures. The weld zone does not appear to become severely 

embrittled due to helium migration. 

3.5.7 Future Work 

The deflection versus load curves are being analyzed quantitatively 

to determine the relative effects of fluence, test temperature and de- 

flection rate on strength and ductility. 

weld bend samples will be taken from post-test photographs. 

lography will also be performed on selected samples in order to determine 

any microstructural effects. 

The actual bend angles of the 

Metal- 

3.5.8 References 

1. Gold, et al, “Materials Technology f o r  Fusion: Current Status 

and Future Requirements,” Nuclear Technology/Fusion, Vol. 1, 
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TABLE 3.5.1 

BEND TEST MATRIX 

Bend Test  Conditions 
Sample Calculated Fluence* Temp. Def lec t ion  Rate 

I . D .  (E > O .  1 MeV) (x102’ n/cm‘) ( “ 0  (mm/sec) 

1A5b 
1A5c 

3A5 f 
3A5g 
3A6h 

5A5 i 
5A5 j 
5A6k 
5A6l 

7A5m 
7A5n 
7A6o 
7A6p 

c1 
c2 
c3  
c4 
c5 
C6 

G5 
66 

H5 
H6 

7.83 (39 dpa) 
7.83 (39 dpa) 

4.89 (25 dpa) 
4.89 (25 dpa) 
4.89 (25 dpa) 

3.21 (16 dpa) 
3.21 (16 dpa) 
3.21 (16 dpa) 
3.21 (16 dpa) 

1.94 (8  dpa) 
1.94 (8  dpa) 
1.94 (8 dpa) 
1.94 (8 dpa) 

10.65 (53 dpa) 
10.65 (53 dpa) 
10.65 (53 dpa) 
10.65 (53 dpa) 
10.65 (53 dpa) 
10.65 (53 dpa) 

12.59 (63 dpa) 
12.59 (63 dpa) 

12.15 (61 dpa) 
12.15 (61 dpa) 

400 
620 

400 
620 
620 

400 
400 
620 
510 

400 
400 
620 
400 

400 
620 
620 
620 
620 
400 

400 
620 

400 
400 

8.5 x 
8.5 1 0 - ~  

8.5 1 0 - ~  
8.5 1 0 - ~  

8.5 x 

8 .5  x lo-‘ 
8.5 x 
8.5 x lo-’ 
8 .5  x lo-’ 

8.5 x lo-’ 
8.5 x 
8.5 1 0 - ~  
8.5 x 10-2 

8.5 x 10-2 
8 .5  io+  
8.5 io-‘ 

8.5 x lo-’ 

8 .5  x 10-1 
8.5 x lo-’ 

8.5 x lo-’ 
8 .5  io-’ 

8.5 1 0 - ~  
8.5 x lo-’ 

* A l l  samples were i r r a d i a t e d  a t  approximately 400°C. 



117 

A p r i l  1981.  

Long, e t  a l ,  EBR-I1  S p e c t r a l  P a r a m e t e r s  - Run 750, HEDL-TME 78-84, 

March 1979.  

2 .  
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5.1 MECHANICAL PROPERTY EVALUATIONS OF PATH C VANADIUM SCOPING ALLOYS - 
R. E. Gold (Westinghouse Electric Corporation) 

5.1.1 ADIP Tasks 

I.B.11. Stress-Rupture Properties of Reactive/Refractory Metal 

Alloys (Path C) 

Tensile Properties of Reactive/Refractory Metal Alloys 
(Path C) 

I.B.15 

5.1.2 Objective 

The objective of this program was to develop tensile and creep/stress- 

rupture data f o r  the unirradiated Path C vanadium Scoping Alloys. 

addition, methods have been developed f o r  introducing controlled levels 
of non-metallic impurities into test specimens in order to examine their 

effects on mechanical properties. 

In 

5.1.3 Summary 

Creepfstress-rupture tests were performed on sheet specimens of the 

three Path C vanadium Scoping Alloys in the temperature range 650 to 800OC. 

As expected, the V-15Cr-5Ti was strongest in creep, followed by VANSTAR-7 

and V-20Ti. The.se tests represented over 12,000 hours of testing in the 

ultra-high vacuum creep test stands. In addition to the creep tests, a 

series of controlled non-metallic contamination exposures were carried 

out at EOO'C. Oxygen was used as the contaminating specie for these tests 

which demonstrated the capability of an existing UHV microbalance system 

f o r  introducing controlled levels of contaminants into the vanadium alloys. 

Fractographic analyses of both creep and tensile tested specimens are also 

presented. 

5.1.4 Progress and Status 

The Path C vanadium-base Scoping Alloys which were prepared for the 
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ETM Research Materials Inventory, sited at the Oak Ridge National 
Laboratory, are the subject of this evaluation. These include: 

(compositions in weight percent) 

V-20Ti 

V-15Cr-5Ti 

VANSTAR-7 (V-9Cr-3.3Fe-l.2Zr-0.054C) 

This program was initiated to develop the tensile and stress-rupture 

data base for the unirradiated alloys. Because non-metallic impurities are 

known to have significant effects on the mechanical behavior of refractory 

metal alloys, an additional objective of this program was to develop means 

to introduce controlled levels of impurities such as oxygen and nitrogen 

into mechanical property specimens. 

Specific tasks associated with FYI81 efforts were: 

Task 1. Material Procurement 

Task 2. Initial Specimen Preparation and Heat Treatments 

Task 3 .  Tensile Evaluations 

Task 4 .  CreepfStress-Rupture Testing 

Task 5 .  Evaluation of the Effects of Non-Metallic Contamina- 

tion on Mechanical Properties 

Task 6.  Microstructural Characterizations 

All efforts on the FYI81 experimental program have been completed. The 

results of Tasks 1 through 3 have been previously reported, and are 

not repeated here. The results of the creep/stress-rupture testing 

(Task 4 )  and the preliminary investigation of non-metallic contamination 

effects (Task 5) are reported here, as are the results of supporting 

microstructural characterizations (Task 6 ) .  

1-2 

5.1.4.1 Material Identification and Condition 

This information, including chemical analyses of the starting materials, 

pretest heat treatments, and test specimen design were provided in an 

earlier report. 
2 
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5 .1 .4 .2  Creep /S t ress -Rupture  T e s t i n g  (Task 4 )  

A series of c r e e p l s t r e s s - r u p t u r e  tes ts  were conducted on t h e  vana-  

dium Scoping A l l o y s .  The purpose  of t h e s e  tests was t o  p r o v i d e  b a s e l i n e  

i n f o r m a t i o n  on t h e  OFE-ADIP P a t h  C r e f e r e n c e  h e a t s  i n  o r d e r  t o  have t h i s  

d a t a  a v a i l a b l e  f o r  c o r r e l a t i o n  w i t h  (1) p r e v i o u s  c r e e p  d a t a  f o r  t h e s e  and 

s imi la r  vanadium-base a l l o y s ,  and ( 2 )  c r e e p  test  r e s u l t s  t o  be  performed 

i n  FYI82 on i d e n t i c a l  specimens c o n t a i n i n g  i n t e n t i o n a l  a d d i t i o n s  of oxygen 

and /o r  n i t r o g e n .  

A l l  t es t s  w e r e  conducted on materials  i n  t h e  f u l l y  r e c r y s t a l l i z e d  con- 
-8 

d i t i o n  u s i n g  u l t r a h i g h  vacuum ( < l o  t o r r )  tes t  s t a n d s .  I n i t i a l  s e l e c t i o n s  

of stress were based on e s t i m a t e s  of t h e  s tress r e q u i r e d  t o  produce r u p t u r e  

i n  approx imate ly  1000 h o u r s  i n  t h e  t empera tu re  r a n g e  650 t o  8OOOC. These  

es t imates  w e r e  t a k e n  from a r e c e n t  s u r v e y  of mechan ica l  p r o p e r t y  da ta  f o r  

vanadium-base a l l o y s .  
3 

The r e s u l t s  of t h e  c r e e p  tests  on t h e  Scoping A l l o y s  are summarized 

i n  Tab le  5 .1 .1 .  P l o t s  of t h e  s t r a i n  v s .  t i m e  d a t a  a r e  p r e s e n t e d  i n  F i g u r e s  

5 . 1 . 1  th rough  5 .1 .3  f o r  V-20Ti, V-15Cr-5Ti, and VANSTAR-7, r e s p e c t i v e l y .  

In Table  5 .1 .1 ,  n o t e  t h a t  f o r  s e v e r a l  specimens t h e  stress which w a s  

s e l e c t e d  w a s  much t o o  low t o  c a u s e  a p p r e c i a b l e  c r e e p  s t r a i n  i n  t h e  

500-2000 hour tes t  t i m e s  which were a v a i l a b l e  f o r  t h i s  program i n  FY'81. 

Hence, i t  w a s  n e c e s s a r y  t o  i n c r e a s e  t h e  a p p l i e d  stress i n  o r d e r  t o  ac-  

c e l e r a t e  t h e  d e f o r m a t i o n  p r o c e s s .  The p o i n t s  a t  which t h e s e  changes  were 

made are a l s o  i n d i c a t e d  i n  F i g u r e s  5 .1 .1  th rough  5 . 1 . 3 .  In one i n s t a n c e  

(VANSTAR-7, Specimen 1 7 ) ,  b e c a u s e  the test s t a n d  w a s  of a d e s i g n  which 

p e r m i t t e d  on ly  i n t e r n a l  ( i . e .  i n  t h e  UHV chamber) l o a d i n g ,  t h e  a p p l i e d  

stress cou ld  n o t  be a l t e r e d  and a d e c i s i o n  w a s  made t o  change t h e  tes t  

t empera tu re  i n s t e a d .  

Note t h a t ,  a lmos t  w i t h o u t  e x c e p t i o n ,  t h e  stresses s e l e c t e d  a t  any 

g i v e n  t e m p e r a t u r e  f o r  t h e s e  tests  were low. Tha t  i s ,  t h e  p r e s e n t  P a t h  C 

vanadium-base a l l o y s  a re  s t r o n g e r  t h a n  t h e  comparable a l l o y s  f o r  which 

d a t a  have been r e p o r t e d  i n  t h e  l i t e r a t u r e .  Th i s  p r o b a b l y  r e f l e c t s  t h e  

h i g h e r  b a s e  l e v e l s  of C ,  0,  and N i n  t h e  c u r r e n t  h e a t s .  
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The complicated time-temperature-stress histories would make it extreme- 

ly difficult to infer meaningful mechanical property/performance data from 

these tests. This, however, was not their purpose. These tests have, how- 

ver, been useful in establishing the approximate time-dependent mechanical 

strength of the current alloys. This data will be important for selecting 

test conditions and providing correlation information for mechanical prop- 

erty tests to be conducted in FYI82 on intentionally contaminated specimens 

of these alloys. Hopefully, it will be possible in the future to conduct 

more extensive creeplstress-rupture tests to define more completely the 
time-dependent mechanical response of these alloys. 

Selected specimens from these creep-rupture tests were examined in a 

scanning electron microscope (SEM) in order to characterize the fracture 

surfaces. These results were part of Task 6 and are reported in Section 

5 .1 .4 .4 .  

5 .1 .4 .3  Controlled Non-Metallic Contamination Experiments (Task 5 )  

An ultrahigh vacuum microbalance system was used to introduce controlled 

levels of non-metallic impurities into vanadium alloy specimens. This sys- 

tem, depicted schematically in Figure 5 .1 .4 ,  is constructed of stainless 

steel and quartz with copper gasket seals; it is completely bakeable with 

the exception of the microbalance. The UHV microbalance system was assem- 
bled previously for studies of gas-metal reactions between the refractory 

metals and their alloys and reactive gases such as oxygen and nitr~gen.~ 

During the FYI81 research period, the system was reassembled and used to 

perform preliminary "demonstration-of-capability'' experiments on the 

vanadium-base alloys of interest to the present program. 

Six (6) contamination experimental runs were carried out; two speci- 

mens of each of the three Scoping Alloys were exposed. In view of the fact 

that these exposures were intended only to establish capability for future 

evaluations of the effects of non-metallic contaminants on mechanical prop- 

erties, the number of test variables were minimized by selecting a single 

reaction temperature (8OOOC) and using only oxygen as the reacting gas 

specie. 
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THERMOCOUPLE LEAD I N  
BALANCE ELECTRICAL 

CONTROL LEAD I N  

TO ULTRA-HIGH 
PURITY OXYGEN 

MICROBALANCE 

STAINLESS STEEL BELLOWS 

NUDE ION GAGE 
( T h o r  ia ted I r i d  i urn 

RES I DUAL GAS ANALYZER 

TO DIFFUSION- 

VARIABLE LEAK 

GAGE 

OXYGEN 

F i g u r e  5.1.4 U l t r a  H igh  Vacuum M i c r o b a l a n c e  System 
f o r  Gas-Metal Reac t ion  S t u d i e s  
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The fol lowing i s  a b r i e f  d e s c r i p t i o n  of the  specimen prepara t ions  and 

t e s t  procedures: 

Specimens, approximately 20 cm2 t o t a l  su r face  a r e a ,  were 

cu t  from 0.76 mm t h i c k  shee t .  

A 0.5  mm diameter hole  was d r i l l e d  near  one end. 

Specimens were degreased, etch- cleaned, and given one hour 

r e c r y s t a l l i z a t i o n  hea t  t reatments  o f :  

V-20Ti ll0O0C 

V-15Cr-5Ti 1200°c 

VANSTAR-7 1350'C 

A P t  suspension wire ,  f i t t e d  with a 20 cm long  quar tz  rod a t  

t h e  specimen end, was used t o  suspend the  specimens i n  t h e  

r e a c t i o n  chamber. 

A Type S (Pt-1ORh) thermocouple w a s  suspended a t  t h e  specimen 

l o c a t i o n  i n  order  t o  measure t h e  r e a c t i o n  temperatures.  

The microbalance w a s  c a l i b r a t e d .  

Evacuation was c a r r i e d  o u t ,  using an e x t e r n a l  turbomolecular 

pump and, u l t i m a t e l y ,  an ion pump. A twenty-four hour bakeout 

a t  250'C completed experimental prepara t ions .  

Temperature was increased  to 800°C and allowed t o  s t a b i l i z e .  

High p u r i t y  oxygen (Matheson; minimum p u r i t y  of 99 .99%) was 

admitted t o  a p re se l ec t ed  p a r t i a l  p re s su re  through a c a l i b r a t e d  

l e a k  valve.  
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Reaction continued u n t i l  a prese lec ted  mass ga in  was noted by t h e  

microbalance, which was used t o  continuously monitor t h e  specimen 

mass. 

Temperature was decreased; oxygen flow was terminated.  

Specimen was removed and replaced.  

The r e s u l t s  of t h e  s i x  exposure runs a r e  summarized i n  Table 5 . 1 . 2 .  

Included a r e  t h e  oxygen contamination l e v e l s  i n  weight ppm, a s  de t e r-  

mined both by i n- s i t u  microbalance measurements during t h e  contamination 

experiments and by post-exposure chemical ana lyses .  The l a t t e r  ana lyses  

were performed a t  t h e  Oak Ridge National  Laboratory using a neutron a c t i -  

va t ion  technique5;  concent ra t ions  a r e  bel ieved t o  be accura t e  wi th in  

approximately il00 wppm oxygen. Reference t o  Table 5 .1 .2  i n d i c a t e s  

t h a t ,  with t h e  exception of one of t h e  VANSTAR-7 specimens (Number 2 ) ,  

the  agreement between the  measured/weighed va lues  and t h e  analyzed va lues  

i s  wi th in  t h i s  l i m i t  of accuracy. There i s  no obvious explanat ion f o r  

the  discrepancy observed i n  t h e  VANSTAR-7 specimen 2 va lue .  The analyzed 

va lues  i n  Table 5 . 1 . 2  a r e  f o r  s i n g l e  ana lyses ;  r epea t  analyses a r e  cur rent-  

l y  underway, a s  a r e  s e l e c t e d  ana lyses  f o r  n i t rogen con ten t .  

ana lyses  should provide some i n d i c a t i o n  of whether uncont ro l led  o r  acc i-  

d e n t a l  atmospheric ( a i r )  contamination occurred during (or a f t e r )  t h e  

oxygen exposures.  

The n i t rogen  

These t e s t  exposures,  while  not  providing abso lu te  o r  d e f i n i t i v e  

r e s u l t s ,  have been s u f f i c i e n t  t o  e s t a b l i s h  t h a t  t h e  UHV microbalance 

apparatus i s  capable of being used f o r  t h e  in t roduc t ion  of con t ro l l ed  

l e v e l s  of non-metallic contaminants i n t o  vanadium-base a l l o y s .  

5.1 .4 .4  Micros t ruc tura l  Charac te r i za t ions  (Task 6 )  

Mic ros t ruc tu ra l  c h a r a c t e r i z a t i o n s  of t h e  vanadium a l l o y  specimens 

t e s t e d  i n  F Y I 8 1  were l i m i t e d  t o  f r ac tog raph ic  examinations with scanning 

e l e c t r o n  microscopy (SEM). I n i t i a l l y ,  TEM examinations were a l s o  planned; 
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l i m i t a t i o n s  of both time and funding precluded these  e f f o r t s .  

Examination of f r a c t u r e  su r faces  of t e n s i l e  and creep t e s t e d  spec i-  

mens revealed no s u r p r i s e s .  The su r faces  were genera l ly  t y p i c a l  of those  

seen f o r  d u c t i l e  f r a c t u r e s ;  t h i s  was expected from the  t e n s i l e  e longat ion  

va lues  published previously , and t h e  rupture  s t r a i n  va lues  presented i n  

Table 5 .1 .1  of t h i s  r e p o r t .  S p e c i f i c  examples of t hese  r e s u l t s  a r e  pre-  

sented below. 

2 

V-20Ti. 

i s  shown i n  Figure 5.1.5. The f r a c t u r e  appearance of specimens 

t e s t e d  under cons tant  loading condi t ions  (creep) a t  65OoC i s  q u i t e  

s i m i l a r  except f o r  t h e  occas ional  presence of l a r g e r  voids  o r  cavi-  

t ies  which a r e  t y p i c a l  of specimens t e s t e d  t o  f a i l u r e  a t  high creep 

s t r a i n s ,  Figure 5.1.6. 

The f r a c t u r e  su r face  of a specimen t e n s i l e  t e s t e d  a t  50OoC 

V-15Cr-5Ti. Under c e r t a i n  t e s t  condi t ions ,  t h e  f r a c t u r e  su r faces  

of specimens of t h i s  a l l o y  exhib i ted  a mixed mode of f r a c t u r e .  For 

example, Figure 5.1.7 shows an a rea  of mixed d u c t i l e  and cleavage 

f r a c t u r e  i n  a specimen t e s t e d  a t  room temperature. 

t i o n  of t h i s  specimen was 2 7 . 7 %  a f t e r  2 2 . 4 %  uniform deformation. A t  

75OoC, t h e r e  w a s  less evidence of cleavage following t e n s i l e  t e s t i n g ,  

Figure 5.1.8. 

tured  i n  327 hours a t  an appl ied  s t r e s s  of 345 MPa i s  shown i n  

Figure 5.1.9. 

t h e  rup tu re  s t r a i n  was 2 2 . 4 % .  

The t o t a l  elonga- 

The f r a c t u r e  su r face  of a creep specimen which rup- 

The f r a c t u r e  su r face  i s  t y p i c a l  of a d u c t i l e  f a i l u r e ;  

VANSTAR-7. The f r a c t u r e  su r faces  of VANSTAR-7 a l l o y  specimens ten-  

s i l e  t e s t e d  over the  range of temperatures from room temperature t o  

750'12 displayed uniformly dimpled rup tu re  over t h e  e n t i r e  f r a c t u r e  

su r face .  This  i s  shown i n  Figure 5.1.10 f o r  a specimen t e s t e d  a t  

700'C. The two specimens which were creep t e s t e d  t o  rup tu re  a t  

700-750 C showed s i m i l a r l y  d u c t i l e  f r a c t u r e  f e a t u r e s .  
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YT-3T 17.4% 1 ooox 

Figure 5.1.5 SEM Micrograph o f  V-20Ti Tensile Tested a t  5OO0C 

VT-16C 34.5% 300X 

Figure 5.1.6 SEM Micrograph o f  V-20Ti Creep Tested a t  
65OoC a t  an Applied S t r e s s  o f  276 MPa 
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VCT-2T 27.7% 1 ooox 

Figure 5.1.7 SEM Micrograph o f  V-15Cr-5Ti Tensile Tested a t  Room Temp. 

VCT-30T 16.1% 1 ooox 

Figure 5.1.8 SEM Micrograph o f  V-15Cr-5Ti Tensile Tested a t  75OoC 
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VCT-18C 22.4% 1 ooox 

Figure 5.1.9 SEM Micrograph o f  V-15Cr-5Ti Creep Tested 
at 75OoC at an Applied Stress o f  345 MPa 

VS-11T 17.1% 300X 

Figure 5.1.10 SEM Micrograph o f  VANSTAR-7 Tensile Tested at 7OO0C 
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5.2 FATIGUE BEHAVIOR OF UNIKRADIATED VANADIUM ALLOYS - K. C. Liu  
(Oak Ridge N a t i o n a l  Labora to ry )  

5.2.1. A D I P  Task 

ADIP Task I . B . 3 ,  F a t i g u e  Crack Growth i n  Reac t ive  and R e f r a c t o r y  

A l l o y s .  

5.2.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work is  t o  deve lop  b a s e l i n e  f a t i g u e  and crack 

growth d a t a  f o r  u n i r r a d i a t e d  Pa th  C r e f r a c t o r y  metal scop ing  a l l o y s .  

5.2.3 Summary 

A s imple  two-term power l a w  was used t o  f i t  t h e  s t r a i n  c o n t r o l l e d  

f a t i g u e  d a t a  o b t a i n e d  f o r  u n i r r a d i a t e d  V-15% Cr-5% T i  a t  room tempera tu re ,  

550, and 650°C. Comparisons were t h e n  made between d a t a  g e n e r a t e d  on t h i s  

a l l o y  a t  550°C and similar d a t a  o b t a i n e d  on 20%-cold-worked t y p e  316 

s t a i n l e s s  s t ee l  a t  t h e  same tempera tu re .  This comparison showed t h e  

vanadium a l l o y  t o  have a similar low c y c l e  f a t i g u e  l i f e  a t  less t h a n  

10,000 c y c l e s  but  a s u p e r i o r  r e s i s t a n c e  t o  f a t i g u e  damage a t  h i g h e r  c y c l i c  

l i v e s .  The g e n e r a l  d a t a  t r e n d  f o r  t h i s  a l l o y  sugges ted  a n  endurance l i m i t  

a t  s t r a i n  ranges  of approx imate ly  0.7 and 0.6% a t  550 and 650"C, 

r e s p e c t i v e l y .  L imi ted  t e s t i n g  of VANSTAR-7 i n d i c a t e s  f a t i g u e  p r o p e r t i e s  

s l i g h t l y  i n f e r i o r  t o  t h e  W15% Cr-5% T i  a l l o y .  

5.2.4 P r o g r e s s  and S t a t u s  

5.2.4.1 F a t i g u e  T e s t i n g  of V-lX Cr-5% T i  

A s  r e p o r t e d  p r e v i o u s l y , '  some problems have been encoun te red  w i t h  

thermocouple-  ( s p o t  weld) or thread- induced premature  f a i l u r e  of t h e  s p e c i-  

mens i n  r e g i o n s  o u t  of t h e  gage s e c t i o n .  A c r i t i c a l  rea l ignment  of t h e  

l o a d  columnm was t h e r e f o r e  performed u s i n g  a set  of g r i p  a l ignment  j i g s  

s p e c i a l l y  des igned  and f a b r i c a t e d  f o r  use  i n s i d e  t h e  vacuum chamber. 

S u b s e q u e n t l y ,  two tes ts  were conducted on W15% Cr-5% T i  a t  550 and 650OC. 

The f i r s t  specimen (AV-521) was c y c l e d  a t  a s t r a i n  range  of 0.8% a t  

550°C. The tes t  ended i n  a normal f a i l u r e  a t  abou t  600,000 c y c l e s .  The 
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where 

A q  = t o t a l  s t r a i n  range  i n  %, 

Nf = number of c y c l e s  t o  f a i l u r e ,  and 

A ,  B, a, and 6 = material c o n s t a n t s .  

The v a l u e s  of t h e  m a t e r i a l  c o n s t a n t s  t h a t  y i e l d  t h e  c u r v e s  f i t t i n g  

t h e  d a t a  i n  Fig. 5.2.1 are t a b u l a t e d  i n  Table  5.2.2. 

Tab le  5.2.1. F a t i g u e  L i f e t i m e  Data for  Annealed 
V-15% Cr-5% T i  Tes ted  i n  Vacuum 

Maximum t o t a l  
c y c l i c  stress 

range, Aa 
( m a  1 

Cycles Mode of 
t o  test  Comments 

Test  

("C) (Z) f a i l u r e  con t ro lb  
Specimens temperature s t r a i n  

AV- 5 3 
AV-51 
AV-515 
AV-520 
AV-52 

AV-510 
AV-58 
AV-521 
AV-511 

AV-54 
AV-56 
AV-523 
AV-57 

27 
27 
23 
20 
27 

550 
550 
550 
550 

650 
650 
650 
650 

2.0 
1.0 
0.9 
0.8 
0.6 

2.0 
1.0 
0.8 
0.75 

2.0 
1.0 
0.7 
0.6 

1,340 
1,200 
1,074 

922 
830 

1,240 

951 
920 

1,080 

1,228 
1,080 

786 
7 1 7  

4,345 
109,125 
781,200 

1,860,000 
>2,047,020 

3,783 
43,555 

<600.000 
- I  

>1,072,410 

1,874 
19,452 

>572,882 
>951,302 

sc 
sc 
SCILC 
SCILC 
SCILC C 

sc 
sc 
sc 
SCILC d 

sc 
sc 
sc d 
SCILC d 

a A l l  specimens were annealed 1 h a t  1200°C in vacuum. 

bSC = s t r a i n  control  with s t r a i n  r a t e  of 4 x 10-3/s; S C l L C  = s t ra in  con t ro l ,  
t r a n s f e r r e d  t o  load con t ro l  with s t r a i n  rate of 4 x 10-2/s when the  response 
becomes e l a s t i c .  

CSpecimen did not f a i l ;  test discontinued. 

dSpecimens ruptured outs ide  the  gage sect ion.  

The vanadium a l l o y  d a t a  are compared i n  Fig. 5.2.2 t o  r e c e n t l y  

o b t a i n e d  550 and  650°C vacuum f a t i g u e  d a t a  on 20%-cold-worked t y p e  316 

s t a i n l e s s  s teel .  The vanadium a l l o y  d a t a  f e l l  w i t h i n  t h e  scat ter  band of 
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I I I I 

T a b l e  5.2.2. Materials C o n s t a n t s  for Eq. (1 )  
D e s c r i b i n g  the F a t i g u e  Behavior  of 

Annealed F 1 5 %  Cr-5% T i  

25  1.67 0.048 6208 1.055 

550 1.54 0.048 1432 0.887 

650 1.66 0.061 1170 0.948 

I - 550'C (V-15% Cr-5% Til 
x - 6WoC (V-15% Cr-5% Til  

W 

Y 
0 - 550°C (20% CW 316) 
0 - 6 5 0 ° C  (20% CW 316) I 

0 2  
(03 04 1 05 06 1 07 1 08 

N1,CYCLES TO FAILURE 

F i g .  5.2.2. Comparison of F a t i g u e  Behavior  of ZO%-Cold-Worked 
Type 316 S t a i n l e s s  S t e e l  T e s t e d  at  550 and 650°C w i t h  +15% Cr-5% T i  
Tested a t  550 and 650°C. 
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s tainless  s t e e l  da t a  i n  the  low cycle  range ( l i f e  below lo4 cycles) .  

However, a t  s t r a i n  ranges below about 0.8% the  vanadium a l l o y  exh ib i t ed  

s u p e r i o r  f a t i g u e  behavior t o  the  s tainless  s t e e l ,  which showed an apparent  

endurance l i m i t  a t  0.35% s t r a i n  range. 

The a d d i t i o n a l  t e s t s  a t  550 and 650'C support e a r l i e r  observat ion 

t h a t  t h i s  a l l o y  has an apparent endurance l i m i t  i n  terms of t o t a l  s t r a i n  

range of about 0.7 and 0.6% a t  550 and 650"C, respec t ive ly .  

5.2.4.2 Fat igue Test ing of VANSTAR-7 

Eleven a d d i t i o n a l  t e s t s  on VANSTAR-7 bring t h e  t o t a l  number of 

completed tests t o  16. The f a t i g u e  l i f e t i m e  da ta  a r e  summarized i n  

Table 5.2.3 and p lo t t ed  i n  Fig. 5.2.3. To f a c i l i t a t e  comparison, the  

power law equat ions obtained fo r  V-15% Cr-5% T i  a r e  a l s o  p l o t t e d  i n  

Fig. 5.2.3. A l l  VANSTAR-7 da ta  f e l l  c o n s i s t e n t l y  below the  curve f o r  

V-15% Cr-5% T i  a t  the  corresponding t e s t  temperature. 

Table 5.2.3. Fat igue Li fe t ime Data f o r  Annealed 
VANSTAR-7 Tested i n  Vacuum 

Maximum t o t a l  
cyclic s t r e s s  

(MPa) 

Cycles Mode of 

b 
t o  t e s t  

fa i lure  control 

Test 
Specimen0 temperature s t r a in  range, ~~ 

( 'C)  (%) 

VS-713 20 2.0 1 ,282  3 ,050 SC 
VS-72 20 1.0 1.172 29,344 SC 
vs-73 25 0.8 958 <290,000 S C  
vs-74 25 0.7 869 2 ,397,240 SC/LC 

VS-712 550 2.0 1,131 1,527 SC 
VS-76 550 1.0 958 31,703 SC 
vs-77 550 0.8 923 65,412 SC 
VS-719 550 0.8 952 49,910 SC 
VS-721 550 0.8 924 75,406 SC 
VS-715 550 0.7 814 110,656 SC 

vs-75 650 2.0 1 ,103  1 ,703  SC 

vs- 79 650 0.8 923 39,076 SC 
VS-710 650 0.7 786 142,037 SC 
VS-711 650 0.6 703 174,580 SC/LC 

VS-716 550 0.7 855 112,112 sc 

VS-71 650 1.0 930 8 ,938  sc 

a A l l  specimens were annealed 1 h a t  1400'C i n  vacuum. 
bSC = s t r a i n  control w i t h  s t r a i n  r a t e  of 4 x SC/LC = 

s t r a i n  control, transferred t o  load control w i t h  s t r a in  ra te  of 
4 x when the response becomes e las t ic .  
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c VANSTAR-7 (HEAT CAM 836 T-61 
TESTED IN VACUUM 

I 0 25°C I 
0 550T 
X 650°C 

- 2.0 

w 
0 z 
cc 
a 

25°C $ 0.8 --- 
J -- 
U A V E R A G E  T R E N D  C U R V E S  
+ 0.6 FOR V ~ 1 5  % Cr-5 % Ti 
? TESTE0 AT INDICATED 

X 

- T E M P E R A T U R E  

0.2 0'41 1 o3 i o4  1 o5 1 06 10' 

i 
0.2 0'4i 1 o3 i o4  1 o5 1 06 10' 

N,. CYCLES TO F A I L U R E  

Fig.  5.2.3. C y c l i c  F a t i g u e  Data f o r  VANSTAR-7 T e s t e d  a t  Room Tempera- 
t u r e ,  550, and 650°C i n  Vacuum. Power l a w  e q u a t i o n s  f o r  V-5% Cr-5% T i  
a re  p l o t t e d  f o r  comparison.  

Unl ike  t h e  room t e m p e r a t u r e  d a t a ,  which f e l l  s y s t e m a t i c a l l y  between 

t h e  550 and 650°C c u r v e s  f o r  t h e  V-15% Cr-5% T i  a l l o y ,  t h e r e  are some 

a p p a r e n t  anomal ies  i n  t h e  e l e v a t e d  t e m p e r a t u r e  d a t a  f o r  the VANSTAR-7. 

S i n c e  t h e s e  t e s t s  were conducted b e f o r e  t h e  r e c e n t  r ea l ignment  of t h e  l o a d  

column, a f i n a l  e v a l u a t i o n  of t h e s e  d a t a ,  i n  p a r t i c u l a r  t h o s e  t e s t e d  i n  t h e  

h igh- cyc le  range  (Act < 0.8%) w i l l  be d e f e r r e d  u n t i l  a few more tes ts  a t  

t h e  lower s t r a i n  range  are completed. 

A p r e l i m i n a r y  examina t ion  a p p e a r s  t o  i n d i c a t e  t h a t  t h e  c y c l i c  f a t i g u e  

p r o p e r t i e s  of VANSTAK-7 a t  550 and 650°C are a b o u t  t h e  same. However, 

VANSTAR-7 shows f a t i g u e  r e s i s t a n c e  i n f e r i o r  t o  F 1 5 %  Cr-5% T i  t e s t e d  under  

t h e  same c o n d i t i o n s .  

5.2.5 Reference  

1. K. C. L iu ,  " F a t i g u e  Behavior of Pa th  C Vanadium Scoping A l l o y s , "  A D I P  

Quart.  Prog. Rep.  Dee. 31 ,  1980, DOE/EK-0045/5, pp. 98-102. 
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5.3 THE EFFECT OF 70°C IRRADLATIOL? ON THE TENSILE PROPERTIES OF 
VANSTAR-7 - F. W. Wiffen (Oak Ridge National  Laboratory) 

5.3.1 ADIP Task 

ADIP Task I.B.15, Tens i le  P rope r t i e s  of Reactive and Refractory 

Alloys. 

5.3.2 Object ive 

This  experiment was designed t o  determine t h e  r a t e  of s t rengthening  

and d u c t i l i t y  change during i r r a d i a t i o n  of a vanadium a l l o y  a t  t h e  lowest 

p r a c t i c a l  a p p l i c a t i o n  temperature. Alloy VANSTAR-7 was s e l e c t e d  f o r  i r r a-  

d i a t i o n  a t  about 70°C i n  the  HFIR reac tor .  Tens i le  t e s t s  a t  25°C and 

f rac tography were used t o  eva lua te  t h e  e f f e c t s  of i r r a d i a t i o n  on the  

p r o p e r t i e s  of i n t e r e s t .  

5 . 3 . 3  Summary 

I r r a d i a t i o n  of VANSTAR-7 a t  about 70°C, followed by t e n s i l e  t e s t s  a t  

25"C, has shown t h a t  p l a s t i c  i n s t a b i l i t y  occurs i n  t h i s  a l l o y  a s  it does 

i n  many o t h e r  bcc a l loys .  P l a s t i c  i n s t a b i l i t y ,  which r e s u l t s  from d i s-  

l o c a t i o n  channeling, occurs f o r  displacement damage l e v e l s  of 0.01 dpa 

o r  g r e a t e r  and l i m i t s  the  uniform t e n s i l e  e longat ion  t o  about 0.1%. 

I r r a d i a t i o n  s t rengthening  has not ye t  s a tu ra t ed  at  a damage l e v e l  of 

1 dpa. Tota l  e longat ion  i s  s t i l l  g r e a t e r  than 2% a t  t h i s  damage l e v e l ,  

and t h e  f r a c t u r e  inode i s  f u l l y  duc t i l e .  

5.3.4 Progress and S ta tus  

5.3.4.1 In t roduct ion  

The reduct ion  of uniform e longat ion  t o  near zero  by the  e a r l y  onset  

o f  p l a s t i c  i n s t a b i l i t y  i n  i r r a d i a t e d  bcc metals and a l l o y s  has been 

observed i n  a number of This behavior is charac ter ized  by 

t h e  shape of a load- elongation curve produced i n  a t e n s i l e  t e s t ,  which 

i n d i c a t e s  t h a t  the  maximum load- carrying capaci ty  i s  reached a t  l e s s  

than  0.5% p l a s t i c  elongation. The load drops rap id ly  with inc reas ing  

deformation. Mater ia l s  t h a t  deform i n  t h i s  manner e x h i b i t  a f u l l y  d u c t i l e  

f r a c t u r e  appearance. 
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P l a s t i c  i n s t a b i l i t y  has  been observed f o r  on ly  r e l a t i v e l y  low irra-  

d i a t i o n  t e m p e r a t u r e s ,  t e m p e r a t u r e s  below which v o i d s  form. A t  t h e s e  t e m-  

p e r a t u r e s  t h e  dominant m i c r o s t r u c t u r a l  e f f e c t  of t h e  i r r a d i a t i o n  i s  a h i g h  

c o n c e n t r a t i o n  of small d i s l o c a t i o n  loops .  These loops  are very  e f f e c t i v e  

in r a i s i n g  t h e  y i e l d  s t r e n g t h  of t h e  material, but  once de fo rmat ion  i s  

i n i t i a t e d  t h e s e  loops  are swept up by g l i d e  d i s l o c a t i o n s .  The r e s u l t  i s  

b o t h  a " sof tened"  pathway f o r  f u r t h e r  de fo rmat ion  and l i t t l e  or  no a b i l i t y  

o f  t h e  m a t r i x  t o  work harden.  

R a d i a t i o n  ha rden ing  and p l a s t i c  i n s t a b i l i t y  i n  una l loyed  vanadium h a s  

been r e p o r t e d  by Smolik and Chen3 and S h i r a i s h i  e t  a l . 4  No vanadium-base 

a l l o y s  have been examined under c o n d i t i o n s  t h a t  would be expec ted  t o  pro-  

duce t h i s  de fo rmat ion  mode. 

5.3.4.2 Exper imenta l  

Sheet  t e n s i l e  samples  of VANSTAR-7 were machined from the  HSV-309 

h e a t  of t h e  a l l o y  produced by t h e  Westinghouse Corpora t ion .  The com- 

p o s i t i o n  of t h i s  h e a t  of VANSTAR-7 i s  

Element W t  % 

v Balance  
C r  9.4 
Fe  3.3 
Z r  1.2 
C 0.064 
0 0.063 
N 0.0088 

The machined samples  were annea led  f o r  1 h i n  vacuum a t  1200°C t o  produce 

f u l l  r e c r y s t a l l i z a t i o n .  The reduced gage s e c t i o n  of t h e  samples  w a s  

0.76 x 1.52 X 2.0 mm long.  

Samples t o  be i r r a d i a t e d  were s e a l e d  i n t o  aluminum i r r a d i a t i o n  

c a p s u l e s ,  two samples  p e r  c a p s u l e ,  w i t h  e x t r a  space  f i l l e d  w i t h  aluminum 

powder and hel ium a t  about  0.1 Wa (1 a t m ) .  

d i a t e d  i n  t h e  HFLR h y d r a u l i c  tube.  

r e a c t o r  c o o l i n g  water a t  abou t  55OC d u r i n g  i r r a d i a t i o n .  The specimen t e m-  

p e r a t u r e  d u r i n g  i r r a d i a t i o n s  was e s t i m a t e d  t o  be n e a r  70°C. 

f l u x  a t  t h e  i r r a d i a t i o n  p o s i t i o n  w a s  3.25 X 

f l u x  6.2 X lo1* neutrons/(m'.s) .  

These c a p s u l e s  were i r ra-  

The c a p s u l e s  were immersed i n  t h e  

The t o t a l  

n e u t r o n s / ( m 2 ' s ) ,  t h e  f a s t  
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P o s t i r r a d i a t i o n  t e s t s  were conducted on an Ins t ron  machine. S t r a i n  

va lues  were ca l cu la t ed  from the  crosshead motion. All t e s t s  were con- 

ducted a t  hot c e l l  ambient temperature, near 25OC. 

5.3.4.3 Resul t s  

The t e n s i l e  data  generated i n  t h i s  experiment a r e  l i s t e d  i n  

Table 5.3.1. Typical  load- elongation curves a r e  shown i n  Fig. 5.3.1, and 

t h e  s t r e n g t h  and d u c t i l i t y  p rope r t i e s  a r e  given a s  funct ions  of f luence  i n  

F i g s .  5.3.2 and 5.3.3. 

The t e n s i l e  curves (Fig. 5.3 .1 )  show t h a t  both t h e  y i e l d  s t r e n g t h  and 

u l t i m a t e  t e n s i l e  s t r e n g t h  of VANSTAR-7 have increased  monotonically with 

inc reas ing  dpa over t h e  f luence  range examined. The inc rease  i n  y i e l d  

s t r e n g t h  i s  much more rap id  than the inc rease  i n  u l t ima te  s t r e n g t h ,  with 

t h e  r e s u l t  t h a t  the  uniform e longat ion  decreases t o  zero a s  the  two 

measures of s t r eng th  become equal. 

There is no ind ica t ion  i n  t h i s  data  set  that t h e  i r r a d i a t i o n  har- 

dening has sa tura ted .  In f a c t ,  comparison with r e s u l t s  on a specimen 

i r r a d i a t e d  t o  9.3 dpa a t  496°C and then t e s t e d  a t  25°C shows t h a t  

VANSTAR-7 can be hardened well  beyond the  s t r e n g t h  l e v e l  reached by i r r a-  

d i a t i o n  t o  1 dpa a t  70°C. This comparison does not i n f e r  t h a t  e i t h e r  t h e  

hardening mechanism i s  the  same f o r  the  two i r r a d i a t i o n  temperatures or  

t h a t  t h e  maximum achievable s t r eng th  l e v e l  should be the  same f o r  the  two 

cases.  The s t r e n g t h  da ta ,  given as  a funct ion  of damage l e v e l  i n  

F i g .  5 . 3 . 2 ,  shows a simple dependence of the  u l t ima te  s t r eng th  on f luence 

f o r  t h e  ma te r i a l  i r r a d i a t e d  a t  70°C. However, an approximate extrapola-  

t i o n  of t h i s  da ta  passes below t h e  s t r e n g t h  achieved by the  higher  t e m -  

pe ra tu re  i r r a d i a t i o n .  

Both t h e  uniform and t o t a l  t e n s i l e  e longat ion  a r e  reduced by the  

i r r a d i a t i o n  (Fig. 5.3 .3 ) .  The uniform e longat ion  has decreased r ap id ly ,  

reaching a near-zero value a t  a f luence  producing 0.01 dpa, a t  the point  

where t h e  y i e l d  s t r e n g t h  has been increased  t o  equal  t h e  u l t ima te  t e n s i l e  

s t r eng th .  

above 2% f o r  a l l  condit ions tes ted .  However, t h i s  t o t a l  e longat ion  

r e f l e c t s  only t h e  deformation i n  t h e  neck region of t h e  t e s t e d  specimen. 

The t o t a l  e longat ion  i s  not a s  quickly a f f e c t e d  and remains 
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T a b l e  5.3.1. The 25°C T e n s i l e  P r o p e r t i e s  of I r r a d i a t e d  VANSTAR-7 

I r r a d i a t i o n  Parameters  

Fluence, Displacement 
>0.1 MeV Level 

(neu t rons lmz)  (dpa)  

Temperature 
( " C )  

S t r a i n  
Rate 

( S - 1 )  

S t r e n g t h .  ma Elonga t ion ,  I ,  

0'2' Ult imate  Uniform T o t a l  
Yie ld  

0 

0 

0 

0 
7 0  1.0 x 1022 

7 0  1.0 x 1022 

7 0  1.0 x 1 0 2 3  

7 0  1.0 x 1023 

7 0  1.0 x 1024 

7 0  1.0 x i o z 4  

7 0  1.0 x 1025 

7 0  1.0 x 1 0 2 5  

4 9 6  1.5 X 

0 .00095  

0 .00095  

0 . 0 0 9 5  

0 . 0 0 9 5  

0 .095  

0.095 

0 .95  

0 .95  

9.3 

4.2 x 10-4 

4.2 x 10-4 

4.2 x 

4.2 X 

4.2 x 10-4 

4.2 x 10-4 

4.2 x 10-4 

4.2 x 10-4 

4.2 x 10-4 

4.2 x 10-4 

4.2 x 10-4 

3.3 x 10-4 

4.2 X 

3 6 3  

341  

332  

4 8 8  

445  

4 3 3  

627 

6 5 4  

534  14.8 21.9 

510 15.2 22.5 

501 13.8 19.0 

571  10.8 18.5 

548  11.8 17.6 

531  11.6 16.3 

627 0.06 8 .24  

6 5 4  0.3 2.3 

7 2 9  7 2 9  0. I 7.6 

717  7 1 7  0.0 4.3 

8 5 4  a 5 4  0.06 3.5 

8 1 9  8 1 9  0.06 4.5 

9 5 1  1017 2.5 8.2 

VANSTAR 7 
IRRADIATED IN  HFlR A T  70°C 
TO DISPLACEMENT LEVEL SHOWN 

TENSILE TESTS AT 25'C 

CONTROL 

- 

MACHINE MODULUS1 1 
I 
1 

1 
0 2 4 6 8 10 12 14 16 18 20 22 24 

ELONGATION l%l 

F ig .  5.3.1. Load- Elongat ion  Curves f o r  VANSTAR-7 I r r a d i a t e d  a t  70OC 
P l a s t i c  i n s t a b i l i t y  is  t o  Neutron F l u e n c e s  up t o  1.0 X l o z 5  neut rons /m2.  

o b s e r v e d  f o r  f l u e n c e s  p roduc ing  0.0095 dpa o r  g r e a t e r .  
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1 

Fig. 5.3.2. Strength Values for Irradiated VANSTAR-7 i n  Tensile 
Tests at 25'C. 

OR EER-I1 AT 496-C 
TESTED AT 25'C 

TOTAL 

\ 

UNIFORM \ 
ELONGATION \ 

\ 
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j 49 

T 

I '+++.+- 
O . M 1  0.01 0 1  10 lo 

DISPLACEMENT LEVEL Idpal 

Fig. 5.3.3. Tensile Elongation of Irradiated VANSTAR-7 Measured 
a t  25OC. 
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I n  t h e  one sample i r r a d i a t e d  a t  t h e  higher  temperature of 496°C t h e  

behavior is q u i t e  d i f f e r e n t  from t h a t  of t h e  material i r r a d i a t e d  a t  70°C. 

For the higher  i r r a d i a t i o n  temperature t h e  deformation included some com- 

ponent of work hardening a f t e r  t h e  y i e l d  s t r e n g t h  was reached, and both 

uniform and t o t a l  e longat ions  are g r e a t e r  than f o r  t h e  low-temperature 

i r r a d i a t i o n .  Reduction i n  a rea  w a s  est imated f o r  samples examined by 

scanning e l e c t r o n  ~ L C K O S C O ~ ~  (SEM). 

t i o n  of a rea  i n  t h e  range 55 t o  75%, with no apparent dependence on t h e  

f luence level .  

All samples had f a i l e d  a f t e r  reduc- 

The f r a c t u r e  mode was unaffected by i r r a d i a t i o n  a t  7OoC. Scanning 

e l e c t r o n  microscopy examination showed t h a t  a l l  samples had f a i l e d  i n  a 

d u c t i l e  mode, with t h e  Characteristic dimples on the f r a c t u r e  su r face  

shown i n  Fig. 5.3.4. 

similar f o r  a l l  tests. 

s a m p l e  matrix. 

through e i t h e r  cleavage or  g r a i n  boundary separa t ion .  

nea r ly  perpendicular  t o  the t e n s i l e  a x i s  i n  a l l  tests. 

The d i s t r i b u t i o n  of dimple s i z e s  was q u a l i t a t i v e l y  

The dimples had o r ig ina ted  a t  p r e c i p i t a t e s  i n  the 

There w a s  no i n d i c a t i o n  of any b r i t t l e  f r a c t u r e  mode, 

F rac tu res  were 

Fig. 5.3.4. Frac ture  Surface of a VANSTAR-7 Sample I r r a d i a t e d  t o  
0.95 dpa at  70OC and Then Tens i le  Tested t o  Frac ture  a t  25OC. 
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M-10338 
I 

Fig. 5.3.5. S l i p  Traces on the F l a t  Gage Sect ion  of VANSTAR-7 
I r r a d i a t e d  t o  0.95 dpa a t  70°C and Then Tested i n  Tension a t  25OC. 

S l i p  traces could be seen i n  some areas of a l l  t e s t e d  samples i n  SEM 

examination of t h e  f l a t  su r faces  of the  gage sec t ion .  The t r end  shown was 
f o r  the s l i p  traces t o  be deeper, b e t t e r  defined, and more widely spaced 

a s  t h e  f luence  increased. An example of these  markings i n  t h e  h ighes t  

f luence  sample i r r a d i a t e d  a t  70°C i s  shown i n  Fig. 5.3.5. These markings 

show t h a t  deformation has been predominantly on two s l i p  systems, with 

s e p a r a t i o n  between a c t i v e  s l i p  l i n e s  on the order of 2 p. These s l i p  

traces could be seen only in areas we l l  away from t h e  f r a c t u r e ,  as t h e  

e x t e n s i v e  deformation i n  the necked region  destroyed any evidence of t h e  

e a r l y  deformation s tages.  

i Discussion and Conclusions 

I r r a d i a t i o n  of VANSTAR-7 a t  70'C, followed by t e n s i l e  t e s t i n  

r a p i a l y  auang,cueueu IUW ~ i u a i i ~ e b ,  W L L I L  near ly  q u a i  yieru ana u l t ima te  

t e n s i l e  s t r eng ths  r e s u l t i n g  f o r  f luences  producing 0.01 dpa. S t r eng th  

i n c r e a s e s  wi th  increas ing  f luence ,  with no evidence of a s a t u r a t i o n  of 

s t rengthening  a t  a displacement damage l e v e l  of 1 dpa. These i r r a d i a t i o n  
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condi t ions  have s i g n i f i c a n t l y  reduced t h e  t e n s i l e  elongat ion;  t h e  uniform 

e longa t ion  i s  only a few t en ths  percent f o r  i r r a d i a t i o n s  producing 

0.01 dpa OK g r e a t e r ,  while the t o t a l  e longat ion  continues t o  decrease wi th  

inc reas ing  f luence  f o r  t h e  f luence  range sampled. 

d u c t i l i t y  l o s s  do not give any ind ica t ion  of a s h i f t  in t h e  duct i le- to-  

b r i t t l e  t r a n s i t i o n  temperature t o  above room temperature. 

The s t rengthening  and 

The observed hardening and loss of uniform e longat ion  by t h e  onset  of 

p l a s t i c  i n s t a b i l i t y  r e s u l t  from t h e  mic ros t ruc tu ra l  damage produced by 

t h e  i r r a d i a t i o n .  

c o n s i s t  mainly of a high concent ra t ion  of small d i s l o c a t i o n  loops. 

l oops  are e f f e c t i v e  in hardening t h e  material, but once deformation 

i n i t i a t e s  the  loops are swept up by deformation d is loca t ion .  The r e s u l t  

i s  a channel t h a t  is s o f t  f o r  continued deformation. The concentrated 

deformation r e s u l t s  i n  broad channels f r e e  of d i s l o c a t i o n  loops and coarse  

slip t r a c e s  on the  f r e e  surfaces.1.4 

This damage has been shown f o r  s i m i l a r  materials2s4 t o  

The 

While t h i s  channeling deformation mode restricts s l i p  and r e s u l t s  i n  

a load drop a f t e r  y i e ld ing  begins, it does not lead  t o  a b r i t t l e  f r a c t u r e  

mode. Extensive deformation i n  a necked-down region of t h e  material l eads  

t o  high l o c a l  deformation as r e f l e c t e d  by l a r g e  reduct ion i n  a rea  a t  t h e  

f r a c t u r e .  In t h e  VANSTAR-7 t h e  f r a c t u r e  occurred by the  l i n k i n g  of 

deformation-produced voids t h a t  had nucleated on preex i s t ing  p r e c i p i t a t e s  

i n  t h e  a l l o y  matrix. 
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5.4 FATIGUE CRACK PROPAGATION I N  SELECTED TITANIUM ALLOYS - 
R. J. Puigh and A. M. E r m i  (Hanford Engineering Development 
Laboratory).  

5 .4 .1  ADIP Task 

ADIP Task I.B.3, Fatigue Crack Growth i n  React ive/Refractory 

Alloys (Path C ) .  

5.4 .2  Objec t ive  

The ob jec t ive  of t h i s  s tudy i s  t o  quant i fy  t h e  f a t i g u e  crack 

propagation behavior of s e v e r a l  candidate  t i t an ium a l l o y s .  

5.4.3 Summary 

Room temperature tests have been performed on s e l e c t e d  t i t an ium 

a l loys .  A t  r e l a t i v e l y  small values f o r  t h e  s t r e s s  i n t e n s i t y  f a c t o r ,  

AK, t h e  crack growth r a t e s  f o r  a l l  t i t an ium a l l o y s  inves t iga t ed  are 

wi th in  a f a c t o r  of t h ree .  Each of t h e  t i tan ium a l l o y s  has observable 

crack propagat ion f o r  stress i n t e n s i t y  f a c t o r s  as s m a l l  as 4.2  MPa q. 
5.4.4 Progress  and S ta tus  

5 . 4 . 4 . 1  In t roduct ion  

Titanium a l l o y s  have been considered v i a b l e  candidate  a l l o y s  f o r  

a p p l i c a t i o n  i n  fus ion  power r e a c t o r s  because of t h e i r  supe r io r  

s t r e n g t h  t o  weight r a t i o  and b e t t e r  thermal stress p r o p e r t i e s  when 

compared t o  s t a i n l e s s  s t e e l .  (') 

f o r  s e l e c t e d  t i tan ium a l l o y s  has been measured us ing  t h e  miniature 

specimen technology. (* ' 3 )  

provide base l ine  FCP da ta  f o r  t hese  a l l o y s .  

compared with t h e  t e s t  r e s u l t s  from neutron i r r a d i a t e d  minia ture  CCT 

specimens when these  specimens become ava i l ab le .  

5 .4 .4 .2  Experimental Procedure 

The gage sec t ions  of t h e  minia ture  CCT specimens w e r e  f a b r i c a t e d  

The f a t i g u e  crack propagation behavior 

These measurements were undertaken t o  

These measurements w i l l  be 

from 0.076 cm shee t  s tock  f o r  t h e  t i t an ium a l l o y s  l i s t e d  i n  Table 1. 

Also shown i n  Table 1 a r e  t h e  chemical compositions f o r  t hese  a l l o y s .  
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All gage s e c t i o n s  were f ab r i ca t ed  with t h e i r  notch p a r a l l e l  t o  t h e  

r o l l i n g  d i r e c t i o n .  The p u l l  t abs  were f ab r i ca t ed  from c o m e r c i a l l y  

pure t i t an ium t o  in su re  we ldab i l i t y  of t h e  gage s e c t i o n s  t o  t h e  p u l l  

t abs .  

The crack length  w a s  measured using an e l e c t r i c a l  p o t e n t i a l  

technique. (') 

and t h e  vol tage  drop across  t h e  face  of t h e  gage s e c t i o n  is measured at 

two pos i t i ons .  A c a l i b r a t i o n  curve then r e l a t e s  t h e  r a t i o  of t h e  

vol tages  a t  t h e  two pos i t i ons  t o  t h e  h a l f  crack length .  Thin, 0.13 mm 

diameter commercially pure t i t an ium w i r e  was used f o r  t h e  vol tage  l eads  

t o  t h e  gage s e c t i o n  t o  minimize t h e  e f f e c t s  of induced e m f ' s  a t  

e l eva ted  temperatures.  The l eads  from t h e  specimen t o  t h e  ou t s ide  of 

t h e  test r i g  a r e  a l s o  commercially pure t i t an ium wire. 

A d i r e c t  cu r ren t  of 5 amps is passed through t h e  specimen 

The c y c l i c  t e s t i n g  of t h e  specimens has been performed us ing  

a f a t i g u e  machine described i n  Reference 2 .  A l l  tests were performed 

a t  room temperature (25'C) in a i r .  The Ti-5621S, T i- 6242s  and Ti-6A1-4V 

(be ta  anneal)  tests were performed a t  a c y c l i c  r a t e  of 6.67 cyc le s / sec  

wi th  t h e  r a t i o  of minimum t o  maximum load ,  R, e q u a l  t o  0.05. The m i l l  

anneal  Ti-6A1-4V w a s  t e s t e d  a t  a c y c l i c  r a t e  of 20 cyc le s / sec  and 

R = 0.10. A s inuso ida l  loading form was employed i n  a l l  t e s t s .  The 

stress i n t e n s i t y  f a c t o r  range used  f o r  t h e  CCT specimens w a s  : (4) 

AK = [ l - R l  to&] [1-0.025(2a/W)2 

+ 0.06 (2a/W)4][sec (Ira/W)]0.5 

where u i s  t h e  maximum appl ied  stress, a i s  t h e  ha l f- crack  length  and 

W i s  t h e  specimen width. 

t h e  crack growth curves. 

The secant  method(5) was used t o  cons t ruc t  

5 .4.5 Resul t s  

Fat igue crack propagation behavior  has  been measured f o r  t h e  

fol lowing t i t an ium a l l o y s  and thermomechanical t rea tments :  Ti-6A1-4V, 

both m i l l  anneal (718"C/4hr/AC) and b e t a  anneal (1038'C/30m/AC + 
718'C/Zhr/AC; Ti-5621S,  duplex anneal (974OC/lhr/AC + 593"C/Zhr/AC); 



156 

and Ti -6242S,  duplex anneal (899"C/30m/AC + 788'C/15m/AC). P l o t s  

of t h e  crack growth r a t e ,  -, as a funct ion  of t h e  s t r e s s  i n t e n s i t y  

f a c t o r ,  AK, a r e  shown f o r  each t i t an ium a l l o y  condi t ion  i n  Figures 1- 4. 

For each t i tan ium a l l o y  condit ion a minimum of two tests were performed 

a t  25°C. A s  seen i n  each of t h e  f igu res  t h e  overlap between t h e  two 

tests w a s  q u i t e  good. In comparing t h e  crack growth r a t e s  f o r  t hese  

a l l o y s  t h e  m i l l  anneal condit ion of Ti-6A1-4V e x h i b i t s  t h e  f a s t e s t  

crack growth r a t e  and t h e  be ta  anneal condi t ion  of Ti-6Al-4V e x h i b i t s  

t h e  slowest crack growth r a t e  of t h e  a l l o y s  and condi t ions  t e s t e d .  

dashed curves i n  Figures 1 and 2 a r e  t h e  r e s u l t s  of t e s t s  performed on 

s tandard s i zed  specimens. (6) 

to- tension loading with a haversine waveform, a frequency of 5 Hz, and a 

load r a t i o  of R = 0.1. The r e s u l t s  of t hese  tests agree  with t h e  

r e s u l t s  from tests using t h e  minia ture  CCT specimen f o r  both t h e  m i l l  

and beta anneal condi t ions  of Ti -6Al-4V.  

da 
dN 

The 

The t e s t  condit ions were: c y c l i c  tension-  

The f r a c t u r e  su r faces  appear t o  be " typica l"  f o r  t h e  Ti- 6Al- 4V 

(mi l l  anneal) , Ti-5621s and T i- 6242s  t e s t s J 7 )  

performed on t h e  Ti-6Al-4V m i l l  anneal  specimen. 

exh ib i t ed  a morphology cons i s t en t  wi th  d u c t i l e  f r a c t u r e  f o r  l o w  OK. 

in te rmedia te  AK va lues  s t r i a t i o n  and some cleavage were evident .  The 

f r a c t u r e  su r face  of t h e  b e t a  anneal  Ti- 6A1- 4V specimens exhib i ted  a 

much more tor tuous  pa th  f o r  t h e  c rack ' s  path.  

t h e  f a t i g u e  crack  propagation behavior of b e t a  anneal  Ti-6A1-4V have 

shown t h a t  a t  low crack growth r a t e s  t h e  c rack  path appears t o  fol low 

p r i o r  b e t a  g ra in  boundaries.  (7)  This may c o n t r i b u t e  t o  t h e  r e l a t i v e l y  

supe r io r  f a t i g u e  crack  growth r e s i s t a n c e  of t h e  b e t a  anneal  Ti-6Al-4V. 

A t  h igher  va lues  of AK t r ansg ranu la r  crack propagation was evident .  

Fractography was 

The f r a c t u r e  su r face  

A t  

E a r l i e r  i nves t iga t ions  of 

F ina l ly  i n  Figure 5 t h e  FCP r e s u l t s  f o r  t i t an ium a l l o y s  a r e  

compared with t h e  FCP behavior of HT-9 (heat  #91353) and 20% CW 316 SS 

(heat  #X-15893) f o r  equivalent  test  condit ions.  The t i t an ium a l l o y s  

are observed t o  have a crack growth rate which i s  on average a f a c t o r  

of t h r e e  g r e a t e r  than t h e  c rack  growth rate f o r  HT-9 o r  20% CW 316 S S .  

O f  more s e r i o u s  concern i s  t h e  observat ion t h a t  f o r  t h e  t i t an ium a l l o y s  

crack propagation is observed t o  occur f o r  r e l a t i v e l y  low values  of 
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STRESS INTENSITY FACTOR RANGE, I K ,  M P a 6  

Figure  5 .4 .1  FCP behavior  f o r  m i l l  annealed Ti-6A1-4V. 
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Figure 5 . 4 . 2  FCP behavior  f o r  b e t a  annealed Ti-6A1-4V. 
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Figure 5 . 4 . 3  FCP behavior f o r  Ti- 6242s. 
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F i g u r e  5 . 4 . 4  FCP b e h a v i o r  for Ti-5621s. 
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AK z 4.2 MPa J;;; . 
ratio of R = -1 suggest that there is no crack growth in stainless 

steels when the stress intensity factor is less than approximately 

6 MPa 6.") 

5.4.6 Future Work 

Limited data on stainless steels tested at a stress 

No additional testing is planned in the next reporting period. 

Eventually elevated temperature baseline testing and the testing of 

irradiated specimens are envisioned. 
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7.1 EVIDENCE OF SEGREGATION TO MARTENSITE LATH BOUNDARIES I N  TEMPER- 

EMBRITTLED 12Cr-lMo-.3V STEEL (HT-9) - T. A. Lechtenberg (General 

Atomic Company) 

7.1.1 AUlJ&k 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has 

s t a t e d  t h e  need t o  i n v e s t i g a t e  f e r r i t i c  s t e e l  a l l o y s  under t h e  ADIP 

program task. F e r r i t i c  S t e e l s  Development (Path E). 

7.1.2 Qb&dxg 

This sec t ion  r e p o r t s  and d iscusses  t h e  r e s u l t s  of Auger e l e c t r o n  

spectroscopy on HT-9 specimens f r ac tu red  i n - s i t u  a t  t o r r .  The work 

was performed a t  Sandia Laboratory i n  Livermore by D r y  Bernie Mills. 

Al so ,  the  r e l a t i o n s h i p  of these  r e s u l t s  and those  previously generated 
descr ib ing  t h e  micros t ruc ture  a r e  discussed.  

7.1.3 

Frac ture  p rope r t i e s  and a d e t a i l e d  mic ros t ruc tu ra l  examination of 

12Cr-lMo-.3V S tee l  (HT-9) have been repor ted  previously (1.2). It has 

been shown t h a t  "I-9 i s  suscep t ib l e  t o  a degree of temper embritt lement 

(TE). In  these  s t u d i e s  ma te r i a l  was a u s t e n i t i z e d  a t  1000°C and tempered 

a t  65OOC. both f o r  an hour followed by an a i r  cool. Half of t h e  Charpy 

V-notch specimens were subsequently aged a t  55OOC f o r  100 hrs.  and 

t r a n s i t i o n  temperature curves were generated f o r  both condit ions.  The 

da ta  showed t h a t  t h e r e  was an inc rease  i n  t h e  d u c t i l e  t o  b r i t t l e  

t r a n s i t i o n  temperature (DBTT) of 80°C due t o  thermal aging ( t h i s  i s  

shown i n  Fig. 1 ) .  

a ted  w i t h  slow cooling through or  aging i n  t h e  temperature regime of 

600-450OC. 

s i t i o n .  Other i n v e s t i g a t o r s  (3-5) have shown t h e  decrease i n  toughness 

( inc rease  i n  DBTT) t o  be the  r e s u l t  of segregat ion of tramp impurity 

elements such a s  Sn. P. S. and Sb. t o  t h e  p r i o r  a u s t e n i t e  g r a i n  bound- 

a r i e s .  These a r e  thought t o  ' pu l l '  e l ec t rons  from the  nea res t  m e t a l l i c  

bonds leaving them weak. and an easy path f o r  crack propagation (3.6). 

This was expected because TE i s  c l a s s i c a l l y  assoc i-  

The s p e c i f i c  temperatures a r e  dependent upon a l l o y  compo- 
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However, t h e  f r a c t u r e  sur faces  of t h e  precracked Charpy specimens used 

i n  t h i s  i nves t iga t ion  d i d  not  exh ib i t  a change i n  f r a c t u r e  mode a s  a 

r e s u l t  of aging. The f r a c t u r e  mode a t  a l l  temperatures t e s t e d  (except 

t h e  h ighes t  i n  t h e  unaged case)  was i n t e r l a t h  (between mar tens i te  l a t h  

boundaries) w i t h  some d u c t i l e  tear ing .  The cleavage f a c e t s  a r e  the  s i z e  

and approximate morphology of the  mar tens i te  l a t h s  i n  t h e  s t ruc tu re .  and 

so were presumed t o  be so. The sur faces  a r e  shown i n  Fig .  2 .  This 

anamoly with c l a s s i c a l  behavior prompted f u r t h e r  i nves t iga t ion  t o  

determine why the  propagating crack followed t h e  l a t h  boundaries. 

c a r e f u l  t ransmission e l e c t r o n  microscopic (TEM) examination showed t h a t  

M23C6 carbides were decorat ing the  mar t ens i t e  l a t h  boundaries. It a l s o  

showed these  carb ides  p r e c i p i t a t e d  from t h i n  f i lms  of a u s t e n i t e  r e t a ined  

a t  t h e  l a t h  boundaries during cooling from a u s t e n i t i z a t i o n .  These f i lms  

were a l s o  shown t o  be supersa tura ted  i n  carbon which promoted t h e i r  
s t a b i l i z a t i o n .  Subsequent tempering r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  of 

t h e  carb ides  leaving  a semicontinuous network surrounding t h e  mar t ens i t e  

l a t h s .  A TEM a n a l y s i s  showed t h a t  t h e r e  was l i t t l e  or  no change i n  t h e  

morphology o r  amount of t h e  M23C6 carb ides  a t  t h e  boundaries a f t e r  aging 

a t  55OOC f o r  100 hr. 

formation. but t h e  micros t ruc tures  appeared very s imi lar .  

A 

The l a t h s  had recovered by some subgrain 

This q u a r t e r l y  r e p o r t s  Auger e l e c t r o n  spectroscopy performed a t  

Sandia Laboratory on specimens f r ac tu red  i n- s i t u  and produced from t h e  

Charpy specimens from which a l l  o ther  data  had been generated. 

t o  understand t h e  causes of embritt lement and poss ib l e  cures,  Auger 

ana lys i s  was done t o  i d e n t i f y  segregat ing  specie .  Ramification of t h e  

work may lead t o  a choice of b e t t e r  mel t ing  p rac t i ce .  It was found t h a t  

t h e  quenched. tempered. and aged condit ion had mar tens i te  l a t h  sur faces  

considerably enriched i n  S a s  compared t o  t h e  unaged ma te r i a l .  

increase  i n  t h e  DBTT a s  a r e s u l t  of aging i s  assoc ia ted  wi th  an increase  

i n  t h e  concentrat ions of S a t  l a t h  boundaries. These r e s u l t s  a r e  d i s-  

cussed and poss ib l e  so lu t ions  a r e  suggested. Also. tempering p r i o r  t o  

aging causes an inc rease  i n  P and S i  l e v e l s  a t  t h e  l a t h  boundaries. 

This may be assoc ia ted  with expulsion of these  elements a s  M23C6 

carbides p r e c i p i t a t e .  

I n  order  

The 
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7.1.4 

The ma te r i a l  used i n  t h i s  i n v e s t i g a t i o n  was obtained from t h e  

National Breeder Material  S tockpi le  (hea t  No. 91354) a t  BEDL i n  t h e  form 

of 1-5/16 in.  diameter rod. The chemistry i s  given i n  Table 7.1.1. The 

as- received ma te r i a l  had been heated t o  l l O O ° C  f o r  a t  least an hour. hot  

worked wi th  r ehea t s  t o  115OOC between each pass. slow cooled. and temp- 

ered  a t  75OOC f o r  1 hour followed by an a i r  cool. 

Table 7.1.1 Chemistry of 12Cr-lMo-0.3V Alloy (HT-9) (wt. %) 

C C r  Mo V W N i  Mn S i  P S Fe 

0.21 12.09 1.02 0.33 0.54 0.58 0.50 0.21 0.008 0.003 Bal. 

Specimen blanks f o r  s tandard Charpy V-notch t e s t s  were cu t  from 

They were heated t o  1000°C f o r  an hour. and air- cooled. t h i s  p l a t e .  

then  tempered f o r  an hour a t  650OC. 

100 h r  t o  promote temper embritt lement.  

wi th  and without a precrack on a Dynatup drop weight impact t e s t e r  w i th  

an ET1300 microprocessor. 

Ref. 7. Auger specimens were machined from t h e  broken specimens. These 

specimens were broken i n- s i t u  a t  

They were cooled f o r  ha l f  an hour t o  near  l i q u i d  n i t rogen  temperature by 

holding aga ins t  a LN2-cooled block. The specimens a r e  notched and f r a c-  

t u r e  was performed by s t r i k i n g  them wi th  a tup i n  t h e  machine. 

Half were then aged a t  55OOC f o r  

These specimens were t e s t e d  

The technique i s  completely described i n  

t o r r  t o  reduce contamination. 

Because of t h e  poor r e s o l u t i o n  of t h e  Auger s p e c t r w e t e r  i n  t h e  

scanning mode t h e  su r faces  were examined on a scanning e l e c t r o n  micro- 

scope a t  General Atomic t o  ensure t h a t  he f r a c t u r e s  appeared s i m i l a r  t o  

those seen on t h e  su r faces  of t h e  impact specimens. 

7.1.5 Results and Discussion 
The condit ions of 12Cr-lMo-0.3V (HT-9) f r ac tu red  i n  t h e  Auger 

spectrometer were: (1)  1000°C a u s t e n i t i z a t i o n  and 65OOC tempering both 
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f o r  an hour and followed by an a i r  cool (Q and T condit ion) .  and ( 2 )  t h e  

same treatment but followed by thermal aging a t  55OOC f o r  100 h r s  (aged 

condi t ion) .  

known t o  happen a t  t h a t  temperature. 

The l a t t e r  was t o  promote temper embritt lement which i s  

The experiment was designed t o  f i r s t  f r a c t u r e  and analyze t h e  aged 

condition. The Auger spectrometer i n  t h e  scanning mode does not  have 

s u f f i c i e n t  r e s o l u t i o n  t o  ensure t h a t  one l a t h  f a c e t  would be observed. 

However. i t  i s  important t o  ensure t h a t  da t a  be c o l l e c t e d  from t h e  l a t h  

cleavage f a c e t s  because these  were the  overwhelmingly dominant f e a t u r e  

observed previously on t h e  SEM and. therefore .  considered t h e  'weakest' 

l i nk .  However. reducing t h e  scanning a rea  inc reases  t h e  time f o r  da ta  

c o l l e c t i o n  and t h e  uncer ta in ty  t h a t  t h e  chemical r e s u l t s  a r e  representa-  

t i v e  of a l l  l a t h  f a c e t s .  

Although scanning indiv idual  l a t h  boundaries i n  s u f f i c i e n t  quan t i ty  

t o  be meaningful i s  idea l .  t h i s  was deemed t o o  t i m e  consuming. Sor one 

l a t h  f a c e t  was scanned and those r e s u l t s  were compared t o  a scan th,at 

incorporated many l a t h s  (-25). There was l i t t l e  d i f f e rence  observed 

when correc ted  f o r  oxygen and carbon contamination. Thus. a l l  o ther  

scans were performed on reg ions  which contained approximately 5 l a t h  

cleavage f a c e t s .  The r e s u l t s  a r e  l i s t e d  i n  Table 7.1.2. This t a b l e  

shows t h e  chemical a n a l y s i s  i n  atomic percent  f o r  t h e  bulk and t h e  two 

condi t ions  s tudied.  The bulk chemistry i s  ca l cu la t ed  from weight per- 

cent  va lues  l i s t e d  i n  Table 7.1.1. 
The e f f e c t s  of processing and t h e  

hea t  t reatments  l i s t e d  above are seen by comparing t h e  bulk ana lys i s  t o  
t h a t  of t h e  ma te r i a l  quenched and tempered a t  1000° and 650OC. 

The carbon concentrat ions of t h e  l a t h  boundaries were increased 

from t h e  bulk from 1.1 a t  % t o  3.6 a t  %. 

carb ide  p r e c i p i t a t i o n  a t  l a t h  i n t e r f a c e s  because t h e  carbon was bonded 

a s  a carbide. 

dependent upon t h e  type of bonding i n  t h e  atom and was compared t o  known 

standard peaks. 

s l i g h t l y  higher  due t o  t h e  Cr- rich carbides.  

ence i n  t h e  N i  concentrat ions,  whereas some Mo desegregat ion occurred 

This i s  probably due t o  M23C6 

This could be determined because t h e  peak slope is 

The C r  remained c lose  t o  the  bulk va lue  although 

There was l i t t l e  d i f f e r -  
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and no W was observed a t  a l l .  

W and Mo i n  M23Cg i n  t h i s  a l loy .  

t o  in t e r f e rence  by Fe. 

bulk concent ra t ion  were S i .  P. and S. Phosphorous and s u l f u r  a r e  known 

t o  segregate  when t h i s  c l a s s  of s t e e l s  i s  cooled slowly through t h e  

6 0 O 0 - 4 5 O O C  range and both were concentrated one t o  two orders  of mag- 

ni tude  higher a t  t h e  l a t h  boundary (8). The ma te r i a l  received an a i r  

cool ing a f t e r  tempering a t  6 5 O O C .  so t h e  increase  i n  S and P i s  probably 

due t o  tha t .  It would not be due t o  processing h i s t o r y  o r  a u s t e n i t -  

i z a t i o n  because one important f e a t u r e  of temper w b r i t t l e m e n t  i s  i t s  

r e v e r s i b i l i t y  by heat ing t o  any temperature higher  than t h e  embr i t t l i ng  

range followed by a f a s t e r  cooling (3). 

then t h e  f a s t e r  quench prevents it from resegregat ing.  

This may be due t o  l imi t ed  s o l u b i l i t y  of 

The V peak could not  be  observed due 

The elements wi th  l a r g e s t  percent i nc reases  over 

This r e d i s t r i b u t e s  t h e  S and P. 

The increase  i n  S i  i s  more d i f f i c u l t  t o  r a t i o n a l i z e .  It i s  known 

t h a t  S i  increases  t h e  a c t i v i t y  of carbon i n  low-alloy s t e e l s .  and 

i n h i b i t s  carbide coalescense and growth (9). 

Si- bearing s t e e l .  S i  i s  expel led when carb ides  nuclea te  and grow. 

However. it has a lower d i f f u s i o n  r a t e  than C. so  may e f f e c t i v e l y  form a 

'halo '  around t h e  carbide. i n h i b i t i n g  f u r t h e r  d i f f u s i o n  of carbon i n t o  

t h e  carbide and. therefore.  f u r t h e r  growth. The S i  observed was 

covalent ly  bonded, again determined by comparing t o  s tandard peaks. 

Owen theor ized  t h a t  i n  a 

Due t o  The e f f e c t  of aging 100 h r s  a t  5 5 0 O C  can 

be seen by comparing i t  t o  t h e  quenched and tempered condition. The 

concent ra t ion  of carbon has increased l i t t l e .  This v e r i f i e s  an e a r l i e r  

conclusion t h a t  tempering a t  6 5 O O C  produces a s t a b l e  carbide ( 2 ) .  The 
C r  content i s  much smaller  than could be expected. Although more work 

would be requi red  t o  determine the  reason, i t  may be due t o  a surface-  

to-volume e f f e c t .  

l i t t l e  cont r ibut ion  from subsequent ones. 

a l b e i t  s m a l l .  coalescense of M 2 3 C g  l a t h  carb ides  a f t e r  aging a t  5 5 O o C  

observed i n  t h e  TEM. The surface-volume r a t i o  would be changed such 

t h a t  much more Cr could be 'hidden' from the  Auger spectrometer i n  

l a r g e r  carbides.  The lower Cr content.  then. may not be due t o  deseg- 

r e g a t i o n  but  an experimental e f f e c t .  Again. W was not de tec ted  and t h e  

Auger analyzes t h e  f i r s t  few atomic l a y e r s  w i t h  

Their was a not iceable.  
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V peaks were masked. After  aging. the  S i  content remained nearly con- 

s t a n t  i nd ica t ing  i t  i s  not a segregant a t  t h i s  temperature. So s i l i c o n  

may be a segregant although it i s  d i f f i c u l t  t o  r a t i o n a l i z e  s ince  l i t t l e  

increase  was observed a f t e r  aging, and t h e r e  i s  s u f f i c i e n t l y  more of t h e  

spec ie  i n  t h e  a l l o y  a v a i l a b l e  t o  po l lu t e  t h e  boundaries. 

tends t o  support t h e  Owen expulsion theory because l i t t l e  more carbide 

p r e c i p i t a t e d  a s  measured by X-ray e x t r a c t i o n  and a s  observed i n  t h e  TEM. 

and t h e  s i l i c o n  concent ra t ion  a t  t h e  boundaries mirrored t h i s .  The 

phosphorous concentrat ion increased somewhat but not s i g n i f i c a n t l y .  

es t imate  places i t  a t  the  same order  a s  i n  t h e  quenched and tempered 

condit ion,  perhaps s l i g h t l y  higher.  This may be due t o  the  inherent  

behavior of phosphorous t h a t  mimics s i l i c o n  (9). 
t h e  boundary increased three- fold  a f t e r  aging. 

the  aging time and temperature. and i s  cons is ten t  wi th  thermodynamic 

p red ic t ions  and o ther  observat ions.  

Also. t h i s  

An 

The sulphur content on 

This i s  c e r t a i n l y  due t o  

7.1.6 Conclusions 
The r e s u l t s  of t h i s  study i n d i c a t e  t h a t  t h e  degree of temper mar- 

t e n s i t e  embritt lement repor ted  e a r l i e r  may be caused by th ree  f a c t o r s .  

These are :  t h e  p r e c i p i t a t i o n  of a second phase a t  t h e  mar t ens i t e  l a t h  

boundaries. t h e  segregat ion of impur i t i e s  a t  t h e  same, or t h e  expulsion 

of s i l i c o n  and phosphorous. Although embritt lement may occur the re  i s  

s t i l l  s i g n i f i c a n t  energy needed t o  cause f r a c t u r e .  and t h e  upper-shelf 

energy decreases very l i t t l e .  Also, i t  has been shown t h a t  mar t ens i t e  

l a t h  boundaries a r e  a l s o  subjec t  t o  'micropollut ion '  a s  a r e  p r i o r  

a u s t e n i t e  g r a i n  boundaries. It was thought t h a t  high-angle boundaries 

were more subjec t  t o  b r i t t l e  f r a c t u r e  due t o  more severe s t r e s s  con- 

cen t ra t ions  a t  nodes (10). It now seems apparent t h a t  t h e  l a t h  packets '  

boundaries a r e  a l s o  of high enough angle t o  cause a f r a c t u r e  b r i t t l e .  

Also. because the  smaller l a t h s  have much more sur face  area  than on 

a u s t e n i t e  boundaries. segregant embritt lement may be s i g n i f i c a n t l y  

reduced i n  these  a l loys .  Frac ture  occurs along mar t ens i t e  l a t h  bound- 

a r i e s  and i s  made e a s i e r  by the  presence of segregants.  This i s  temper 

embritt lement.  Recent evidence on a 9Cr-1Mo a l l o y  shows t h a t  tempered 
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martensite embrittlement is exacerbated by higher silicon concentrations 
(11) which agrees with these conclusions. but is unrelated to the loss 
in toughness due t o  temper embrittlement. 
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7.2 AN AUGER ANALYSIS OF A SUPERHEATER TUBE OF HT-9 IN-SERVICE FOR 

80.000 HRS AT 600C - T. A. Lechtenberg (General Atomic Company) 

7.2.1 ADIP T a s k  

The Department of Energy DOE/Office of Fusion Energy (OFE) has 

s t a t e d  t h e  need t o  i n v e s t i g a t e  F e r r i t i c / M a r t e n s i t i c  a l l o y s  under the  

ADIP program task. F e r r i t i c  S t e e l s  Development (Path E). 

7.2.2 Obiective 
The ob jec t ive  of t h i s  con t r ibu t ion  i s  t o  r epor t  an Auger a n a l y s i s  

on an i n - s i t u  f r ac tu red  sur face  of a superheater  tube of HT-9 t h a t  was 

in- serv ice  f o r  80,000 hr  a t  600C. This i s  intended t o  supplement a 

concurrent con t r ibu t ion  which d iscusses  short- term processing e f f e c t s  on 

t h i s  same a l loy .  

7.2.3 

It has been shown i n  t h e  previous Contr ibut ion (Sec. 7.1) t h a t  t h e  

mic ros t ruc tu re  of HT-9 t o  be placed in- serv ice  or  i n  i r r a d i a t i o n  exper- 

iments i s  c r i t i c a l l y  a f f ec t ed  by p r i o r  processing and hea t  t r e a t i n g  

s t e p s  taken p r i o r  t o  tha t .  

long-term thermal ageing e f f e c t s  on t h e  mechanical p rope r t i e s  a r e  not  a s  

dependent on the  meta l lo id  o r  nonmetal l ic  impur i t i e s  such a s  s i l i c o n  o r  

sulphur,  but a r e  con t ro l l ed  by la rger .  more slowly d i f f u s i n g  spec ie s  

such a s  copper. 

This paper p re sen t s  da ta  suggest ing t h a t  

7.2.4 ExDerimental 
Material  f o r  t h i s  study was obtained from Sulzer Brothers.  The 

tube was obtained from a coa l- f i r ed  p l an t  i n  Ruetlingen. West Germany 

and had been i n  se rv ice  a t  600C f o r  80,000 hr. Archive ma te r i a l  from 

t h e  same tube was a l s o  obtained t o  compare post-exposure proper t ies .  

Mechanical property data  has been repor ted  elsewhere (Ref. 1 ) .  Auger 

ana lys i s  specimens were machined from broken ha l f  Charpy V-notch 
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specimens used i n  t h e  eva lua t ion  of mechanical p rope r t i e s  of Ref. 1. 

These were f r a c t u r e d  i n - s i t u  i n  a Physical E lec t ron ic  Model 590 Scanning 

Auget spectrometer a f t e r  cool ing f o r  ha l f  an hour i n  contact  w i th  a 

copper block a t  -195C. For more d e t a i l s .  t h e  reader  i s  r e f e r r e d  t o  the  

paper above. The vendor chemistry of t h e  ma te r i a l  i s  given i n  Table I. 

7.2.5 W and Discussion 
The r e s u l t s  of f r a c t u r e  t e s t s  on h a l f - s i z e  Charpy-V notch specimens 

a r e  reproduced from Ref. 1 i n  Table 11. A f u l l  t r a n s i t i o n  curve could 

not  be obtained due t o  u n a v a i l a b i l i t y  of aged ma te r i a l .  However. t h e  

t e s t s  d id  show t h a t  a t r a n s i t i o n  d id  occur probably between room temper- 

a t u r e  and -45C. For t h e  archive (unaged) ma te r i a l  t h e  energy absorbed 

during f r a c t u r e  was 53 Jou les  a t  22C and 18J a t  -45C. As  a r e s u l t  of 

ageing. t h e  f r a c t u r e  energ ies  dropped considerably. The 80,000 h r  aged 

specimens absorbed 185 a t  22C  and 7 5  a t  -45C. 

t h e  upper she l f  energy from 535 t o  18J. and t h e  lower she l f  decreased 

from 19J  t o  75. 

enegies.  t h e  f r a c t u r e  modes d id  not change. This behavior has been 

repor ted  by o the r s  a l s o  (Ref. 2). t h a t  is. t h e  9-12%Cr c l a s s  of s t e e l s  

may s u f f e r  a reduced impact toughness when aged i n  t h e  range of 450-600C 

but t h e  f r a c t u r e  mode may not change immediately. Temper embritt lement 

i s  a s soc ia t ed  with segregat ion of impur i t i e s  t o  high angle boundaries, 

and in low-alloy s t e e l s  such a s  A I S 1  4340 ( R e f .  3 )  or 2-1/4Cr-lMo 
(Ref. 4) invar iab ly  r e s u l t s  in a low-energy f r a c t u r e  which occurs a t  

p r io r- aus ten i t e  g r a i n  boundaries. However. t h e  higher  a l l o y  contents  of 

t h e  9-12% Cr c l a s s  appear t o  i n h i b i t  t h i s  change i n  f r a c t u r e  mode t o  

in t e rg ranu la r .  

So ageing a t  600C reduced 

Although t h e  ageing c l e a r l y  reduced t h e  f r a c t u r e  

Previously the  change i n  f r a c t u r e  energy was a t t r i b u t e d  t o  prec i-  

p i t a t i o n  a t  mar t ens i t e  l a t h  boundaries (Ref. 1 ) .  However. a c a r e f u l  

examination f a i l e d  t o  j u s t i f y  t h e  degree of embritt lement seen (Table 

11). 

TEM. The micros t ruc ture  appeared f u l l y  r e c r y s t a l l i z e d .  Typical micro- 

graphs a r e  shown i n  Fig. 1. The aged ma te r i a l  has completed r e c r y s t a l -  

This could be due t o  minor mic ros t ruc tu ra l  changes observed i n  t h e  
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l i z a t i o n .  although t h e  mar t ens i t e  l a t h  s t r u c t u r e  i s  s t i l l  apparent.  

S t ab le  M23c6 carb ides  have e f f e c t i v e l y  pinned t h e  boundaries ensuring a 

p a r t i c u l a r l y  s t a b l e  micros t ruc ture .  

remaining a t  t h e  mar t ens i t e  l a t h  boundaries. t h i s  a l l o y  would have ap- 

proached t h e  s t a b l e  morphologies of l a rge  sphe r i ca l  carb ides  i n  a s o f t  

f e r r i t e  mat r ix  r e s u l t i n g  i n  a loss i n  s t r eng th  and creep p rope r t i e s  When 

comparing t h e  a rch ive l  micros t ruc ture  wi th  t h a t  of t h e  aged ma te r i a l  it 

i s  seen t h a t  some coalescence of M23c6 carb ides  has  occurred. This. 

however. tends t o  reduce t h e  e f f ec t iveness  of t h e  argument t h a t  these  

carb ides  a r e  t h e  c u l p r i t  i n  embritt lement because no other  phase was 

seen i n  t h e  TEM i n  e i t h e r  condition. 

Were it not  f o r  these  carb ides  

In t h i s  study. Auger specimens cut  from t h e  same Charpy V notch 

specimens used t o  determine f r a c t u r e  energ ies  were f r a c t u r e d  in- sutu a t  

t o r r  t o  reduce sur face  contamination. They w e r e  cooled s u f f i -  
c i e n t l y  t o  ensure a b r i t t l e  type f r ac tu re .  although subsequent SEM 

examination showed both exhib i ted  a cleavage f r a c t u r e  along mar t ens i t e  

l a t h  boundaries. Nowhere was i n t e r g r a n u l a r  f r a c t u r e  c l e a r l y  observed. 

SEM analyses  of both su r faces  ( a s  w e l l  a s  lower magnif icat ion photo- 

graphs of t h e  e n t i r e  f r a c t u r e  su r faces )  confirm very s i m i l a r  f r a c t u r e  

modes without  any in t e rg ranu la r  f r a c t u r e .  

The Auger chemical ana lyses  of both i n t e r l a t h  f r a c t u r e  su r faces  a r e  

given i n  Table 111. 

c reases  i n  s i l i con .  nickel .  ni t rogen,  t i tanium. phosphorous. su l fur .  and 

copper. There was l i t t l e  o r  no change i n  the chromium o r  molybdenum 

concentrat ions.  For t h e  a rch ive l  condi t ion  (quenched and f u l l y  tem- 

pered) t h e  chromium and carbon l e v e l s  were increased due t o  prec ip i-  

t a t i o n  of chromium-rich M23C6 carb ides  a t  t h e  l a t h  boundaries a s  seen i n  

t h e  TEM ana lys i s .  

ageing, probably r e s u l t i n g  from a more increased p r e c i p i t a t i o n  a s  t h e  

micros t ruc ture  evolved toward equil ibr ium. S i l i c o n  increased  f r w  0.51 

t o  1.7 atomic percent  ( a t % )  during tempering. and then  t o  2 . 5  a t %  a f t e r  

ageing. Nickel remained a t  0.6 a t %  levels a f t e r  tempering. but. due t o  

ageing. t h e  Auger a n a l y s i s  showed l e v e l s  a t  0.9 at%. This may be a t r u e  

segregat ion e f f e c t  and has been repor ted  i n  aged Ni-base a l l o y s  (Ref.8). 

Compared t o  t h e  bulk composition t h e r e  were in-  

There was a s l i g h t  i nc rease  i n  both spec ie  upon 
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Nitrogen has increased s i g n i f i c a n t l y  during tempering and ageing. It 

increased from a bulk concent ra t ion  of 0.023 a t %  t o  0.7 a t %  a f t e r  

tempering and 1.3 a t %  a f t e r  aging. 

su r faces  of t h e  550C short- term aged ma te r i a l  repor ted  previously (Sec. 

7.1). Other segregants  were phosphorous and s u l f u r .  Both increased 

s i g n i f i c a n t l y .  the  phosphorous up t o  1.5 a t %  and s u l f u r  to 0.3 a t % .  

Copper a l s o  increased from 0.035 a t %  t o  0.70 a t %  a f t e r  ageing. although 

no s igna l  was de tec ted  i n  t h e  a rchive  ma te r i a l .  

This was not seen on t h e  f r a c t u r e  

When these r e s u l t s  a r e  compared to those repor ted  f o r  the  shor t-  

term 550C aged ma te r i a l  severa l  d i f f e rences  become apparent.  F i r s t .  

long-term ageing appears t o  have a d i f f e r e n t  (or  more complete) s e t  of 

chemical ' ac tors '  i n  embritt lement.  Large. more slowly d i f fus ing  

spec ie s  such a s  copper and n icke l  now a r e  segregat ing i n  s i g n i f i c a n t  

q u a n t i t i e s .  The phosphorous concent ra t ion  a l s o  inc reases  s i g n i f i c a n t l y .  

This may be due to a change i n  t h e  way molybdenum i s  a s soc ia t ed  i n  t h e  

ma t r ix  and t o  coalesced carb ides  because i t  i s  known t h a t  Mo i n h i b i t s  

temper embritt lement (Ref. 9) .  Nitrogen segregates  when t h i s  a l l o y  is 

exposed a t  600C but does not a t  550C a s  seen i n  t h e  shor t e r  term aged 

ma te r i a l  repor ted  i n  t h i s  same qua r t e r ly .  

7.2.6 

The mic ros t ruc tu re  of HT-9 i s  remarkably s t a b l e  when aged a t  tem- 

pe ra tu res  up t o  600C. Although t h e  l a t h - l i k e  s t r u c t u r e  i s  r e t a ined  due 

t o  t h e  pinning a c t i o n  of very s t a b l e  M23C6 carbides.  r e c r y s t a l l i z a t i o n  

has  occurred wi th in  t h e  l a t h s  t o  produce low-dislocat ion dens i ty  f e r r i t e  

subgrains.  These f e r r i t e  g ra ins  ' locked'  i n t o  a l a t h- l i k e  s t r u c t u r e  

probably account f o r  t h e  super ior  higher temperature creep and s t r eng th  

p rope r t i e s  of HT-9 and t h e  s i m i l i a r  ORNL modified 9Cr-1Mo a l loy .  

Long term aging a t  600C causes some l o s s  i n  toughness of HT-9 a l -  

though upper she l f  energ ies  remain s i g n i f i c a n t .  Types of segregat ing  

spec ies  a r e  a l t e r e d  considerably due t o  t h e  600C and long-term ageing 

compared t o  t h e  short- term 550C ageing. Copper, n icke l ,  s i l i c o n .  
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ni t rogen.  and phosphorous segregate under these  condit ions.  In  t h e  long 

term. l a rge r  atoms (CUI segregate when compared t o  short- term ageing. 

The copper and phosphorous a r e  segregants  a f t e r  long-term exposures. 

Because a t  sho r t e r  times mainly sulphur and s i l i c o n  segregate,  long- 

term exposure causes f u r t h e r  embrittlement. and t h i s  may be con t ro l l ed  

by t h e  copper and phosphorous impurity leve ls .  These r e s u l t s  have 

r ami f i ca t ions  on t h e  maximum allowable chemical s p e c i f i c a t i o n s  of HT9. 
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7 . 3  THE EFFECT OF HYDROGEN CHARGING ON THE TENSILE PROPERTIES OF HT-9 

BASE METAL - J. M. Hyzak and W. M .  Garrison (Sandia National  

Labora tor ies ,  Livermore, CA) 

7.3.1 ADIP Task 

The Department of Energy (DOE) Off ice  of Fusion Energy (OFE) has 

c i t e d  the need f o r  t hese  d a t a  under t h e  ADIP Program Task, F e r r i t i c  

Alloy Development (Path E ) .  

7.3.2 Object ive 

The goal  of t h i s  s tudy i s  t o  eva lua te  t h e  hydrogen compa t ib i l i t y  

of 12Cr-1Mo f e r r i t i c / m a r t e n s i t i c  s t e e l  f o r  use  i n  f i r s t  wal l  and b lanket  

s t ruc tu res .  This r e p o r t  s u m a r i z e s  d a t a  on t h e  e f f e c t  of i n t e r n a l  

hydrogen on the  room temperature t e n s i l e  p rope r t i e s  of HT-9 base  metal.  

7 . 3 . 3  Sumary  

This  r e p o r t  summarizes r e s u l t s  on t h e  e f f e c t  of hydrogen, i n t ro-  

duced by ca thodic  charging, on the  tensile p r o p e r t i e s  of HT-9 from t h e  

National  Fusion hea t  supplied by General Atomic. Three micros t ruc tures  

were t e s t e d ;  as-quenched (Q), quenched-and-tempered (Q/T), and quenched- 

and tempered and cold worked (Q/T/CW). These da ta  w i l l  s e rve  a s  the  

base l ine  f o r  t h e  continuing s tudy of hydrogen e f f e c t s  on t h e  t e n s i l e  

and toughness p rope r t i e s  of HT-9 base metal  and weld micros t ruc tures .  

Tens i l e  specimens were ca thod ica l ly  charged a t  0.003 A/cm2 and 

0.006 A/cm f o r  up t o  1500 minutes,  immediately copper p l a t ed ,  and t e s t-  

ed a t  room temperature. Previous t e s t i n g  has  shown t h a t  t h e  t e n s i l e  

p r o p e r t i e s  of quenched-and-tempered HT-9 from a d i f f e r e n t  hea t  w e r e  not  

degraded by hydrogen even a t  charging l e v e l s  of 0.006 A/cm2 f o r  150 

2 

minutes 192 ~ However, hydrogen exposure s i g n i f i c a n t l y  a f f e c t e d  t h e  Q/T 
2 

specimens from t h e  National  Fusion heat .  

only 90 minutes reduced t h e  t e n s i l e  d u c t i l i t y  by 63% and changed t h e  

f r a c t u r e  mode from t h a t  of dimpled rup tu re  t o  a combination of i n t e r-  

granular  cracking and mar t ens i t e  i n t e r l a t h  f r a c t u r e .  Unexpectedly, t h e  

quenched-and-tempered specimens which were cold worked (Q/T/CW) were 

Charging a t  0.003 A/cm f o r  
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not  as s e n s i t i v e  t o  hydrogen charging. 

150 minutes n e i t h e r  lowered t h e  t e n s i l e  d u c t i l i t y  nor changed t h e  f rac-  

t u r e  mode. This is su rp r i s ing  s ince ,  i n  genera l ,  h igher  s t r e n g t h  micro- 

s t r u c t u r e s  a r e  more severe ly  degraded by hydrogen. Current  e f f o r t s  a r e  

aimed a t  understanding these  r e s u l t s ,  and a s ses s ing  t h e i r  impact on t h e  

a p p l i c a b i l i t y  of HT-9 as a f i r s t  w a l l  material. 

Charging a t  0.006 A/cm2 f o r  

7.3.4 Progress  and S t a t u s  

7.3.4.1 Experimental Procedure 

Tens i l e  tests were performed on base metal samples from t h e  National 

Fusion hea t  of HT-9 ca thod ica l ly  charged wi th  hydrogen, and copper- 

p l a t ed  t o  retard outgassing. 

f u r i c  ac id  conta in ing  5mg of sodium arsenate .  

employed w e r e  0.003 A/cm2 (0.02 A/in ) and 0.005 A/cm 

f o r  times up t o  1500 minutes (Table I). 

i n  an ac id  copper ba th  immediately a f t e r  charging, and aged a t  room 

temperature f o r  24 hours before  t e s t i n g  i n  order  t o  evenly d i s t r i b u t e  

t h e  hydrogen. 

The charging s o l u t i o n  w a s  4 percent  sul- 

The c u r r e n t  d e n s i t i e s  
2 2 2 (0.04 A/in ) 

Specimens were copper-plated 

The National  Fusion hea t  of HT-9 w a s  t e s t e d  wi th  quenched-and- 

tempered and as-quenched (Q) micros t ruc tures .  All m a t e r i a l  w a s  austen- 

i t i z e d  a t  104OoC/30 min. and a i r  cooled; t h e  tempering t reatment  w a s  

750°/1 hr .  with a n  a i r  cool.  I n  add i t ion ,  t h e  Q/T micros t ruc ture ,  which 
i s  of pr imary i n t e r e s t  in t h i s  s tudy,  w a s  evaluated a t  both the  tempered 

(Q/T) and tempered p lus  cold worked (Q/T/CW) s t r e n g t h  l e v e l s .  The non 

cold worked specimens (Q/T, Q) were taken from p l a t e  1-6-1 (3/8" th i ck )  

of t h e  National  Fusion hea t  of HT-9 supplied by General Atomic i n  t h e  

stress re l i eved  condit ion.  The cold worked specimens (Q/T/CW) were 

machined from m a t e r i a l  taken from p l a t e  1-3-4 (5/8" th ick)  of the  

National  Fusion hea t  t h a t  w a s  cold swaged 50% a f t e r  h e a t  t r e a t i n g .  

Tens i l e  ba r s  had a nominal 0.287 c m  (0.113 in.) gage diameter  and 

a 2.54 cm (1.00 in.)  gage length.  

was perpendicular  t o  the  r o l l i n g  d i r e c t i o n  of t h e  p l a t e .  A l l  tests 

were run  a t  0.051 cm/min. (0.02 in./min.) ex tens ion  rate. Following 

The t e n s i l e  a x i s  of each specimen 
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completion of the  t e s t s ,  t h e  f r a c t u r e  su r faces  were examined by o p t i c a l  

microscopy and SFN. 

7.3.4.2 Tensi le  T e s t  Resul t s  - Base Metal 

The r e s u l t s  of t h e  t e n s i l e  tests a r e  presented i n  Table I. All 
t h r e e  micros t ruc tures  exhib i ted  some degradat ion i n  p rope r t i e s  due t o  

cathodic charging. For t h e  Q / T  micros t ruc ture ,  t h e r e  was a 63% reduc- 

t i o n  i n  d u c t i l i t y  when t h e  charging time was increased from 15  t o  90 

minutes a t  a cu r ren t  dens i ty  of 0.003 A/cmL ( t h i s  corresponds t o  an 

average hydrogen concent ra t ion  of approximately 15 w t .  ppm). This 

d u c t i l i t y  l o s s  r ep resen t s  a s i g n i f i c a n t  degradat ion i n  hydrogen compat- 

i b i l i t y  compared t o  prel iminary t e s t i n g  on QIT  specimens from a d i f f e r e n t  

hea t  of HT-9lY2.  Earlier r e s u l t s  had shown no l o s s  i n  d u c t i l i t y  when QJT 

specimens were ca thod ica l ly  charged a t  0.006 A/cm f o r  up t o  150 minutes. 

The f r a c t u r e  su r faces  of t h e  uncharged and moderately charged (0.003 

A/cm2 - 15  min.) Q/T specimens exhib i ted  cup-cone c e n t e r l i n e  cracking 

(Fig. l a )  with a dimpled rup tu re  f r a c t u r e  mode t h a t  i s  p a r t i c u l a r l y  

ev ident  a t  high magnif icat ion (Fig. l b ) .  This corresponds t o  t h e  f rac-  

t u r e  mode observed f o r  t h e  Q/T m a t e r i a l  i n  t h e  e a r l i e r  study’”. The 

l o s s  i n  d u c t i l i t y  f o r  those  specimens more seve re ly  charged was asso- 

c i a t e d  with an abrupt  change i n  f r a c t u r e  mode. 

combination of c l a s s i c a l  i n t e r g r a n u l a r  cracking and mar t ens i t e  i n t e r -  

l a t h  f r a c t u r e  (Fig. 2a) A t  lower magni f ica t ion  (Fig. 2b) ,  a r eas  of 

su r face  connected f r a c t u r e  and t h e  presence of l a r g e  secondary cracks  a r e  

evident .  Neither  of t hese  f r a c t u r e  morphologies was previously ob- 

served . 

2 

F a i l u r e  r e s u l t e d  from a 

1 9 2  

The as-quenched mic ros t ruc tu re  w a s  t e s t e d  as a means of a s ses s ing  

i n  a prel iminary way the  hydrogen compa t ib i l i t y  of a hardened micro- 

s t r u c t u r e  . F i r s t  wal l  s t r u c t u r e s  w i l l  be s u b j e c t  t o  i r r a d i a t i o n  

hardening which may s i g n i f i c a n t l y  a f f e c t  t h e  mechanical p rope r t i e s  i n  

t h e  presence of i n j e c t e d  and transmutant hydrogen. 

large losses i n  d u c t i l i t y ,  up t o  76%,  r e s u l t e d  a f t e r  charging a t  0.003 

A/cm f o r  15  minutes (%3.5 w t .  ppm H ). A s  wi th  t h e  Q/T r e s u l t s ,  t h e r e  

was s i g n i f i c a n t  s c a t t e r  i n  the d u c t i l i t y  l o s s e s  even a t  a s i n g l e  

charging condit ion.  

1 9 2  

A s  shown i n  Table I, 

2 
2 





r 
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Figure 1. SEM f rac tographs  of HT-9 quenched-and-tempered (Q/T) 
t e n s i l e  specimen, uncharged: (a) low magnif icat ion of 
cup-cone f r a c t u r e ;  (h) high magni f ica t ion  showing dimpled 
rup tu re  f r a c t u r e  moie. 
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Figure 2. SEM micrographs of HT-9 Q/T tensile specimen from National 
Fusion heat, hydrogen charged at 0.003A/cm2 for 90 minutes: 
(a) low magnification of brittle fracture surface re- 
vealing parallel secondary cracks; (b) higher magnification 
showing regions of intergranular cracking (A) and martensite 
interlath fracture (B). 
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The f r a c t u r e  morphology was aga in  a func t ion  of hydrogen content .  

Uncharged Q specimens f a i l e d  i n  a cup-cone manner (Fig. 3a) by a com- 

b i n a t i o n  of i n t e r l a t h  f r a c t u r e  and dimpled rup tu re  (Fig. 3b). Large 

secondary cracks w e r e  a l s o  present  which run  p a r a l l e l  t o  t h e  r o l l i n g  

d i r e c t i o n  of t h e  p l a t e .  Although t h e  cause of t hese  l a r g e  cracks has  

not  been p o s i t i v e l y  i d e n t i f i e d ,  they are most l i k e l y  a s soc ia t ed  wi th  

t h e  non-metallic i n c l u s i o n s  and s o l u t e  banding i n  t h e  r o l l i n g  plane. 

After ca thodic  charging,  t h e  as-quenched specimens f a i l e d  in a more 

b r i t t l e  manner. The f r a c t u r e  mode changed from dimpled rup tu re  and 

i n t e r l a t h  f r a c t u r e  to e n t i r e l y  martensite i n t e r l a t h  cracking (Fig. 4a). 

Ins tead  of t h e  cup-cone f r a c t u r e  mode. t h e r e  were l a r g e  a r e a s  of sur-  

f a c e  i n i t i a t e d  f r a c t u r e  (p ig  4b) which may be i n d i c a t i v e  of a hydrogen 

a s s i s t e d  crack  growth type of f a i l u r e  sequence. 

Cold working w a s  a l s o  used as a means of producing a hardened micro- 

s t r u c t u r e  f o r  compa t ib i l i t y  t e s t ing .  Swaging increased the y i e l d  s t r e n g t h  

of t h e  Q/T material 78%, to 1226 MPa, and r a i sed  t h e  UTS from approxi-  

mately 918 MPa t o  1229 MPa. 

150 minutes d i d  not  s i g n i f i c a n t l y  reduce t h e  d u c t i l i t y  o r  al ter t h e  

f r a c t u r e  mode f o r  t h e  Q/T/CW specimens. 

cup-cone f r a c t u r e  wi th  a dimpled rup tu re  f r a c t u r e  mode similar t o  t h a t  

repor ted  f o r  t h e  Q/T unembri t t led specimens. 
2 

t i m e  t o  1500 minutes a t  0,006 A/cm r e s u l t e d  i n  a dramatic  l o s s  i n  duct- 

i l i t y .  

dimpled rup tu re  (Fig. 5) and n o t  t h e  i n t e r g r a n u l a r  o r  i n t e r l a t h  f r a c t u r e  

noted f o r  t h e  Q/T hydrogen charged specimens. 

p r i s i n g  i n  t h a t  one would expect t h e  h igher  s t r e n g t h  condi t ions  (Q/T/CW) 

t o  be more s u s c e p t i b l e  t o  hydrogen embritt lement than  material i n  t h e  

quenched-and-tempered s t a t e .  

Hydrogen charging up t o  0.006 A/cm2 f o r  

F rac tu re  su r faces  exhib i ted  

Inc reas ing  t h e  charging 

However, even wi th  only 19.3% RA, t h e  f r a c t u r e  mode w a s  s t i l l  

These r e s u l t s  are sur-  

7.3.4.3 Alloy Charac te r i za t ion  - Base Metal 

Opt i ca l  metallography and t ransmiss ion  e l e c t r o n  microscopy (TEM) 

have been i n i t i a t e d  t o  c h a r a c t e r i z e  t h e  t h r e e  mic ros t ruc tu res  (Q/T, 

Q/T/CW, Q). 

c o n s i s t s  of l a t h  mar t ens i t e  wi th  r e t a ined  a u s t e n i t e  between t h e  l a t h s  

TEX s t u d i e s  t o  d a t e  have shown t h a t  t h e  as-quenched material 
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Figure 3. SEM fractographs of HT-9 as-quenched (Q) tensile specimen, 
uncharged: (a) low magnification of cup-cone fracture 
and large secondary cracks; (b) higher magnification show- 
ing fracture mode of dimpled rupture and martensite inter- 
lath cracking. 



194 

Figure 4 .  SEM fractographs of HT-9 as-quenched (Q) tensile specimen; 
charged at 0.003A/cm2 for 15 minutes: 
tion showing surface connected brittle fracture; (b) higher 
magnification revealing martensite interlath fracture mode. 

(a) low magnifica- 
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Figure 5. SEM fractographs of HT-9 quenched-and-tempered and cold 
worked (Q/T/CW) tensile specimen, charged at 0 .006A/cm2 
for 1500 minutes: (a) "woody" type of fracture appearance; 
(b) higher magnification revealing dimpled rupture fracture 
mode. 
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(Fig. 6). P r e c i p i t a t i o n  of i n t r a- l a t h  carb ides  was  a l s o  observed i n  

t h i s  m a t e r i a l  (Fig. 7). Upon tempering, t h e  as-quenched mar t ens i t e  

decomposes t o  a duplex s t r u c t u r e  of f e r r i t e  and l a r g e  a l l o y  carbides.  

These carb ides  p r e c i p i t a t e  early- on a t  t h e  mar t ens i t e  l a t h  boundaries.  

As t h e  tempering time increases, these  carb ides  coarsen,  and t h e  marten- 

si te transforms t o  f e r r i t e  of low d i s l o c a t i o n  d e n s i t y  and low carbon con- 

t e n t .  The former mar t ens i t e  l a t h  boundaries are, however, s t i l l  evident  

a f t e r  tempering, as they are decorated by l a r g e  a l l o y  carb ides  (Fig. 8). 

The s u r p r i s i n g  behavior of the Q/T mic ros t ruc tu re  when hydrogen 

charged has  focused p a r t i c u l a r  a t t e n t i o n  on c h a r a c t e r i z a t i o n  of t h e  

i n c l u s i o n  content ,  chemical segregat ion  and banding. Prel iminary r e s u l t s  

i n d i c a t e  t h a t  t h e r e  are numerous non-metallic and f e r r i t e  s t i n g e r s  i n  

p l a t e s  1-6-1 and 1-3-4 of t h e  National  Fusion heat.  

condi t ion ,  specimens from p l a t e  1-6-1 showed a l a r g e  amount of f e r r i t e  

banding i n d i c a t i n g  s i g n i f i c a n t  chemical segregat ion  (Fig. 9a). Banding 

was a l s o  observed i n  t h e  quenched-and-tempered mic ros t ruc tu re  (Fig. 9b) 

perhaps i n d i c a t i n g  t h a t  t h e  a u s t e n i z a t i o n  temperature w a s  no t  high enough 

t o  homogenize t h e  s t r u c t u r e .  I n  a d d i t i o n  t o  t h e  metal lographic examina- 

t i o n ,  e l e c t r o n  microprobe a n a l y s i s  w i l l  be performed t o  i d e n t i f y  t h e  

segregat ing  elements i n  the  bands. 

f r a c t u r e d  i n  t h e  scanning Auger microprobe i n  order  t o  i d e n t i f y  t h e  

elemental s p e c i e s  a t  t h e  g r a i n  boundaries which may be respons ib le  f o r  

the i n t e r g r a n u l a r  f a i l u r e s  observed a f t e r  hydrogen charging. 

I n  t h e  as-quenched 

Severa l  specimens w i l l  a l s o  be 

7.3.4.4 Tens i l e  Tes t ing  - Weld Metal 

I n  a d d i t i o n  t o  t e s t i n g  of base  metal p r o p e r t i e s ,  t h e  r e sea rch  

program f o r  t h e  near term inc ludes  eva lua t ing  t h e  hydrogen compa t ib i l i t y  

of p a r t i c u l a r  HT-9 weld micros t ruc tures .  

i d e n t i f i e d  four  d i s t i n c t  micros t ruc tures  i n  t h e  h e a t  a f f e c t e d  zones of 

GTA welds i n  HT-9. 

Lippold 3’4 has  previous ly  

These reg ions  are: 

1. A two phase reg ion  adjacent  t o  t h e  f u s i o n  l i n e ,  conta in ing  

mar t ens i t e  and a small propor t ion  of f e r r i t e ;  

2. A f u l l y  m a r t e n s i t i c  reg ion  exh ib i t ing  a r e l a t i v e l y  coarse  

p r i o r  a u s t e n i t e  g r a i n  s ize ;  
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Figure 6 .  TEM micrographs of HT-9 i n  the as-quenched condition: 
(a) a bright- field image of the martensite laths; 
(b) a dark-field image of the inter- lath retained 
austeni te .  



Figure 7 .  TEM micrograph of ET-9 in the as-quenched condition. 
Fine carbides have precipitated within the martensite 
laths .  
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I" 

Figure 8 .  TEM bright- field micrographs of HT-9 i n  the quenched-and- 
tempered condition. 
s i z e  of the f e r r i t i c  matrix; (b)large a l loy carbides a r e  
shown delineating the pr ior  martensite l a t h  boundaries. 

Micrographs i l l u s t r a t e  the f i ne  grain  
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Figure 9 .  Optical micrographs of banding i n  HT-9 plate  1-6-1 of 
National Fusion heat: (a) ferrite banding i n  as-quenched 
specimens; (b) banding i n  quenched-and-tempered micro- 
structure. 



201 

3. A m a r t e n s i t i c  reg ion  exh ib i t ing  a f i n e r  p r i o r  a u s t e n i t e  g r a i n  

s i z e  and undissolved carb ides ;  

4 ,  

and carb ides .  

Tens i l e  specimens have been hea t  t r e a t e d  us ing  t h e  Gleeble programmable 

thermo-mechanical generator  t o  s imula te  micros t ruc tures  #1 and 112. 

were chosen t o  be  t e s t e d  f i r s t  s i n c e  they inc lude  a two phase micro- 

s t r u c t u r e  and t h e  micros t ruc ture  with t h e  h ighes t  hardness,  respec t ive ly .  

Cathodic charging and t e s t i n g  of t hese  specimens w i l l  begin shor t ly .  

An overtempered base  metal  mic ros t ruc tu re  conta in ing  mar t ens i t e  

These 

7 . 3 . 4 . 5  Discussion 

The t e n s i l e  r e s u l t s  of t h e  ca thod ica l ly  charged base  metal specimens 

from the  National  Fusion hea t  of HT-9 present  some reason f o r  concern. 

I n  a prel iminary s tudy of HT-9 m a t e r i a l  from another  source,  hydrogen 

d id  not  s i g n i f i c a n t l y  a f f e c t  the  t e n s i l e  d u c t i l i t y  of t h e  quenched-and- 

tempered micros t ruc ture  a t  charging l e v e l s  up t o  0.006 A/cm2 f o r  150 

minutes lY2.  From these  d a t a  i t  w a s  concluded t h a t  the  hydrogen compati- 

b i l i t y  of HT-9 base  metal should not  be a problem f o r  f i r s t  w a l l  app l i-  

ca t ions .  Resu l t s  on t h e  National  Fusion hea t  of m a t e r i a l  a r e  dramati- 

c a l l y  d i f f e r e n t ,  however. Hydrogen e f f e c t s  inc luding  a 63% l o s s  i n  

d u c t i l i t y  and a change i n  f r a c t u r e  mode t o  i n t e r g r a n u l a r  f r a c t u r e  were 

observed f o r  t h e  Q/T specimens a t  charging l e v e l s  as low a s  0.003 A/cm 

f o r  90 minutes. It was a l s o  unexpected t h a t  t h e  quenched-and-tempered 
m a t e r i a l  which had been cold worked t o  1226 MPa y i e l d  s t r e n g t h  was con- 

s i d e r a b l y  more hydrogen t o l e r a n t  than  t h e  Q/T m a t e r i a l  tempered t o  727 

MPa. Research is now focusing on how t o  exp la in  these  observat ions.  

Present  concerns inc lude  understanding t h e  in f luence  of banding and non- 

metallic inc lus ions  on t h e  f a i l u r e  process.  The e f f e c t  of r e t a ined  

a u s t e n i t e  on hydrogen compa t ib i l i t y  may a l s o  be of importance. P lans  

a l s o  inc lude  t h e  t e s t i n g  of specimens that have undergone a homogenization 

hea t  t reatment  t o  reduce elemental  segregat ion.  

The r e s u l t s  of t h e  cold worked Q/T specimens are encouraging, however. 

2 

They i n d i c a t e  t h a t  a hardened mic ros t ruc tu re  with a y i e l d  s t r e n g t h  of 

1226 MPa can s t i l l  be r e l a t i v e l y  hydrogen compatible. Embrittlement 
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was not  observed u n t i l  hydrogen l e v e l s  we l l  above 15 w t .  ppm were 

a t t a ined .  These l e v e l s  a r e  considerably g r e a t e r  than those a n t i c i p a t e d  

i n  a f i r s t  w a l l  a p p l i c a t i o n  . 
hydrogen concent ra t ions ,  t h e  Q/T/CW specimens f a i l e d  by dimpled rup tu re  

and n o t  by in t e rg ranu la r  f r a c t u r e .  

cause any s u b s t a n t i a l  reduct ion  i n  f r a c t u r e  s t r e n g t h  of t h e  g r a i n  o r  

mar t ens i t e  l a t h  boundaries. 

5 It should be noted t h a t  even a t  these  

This i n d i c a t e s  t h a t  hydrogen d id  not  

The as-quenched specimens were as s u s c e p t i b l e  t o  hydrogen a t t a c k  

a s  had been repor ted  previously'". 

A/cm -15 min.) r e s u l t e d  i n  a l a r g e  decrease  i n  d u c t i l i t y  and a change i n  

f r a c t u r e  mode. I t  has  been proposed t h a t  r e t a ined  a u s t e n i t e  a t  t h e  l a t h  

boundaries may be respons ib le  f o r  t h e  pronounced hydrogen suscept i -  

b i l i t y Z y 6 .  

l i k e l y  transforms t o  a twinned mar tens i te  s t r u c t u r e  during t e n s i l e  

s t r a i n i n g .  The r e s u l t i n g  high carbon mar t ens i t e  is p a r t i c u l a r l y  b r i t t l e  

and may lead  t o  i n t e r l a t h  f r a c t u r e .  Transmission e l e c t r o n  microscopy 

of t h e  as-quenched m a t e r i a l  has  confirmed t h e  presence of r e t a ined  

a u s t e n i t e  a t  t h e  l a t h  boundaries. 

Low l e v e l  cathodic charging (0.003 
2 

The a u s t e n i t e  phase is mechanically uns table ,  and i t  most 

7.3.5 Conclusions 

Tens i l e  t e s t i n g  of hydrogen charged specimens from t h e  Nat ional  

Fusion hea t  of HT-9 ind ica t e s :  

1. Quenched-and-tempered m a t e r i a l  can be s u s c e p t i b l e  t o  embr i t t le -  

ment a t  hydrogen l e v e l s  above 'L5 w t .  ppm. However, t h i s  f ind ing  is con- 

tray t o  e a r l i e r  r e s u l t s  on a d i f f e r e n t  hea t  of HT-9. 

reasons f o r  t h e  d i f f e r e n c e  i n  behavior a r e  being sought .  

Mic ros t ruc tu ra l  

2. Quenched-and-tempered HT-9 t h a t  had been cold swaged t o  

inc rease  t h e  s t r e n g t h  l e v e l  was p a r t i c u l a r l y  t o l e r a n t  of hydrogen; charg- 

ing  t o  l e v e l s  of 'L15 w t .  ppm did  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  d u c t i l i t y  

o r  f r a c t u r e  mode. 

3 .  The as-quenched micros t ruc ture  is very  s u s c e p t i b l e  t o  hydrogen 

embritt lement.  Cathodic charging t o  "J3.6 w t .  ppm hydrogen reduced t h e  

d u c t i l i t y  t o  less than 10% RA. 

4 .  Metallographic examination showed extensive banding i n  t h e  

National  Fusion h e a t  mater ia l .  F e r r i t e  s t i n g e r s  w e r e  p a r t i c u l a r l y  evident  
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i n d i c a t i n g  l o c a l  chemical inhomogeniety. SEM a n a l y s i s  of t h e  f r a c t u r e  

su r faces  of var ious  specimens a l s o  ind ica t ed  severe secondary cracking  

i n  similar o r i e n t a t i o n  t o  t h e  banding and s t i n g e r s .  

probe and scanning Auger a n a l y s i s  are continuing t o  determine t h e  segre-  

gants  and t h e i r  r e l a t i o n s h i p  t o  t h e  f r a c t u r e  process.  

Elec t ron  micro- 
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7.4 INTERPRETIVE REPORT ON THE WELDABILITY OF 1 2 c r - 1 ~ 0 - . 3 ~ - . 5 ~  ( H T - ~ )  

MARTENSITIC STEEL FOR USE IN FIRST WALL/BLANKET STRUCTURES I N  

FUSION REACTORS - PART 1. A REVIEW OF CURRENT TECHNOLOGY - 
J. C. Lippold (Sandia National Labora tor ies )  and 

T. A. Lechtenberg (General Atomic Company) 

7.4.1 AUEI,a& 
The Department of Energy (DOE)/Office of Fusion Energy (OFE) has 

s t a t e d  t h e  need f o r  t h i s  i n v e s t i g a t i o n  under the  ADIP program task ,  

F e r r i t i c  S t e e l s  Development (Path E). 

7.4.2 Obiective 
Considerable e f f o r t  w i th in  t h e  ADIP Path E Development Group has  

been focused on t h e  we ldab i l i t y  and f a b r i c a t i o n  i s s u e s  assoc ia ted  w i t h  

t h e  candidate  a l l o y  HT-9. I n i t i a l  programs a t  both General Atomic and 

Sandia have addressed t h e  i s s u e s  of welding processes.  welding v a r i a-  

bles .  preheat  and post-weld heat  treatment.  and t h e  accompanying micro- 

s t r u c t u r a l  and mechanical property changes i n  t h e  hea t  a f f ec t ed  zone 

(HAZ) and f u s i o n  zone. 

work which has been completed wi th in  t h e  ADIP Path E program i n  an 

e f f o r t  t o  e s t a b l i s h  gu ide l ines  f o r  the  welding of HT-9 and t o  i d e n t i f y  

a reas  of f u t u r e  research  which w i l l  be c r i t i c a l  f o r  the  successfu l  fab-  

r i c a t i o n  of complex s t r u c t u r e s  f o r  fus ion  machines. 

The purpose of t h i s  r e p o r t  i s  t o  review t h e  

7.4.3 

A review of t h e  cu r ren t  l i t e r a t u r e .  i n d u s t r i a l  experience i n  both 

t h e  U.S. and Europe. and t h e  r e s u l t s  of research  performed under t h e  

ADIP Path E program has r e s u l t e d  i n  a number of observat ions and recom- 

mendations regarding t h e  we ldab i l i t y  and long term i n t e g r i t y  of HT-9. 

I n  t h e  opinion of t h e  authors.  t h e  we ldab i l i t y  c h a r a c t e r i s t i c s  of HT-9 

does not preclude t h i s  a l l o y  from cons idera t ion  a s  a f i r s t  wal l /b lanket  

ma te r i a l  f o r  fus ion  machines. Indeed. we ldab i l i t y  observat ions on t h i s  

a l loy .  t o  date.  a r e  encouraging. However. although the  t ransformation 

and tempering response of t h e  fus ion  zone and hea t- af fec ted  zone ( H A Z )  
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has been w e l l  character ized.  opt imiza t ion  of t h e  welding process and 

process parameters w i l l  be necessary i n  order  t o  successfu l ly  f a b r i c a t e  

t h e  f i r s t  wal l  modules. In p a r t i c u l a r .  t h e r e  a r e  severa l  f a c t o r s  which 

may a f f e c t  weld j o i n t  i n t e g r i t y  and must be s tudied  t o  f u r t h e r  de f ine  

t h e  we ldab i l i t y  of HT-9. These include eva lua t ion  of t h e  e f f e c t s  of 

hard t r i a x i a l  r e s t r a i n t .  d i s c o n t i n u i t i e s  and defec ts .  delay time p r i o r  

t o  post-weld hea t  t reatment  and hor i zon ta l  and v e r t i c a l  weld pos i t ions .  

In add i t ion ,  t h e  we ldab i l i t y  and weld i n t e g r i t y  of product forms per-  

t i n e n t  t o  f i r s t  wal l /b lanket  s t r u c t u r e s  must be s tudied.  Evaluat ion of 

these  a spec t s  i s  t h e  next l o g i c a l  s t e p  i n  determining whether r e l i a b l e  

w e l d  j o i n t s  of HT-9 can be f a b r i c a t e d  i n  t h e  shop or f i e l d .  

gas tungsten- arc (GTA) and l a s e r  welding processes have been demon- 

s t r a t e d  a s  s u i t a b l e  techniques f o r  j o in ing  HT-9. although t h e  choice of 

l a s e r  welding a s  a primary or secondary jo in ing  process w i l l  r e q u i r e  

cons iderable  process con t ro l  t o  ensure r e l i a b l e  welded j o i n t s .  F ina l-  

ly. i n  order  t o  optimize both t h e  welding process and t h e  postweld hea t  

t reatment  (PWHT) which w i l l  be requi red  i t  i s  necessary t o  determine 

t h e  minimum mechanical p rope r t i e s  necessary t o  ensure the  f a b r i c a t i o n  

and s a f e  opera t ion  of fus ion  r e a c t o r  devices.  

Both t h e  

The second p a r t  of t h i s  r e p o r t  t o  be published i n  a f u t u r e  ADIP 

q u a r t e r l y  w i l l  focus on a r e a s  of f u t u r e  research  which w i l l  be neces- 

sary  t o  qua l i fy  HT9 weldments f o r  use i n  i r r a d i a t i o n  and hydrogen en- 

vironments. 

7.4.4 Proeress ,uui.Shtu 
This r e p o r t  p re sen t s  a review and eva lua t ion  of t h e  a v a i l a b l e  

l i t e r a t u r e  concerned wi th  t h e  welding and metal lurgy of t h e  12Cr- 

1Mo-.3V-.5W (HT-9) m a r t e n s i t i c  s t a i n l e s s  s t e e l s .  Commercial experience 

has demonstrated t h a t  these  m a t e r i a l s  a r e  r e a d i l y  weldable i f  proper 

precaut ions  a r e  taken regarding preheat  and post-weld heat  t reatment  

(PWHT). However, t h e  hea t  t rea tments  necessary t o  ensure good welding 

behavior and extended se rv ice  r e l i a b i l i t y  a r e  s t r i n g e n t  when compared 

t o  a l l o y s  such a s  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  Therefore, i t  i s  neces- 

sary t o  a s s e s s  t h e  s e n s i t i v i t y  of t h e  m a r t e n t s i t i c  s t e e l s  such a s  HT-9 
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t o  weld p r o c e s s  c o n t r o l  and t h e  i m p l i c a t i o n s  of t h e  r e q u i r e d  c o n t r o l s  

w i t h  r e s p e c t  t o  f i e l d  o r  shop f a b r i c a t i o n  of t y p i c a l  f u s i o n  d e v i c e  

f i r s t  w a l l  s t r u c t u r e s .  A s  a r e s u l t .  t h e  i n i t i a l  Pa th  E t a s k s  have 

focused  on t h e  o p t i m i z a t i o n  of t h e  welding p r o c e s s e s  and/or  v a r i a b l e s  

t o  minimize  t h e  need f o r  p r e h e a t  and PWHT. The f o l l o w i n g  s e c t i o n  rev- 

iews producer-recommended (Sandvik)  e x p e r i e n c e  and r e c e n t  ADIP spon- 

sored  r e s e a r c h  which a r e  germane t o  t h e  s u b j e c t  of w e l d a b i l i t y  and 

j o i n t  i n t e g r i t y  of HT-9. 

7.4.4.1 I 

Sandvik a l l o y  HT-9 i s  a commercial ly a v a i l a b l e  12Cr-lMo-.3V-.5W 

s tee ls  w i t h  0.2OC. It i s  f u l l y  m a r t e n s i t i c  and a i r- h a r d e n a b l e .  It was 

o r i g i n a l l y  developed f o r  u s e  i n  m i l d l y  c o r r o s i v e  e n v i r o m e n t s  a t  temp- 

e r a t u r e s  up t o  650C (1200F) (Ref .  2). The m a t e r i a l  may be  welded u s i n g  

s h i e l d e d  m e t a l  a rc  (SMA). g a s  t u n g s t e n  a r c  (GTA). o r  g a s  m e t a l  a r c  

(GMA) welding p r o c e s s e s .  

p r e h e a t e d  t o  200-400C (390-750F). The pre-welding thermal  t r e a t m e n t  i s  

used t o  slow t h e  weld  c o o l i n g  r a t e .  r educe  t h e  thermal  shock t o  t h e  

weld reg ion .  and t o  d r i v e  o f f  any m o i s t u r e  and hydrocarbons  absorbed  on 

t h e  p l a t e  s u r f a c e .  I n  t h e  c a s e  of m u l t i p a s s  we lds  a n  i n t e r p a s s  temper- 

a t u r e  of 250C (480F) i s  sometimes s p e c i f i e d  t o  p r e v e n t  t h e  t r ans fo rma-  

t i o n  t o  untempered m a r t e n s i t e  which o c c u r s  upon c o o l i n g  t o  room temper- 

a t u r e .  F i n a l l y ,  a m a r t e n s i t e  post-weld h e a t  t r e a t m e n t  (PWHT) i n  t h e  

t e m p e r a t u r e  range  of 740-780C (1365-1470F) f o r  1/2-2 hours  i s  r e q u i r e d  

immediate ly  f o l l o w i n g  welding.  P a r t s  must  be handled c a r e f u l l y  between 

t h e  we ld ing  and temper ing o p e r a t i o n  s i n c e  t h e  r e g i o n s  of hard .  untem- 

pe red  m a r t e n s i t e  a r e  p r e s e n t  i n  t h e  f u s i o n  zone and a p o r t i o n  of t h e  

HAZ. 

Sandvik recommends t h a t  t h e  weld j o i n t  be 

7.4.4.2 Conrmercial &sxkm.e 

Heat  t r e a t a b l e .  h i g h  s t r e n g t h .  c r e e p  r e s i s t a n t  s t e e l s  c o n t a i n i n g  

12%Cr have s e e n  e x t e n s i v e  u s e  th roughout  the  wor ld  s i n c e  t h e  e a r l y  

1950s. 

u t i l i z e d  i n  a d i v e r s i t y  of a p p l i c a t i o n s .  

A wide  v a r i e t y  of such s t e e l s  a r e  a v a i l a b l e  and t h e y  have been 
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In t h e  U.S. t h e  major app l i ca t ions  of s t e e l s  of t h i s  type have 

been i n  steam turb ines ,  j e t  engines. gas turb ines .  e t c .  Alloys such a s  

A I S 1  types 410. 420. 422 and va r ious  modif ica t ions  (e.g.. Greek 

Ascoloy. Lapelloy. Chromodur) have been used i n  components of such 

systems i n  app l i ca t ions  where moderate cor ros ion  r e s i s t a n c e  and good 

r e t e n t i o n  of s t r eng th  a t  e leva ted  temperature a r e  required.  

In Europe t h e  a l l o y s  have seen s imi l a r  usage. In addit ion.  t h e  

Europeans have made very widespread use of c e r t a i n  a l l o y s  of t h i s  type 

i n  e leva ted  temperature, pressure containment app l i ca t ions  inc luding  

steam piping and steam generator  r ehea te r  and superheater  tubing. 

Two of t h e  l a r g e r  use r s  of 9-12%Cr s t e e l s  i n  steam genera tors  f o r  

f o s s i l  f i r e d  p l a n t s  i n  Europe have been Sulzer  Brothers  (Switzerland) 

and t h e  United Kingdom Central  E l e c t r i c i t y  Generating Board (CEGB). 

p a r t i c u l a r  i n t e r e s t  i s  t h e  r e l a t i v e l y  few weld f a i l u r e s .  Only two 

f a i l u r e s  have been repor ted  which r e l a t e d  d i r e c t l y  t o  welding. 

Another major European app l i ca t ion  of ,  s p e c i f i c a l l y .  X20CrMoV(W) 

Of 

121 (a  German s t e e l  of HT-9 type)  has been i n  steam piping. 

u l a t i o n  of some of t h e  typ ica l  s e rv ice  h i s t o r y  da ta  f o r  such piping i s  

shown i n  Table 7.4.1. As  ind ica ted ,  t h e  s t e e l  has been used i n  these  

a p p l i c a t i o n s  f o r  20 years and has been used i n  l a r g e  diameter heavy 

walled piping.  

A tab-  

The l a t t e r  i s  p a r t i c u l a r l y  important s ince  a l l  t h e  piping i s  

welded and welding i s  recognized a s  one of t h e  more d i f f i c u l t  a spec t s  
of the  m a r t e n s i t i c / f e r r i t i c  s t e e l s .  The Europeans have developed 

welding procedures s u i t a b l e  f o r  t h e  f a b r i c a t i o n  of pipe up t o  30 in.  

diameter w i t h  wa l l s  up t o  2 in.  th ick .  

The s t r eng th  of welds i n  a l l o y s  of t h i s  c l a s s  i s  another subjec t  

t h a t  has  rece ived  a t t e n t i o n  i n  European s t u d i e s  and a v a i l a b l e  da ta  

suggests  t h a t  welds e x h i b i t  both shor t  and long time p rope r t i e s  t h a t  

adequately match t h e  base metal.  Likewise. European concern about 

r e t e n t i o n  of adequate toughness p rope r t i e s  a f t e r  long time e leva ted  

temperature se rv ice  has r e s u l t e d  i n  t h e  genera t ion  of 50.000 hrs .  

laboratory aging da ta  showing t h a t  a l l o y s  similar  t o  HT-9 indeed r e t a i n  

good toughness. These labora tory  aging da ta  have been confirmed by 
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independent t e s t s  performed a t  General Atomic on a sec t ion  of 

X20CrMoV(W)121 b o i l e r  tube t h a t  had been exposed f o r  80,000 hrs.  a t  

600°C (1112OF) i n  a German b o i l e r  superheater  (Ref. 3) .  Comparison of 

t h e  p rope r t i e s  of t h e  tube a f t e r  serv ice  wi th  t h a t  of archive ma te r i a l  

showed t h a t  the  exposed ma te r i a l  r e t a ined  remarkably good r e s idua l  

toughness. These experimental da ta  corroborate  t h e  good long time 

se rv ice  experience w i t h  h i g h  temperature, pressure- containing welded 

s t r u c t u r e s  i n  these  ma te r i a l s .  
. .  7.4.4.3 w Process/Parametric 

I n d u s t r i a l l y  recommended weld p r a c t i c e s  f o r  HT-9 include a pre-  

heat .  i n t e rpass  temperature cont ro l .  cool-down con t ro l  following 

welding, and a post-weld hea t  treatment.  Recommended preheats  range 

from 200-400C f o r  th icknesses  g rea t e r  than 1.0 cm. although, genera l ly ,  

t he re  i s  no i n d u s t r i a l l y  recognized bounds placed on t h i s  requirement. 

Only two f a b r i c a t o r s  (Sulzer  and Brown- Boveri) s t i p u l a t e  i n t e r p a s s  

temperature con t ro l ,  t h e  ranges suggested a r e  430-500C or 120-15OC. 

Some manufacturers/fabricators r e q u i r e  the  weld be allowed t o  cool no 

lower than 120-150°C fol lowing welding and p r i o r  t o  the  PWHT. Post-  

weld hea t  t reatment  i s  requi red  by a l l  producers and f a b r i c a t o r s .  and 

genera l ly  ranges from 720-780C f o r  1.5-2.0 hr. These recommendations 

i n d i c a t e  t h a t  t he re  i s  some l a t i t u d e  i n  welding HT-9 and t h a t  t h e  

requi red  process con t ro l s  a rea  func t ion  of s p e c i f i c  components' con- 

f i g u r a t i o n s  o r  weld methods. For t h i s  reason. t h e  weld parameter study 

was i n i t i a t e d  wi th  t h e  ob jec t ive  of def in ing  p r e c i s e l y  which condi t ions  

a r e  requi red  and what l a t i t u d e  e x i s t s  f o r  welding HT-9. Restrained 

welds were made t o  ensure t h a t  t h e  as-welded j o i n t  r e s i s t e d  f r a c t u r e  

under s t r e s s  because t h i s  would be t h e  minimum case f o r  any r e a l i s t i c  

component condit ion.  

In t h e  weld parameter study. welds have been made using t h e  GTA 

process on th icknesses  from .35-1.3 cm wi th  preheats  from 100-3OOC. 

in t e rpass  temperatures from 100-3OOC. and post-weld hea t  t rea tments  

of760C f o r  2-1/2 hr  (Ref. 4 ) .  A l l  ma te r i a l  had been heat  t r e a t e d  t o  

t h e  i n d u s t r i a l l y  s tandard condi t ion  p r i o r  t o  welding (l050C. 1 / 2  h r ;  

760C. 2-1/2 h r ;  both followed by a i r- coo l ing ) .  In  t h e  study t o  date.  



preheat ing has had two e f f e c t s ,  (1) higher  preheat  temperatures w i l l  

increase  t h e  upper-shelf energy s l i g h t l y .  and ( 2 )  higher prehea ts  tend 

t o  reduce weldment q u a l i t y  i n  t h e  th i cke r  s e c t i o n  welds. The f i r s t  

e f f e c t  had been repor ted  earlier and w a s  a t t r i b u t e d  t o  a tempering 

e f f e c t  from t h e  higher  thermal input  (Ref. 4 ) .  The second e f f e c t  i s  

seen i n  t h a t  t h e  weld puddle tends t o  be l e s s  e a s i l y  con t ro l l ed  a t  

higher  preheat  temperatures.  

There has been no cracking observed i n  any weld process s tudied  

thus  f a r  which requi red  t h e  r e j e c t i o n  of t h e  weldment according t o  ASME 

Code Sec t ion  I X  acceptance s tandards  f o r  dye penet rant  and radiographic  

examination. More severe r e s t r a i n t .  such a s  i n  th i cke r  welds and com- 

ponents. may exacerbate cracking. 

Preliminary conclusions from th i s  study i n d i c a t e  t h a t  t h e r e  i s  
some l a t i t u d e  i n  welding p l a t e s  i n  a labora tory  f u l l - r e s t r a i n t  condi- 

t ion.  although s t r i c t  adherence t o  technique w i l l  be required.  There 

are i n d i c a t i o n s  t h a t  preheat temperature can be minimized. which w i l l  

f a c i l i t a t e  welding of components, although t h i s  w i l l  r e q u i r e  f u r t h e r  

study. 

component. and i t  must be emphasized t h a t  t h e  conf igura t ion  of a f i r s t  

wal l  module may requ i re  f u r t h e r  opt imiza t ion  of weld techniques. 

t e r p a s s  temperature con t ro l  has had no s i g n i f i c a n t  e f f e c t  i n  t h i s  

l abora to ry  study. S t i l l .  a massive s t r u c t u r e  may have t o  s i t  i d l e  i n  

t h e  as-welded condi t ion  p r i o r  t o  PWHT and may requ i re  some type of 
in te rmedia te  s t r e s s  r e l i e f .  The high s t r e n g t h  of t h e  as-welded j o i n t  

i n  a s t r e s s e d  condi t ion  ( i . e . .  a s t r u c t u r e )  may be prone t o  delayed 

cracking. It i s  proposed t h a t  some welded j o i n t s  be exposed t o  

moisture while  s t i l l  r e s t r a i n e d  t o  determine t h e  p r o c l i v i t y  of slow 

crack growth. 

This w i l l  be g r e a t l y  dependent upon t h e  design used f o r  any 

In- 

An i n v e s t i g a t i o n  was i n i t i a t e d  a t  Sandia i n  conjunct ion w i t h  t h e  

Naval Research Laboratory ( N U )  t o  eva lua te  t h e  e f f e c t  of l a s e r  weld- 

ing parameters on t h e  q u a l i t y  of bead-on-plate weldments (Ref. 5 ) .  A 

15kW continuous wave CO2 l a s e r  loca ted  a t  NRL was u t i l i z e d  i n  t h i s  

i nves t iga t ion .  Welds were made i n  unres t ra ined  6.35mm HT-9 p l a t e  using 

a v a r i e t y  of t r a v e l  speed/focal length  combinations a t  a constant  l a s e r  
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power l e v e l  of 6kW. Welds performed a t  

f a c e )  w i t h  weld t r a v e l  speeds  f r w  1.27 

s h a r p  f o c u s  (a t  t h e  p l a t e  s u r -  

t o  4.23 mm/sec e x h i b i t e d  s c a t -  

t e r e d  p o r o s i t y  and o c c a s i o n a l  c e n t e r l i n e  c rack ing .  Defocusing t h e  

laser beam e i t h e r  above o r  below t h e  p l a t e  s u r f a c e  produced we lds  which 

e x h i b i t e d  s e v e r e  p o r o s i t y  and c e n t e r l i n e  c rack ing ,  as shown i n  Fig.  

7.4.4.1. 

It should be p o i n t e d  our .  however. t h a t  t h i s  s tudy  was n o t  de- 

s igned  t o  op t imize  t h e  laser we ld ing  p r o c e s s  b u t ,  r a t h e r ,  t o  de te rmine  

t h e  s e n s i t i v i t y  of t h e  a l l o y  t o  a wide range  of we ld ing  pa ramete r s .  

Numerous we lds  were produced a t  s h a r p  f o c u s  which were f r e e  of b o t h  

p o r o s i t y  and c r a c k i n g .  

c a t i o n  t o o l  w i l l  r e q u i r e  more e x t e n s i v e  o p t i m i z a t i o n  based upon t h e s e  

i n i t i a l  r e s u l t s .  

Use of t h e  l a s e r  we ld ing  p r o c e s s  as a f a b r i -  

7.4.4.4 ’ adTemoerine- ’ ~ L l u 2 G U a r d ~  

hlelds 
During the  weld ing  of t h e  12Cr-lMo-0.3V m a r t e n s i t i c  s t a i n l e s s  

s tee ls  t h e  f u s i o n  zone and p o r t i o n s  of t h e  HAZ n e a r  t h e  f u s i o n  l i n e  are 

t r ans fo rmed  t o  untempered m a r t e n s i t e .  The presence  of t h i s  c o n s t i t u e n t  

i n  t h e  m i c r o s t r u c t u r e  s e v e r e l y  reduces  t h e  f r a c t u r e  toughness  of t h e  

weld  r e g i o n  and, consequen t ly .  n e c e s s i t a t e s  a s t r i n g e n t  postweld  h e a t  

t r e a t m e n t  t o  r e s t o r e  a c c e p t a b l e  mechanical  p r o p e r t i e s .  I n  o r d e r  t o  

de te rmine  how t h e  we ld ing  p r o c e s s  and s e l e c t i o n  of we ld ing  p a r a m e t e r s  

may a f f e c t  b o t h  t h e  t r a n s f o r m a t i o n  and temper ing response  of t h e  f u s i o n  

zone and HA2 the m i c r o s t r u c t u r a l  e v o l u t i o n  d u r i n g  t h e  we ld ing  and sub-  

sequen t  temper ing of laser a t  GTA welds  w a s  e v a l u a t e d  (Refs. 6.7.8). 

The as-welded m i c r o s t r u c t u r e  i n  t h e  HAZ of a GTA weld i n  HT9 was 

r e l a t e d  t o  the behav io r  p r e d i c t e d  by t h e  Fe-Cr-C e q u i l i b r i u m  phase  

diagram, as i l l u s t r a t e d  i n  Fig .  7.4.4.2. The m i c r o s t r u c t u r e  e x h i b i t e d  

f o u r  d i s t i n c t  r e g i o n s :  

1. A two-phase r e g i o n  a t  the f u s i o n  l i n e  c o n s i s t i n g  of untempered 

m a r t e n s i t e  and f e r r i t e .  t h e  f e r r i t e  b e i n g  d i s t r i b u t e d  a l o n g  

p r i o r  a u s t e n i t e  g r a i n  boundar ies ;  
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7.4.4.2 The Relationship Between the As-Welded Microstructure of an 
HT9 GTA Weld and the Phase Regions of the Fe-Cr-C Paeudo- 
Binary Diagram. 
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2. A region of untempered martensite exhibiting a coarse prior 

austenite grain size; 

3. A region containing untempered martensite and undissolved 
alloy carbides; and 

4. An overtempered base metal microstructure containing tempered 

martensite and alloy carbides. 

Within the W of the laser welds only Regions 2 and 4 were observed. 
presumably due to the rapid heating and cooling rates which tend to 

inhibit the formation of Regions 1 and 4. 
The microhardness traverse shown in Fig. 7.4.4.3 illustrates the 

change in hardness which corresponds t o  the individual microstructures. 

Regions of highest hardness are found in the fusion zone and that por- 
tion of the HAZ near the fusion line (Region 2). These two regions are 

separated by a softer region at the fusion line corresponding to the 

two-phase mixture of martensite and ferrite. 

this microstructure for tempering temperatures of 400. 600. and 8 0 0 O C  

(752. 1112. and 1472OF) is shown in Fig. 7.4.4.4. Note that the 4OOOC 

temper reduces the as-welded hardness only slightly and that tempering 

at 800OC is necessary to reduce the hardness to the level of the base 

metal. 

The tempering response of 

Although the as-welded hardness of the laser welds is actually 

higher than that of the GTA welds the tempering response at the same 
tempering temperatures is similar. as illustrated in Fig. 7.4.4.5. 

Again, note that an 8OOOC temper is required to restore the weld region 

to the condition of the quenched and tempered base metal. 
ing response of both the GTA and laser welds is summarized in Fig. 

7.4.4.6. These results indicate that from. a metallurgical standpoint. 
the laser welding process offers no advantage over higher heat input 

processes such as GTA welding. The formation of brittle. untempered 

martensite in the weld region can be minimized but not  completely 

eliminated using low heat input processes. Furthermore. the tempering 

The temper- 
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response of t h e  untempered mar tens i te  which forms i n  e i t h e r  s i t u a t i o n  

i s  near ly  iden t i ca l .  

7.4.5 Observations and 

The following comments a r e  based upon information which i s  a v a i l -  

ab le  i n  t h e  l i t e r a t u r e  and t h e  r e s u l t s  of i nves t iga t ions  performed 

under t h e  support of t h e  ADIP Path E program. 

1. There appears t o  be no meta l lu rg ica l  advantage favor ing  t h e  

use of low heat  input  (such a s  l a s e r )  versus high hea t  input  

(GTA. GMA. SMA. e t c . )  welding process on t h e  as-welded j o i n t .  

In e i t h e r  case reg ions  of hard. untempered mar t ens i t e  a r e  

produced i n  t h e  fus ion  zone and por t ions  of t h e  HAZ. 

2 .  Regardless of t h e  choice of welding processes and/or para- 

meters a postweld hea t  treatment w i l l  be necessary t o  r e s t o r e  

adequate toughness t o  t h e  weld region. 

3. Preheat temperatures a r e  not c r i t i c a l  i n  t h e  labora tory  and 

might be minimized f o r  component welding. In t h e  labora tory .  

preheat  temperatures a r e  not de l e t e r ious  up t o  -3OOC. Higher 

prehea ts  may e f f e c t  weld q u a l i t y  i n  t h a t  weld puddles a r e  l e s s  

e a s i l y  cont ro l led .  

parameter t o  inves t iga t e .  Some preheat  w i l l  probably be 

necessary i n  welding a completely constrained tube bank o r  

corrugated shee t  t o  a massive s t ruc tu re .  Spec i f i c  requi re-  

ments f o r  t h i cke r  weldments and more pro to typic  conf igura t ion  

a r e  y e t  t o  be evaluated. 

Therefore, weld p o s i t i o n  i s  an important 

4.  Welds have been made s a t i s f a c t o r i l y  using both t h e  GTA and 

l a s e r  welding process.  Use of e i t h e r  of these  processes f o r  

f a b r i c a t i o n  of fus ion  devices w i l l  r equ i r e  f u r t h e r  optim- 

iza t ion .  
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5. It should be recognized i t  w i l l  be necessary t o  opt imize t h e  

weld processes.  parameters and hea t  t reatments  t o  produce 

property combinations with t h e  r e s u l t  t h a t  weldments a r e  

cons i s t en t  with design requirements.  
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7.5 FRACTURE TOUGHNESS MEASUREMENTS FOR UNIRRADIATED 9CR-1MO USING 

ELECTROPOTENTIAL TECHNIQUES - F. H. Huang and G. L. Wire (Hanford 

Engineering Development Laboratory) 

7.5.1 ADIP Task - ADIP Fusion 

7.5.2 Objective 

The upper shelf toughness of 9Cr-1Mo was measured using electropo- 

tential techniques with the single specimen method. The goal is to 

characterize the fracture behavior of potential fusion first wall ferri- 

tic materials. 

7.5.3 Sununary 

The electropotential technique has been applied to determine J on IC 
single specimens of HT9. The technique was extended to 9Cr-1Mo in this 
work. Fracture toughness tests were performed on unirradiated 9Cr-1Mo 

specimens at 25, 232 and 427"C, and on HT9 specimens at 25 and 232°C for 
comparison. Continuous crack extension measurements and J versus ba 

curves were obtained through the use of a semi-empirical expression in 

terms of V I V O  and a/a . 
the single specimen method agrees well with the multi-specimen method in 
determining J however, there is noticeably larger (order 15%) uncer- 

tainty for 9Cr-1Mo tested at 427'C. Alloy 9Cr-1Mo shows less variation 

in the temperature dependence of J and a higher resistance to crack 
propagation than HT9. 

The analysis of test results shows that for HT9, 
0 

IC' 

IC 

7.5.4 Progress and Status 

7.5.4.1 Introduction 

A single specimen method using an electropotential technique for 

The use of this fracture toughness measurements has been deve1oped.l 

method can reduce the volume required for irradiation testing of fracture 

toughness specimens by a factor of 4 .  

been applied to the precracking of the specimens to replace the optical 

method which is tedious and time consuming when used in the hot-cell.2 

In addition, the technique has 
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Test specimens were fabricated from alloys 9Cr-lMo and HT9. These 

ferritic alloys are being evaluated for first wall applications in fusion 

reactors. The test results of HT9 were reported in Reference 1. For 

comparison purposes, both 9Cr-1Mo and HT9 specimens were precracked and 

subsequently tested using a hydraulic testing system. The electropoten- 

tial was monitored without interruption during precracking and testing. 

The test results were compared with those obtained from the multi-specimen 

method. 

7.5.4.2 Experimental Procedure 

The 2.54 mm thick circular compact tension specimens were fabricated 
from modified 9Cr-lMo (heat number XA3364) developed by Combustion Engi- 

neering and O m .  

5 min/AC + 76OoC/1 hr/AC. 
also machined from HT9 bar stock received in the mill annealed condition, 

which consists of hot work at 1149OC for 1 hour, and tempering at 740- 
76OoC for 1 hour and air cooling. 
trically insulated by ceramic parts contained in the couplings of the 

p u l l  rods. All specimens were fatigue precracked with a servo-hydraulic 

system to a crack length of 1.3 mm at a stress intensity factor of 

36 MPa 6 for 9Cr-lMo specimens and 28 MPa 6 for HT9 specimens. 
precrack lengths were measured by a travelling microscope during the 

precracking. Following the precracking fracture toughness tests were 
performed at 25, 232 and 427°C using a split furnace. After the test 
was completed, each cracked specimen was heat tinted at 500°C for 1 hour 

to reveal the crack extension (Fig. 7.5.1). 

They were given the final heat treatment of 1038'C/ 

Test specimens of the same dimensions were 

The test specimen assembly was elec- 

The 

The values of J were calculated from load versus load-line displace- 
3 ment curves in the form: 

l + a  g J =  
1 + a2 Bb 

where A is the area under load versus load-line displacement curve, B is 

the specimen thickness, b is unbroken ligament size, CY = 2[(a/b)2 + (a/b) 
+ 1/2]1/2 - (2a/b + 1). 
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(a) (b) 
"EDL el,-.. 

Fig. 7 . 5 . 1 .  Crack extension as revealed by hint tinting for 
(a) HT9 and (b) 9Cr-1Mo. 

7 . 5 . 4 . 3  Results and Discussions 

3 versus Aa for HT9 tested at room temperature and 2 3 2 ° C  using a 
MTS testing machine are shown i n  Fig. 7.5.2. A l s o  shown in the figure 

are the test results obtained using an Instron testing machine. They 

are in good agreement. The potential changes and their corresponding 

crack lengths were measured simultaneously and are shown in Fig. 7 . 5 . 3  

and Fig. 7 . 5 . 4 .  In these figures, V is the initial potential drop 

across the crack of length a prior to precracking. The final crack 

extensions revealed by heat tinting for each test were plotted in these 

figures as filled points. A s  can be seen from the figures, the slope of 

V/V versus ala curve for precracking is larger potential change result- 

ing from a larger crack area advancement for fatigue precracked specimens 

which have nearly straight crack fronts. 

observation, an empirical expression for the calibration curve in terms 

of V/V and alao where a. is the initial crack length prior t o  testing, 

was formulated' as 

0 

0 

0 0 

Based on this experimental 

0 

( 2 )  

where Xo,  6 are the intercept and slope of the straight line portion of 

the V/V versus ala curve at larger crack extensions. Here Aa* is the 

blunting at crack initiation, which can be estimated from a widely accept- 
0 0 

ed blunting curve description Aa = J / 2 o  where a - + a ) / 2 .  f' f - (ays uts 
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CRACK EXTENSION (in.) 
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"EDL l l l O m B e  

Fig. 7.5 .2 .  J versus Aa for HT9 tested at 25°C and 232OC. 

In Fig. 7 .5 .4  the calibration curve (solid line) was derived from experi- 

mental data in the form of equation (2) for HT9. 

curve, J versus Aa curves can be obtained from each single specimen test. 
They are shown in Fig. 7.5.5 for HT9. Overall, the values of J esti- 

mated from the single specimen method agree with that estimated from the 

multi-specimen method for HT9. 

The V/V versus a/a 

Using this calibration 

IC 

data for the precracking and interrupted test- 
0 0 

ing of 9Cr-1Mo are shown in Fig. 7 .5 .6  and Fig. 7 . 5 . 7 .  The solid line 

in Fig. 7.5.7 represents the electropotential calibration curve in the 

form of equation ( 2 )  with a slope of 1. This curve was used to calculate 

the continuous crack extensions for constructing J versus Aa curves which 

are plotted in Fig. 7.5 .8  and Fig. 7.5 .9  for 9Cr-1Mo tested at 232°C and 

427'C, respectively. 







226  

i c a a s s \ t  
$, 
Y c 

I 
? 
r 

3 
c 

OAJA 

3 

9 

r 

r 

5 
r 

0 
5 

a 
. 

? 
r 

0 r 
r 

e 
r 



227 

CRACK EXTENSION 11n 1 

I 

Xn 
9 Cr - 1 Mo 

TEST TEMP = P2OC 

m 

CRACK EXTENSION lmml 

Fig.  7.5.8. J ve r sus  Aa curves obtained v i a  an e l e c t r o p o t e n t i a l  
c a l i b r a t i o n  curve f o r  9Cr-lMo t e s t e d  a t  232°C .  

CRACK EXTENSION lin.1 

,1500 0.m 0.010 0.016 0 . m  -" 
9 Cr - 1 M o  
TEST TEMP. = U P C  

4 I 

J. 
"EDL,,,-,* 

Fig.  7.5.9. J ve r sus  Aa curves obtained v i a  an e l e c t r o p o t e n t i a l  
c a l i b r a t i o n  curve f o r  9Cr-lMo tested a t  427°C. 
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Table 7.5.1. Fracture Toughness Test Results and Mechanical 
Properties of 9Cr-1Mo 

a a Jlc 
2 Test YS YS 

Temp. ("C) (KSI ma) (KSI MPa) (in-lb/in2 kj/m ) 

25 83 572.2 100 689.4 470.6 82.4 
232 73 503.3 90 620.5 411.8 72.1 
427 70 482.6 78 537.7 513.1 89.8 

T* = Tearing Modulus 

T* 

160 
177 
147 

- 
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7.6 TEM SPECIMEN PREPARATION FOR THE HFIR-MFE-RB1 EXPERIMENT - 

D. T. Peterson (Hanford Engineering Development Laboratory) 

7.6.1 ADIP Task 

The Department of Energy, Office of Fusion Energy has cited the need 

for these data under the ADIP Program Task,  Ferritic Materials Development 

(Path E). 

7.6.2 Objective 

The objective of this work is to study the microstructural response 

of ferritic alloys to low temperature irradiation. 

7.6.3 Summary 

TEM specimens of the ferritic alloys HT-9, 9Cr-1Mo and 2kCr-lMo have 

been prepared for inclusion in the HFIR-MFE-RBI irradiation. The specimen 

matrix encompasses all the conditions being irradiated in the EBR-I1 AD-2 

test. Additionally, the matrix includes specimens of HT-9 weld fusion 

zones and simulated heat-affected zones to study the microstructural 

response of weldments. 

7.6.4 Progress and Status 

1.6.4.1 Introduction 

The AD-2 experiment was the first concerted investigation of ferritic 

alloys by the ADIP Program. This test is being irradiated in EBR-I1 to 

exposures of about 15 and 30 dpa at irradiation temperatures of 390, 450, 
500 and 55O"C.l As the coolant inlet temperature of EBR-I1 is 370"C, 

irradiations cannot be performed in that reactor below about 390°C. 

ever, the irradiation response of materials at temperatures below 400°C is 

of considerable interest. With a coolant temperature of only 50°C HFIR 

offers the capability of performing irradiations below 400°C. 

How- 

The present HFIR test, designated MFE-RBI, is designed to operate at 
2 the coolant temperature of 50°C with goal exposures of 10 and 20 dpa. 

Reference 2 describes the preliminary specimen matrix for this test. In 

addition to HT-9, 9Cr-1Mo and 2kCr-lM0, nickel doped variants of HT-9 and 
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9Cr-1Mo will be irradiated in this test. These nickel doped alloys were 

developed by ORNL to enhance the production of helium during irradiation 

in mixed spectrum reactors such as HFIR.3 This report describes the TEM 

specimen matrix for the standard heats of HT-9, 9Cr-1Mo and Z?$r-lMo. 

Specimens of the nickel doped alloys are being fabricated by ORNL. 

7.6.4.2 Specimen Matrix 

The TEM specimen matrix is listed in Table 7.6.1. Due to the diffi- 

culties involved in preparing TEM specimens from mechanical properties 

specimens the matrix encompasses conditions that are representative of 

all the mechanical properties specimens. A l s o  included in the matrix are 

alternate treatments intended to provide backup information in case the 

properties of the standard treatments are not adequate. A brief discussion 

of each of the conditions follows. Conditions HA through K 5  and HK are 
the only conditions not currently being irradiated in the AD-2 test.' 

However, these conditions are being included in the reconstitution of 

the test. 

7.6.4.3 HT-9 

Conditions HI and H2 correspond to the standard treatments used for 
Only a treatment the mechanical properties specimens in the AD-2 test.' 

corresponding to condition H1 is being used for the mechanical properties 
specimens in the RB1 test.5 These two conditions are intended to investi- 
gate the effects of prior austenite grain size and tempering time on post- 

irradiation mechanical properties. 

Condition H3 uses a lower tempering temperature which is closer to 
the nose of the carbide precipitation curve. This treatment is intended 

to decrease dislocation recovery while enhancing carbide precipitation. 

Conditions H4 and HA correspond to the two treatments used for the 
fracture toughness and miniature Charpy specimens in the AD-2 test. 

Conditions H5 and H7 are intended to assess the effect of cold work- 
ing on microstructural development. These combined with the other treat- 

ments provide a comparison of the effects of different dislocation struc- 

tures: treatments HI, "2, H4 and HA produce highly recovered dislocation 
structures, treatment H3 is intended to produce a less recovered disloca- 

tion structure, and treatments H5 and H7 produce cold worked dislocation 
structures. 
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Table 7.6.1. TEM Specimen Matrix for the HFIR-MFE-RB1 Test 

All~oy* Code TMT 

HT-9 

HT-9 
HT-9 

HT-9 

HT-9 

HT-9 

HT-9 

HT-9 

HT-9 

HT-9 

HT-9 
HT-9 

9Cr-1Mo 

9Cr-1Mo 

9Cr-1Mo 

9Cr-1Mo 

9Cr-1Mo 

9Cr-1Mo 
2kCr- 1Mo 

2% r- 1Mo 
2kC r- 1Mo 

2% r- 1Mo 

HI 

"2 

H3 

H4 

H5 

H7 
HA 
HT 

HU, HV 

HX, K1 

K2, K3 
K4, KS 

HF! 
HK 

HE 

HF 

HH 

HJ 

HL 

HN 
HP 

HR 

40% CW + 1038"C/5 min/AC + 760"C/0.5 hr/AC 
40% CW + 1038°C/0.5 hr/AC + 76OOCj2.5 hr/AC 
40% CW + 1038"C/5 min/AC + 675"C/2.5 hr/AC 
40% CW + 1O5O0C/0.5 hr/AC + 780"C/2.5 hr/AC 
1038OC/5 min/AC + 76OoC/0.5 hr/AC + 20% CW 
1038"C/5 min/AC + 760"C/0.5 hr/AC + 30% CW 
Mill annealed round bar. 

Weld fusion zone + 760°C/2 hr/AC 
HAZ #1 + 760"C/2 hr/AC 
HAZ #2 + 760"C/2 hr/AC 
HAZ 1/3 + 760°C/2 hr/AC 
HAZ 114 + 7 6 0 " C / 2  hr/AC 

40% CW + 1038°C/1 hr/AC + 760°C/1 hr/AC 
40% CW + 1038°C/0.5 hr/AC + 76O0C/0.5 hr/AC 
40% CW + 1038"C/5 min/AC + 760°C/1 hr/AC 
40% CW + 1038OC/5 min/AC + 675'C/2.5 hr/AC 

1038OC/1 hr/AC + 76OoC/l hr/AC + 20% CW 

1038°C/1 hr/AC + 760°C/1 hr/AC + 30% CW 
9OO0C/0.5 hr/AC + 7OO0C/l hr/AC 
90OoC/0.5 hr/AC + 65OoC/1 hr/AC 
92OoC/10 min/WQ + 720°C/1 hr/AC 
40% CW + 75OoC/l hr/AC 

"HT-9 - Ht. 91353 
9Cr-1Mo - Ht. 30176 
2kCr-1Mo - Ht. 56447 

Specimens HT through K5 were produced by a joint effort between HEDL 

and Sandia National Laboratories, Livermore. These specimens provide a 

straightforward means of determining the effects of irradiation on weld- 

ments. The weld fusion zone specimens (condition HT) were taken from 

autogeneous GTA welds performed on 0.31 mn thick sheet.' 

simulated heat-affected zones were produced by resistance heating 

The four 
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7 cylindrical specimens on a Gleeble. Subsequently, specimens were sliced 

off from around the center of the specimen. 

of each Gleeble specimen is known only for a 6 mm region about the center 
of the specimen. For traceability, every disk cut from each specimen 

was given a distinct code. 

The exact thermal history 

The four simulated heat-affected zones are intended to simulate the 

four distinct microstructural regions of the heat-affected zone.3 

simulates the region of the heat-affected zone that is adjacent to the 

fusion zone. It consists of martensite and delta ferrite. Zone 2 is 

martensitic with coarse prior austenite grains. Zone 3 is martensitic 

with fine prior austenite grains and incomplete dissolution of carbides. 

Zone 4 consists of overtempered base metal. 

Zone 1 

7.6.4.4 9Cr-lMo 

Condition HB corresponds to the standard treatment used f o r  the 

mechanical properties specimens in the AD-2 test’ while condition HK 

corresponds to the standard treatment used for the mechanical properties 

specimens in the RB1 Condition HE has a shorter austenization time 

which is consistent with the small section size of the TEM specimens. 

Conditions HF, HH and HJ are the same as the corresponding conditions 

of HT-9 (H3, H5 and H7). 

7.6.4.5 2kCr-lMo 
The series of treatments used f o r  2kCr-lMo are intended to provide 

an assessment of the effect of matrix structure on the overaging response 

of the carbides; treatment HL produces a fine-grained bainitic structure, 

treatment HP uses a water quench from the normalizing treatment to produce 

a martensitic structure, and treatment HR uses a subcritical anneal to 

produce a ferritic structure. Condition HL is the standard treatment 

used for both the AD-2 and this test.‘” 

tempering temperature than the standard treatment to produce a higher 

pre-irradiation tensile strength. 

Treatment HN uses a lower 

7.6.5 Future Work 

Microstructural examinations will be performed on selected specimens 

after the first discharge at 10 dpa. 
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7.7 MINIATURE CHARPY SPECIMEN TEST DEVICE DEVELOPMENT AND IMPACT TEST 
RESULTS FOR THE FERRITIC ALLOY HT9 - W. L. Hu and N. F. Panayotou 
(Hanford Engineering Development Laboratory). 

7.7.1 ADIP Task 
The Office of Fusion Energy, DOE, has established the need to deter- 

mine the fracture toughness of candidate fusion program ferritic alloys 
(Path E). 

7.7.2 Objective 
The objective of this work is to develop an instrumented impact 

testing capability which will permit the determination of the ductile to 
brittle transition temperature and the dynamic fracture toughness of 
irradiated ferritic alloys. 

7.7.3 Summary 

A miniature charpy v-notch (CVN) type impact specimen geometry has 
been selected and two instrumented drop towers have been purchased from 
Effects Technology, Incorporated (ETI) and received at HEDL. Impact 
testing of unirradiated HT9 miniature CVN specimens has been performed 
at temperatures of -1OOOC to +lOO°C. The ductile to brittle transition 
temperature obtained is in excellent agreement with data obtained using 
full size HT9 CVN specimens. 
be obtained. However, improved instrumentation will be required to obtain 
dynamic fracture toughness data outside the lower shelf region. 

Dynamic fracture toughness data can also 

7.7.4 Progress and Status 

7.7.4.1 Introduction 
Ferritic alloys such as HT9 are susceptible to brittle failure under 

certain service conditions. Furthermore, it is well known that the temp- 
erature at which ferritic alloys undergo a transition in fracture mode 
from ductile to brittle shifts toward higher temperatures with increasing 
neutron exposure. Accordingly the change in the ductile to brittle 
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the selection of alloys for fusion reactor applications. 

A standard method of determining the DBTT of ferritic alloys involves 

the use of a Type A CVN specimens 10 mm square and 55 mm long with a 4 5 " ,  

2 mm deep n0tch.l The test method involves the heating or cooling of the 

test specimen to a specific temperature, its rapid transfer to the test 

position and the impact loading of the specimen in three point bending by 

a moving mass of known kinetic energy which is great enough to break the 

specimen. 

range of temperatures. 

temperature at which a component, with a thickness identical to that of 
the charpy specimen, will exhibit ductile behavior. 

The energy required to break a specimen is determined over a 
This data can then be used to specify the minimum 

A miniature CVN specimen geometry was chosen for this study of the 

effect of irradiation on the dynamic fracture toughness of candidate 
ferritic alloys. HEDL's miniature specimen is compared in Fig. 7.7.1 
with a standard CVN specimen. The miniature specimen is approximately 

I 

Fig. 7.7.1. Comparison of full size and HEDL half size charpy 
v-notch specimens. 
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a one-half size CVN specimen. 

permits eight specimens to be irradiated in the volume occupied by one 

standard CVN specimen. Eight specimens are usually sufficient to define 

the entire DBTT curve. 

are valid for components of equal thickness. When compared to full size 

CVN specimens, however, it is noted that miniature CVN specimens will 

indicate better behavior, that is the DBTT is shifted to a lower test 

temperatures. This is usually attributed to the fact that sufficient 

constraint cannot be developed at the root of the notch of a sub-size 

specimen. 

to be independent of specimen size, so that miniature CVN specimens can 

be used to determine the relative effect of irradiation on fracture be- 

havior. 

The use of this miniature specimen geometry 

The results obtained with miniature CVN specimens 

However the shift in DBTT following irradiation has been found 

A drop tower was chosen as the impact test device instead of the 
more conventional pendulum device. The drop tower is a more flexible test 

bed since it can be easily adapted to various specimen geometries whereas 

a pendulum device is usually designed for a particular geometry. 

addition the drop tower requires less floor space, an important consider- 

ation for hot cell testing applications. 

energy required to break the specimen, when a drop tower is employed, 

involves instrumenting the striker or tup with strain gages so that a 

load versus time signal of the test can be obtained. This signal can be 

integrated electronically so that the energy absorbed during fracture 
can be obtained. This signal can be integrated electronically so that 

the energy absorbed during fracture can be determined. 

cracked specimens are employed the load-time signal which is obtained 

can also be used to extract dynamic fracture toughness data. This type 

of instrumented charpy testing is rapidly gaining acceptance and a stand- 

ard on the instrumented testing of precracked specimens is currently 

under review by an ASTM working group. 

In 

One method of determining the 

If fatigue pre- 

To date both notched and precracked miniature charpy specimens of 

unirradiated HT9 have been tested. 

conditioning chamber and specimen transfer mechanism, which will permit 

remote testing of miniature CVN specimens, have been designed and are 

currently being integrated with the drop tower. The installation of the 

A specially designed temperature 
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122 J drop tower in the hot cell facility and the first testing of irra- 

diated HT9 and 9Cr-1Mo miniature CVN specimens, irradiated in the AD-2 

experiment to a fluence of 14 dpa, will be performed during the next 
reporting period. 

for control testing. The capacity of both drop towers can be increased 

by substituting tungsten for the lead weights currently in use. 

The larger capacity drop tower, 285 J, will be used 

7 .7 .4 .2  Experimental Procedure 

The dimensions of the full size and miniature CVN specimens used in 

this study are shown in Fig. 7 . 7 . 2 .  

specimen is essentially a one-half size charpy specimen. 

length of the HEDL half size CVN specimen could not be scaled to that of 

a one-half size charpy due to irradiation vehicle  constraint^.^ 
more, the notch dimensions were reduced from the standard dimensions in 

order to obtain greater constraint at the notch tip. 

In cross section the miniature 
However the 

Further- 

FULL SIZE CVN 

HEDL HALF SIZE CVN 

I 

ALL DIMENSIONS IN mm 

Fig. 7 . 7 . 2 .  Full size and HEDL half size charpy v-notch specimen 
dimensions. 



239 

The full size CVN specimens were machined directly from 33.3 mm 

diameter bar stock of HT9 heat number 91354. The details of the specimen 

prior history were reported elsewhere. These specimens were the control 

specimens for a Naval Research Laboratory (NRL) assembled EBR-I1 experi- 

ment described in Reference 4. It should be noted that the heat treat- 

ment specified in Reference 4 for these full size CVN specimens and 

referred to as the "as received" condition is incorrect. The only heat 

treatment applied to the stock material was performed by the vendor and 

consisted of hot working, after soaking for a minimum of one-half hour 

at 1140"C, followed by air cooling to room temperature, followed by temp- 

ering at 750°C for one hour and then finally, air cooling to room temper- 

ature. A tempered martensite microstructure resulted from this heat 

treatment. The specimens machined from this stock were not subsequently 

heat treated. 

The HEDL half size CVN specimens were machined from hot rolled 6 . 4  mm 

thick plate stock supplied to HEDL by General Atomic Company. 

material was heat treated by General Atomic Company for ten minutes at 

1038'C, air cooled to room temperature and was then reheated to 760°C 

and maintained at temperature for thirty minutes and then air cooled. 

The HEDL half size precracked CVN specimens have the same prior history 

as the full size specimens except f o r  the orientation of the specimen 

with respect to the bar stock. The prior history of the full size and 

the half size and precracked half size CVN specimens is summarized in 
Table 7.7.1. Despite differences in the prior history of the specimens 

the resulting prior austenite grain size and Vickers microhardenss of the 

tempered martensite microstructure is quite comparable. 

of the specimens with respect to the stock material is illustrated in 

Fig. 7.7.3. 
would be loaded in the longitudinal direction and the crack would propa- 

gate along a chord of the cross section of the bar. The HEDL half size 

specimens were machined so that the specimen would be loaded in the 

transverse direction and the crack would propagate along the longitudinal 

direction of the plate. The HEDL precracked half size specimens were 

machined so that the specimen would be loaded in a radial direction and 
the crack would propagate in an orthogonal radial direction of the cross 

The stock 

The orientation 

The full size CVN specimens were machined so that the specimen 
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Table 7.7.1. HT9 CVN Specimen Prior History 
NRL - HEDL 

Precracked 
Full Size Half Size Half Size 

Heat Number 91354 91354 91354 
Processing Hot Forming Hot Rolling Hot Forming 

Stock Form 33.3mm dia. bar 6.4mm thick plate 33.3mm dia. bar 

Stock Heat 75O0C/30min/AC 1038'C/lOmin/AC 750°C/30min/AC 
760°C/30min/AC 

Specimen Heat 
Treatment None 

ASTM Prior Austenite 
Grain Size 8 

Microhardness 
DPH, 500 g load 270 

None None 

8 8-9 

265 265 

HEDL PRECRACKED 
HALF SIZE CVN 

"ED, $110 IS 3 

Fig. 7.7.3. Orientation of CVN specimens with respect to the 
stock material. 
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section of the bar. 
identical orientation were not available for this work. 

Full size and miniature CVN specimens having the 

The vendor specified composition and an independent overcheck of 
the composition o f  this bar stock is given in Table 7.7.2. 

Table 7.7.2. Chemical Composition of HT9 Heat Number 91354 

Element Weight Percent 
Vendor Overcheck 

C 0.21 0.20 

Mn 0.50 0.39 
P 0.008 
S 0.003 

s i  0.21 0.14 
Ni 0.58 0.49 
Cr 12.11 12.39 
MO 1.03 0.99 
V 0.33 0.45 
Ti 0.002 
co 0.01 
cu 0.04 0.07 

A1 0.034 
B 0.0007 

AS <O. 005 
N 0.004 

Ta <0.01 

W 0.53 
balance Balance 

A total or six HKUL halZ size CVN specimens and eleven HEDL precracked 
half size specimens were tested. The pre ens were fatigue 
precracked in accordance with ASTM specif,,,,,,, 
the procedure were reported in a previous ADIP quarterly progress report. 

The experimental setup used to test the HEDL half size CVN specimens 

The details of 

is shown in Fig. 7.7.4. 
which is allowed to fall freely along smooth guide columns, an instrumented 

The drop tower consists of a weighted crosshead 
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HEDL 8110.183 6 

Fig. 7.7 .4 .  Experimental set up used to test HEDL half size CVN 
specimens. 
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tup assembly and a hoist mechanism which allows for remote raising and 

releasing of the weighted crosshead. The specimen to be tested is placed 

on a set of anvils and the crosshead travel is limited by a set of stops 

positioned outside the guide columns. The separation between the support 

anvils was set so that a span equal to 4w, where w is the width of the 
specimen (5.0 mm) would be obtained. The span was taken as the distance 

between the points of contact of the specimen with the anvils. The 

signal from the instrumented tup is fed to a storage oscilloscope. 

oscilloscope is triggered when a flag on the crosshead passes in front 

of an infrared sensor which is fixed to the drop tower support frame. 

Each specimen to be tested was instrumented with a thermocouple. The 

thermocouple wires were spot welded separately on either side of the 
notch so that the temperature of the specimen at the time of failure 

could be determined. 

with the specimen in place on the anvils using either a heated air stream 
or liquid nitrogen vapor. The velocity of the crosshead just prior to 

specimen contact was 2 . 4  m/sec for each test performed. 

The 

Specimen temperature conditioning was accomplished 

7.7.4.3 Experimental Results 

The initial calibration of the instrumented tup required the adjust- 

ment of the load signal gain control so that the maximum load obtained 

during dynamic testing was identical to the maximum load determined during 

the slow bend testing of a strain rate insensitive alloy. 
used for calibration was a one-half size Type A CVN specimen of 6061 

aluminum in the T651 heat-treated condition, supplied to HEDL by ETI. 

The radius of the striker was scaled to one-half the radius specified for 

full size CVN testing' mainly so that available finite element analyses 

of charpy test specimens can be unambiguously applied to our specimen 

geometry. The time rate of change of the specimen temperature was also 

examined over the range of temperatures studied for this work. The time 

rate of change of the specimen temperature ranged from about +Z°C/sec at 

-1OO'C to about -l°C/sec at +lOO°C for specimens tested in a room whose 

ambient temperature was about 22OC. Based on these results and given 

that the fracture event occurs on a millisecond time scale, the specimen 

temperature was assumed to be constant during the test. 

The specimen 
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A comparison between the ductile to brittle transition temperature 

curve obtained using full size and HEDL half size CVN specimens is shown 
in Fig. 7 . 7 . 5 .  The data has been normalized on an area basis. The area 

used is the specimen width multiplied by the length of the unbroken 

ligament. The trend line represents the results obtained by NRL using 

full size CVN specimens. An indication of the scatter in the NRL data 

is also shown. The data points shown are the values obtained using the 

HEDL half size CVN specimens. The results obtained using HEDL half size 

CVN specimens are listed in Table 7 . 7 . 3 .  In all cases the fracture 

energy could be resolved to a precision of k .14  J (tO.1 ft-lb). 

Specimen 
Number 

62-10 

62-6 

62-7 

62- 8 

62-5 

62- 9 

Table 7.7 .3 .  HEDL Half Size CVN Test Data 

Normalized 
Test Temperature Total Fracture Total Fracture 

("0 Energy (J) Energy (J/cm2) 

-100 

-47 

-12 

0 

22 

100 

2 . 4  

5 .2  

13.3  

17 .6  

20.6 

31 .6  

11.5 

24.4  

6 3 . 0  

83 .0  

96 .7  

149 .2  

The results obtained using precracked HEDL half size CVN specimens 

are shown in Fig. 7 .7 .6  through Fig. 7 . 7 . 8 .  The fracture energy versus 

test temperature results are shown in Fig. 7 .7 .6  and listed in Table 7 . 7 . 4 .  

The fracture energy ranges from less than .14 J at -18lOC to a maximum of 
5 J at +73"C. 

specimens is in good agreement with that determined using full size speci- 
mens and HEDL half size CVN specimens. Graphical reproductions of the 

photographs of the load-time traces and scanning electron microscope views 

of the fracture surface of a specimen tested at -20°C and at +lOO°C are 

shown in Fig. 7.7.7 and Fig. 7 .7 .8  respectively. In both cases the oscill- 

oscope was set to display both the load versus time signal and the inte- 

grated load versus time or fracture energy versus time signal. 

behavior exhibited by unirradiated HT9 at - 2 O O C  is typical of the behavior 

of specimens on the lower shelf and is evidenced by the failure of the 

The DBTT determined using precracked HEDL half size CVN 

The brittle 
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Table 7.7.4. HEDL Precracked Half Size CVN Specimen Test Data 

Specimen 
Number 

TT52 

TT24 

TTlO 

TT36 

TT34 

TT31 

TT53 

TT50 

TT40 

TT03 
TT39 

Test 
Temperature 

("C) 

-181 

-73 

-58 

-20 

-10 

0 

10 

22 

50 

73 
100 

Crack 
Length 
(cm) 

0.295 

0.307 

0.305 

0.310 

0.310 

0.310 

0.302 

0.300 

0.295 

0.290 
0.318 

Area 
(cm2) 

0.1032 

0.0968 

0.0981 

0.0955 

0.0955 

0.0955 

0.0994 

0.1006 
0.1032 

0.1058 
0.0916 

Total Fracture 
Energy 
(J) 

<0.14 

0.3 

0.5 

1.5 

1.5 

1.9 

2.3 

3.7 

4.5 

5.0 
4.2 

Normalized 
Total Fracture 

Energy 
(J/cm2) 

<1 

3 

5 

16 

16 

20 

23 

36 

44 
47 
46 

specimen during the linear elastic portion of the load-time trace, the 

relatively small total fracture energy, 1.5 J, as well as by the fracto- 
graphic examination. 

and a closer examination of the crack extension region of the fracture 

surface indicated little evidence of ductile tearing. The specimen tested 

at 100°C, on the other hand, suffered a large amount of plastic deforma- 

tion prior to failure, as indicated by the non-linear load versus time 

trace and the total fracture energy of 4.2 J. The specimen suffered a 

large amount of macroscopic plastic deformation and a closer examination 

of the crack extension region of the fracture surface indicates that the 

predominant fracture mode w a s  ductile tearing. 

The specimen suffered little macroscopic deformation 

7.7.4.4 Discussion 

The agreement between the DBTT determined using full size and HEDL 

half size specimens is surprising. The half size specimens were expected 

to exhibit a transition in their fracture behavior at a lower temperature 

than the full size specimens since the half size specimens should offer 

less constraint. One explanation of this finding is that the increased 
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constraint due to either the reduced notch dimensions or the fatigue 

precrack may have offset the reduced constraint due to the reduced thick- 

ness of the HEDL half size specimens. However a recent report comparing 

one-third size CVN specimens of A302B in which the notch tip radius was 

comparable to the radius of the HEDL half size specimens found a shift 

in the DBTT determined by the one-third size specimens with respect to 

the DBTT from full size specimens.6 

depending on if the data was normalized on an area o r  volume basis. 

Therefore the agreement obtained in this study may be fortuitous especially 

given the differences in specimen prior history and orientation. 

The shift was either 40 or 80°C 

The data obtained from precracked HEDL half size CVN specimens can 
be used to obtain the dynamic fracture toughness. For three point bend- 

ing5 the fracture toughness K can be expressed as 

where P is the load, S is the span, B is the specimen width, w is the 
specimen thickness, a is the crack length and f(:)is given by 

1 - 1  

3(')'. [1.99 - (-1 a (1 - ;)(2.15 a - 3.93 + 2.7 a2 f(;) = W W 

2(1 + 2;)(1 - 3 3 1 2  

For this work S = 4w and w = B = 5 mm. 

load time behavior is linear elastic then K = KD, the dynamic linear 
elastic fracture toughness. % values were calculated for all the pre- 
cracked specimens which were tested and the values are shown in Fig. 7.7.6. 
For specimens on the lower shelf, where the load versus time behavior is 
linear elastic, this procedure is valid. For specimens in the transition 

and upper shelf regions, where the load versus time behavior is not linear 

elastic, the load, or energy, at the transition between linear and non- 

linear behavior is usually used to calculate an elastic-plastic fracture 

toughness. 

to permit this to be done. 

is being considered to improve the reso1ut:ion of the initial portion of 

the load versus time signal. 

If we allow P = Pmax and if the 

The resolution of the present instrumentation is not sufficient 

The use of a digitized data acquisition unit 

At a test temperature of D o c ,  the calculated value of KD is about 
This value can be compared to the room temperature fracture 64 MF'a 6. 

toughness of HT9 determined under static t.esting conditions. Using 
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one-half inch thick compact tension specimens a K 

determined for HT9. 
2 value of 99.8 KJ/m 

elastic fracture toughness KJ by the standard formulation 

of 119 MPa 6 was 9 
Using one-tenth inch thick specimens of HT9 a JIc 

was determined.* This can be converted to the 

9 where E and v are Young's Modulus and Poisson's ratio respectively. 
The KJ calculated in this manner is 146 MPa 6. 
dynamic loading conditions would be expected to be less than either K 

or KJ since the fracture toughness of HT9 is known to be strain rate 

sensitive. 

CVN specimens is qualitatively consistent with the fracture toughness 

values obtained under static test conditions. 

The KD determined under 

Q 

Therefore the KD determined from precracked HEDL half size 

7.7.5 Conclusions and Future Work 

A miniature CVN specimen has been designed and found to be a valid 

test article. Two instrumented impact test frames have been procured 

and instrumented testing of HEDL half size CVN specimens of HT9 has been 

performed. 

independently from full size CVN specimens. 

be fortuitous due to differences in the prior history and orientation of 

the HEDL half size and the full size CVN specimens. Work is continuing 

on the development of a conditioning chamber and transfer device which 

will permit the remote testing of the HEDL half size specimens. 

of a computer to store and analyze the data obtained from the instrumented 

testing is being considered in order to improve the determination of KD. 

In cell installation of the 1 2 2  J drop tower and testing of HEDL half 
size specimens of HT9 and 9Cr-lM0, irradiated to 14 dpa in the AD-2 experi- 

ment, will be completed during the next reporting period. 

The results correlate unexpectedly well with data obtained 

The agreement obtained may 

The use 
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7 . 8  EFFECTS OF A WATER QUENCH ON HT-9 - J. M .  McCarthy and D .  S .  Gelles 

(Hanford Eng ineer ing  Development L a b o r a t o r y )  

7.8.1 ADIP Task 

The Department of Energy (DOE)/Office of Fus ion  Energy (OFE) h a s  

c i t e d  t h e  need t o  i n v e s t i g a t e  f e r r i t i c  a l l o y s  under  t h e  ADIP program 

t a s k ,  F e r r i t i c  S t e e l s  Development (Pa th  E ) .  The t a s k s  involved are a k i n  

t o  t a s k  number 1.B.13, T e n s i l e  P r o p e r t i e s  of A u s t e n i t i c  A l l o y s ,  t a s k  num- 

b e r  1.C.2, M i c r o s t r u c t u r e s  and S w e l l i n g  in A u s t e n i t i c  A l l o y s  and t a s k  num- 

b e r  l . C . l ,  M i c r o s t r u c t u r a l  S t a b i l i t y .  

7 .8 .2  O b j e c t i v e  

The o b j e c t i v e  of the exper iment  was t o  de te rmine  t h e  e f f e c t  of  t h e  

p o s t - a u s t e n i t i z a t i o n  quenching on t h e  toughness  of tempered HT-9. 

7 .8.3 Summary 

Charpy specimens of HT-9 were g iven  a h e a t  t r e a t m e n t  5 minu tes  a t  

1038°C fo l lowed  by a w a t e r  quench, t h e n  1 hour  a t  760°C fo l lowed  by a i r  

c o o l i n g .  S u r f a c e  c r a c k s  were found i n  a l l  three specimens f o l l o w i n g  

h e a t  t r e a t m e n t .  Charpy tests  were performed on Lhese HT-9 specimens  t o  

de te rmine  t h e  e f f e c t  of  water quenching r e l a t i v e  t o  a i r  c o o l i n g .  A 

Charpy tes t  a t  23°C (upper  s h e l f  b e h a v i o r )  showed t h e  water- quenched HT-9 

t o  be 1 .70 t imes a s  tough a s  t h e  HT-9 a i r  c o o l e d .  The tes ts  performed 

a t  -59°C ( lower  s h e l f  b e h a v i o r )  showed a s i m i l a r  i n c r e a s e  i n  toughness  

(up t o  1 . 7 1  t i m e s ) .  The consequence of a water quench is  t h e r e f o r e  found 

t o  be  a l a r g e  i n c r e a s e  i n  upper  s h e l f  ene rgy  which r e s u l t s  i n  an  e f f e c t i v e  

DBTT s h i f t  of %40°C b u t  on ly  a small change i n  t h e  lower s h e l f  b e h a v i o r .  

7 .8 .4  P r o g r e s s  and S t a t u s  

7 .8 .4 .1  I n t r o d u c t i o n  

L ich tenberg’  has n o t e d  r e t a i n e d  a u s t e n i t e  a t  m a r t e n s i t e  l a t h  bound- 

ar ies  i n  a i r  coo led  HT-9. H e  a s c r i b e s  t h i s  o b s e r v a t i o n  t o  ca rbon  segre-  

g a t i o n  ahead of the expanding m a r t e n s i t e  p l a t e s ,  c r e a t i n g  a u s t e n i t e  

e n r i c h e d  i n  ca rbon  and t h e r e f o r e  s t a b i l i z e d  a g a i n s t  t r a n s f o r m a t i o n  t o  
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martensite. Tempering treatments result in precipitation of M23C6 at 

these carbon rich regions. Furthermore, a faster quenching rate produced 

by a warm water quench reduces the retained austenite film. 

It is anticipated (and subsequently shown but not reported by 
Lichtenberg) that a reduction in the amount of retained austenite will 
alter carbide precipitation and result in a finer dispersion of carbide 

particles with reduced development at martensite lath boundaries. Such 

a change in microstructure can be expected to alter toughness properties. 
It was the purpose of this experiment to determine if a change in carbide 

distribution, which can be expected from a rapid quench, will significantly 

improve toughness behavior. 

7.8.4.2 Experimental Procedure 
HT-9 half-sized Charpy specimens were quartz encapsulated in an 

argon atmosphere and austenitized at 1038OC for 5 minutes. 
was performed by breaking the ampule under water to give a maximum 

quenching rate. 

treatment, whereas specimens Q1 and Q2 were fatigue precracked after the 

water quench treatment. 

in both cases, indicating that the cracks formed by the heat treatment 

did not effect the precracking process. 

in air at 76OoC for 65 minutes and allowed to air cool. The Charpy test 

was then performed. A detailed description of these tests, equipment 
development, procedure and variables measured can be found in Reference 2 .  

Quenching 

Specimen TT63 was fatigue precracked prior to the quench 

The fatigue crack growth rates were consistent 

The specimens were then tempered 

7.8.4.3 Results and Discussion 
Cracks were visible on the surfaces of all three specimens following 

the water quench as shown by Figures 7.8.1 through 7.8.5. 
fatigue cracked prior to heat treatment.) 

rate was uniform throughout the entire process of pre-cracking indicating 

that the cracks formed by the heat treatment did not affect this process. 

Most of the cracks were surface cracks as confirmed by examining the cross 
section of one specimen, 91. in the Scanning Electron Microscope (SEM). 

Micrographs of the deepest surface cracks found in this examination are 

shown in Figures 7.8.6 and 7.8.7. 

(One had been 

The fatigue crack growth 

The most severe crack was about 40 
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Fig. 7.8.1. Specimen Q1 Surface Following Water Quench (50x). 
This Specimen Shows a Network of Shallow Surface Cracks (See Figures 
7 . 0 . 6  and 7.8.7). 

Fig. 7.8.2. Specimen 42 Surface Following Water Quench (50x). 
The Cracks in  th i s  Specimen were of Greater Length and Depth than 91. 
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Fig. 7.8.3. Spec >en Sur .ce Fc lowing Water Quem I. 

Figure 7.8.4. Specimen Q1 Surface Following Water Quench (50x). 



7 

Fig.  7.8.5. Charpy Specimen Q2 Surface  Following Heat Treatment ( lox) .  
The Longitudinal  Crack had a Depth of .25 cm Following Charpy Test. 

F ig .  7.8.6. Cross Sec t ion  of Charpy Specimen Q 1  Showing Crack wi th  
a Depth of %40 p .  
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Fig. 7.8.7. Cross Section of Charpy Specimen Q X  Showing Crack with 
a Depth of %IO p .  

of . 2  cm. Thu 
urface cracks. 
Lc.~. -c. - 

Figures 7.8.8, 7.8.9, and 7.8.10 show the results of i 

._ _L. ...-... c - >  I,". ,, n l . ~ ~  ...- _. 0 1 1  .-> _. 0 1 

- 

s performed on HT-9 without a water quench.* In each j 
. . .. . -  

microns deep. However, in a second specimen, 92,  a longitudinal crack 
reached a depth 

were not just si Also, 92 had much longer continuous cracks 
on its surfaces m a n  m e  omer two sDecimens given a water quench. 

1s. all the cracks formed by the water quench 

1 :he Charpy 
tests on cne warer-quencnru ni-7. rigures 1 . 0 . 1 1  ana 1 . 0 . 1 2  are Charpy 

test Figure, the 
lower curve represents the loading of the specimen; the upper curve 

represents the energy C, nec4 
the specimen. Table 7.8.1 SI _..- 

rack through 

Figur !pendente of energy-absorbed 

(C,) for k 

water-quer 1 'or the water-quenched HT-9 

specimens are also shown for comparison. 

Table 7.8.1 to have a Cv less than specimen 91, although it is the same 
material and the Charpy test was performed at nearly the same temperature. 

quench,' compared with a 

Specimen TT63 is shown by 

:e 7.8.13 shows the temperature de 

ieat treated €IT-9 without a water 
iched HT-9 curve. The C.. values f 
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Fig.  7.8.8. Charpy Test Specimen 91. T = -59.3"C, C, = .53 f t . - l b .  

Energy- 
Absorbed 

CV 

c Load 

F i g .  7.8.9. Charpy T e s t  Specimen Q2.  T = 25OC, C, = 3.9 f t . - lb .  
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Fig. 7.8.10. Charpy Test Specimen TT63. T = -59OC, C, = .30 f t . - l b .  

F i g .  7.8.11. Charpy Test Specimen TT50. T = 23OC, C , =  2 .3  f t . - l b .  
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Fig. 7.8.12. Charpy Test Specimen TT10. T = -58.4'C, C, = .31 f t . - l b .  

Table 7.8.1 

Pre-Crack F rac tu re  
Water Quench T Depth Energy c,* ($1 

Specimen Heat Treatment ("Q a (cm) C, ergsj10 '  ergs/ lO - cm 

Q1 Yes - 5 9 . 3 ?  .1 .22 2 .01 . 7 1 8 ?  . 1 2  2.56 

9 2  Yes 23 .25 5.28 2 .14 

TT63 Yes -59 .32 .407 _+ .OO 2.26 

TTlO NO -58.4 .20 .42 2 .09 1.40 

TT50 NO 23 .20 3.12 ?r .07 

*The width of the specimens w = .5 cm. The f r a c t u r e  d i s t a n c e  d = w-a; 
C, = cv f o r  b r i t t l e  behavior .  a 
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T h i s  can be  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  d ,  t h e  d i s t a n c e  th rough  

which t h e  f r a c t u r e  s u r f a c e  p r o p a g a t e s  d u r i n g  t h e  Charpy t e s t .  

pa ramete r  "d" is  much less f o r  TT63 t h a n  f o r  9 1  and c o n s e q u e n t l y  Cv 

i s  p r o p o r t i o n a t e l y  less f o r  TT63. 

i s  normal i zed  by "d". 

l i n e a r  dependence on "d". The ene rgy  n e c e s s a r y  t o  s t a r t  t h e  c r a c k  i s  

s m a l l  compared t o  t h e  ene rgy  of p r o p a g a t i o n  ( b r i t t l e  b e h a v i o r ) .  The 

toughness  a t  bo th  h i g h  and low t e m p e r a t u r e s  i s  found t o  have  i n c r e a s e d  

by water- quenching.  However, t h e  a b s o l u t e  changes  t o  t h e  lower s h e l f  

r e s p o n s e  a r e  s m a l l .  If t h e  DBTT i s  d e f i n e d  a s  o c c u r r i n g  a t  2 f t . - l b . ,  

water- quenching a p p e a r s  t o  have  dec reased  t h e  DBTT by abou t  40°C. 

The 

The v a l u e  of Cv f o r  TT63 i n  T a b l e  7 . 8 . 1  

I n  t h i s  i n s t a n c e ,  lower  s h e l f  b e h a v i o r ,  Cv h a s  a 

7 . 8 . 5  Conc lus ions  

The e f E e c t  of a w a t e r  quench h e a t  t r e a t m e n t  f o r  HT-9 w a s  found t o  

s i g n i f i c a n t l y  i n c r e a s e  toughness  a t  h i g h  t e m p e r a t u r e s .  However, i t  d o e s  

n o t  s i g n i f i c a n t l y  a l t e r  low t e m p e r a t u r e  b e h a v i o r .  The DBTT was s h i f t e d  

down by %40"C. Al though a water quench p r o c e d u r e  a p p e a r s  t o  b e  a means 

of s i g n i f i c a n t l y  r e d u c i n g  the DBTT of HT-9, t h e  p r e s e n c e  of s i z a b l e  

c r a c k s  i n  one specimen may p r e s e n t  a s e r i o u s  problem when u s i n g  t h i s  

h e a t  t r e a t m e n t .  

7 .8 .6  R e f e r e n c e s  

1. T .  A .  L i c h t e n b e r g ,  "The M i c r o s t r u c t u r a l  E v a l u a t i o n  of E m b r i t t l e d  

12Cr-1Mo-0.3V S t e e l , "  DOE/ER-0045/5, (10-12, 1980) ,  143. 

2.  N .  F. Panayotou and W .  L .  Hu, " Min ia tu re  Charpy Tes t  Device  Development 

and P r e l i m i n a r y  R e s u l t s  f o r  F e r r i t i c  A l l o y  HT-9," t h i s  document. 
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7.9 EFFECT OF HEAT TREATMENT VARIATIONS ON 9 Cr-1 MoVNb AND 12  Cr-1 MoVW 
FERRITIC STEELS - J. M. Vitek and R. L. Klueh (Oak Ridge National  
Laboratory)  

7.9.1 ADIP Tasks 

ADIP tasks  a re  not defined f o r  Path E ,  f e r r i t i c  s tee ls ,  i n  the  1978 

program plan. 

7.9.2 Objective 

The ob jec t ive  of t h i s  study i s  t o  eva lua te  the  e f f e c t  of v a r i a t i o n s  

i n  heat  treatment condi t ions  on t h e  s t r u c t u r e  of Path E f e r r i t i c  s t e e l s .  

This  w i l l  al low f o r  a more complete understanding of the un i r r ad ia t ed  and 

i r r a d i a t e d  behavior of these  a l l o y s .  

7.9.3 Summary 

The e f f e c t  of v a r i a t i o n s  i n  the  heat  t reatment  of 9 Cr-1 MoVNb and 

12 Cr-1 MoVW have been evaluated. Disso lu t ion  of carb ides  during austeni-  

t i z a t i o n  was found t o  be somewhat f a s t e r  i n  9 Cr-1 MoVNb than i n  

12 Cr-1 MoVW. The e f f e c t  of cool ing rate after a u s t e n i t i z a t i o n  was 

s t r o n g l y  dependent on the a u s t e n i t i z a t i o n  time and  temperature. The 

9 Cr -L  NoVNb a l l o y  s t r u c t u r e  was found t o  be more s e n s i t i v e  t o  cooling 

r a t e  than the  s t r u c t u r e  of 12 Cr-1 MoVW. Under some circumstances, fur-  

nace cooling of 9 Cr- l  MoVNb a f t e r  a u s t e n i t i z i n g  r e s u l t e d  i n  a f e r r i t e  

p l u s  carb ide  s t r u c t u r e  r a t h e r  than a mar tens i te  l a t h  s t r u c t u r e ,  and i n  

a d d i t i o n  t h e  carb ide  was not  the  same as t h a t  formed during tempering. 

The p r e c i p i t a t i o n  reactions i n  both a l l o y s  a re  e s s e n t i a l l y  complete a f t e r  

tempering 1 h a t  650°C. In  12  Cr-1 MoVW the  p r i n c i p a l  carb ides  a r e  

chromium-iron r i c h  M23Cg and vanadium r i c h  MC, whereas those i n  

9 Cr-1 MoVNb were chromium-iron r i c h  M23Cg and niobium-vanadium r i c h  MC. 

7.9.4 Progress and S ta tus  

7.9.4.1 In t roduct ion  

A t  t h e  s t a r t  of the  f e r r i t i c  research  e f f o r t  w i th in  t h e  ADIP program, 

t h e  heat  t reatments  used f o r  normalizing and tempering were l i m i t e d  i n  
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number. However, as t h e  f e r r i t i c  program h a s  expanded, t h e  number of h e a t  

t r e a t m e n t s  used,  e s p e c i a l l y  f o r  materials i n c l u d e d  i n  i r r a d i a t i o n  

e x p e r i m e n t s ,  has  a l s o  i n c r e a s e d  i n  number. This h a s  occur red  wi thou t  a 

comple te  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  of heat t r e a t m e n t  v a r i a t i o n s  on 

t h e  s t r u c t u r e s  i n  these materials. T h i s  i n v e s t i g a t i o n  w a s  s t a r t e d  t o  exa- 

mine c e r t a i n  aspects of t h i s  q u e s t i o n .  I n  p a r t i c u l a r ,  t h e  p r e c i p i t a t i o n -  

d i s s o l u t i o n  p r o c e s s e s  were s t u d i e d  as a f u n c t i o n  of h e a t  t r e a t m e n t .  

7.9.4.2 Exper imenta l  Procedure  

The a l l o y s  used i n  t h i s  i n v e s t i g a t i o n  were t h o s e  be ing  i n v e s t i g a t e d  

i n  t h e  P a t h  E ,  f e r r i t i c  s t ee l s ,  p o r t i o n  of t h e  ADIP program. They were 

9 C r - 1  No modif ied  w i t h  vanadium and niobium a d d i t i o n s  and 12 C r - 1  No 

( s i m i l a r  t o  Sandvik HT9) w i t h  vanadium and t u n g s t e n  a d d i t i o n s .  The 

mater ia ls ,  from t h e  series produced by Combustion Eng ineer ing ,  are be ing  

u s e d  t o  e v a l u a t e  helium e f f ec t s  on p o s t i r r a d i a t i o n  p r0pe r t i e s . l  

two s t a n d a r d  a l l o y s  have been examined, and t h e i r  compos i t ions  are pre-  

s e n t e d  i n  Tab le  7.9.1. 

O n l y  the 

T a b l e  7.9.1. Composit ions of A l l o y s  
I n v e s t i g a t e d  

Contents ,O w t  % 

9 C r - 1  XoVNb 1 2  C r - 1  MoVW 
Heat M- 3590 Heat MA-3587 

Element 

Chromium 

Molybdenum 

Carbon 

N i t r o g e n  

N i c k e l  

Manganese 

Tungs t e n  

Vanadium 

Niobium 

8.62 

0.98 

0.09 

0.05 

0.11 

0.36 

0.01 

0.21 

0.06 

11.99 

0 .93  

0.21 

u.02 

0.43 

0.50 

0.54 

0.27 

0.02 

OBalance i r o n .  
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The p rec ip i t a t ion- d i s so lu t ion  response of both a l l o y s  has been 

followed pr imar i ly  by chemical e x t r a c t i o n  methods. 

0.76 mm-sheet (0.030 in .)  were heat  t r e a t e d  and e x t r a c t i o n s  made using a 

10% HCl-90% methanol so lu t ion  a t  1.5 V. In a d d i t i o n  t o  determining the  

weight percent  of p r e c i p i t a t e  ex t r ac t ed ,  e l e c t r o n  microscopy was used on 

thinned f o i l  specimens and e x t r a c t i o n  r e p l i c a s  to  fol low t h e  s t r u c t u r e s  

and determine the  p r e c i p i t a t e  compositions. Hardness measurements 

(diamond pyramid o r  Rockwell F s c a l e )  were a l s o  made a s  a func t ion  of 

t h e  heat  t reatment .  

Samples made from 

Four d i f f e r e n t  a u s t e n i t i z i n g  condi t ions  were inves t iga t ed  wi th  t e m-  

pera tu re  and hold times of 1000°C f o r  1 h ,  1O4O0C f o r  5 min, 1040°C f o r  

1 h,  and 1100°C f o r  1 h. Following t h e  a u s t e n i t i z i n g  t rea tment ,  the  
specimens were e i t h e r  cooled i n  a flowing helium gas O K  furnace cooled * 
( t y p i c a l l y  12 h t o  ge t  below 200°C). The s h o r t  t i m e  a u s t e n i t i z i n g  t r e a t-  

ment was s p e c i f i c a l l y  included t o  represent  t h e  t reatment  used by HEDL t o  

main ta in  a f i n e  a u s t e n i t e  g r a i n  s i ze .  

1 h a t  650°C t o  2.5 h a t  780°C, with a s tandard 0.5 h a t  1050°C nor- 

mal i za t ion  treatment used i n  these  s tud ie s .  

Tempering condi t ions  var ied  from 

7.9.4.3 Resul t s  

The e x t r a c t i o n  r e s u l t s  on 9 Cr-1 MoVNb and 12 Cr-1 MOW a s  a func t ion  

of  tempering treatment a r e  given i n  Fig. 7.9.1. 

t rea tment ,  the  amount of p r e c i p i t a t e  i n  12 Cr-1 MOW i s  3.5 w t  %, indepen- 

dent  of the  tempering temperatures examined. Increas ing  the  tempering 

time t o  2.5 h a t  650 and 780°C did  not  r e s u l t  i n  any a d d i t i o n a l  prec ip i ta-  

t i o n .  The r e s u l t s  on 9 Cr-1 MoVNb show 1.4% p r e c i p i t a t e  a f t e r  tempering, 

aga in  independent of tempering temperature o r  t i m e  except f o r  the  case of 

1 h a t  65OoC, where only 1.0% p r e c i p i t a t e  was ext rac ted .  The smaller 

amount of p r e c i p i t a t e  i n  t h e  f u l l y  tempered condi t ion  can be d i r e c t l y  

a t t r i b u t e d  t o  t h e  lower carbon content  i n  t h e  9 Cr-1 MoVNb mater ia l .  

Af ter  a 1-h tempering 

* I n  s teel -making terminology, a i r  cool ing from t h e  a u s t e n i t e  tempera- 
t u r e  range i s  r e fe r r ed  t o  a s  a normalizing treatment.  
a s t e e l  i s  s a i d  t o  be "annealed" o r  " f u l l y  annealed." 
d i scuss ion ,  the  s t e e l  rap id ly  cooled i n  flowing helium i s  r e f e r r e d  t o  as 
normalized. 

When furnace cooled, 
In t h e  present  
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Fig.  7.9.1. Q u a n t i t y  of E x t r a c t e d  P r e c i p i t a t e  as a Func t ion  of 
Tempering Temperature.  Tempering t i m e  was k e p t  c o n s t a n t  a t  1 h. 

A n a l y t i c a l  e l e c t r o n  microscopy of  e x t r a c t i o n  r e p l i c a s  i n d i c a t e d  t h e  

t y p e s  of c a r b i d e s  found i n  b o t h  9 Cr -1  MoVNb and 1 2  Cr-1 MoVW a f t e r  t e m-  

p e r i n g  are similar. Most c a r b i d e s ,  i n c l u d i n g  a l l  of t h e  l a r g e r  ones ,  i n  

9 Cr-1 HoVNb were of t h e  M23Cg t y p e ,  r i c h  i n  chromium and i r o n  as shown by 

a t y p i c a l  spect rum i n  Fig. 7.9.2(a). I n  a d d i t i o n ,  many niobium o r  vana- 

dium r i c h  MC c a r b i d e s  were a l s o  found. 

p i t a t e s  i s  g iven  i n  Fig. 7.9.2(b).  The r a t i o  of  niobium t o  vanadium 

v a r i e d  o v e r  n e a r l y  t h e  e n t i r e  r ange  of 0 t o  1. A s  i n  9 Cr-1 MoVNb, t h e  

most  common p r e c i p i t a t e  found i n  1 2  Cr -1  MOW was the M23C6 c a r b i d e .  An 

MC c a r b i d e  was a l s o  found,  b u t  t h e s e  were vanadium r i c h ,  w i t h  niobium on ly  

a minor c o n s t i t u e n t .  T h i s  i s  due t o  the much lower  niobium c o n t e n t  i n  t h e  

1 2  Cr -1  MoVW a l l o y .  

Hardness  r e s u l t s  as a f u n c t i o n  of temper ing t e m p e r a t u r e  are 

A t y p i c a l  spect rum of  t h e s e  p r e c i-  

p r e s e n t e d  i n  Fig. 7.9.3. I n  c o n t r a s t  t o  t h e  e x t r a c t i o n  r e s u l t s ,  t h e  

h a r d n e s s  d e c r e a s e s  c o n t i n u o u s l y  w i t h  i n c r e a s i n g  temper ing t empera tu re .  

This  e f f e c t  cannot  be a t t r i b u t e d  t o  a d d i t i o n a l  p r e c i p i t a t i o n ,  b u t  r a t h e r  

i s  due t o  c o a r s e n i n g  of p r e c i p i t a t e s  and c e l l  rearrangement  w i t h i n  t h e  

l a t h  network. T y p i c a l  micrographs  of 1 2  Cr -1  MOW a f t e r  n o r m a l i z a t i o n  and 
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E N E R G Y  ( k e y )  

(b) E N E R G Y  ( k e v )  

Fig. 7.9.2.  Typical Energy Spectra of Precipitates Found after  
Tempering 9 Cr-1 MoVNb. 
a t  8 and 8.9 keV are from the copper grid supporting the extraction 
replicas. 

(a) Mz3C6 carbide and (b) MC carbide. The peaks 
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Fig. 7 .9 .3 .  Diamond Pyramid Hardness a s  a Function of Tempering 
Temperature f o r  Normalized S tee l s .  Tempering times a r e  1 h except  a s  noted. 

a f t e r  normalizing and tempering a r e  shown i n  Fig. 7 . 9 . 4 .  I n  t h i s  f i g u r e ,  

t h e  common l a t h  s t r u c t u r e  i s  evident  a f t e r  normalizing. Af t e r  tempering, 

t h e  carb ide  p r e c i p i t a t i o n  i s  evident  as wel l  a s  the  well-defined ce l l  

s t r u c t u r e  of f e r r i t e .  

The hardness and e x t r a c t i o n  r e s u l t s  as a func t ion  of heat  t reatment  

f o r  9 Cr-1 MoVNb a r e  given i n  Table 7 .9 .2 .  It is apparent  from t h e  

r e s u l t s  on a i r  cooled material t h a t  complete d i s s o l u t i o n  of carb ides  

(wi th in  t h e  accuracy of the  e x t r a c t i o n  method) OCCUKS under a l l  of t h e  

time- temperature condi t ions  inves t iga ted .  A s  can be expected, dur ing  fur-  

nace cooling extens ive  p r e c i p i t a t i o n  occurs.  However, the  amount of pre- 

c i p i t a t i o n  decreases as the  a u s t e n i t i z a t i o n  t i m e  o r  temperature inc reases ,  

w i th  t h e  r e s u l t  t h a t  no p r e c i p i t a t i o n  OCCUKS during furnace cooling a f t e r  

a u s t e n i t i z a t i o n  at  l l O O ° C .  The hardness r e s u l t s  p a r a l l e l  t h e  e x t r a c t i o n  

f ind ings ,  i n  t h a t  hardness of furnace cooled ma te r i a l  increases t o  a f u l l y  

normalized va lue  of about 18 RF as t h e  a u s t e n i t i z i n g  time and temperature 

increase .  
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Table 7.9.2. Hardness and Ex t rac t ion  Resul t s  on 9 Cr-1 MoVNb 
as  a Function of Heat Treatment 

Aus ten t i za t ion  Furnace c :ool 

c i p i t a t e  Hardr 

A i r  coo l  

A s  cold worked 13.2 1.5 13.2 1.5 

1000 l h  8.3 1.0 18.2 0.0 

1040 5 min a 1.0 17.9 0.0 

1040 l h  16.3 0.3 17.9 0.0 

1100 l h  18.3 0.0 17.5 0.0 

aToo low t o  measure. 

E lec t ron  microscopy revealed t h a t  t h e  s t r u c t u r e  a f t e r  furnace cooling 

9 Cr-1 MoVNb from t h e  lower temperatures w a s  d ramat ica l ly  d i f f e r e n t  from 

that found a f t e r  a i r  cooling. As  shown i n  Fig. 7.9.5, r a t h e r  than  a mar- 

t e n s i t i c  l a th  s t r u c t u r e ,  a r e l a t i v e l y  d i s l o c a t i o n  free f e r r i t e  and ca rb ide  

s t r u c t u r e  was found after furnace cooling. A s  t h e  a u s t e n i t i z a t i o n  time o r  

temperature ilrr==--~ t-h- s t r u c t u r e  became more heavi ly  d is loca ted;  and 

a f t e r  1 h a t  Lace cool ing ,  the s t r u c t u r e  cons is ted  e n t i r e l y  

of  mar tens i t i t  :ron microscopy revealed t h e  ex tens ive  degree 

of  p r e c i p i t a t l u u  a L L r L  a u a ~ e n i t i z i n g  f o r  1 h a t  1000°C and furnace cool ing  

(Fig. 7.9.6) rent f r o m  

t h a t  found iu L L L ~  ~ a m p r ~ a u  CUWLLLULI ,  D ~ L L I ~  L I C L L  L L L  CLLLUULUU 

[F  
Hardness and extraction r e s u l t s  on I L  Lr-1 MOW as a runct lon  of 

hea :ate 

8 o l  !m- 

per,  a l l  

. Furthermore, the type  of p r e c i p i t a t e  w a s  d i f f e  
- &L^ ..___^-^_I _ _ _ _ I , & > _ _  LA*- -  - 2 - L  1 -  _L_^_*___ 

' ig. 7.9.6(b)]. The p r e c i p i t a t e s  have not  y e t  been i d e n t i f i e d .  
_. . .~ - . .~ _.._ - 

~~ 

t treatment  a r e  given i n  Table 7.9.3. A i r  cool ing r e s u l t s  indic 

u t ioning  of t h i s  a l l o y  r equ i re s  e i ther  longer  t i m e s  o r  higher  t e  

a t u r e s  than 9 Cr-1 MoVNb. Furnace cooling of 12 Cr-1 MOW from 
..--^ .. ̂^.. ,-- I.. ..-^-.-,."-,-- L... ..Le ^_ .̂... c ..c - t e m p r L a C u L r m  ICDULLS 1.1 ~ L S C L ~ L L L L L U U ,  U Y C  cus ~ L C - C S ~ C  ~ U U Y L L L  U L  prec ip i-  

t a t i o n  occurs  a f t e r  a u s t e n i t i z i n g  a t  the lowest temperature. However, i n  

c o n t r a s t  t o  t h e  r e s u l t s  f o r  9 Cr-1 MoVNb, furnace cooling does not  

s i g n i f i c a n t l y  a f f e c t  t h e  micros t ruc ture .  The types of carb ide  found are 

s i m i l a r  t o  those found i n  the tempered condi t ion ,  and t h e  mat r ix  s t r u c t u r e  

c o n s i s t s  of m a r t e n s i t i c  l a t h s  as shown i n  Fig. 7.9.7. 
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ORNL-Photo 6109-81 

(b) E N E R G Y  ( k e v )  

Fig. 7 .9 .6 .  (a) Extraction Replica Revealing Extensive Precipitation 
i n  9 Cr-1 NoVNb a f ter  Austenitizing a t  1000°C for 1 h and Furnace Cooling. 
(b )  Typical energy spectrum of chromium rich precipitate found a f t e r  
furnace cooling. Peaks a t  8 and 8.9 keV are due to copper grid. 
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ioto 6103-81 

i 

Fig. 7.9.7. Microstructure of 12 Cr-1 MOW after Austenitizing at 
1000°C for 1 h and Furnace Cooling. 

I 
I 



274 

Table 7.9.3. Hardness and Ex t r ac t ion  Resul t s  on 12 Cr-1  MoVW 
as a Function of Heat Treatment 

Aus ten t i za t ion  Furnace coo l  A i r  c o o l  

Temperature Hardness P r e c i p i t a t e  Hardness P r e c i p i t a t e  
(RF) (7-1 (RF) ( X )  T i m e  ("0 

A s  co ld  worked 17.2 3.7 17.2 3.7 

1000 I h  19.4 1.1 21.9 0.3 

1040 5 min 20.4 0.3 22.2 0.1 

1040 l h  20.1 0.2 22.5 0.0 

1100 l h  19.6 0.3 22.2 0.0 

7.9.5 Conclusions and Future  Work 
The present  r e s u l t s  po in t  out  that  the heat t rea tment  cond i t i ons  may 

r e s u l t  in s u b s t a n t i a l  s t r u c t u r a l  v a r i a t i o n s  i n  t h e  f e r r i t i c  steels 

9 Cr-1  MoVNb and 12 Cr-1  MOW. These r e s u l t s  provide a bas i s  f o r  

i n t e r p r e t i n g  both u n i r r a d i a t e d  and i r r a d i a t e d  p r o p e r t i e s  and s t r u c t u r e s .  

S i m i l a r  work t o  eva lua t e  t he  e f f e c t  of n i cke l  i n  t h e  nickel-doped h e a t s  of 

t h e s e  steels should be c a r r i e d  ou t  i n  t h e  fu ture .  

7.9.6 Reference 

1. R. L. Klueh and J. M. Vitek,  "Charac ter iza t ion  of F e r r i t i c  S t e e l s  f o r  

H F I R  I r r a d i a t i o n , "  A D I P  @art. Prog. Rep .  June 30, 1980, DOE/ER-0045/3, 

pp. 294-308. 
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7.10 TENSILE PROPERTIES OF FERRITIC STEELS AFTER LOW-TEMPERATURE HFIR 
IRRADIATION - R. L. Klueh and J. M. Vi tek  (Oak Ridge Nat iona l  
Laboratory)  

7.10.1 ADIP Task 

ADIP Tasks are not  def ined  f o r  Path E ,  f e r r i t i c  steels, i n  the 1978 

program plan. 

7.10.2 Objec t ive  

The g o a l  of t h i s  p r o j e c t  is t o  eva lua t e  the p r o p e r t i e s  of i r r a d i a t e d  

f e r r i t i c  steels. I r r a d i a t i o n  i n  the High Flux I so tope  Reactor (HFIR) is 

used t o  produce both displacement damage and t ransmuta t ion  helium a t  

l e v e l s  r e l e v a n t  t o  fus ion  r e a c t o r  se rv ice .  

7.10.3 Summary 

T e n s i l e  specimens from small h e a t s  of f e r r i t i c  (mar t ens i t i c )  steels 

based on 12 Cr-1 Mow, 9 Cr-1 MoVNb, and the low-alloy f e r r i t i c  

2 114 Cr-1 Mo steel have been i r r a d i a t e d  i n  HFIR t o  displacement damage 

l e v e l s  of up t o  9.3 dpa and helium con ten t s  of 10 t o  82 at. ppm. 

1 2  Cr-1 MoVW- and 9 Cr-1  MoVNb-base compositions were i r r a d i a t e d  a long  

w i t h  similar a l l o y s  t o  which n i c k e l  had been added f o r  helium production. 

During t h e  present  r epo r t ing  period,  i r r a d i a t e d  specimens of 

2 114 Cr-1  Mo s t e e l  i n  the normalized-and-tempered and i so thermal ly  

annealed cond i t i ons  were tensile t e s t e d  a t  room temperature and 30OOC. 
The y i e l d  s t r e n g t h  and ultimate t e n s i l e  s t r e n g t h  of the irradiated samples 

The 

. The 
s t r e n g t h  

and d u C t l l l t y  va lues  of t n e  normallzed-and-tempered L 114 w-i MO steel 

compared favorably wi th  t h e  r e s u l t s  on the 12  Cr-1 MoVW and 9 Cr-1 MoVNb 

1 is 

r ,  
a~ LC-L LLLauAaLAuu LLLC ~ o w ~ u s r u r c z . s s g  auusassu D C C C L  L=LaLu-  cwu-iu=Lably 

more d u c t i l i t y  than  t h e  o t h e r  a l l o y s  d i d  f o r  tests at  3OOOC. 

d i sp l ayed  cons iderable  hardening over t h e  u n i r r a d i a t e d  cond i t i on  

inc reased  s t r e n g t h  w a s  accompanied by decreased d u c t i l i t y .  The 
. .  . _ .  - .  _ .  I . ~ .,, - . .. 

steels. 

cons iderably  weaker than the normalized-and-tempered steel. 

I n  t h e  i so thermal ly  annealed condi t ion ,  2 114 Cr-1 Mo stee 

Howeve 
. - - IA I^ . I^ -  .I.̂ ,^^. t.---",,.. ---̂ ",-a .̂̂  ̂ 1 ..̂ .̂ ,-̂  ,.̂-",â-" 

7.10.4 Progress  and S t a t u s  

The HFIR-CTR-33 i r r a d i a t i o n  experiment was pr imar i ly  designed t o  

determine the e f f e c t  of t ransmuta t ion  helium on t h e  t e n s i l e  p r o p e r t i e s  of 
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12 Cr-1  MoVW and 9 Cr-1 MoVNb f e r r i t i c  (mar t ens i t i c )  s t e e l s .  Nickel w a s  

added t o  the  base compositions t o  produce helium during H F I K  i r r a d i a t i o n  

through the  r eac t ion  sequence 58Ni(n,y)59Ni: 5 % i (  ? ~ , a ) ~ ~ F e .  I n  a d d i t i o n  

t o  these  steels, 2 114 Cr-1  Mo steel  specimens without any n icke l  addi- 

t i o n s  were a l s o  i r r a d i a t e d .  In previous q u a r t e r s  we reported on t h e  

t e n s i l e  behavior of the 12  C r - 1  MoVW and 9 Cr-1  MoVNb a l l o y s  a f t e r  

i r r a d i a t i o n .  s 2  

of 2 114 Cr-1 Mo steel  and compare them with the  high-chromium a l loys .  

In  t h i s  r epor t  w e  w i l l  present  the  i r r a d i a t e d  p r o p e r t i e s  

7.10.4.1 Alloys I r r a d i a t e d  

D e t a i l s  on t h e  chemical composition of t h e  12 Cr -1  MoVW and 

9 Cr-  1 MoVNb s t e e l s  were previously given. * 4  

i n  weight percent of t h e  2 114 Cr -1  Mo steel (hea.t 72768) is  

The chemical composition 

2.2 C r  0.003 Co 
0.8 Mo 0.01 T i  
0.48 Mn 0.12 c 
0.07 N i  0.016 N 
0.31 S i  0.007 0 
0.1 cu 

To o b t a i n  t h e  sheet from which the  t e s t  specimens were taken,  a p iece  of 

38-mm-diam tube with a 9-mm-wall th ickness  w a s  s p l i t ,  f l a t t e n e d ,  and cold  

r o l l e d  t o  a th ickness  of 0.76 mm. Specimens were i r r a d i a t e d  and t e s t e d  i n  

t h e  normalized-and-tempered and i so thermal ly  anealed condi t ions .  The 

s tee l  w a s  normalized by hea t ing  t o  900°C i n  a helium atmosphere fo r  0.5 h 

and then r ap id ly  cool ing  i n  flowing helium; t h e  specimens were tempered 

1 h a t  700°C. The iso thermal  anneal  was a l s o  c a r r i e d  out  i n  a helium 

atmosphere. 

furnace  cool ing  t o  700°C where i t  was he ld  2 h ,  and then cooling i n  

f lowing helium. 

This  hea t  t reatment  cons i s t ed  of hea t ing  f o r  0.5 h a t  9OO"C, 

The micros t ruc ture  a f t e r  t h e  normalize-and-temper hea t  t reatment  is 

b a i n i t i c  (Fig. 7.10.1), while  t h e  i so thermal ly  annealed micros t ruc ture  is  

p r imar i ly  proeutec to id  f e r r i t e  ( 7 5 4 0 % )  wi th  the  balance b a i n i t e  

(Fig. 7.10.2). 
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Fig. 7.10.1. Microstructure of Normalized-and-Tempered 2 114 Cr-1 Mo 
Steel. 



P 

7.10.4.2 Experimental Procedure 

Sheet t e n s i l e  specimens i n  t h i s  experiment were of an SS-1 type,  
w i t h  a reduced gage sec t ion  20 mm long by 1.52 nun wide by 0.76 mm t h i c k  

(Fig.  7.10.3). Three normalized-and-tempered and three isothermally 

annealed specimens of 2 1 / 4  Cr-1 No s t e e l  were i r r a d i a t e d  a t  about 50°C. 

The maximum t o t a l  f luence  f o r  HFIR-CTR-33 w a s  5.0 X l o z 6  neutrons/m2 

and t h e  maximum f a s t  f luence  1.3 X l o z 6  neutrons/m2 0 0 . 1  MeV).',4 A f t e r  

immersion dens i ty  measurements, the  specimens were t e n s i l e  t e s t e d  a t  room 

temperature and 300°C. 

44-kN capaci ty  I n s t r o n  un ive r sa l  t e s t i n g  machine a t  a s t r a i n  r a t e  of 

Tests were conducted i n  a vacuum chamber on a 

4.2 x io+/,. 

ORNL-DWG 78-7701R 

6.35 R 

4.14 

t I  A 

REF 
4.14 

3 

I l l  't' / - - I  

1 L  \ W I  
iW2 t w2 

I 1  
1 ,L 2.48 

4.95 1.90 mm DlAM 

W, = 1.52 m m  
W2 = 0.025 TO 0.038 mm 
GREATER THAN W, 

DIMENSIONS IN MILLIMETERS 

Fig. 7.10.3. The SS-1 Type Tens i l e  Specimen. 

0.76 

7.10.4.3 Resul t s  

A s  repor ted  previous ly , l  t h e r e  w a s  no de tec t ab le  change i n  the  den- 

s i t y  of the specimens caused by i r r a d i a t i o n .  

Room temperature and 300'C t e n s i l e  tests were made on i r r a d i a t e d  and 

u n i r r a d i a t e d  ( con t ro l )  specimens from the  2 1 / 4  Cr-1  Mo s t e e l  i n  t h e  two 
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heat- t rea ted  condit ions.  The i r r a d i a t i o n  parameters,  test condi t ions ,  and 

measured t e n s i l e  p rope r t i e s  f o r  each specimen t e s t e d  a r e  given i n  

Table 7.10.1. 

Table 7.10.1. Tens i le  P rope r t i e s  of Unirradiated and I r r a d i a t e da  
2 114 Cr-1 No S t e e l  

Fluence, Displace- Helium Test Strength, MPa Elongation, Z 
>0.1 nev ment l e v e l  concentrationb temperature 

(neutronslm') (dpa) (at. PPm) ('C) Yield Ultimate Uniform Total 

Nornulized and temperedC 

0 25 581 663 8.4 12.8 
0.89 x 1026 6.4 8 25 1027 1027 0.1 1.7 

0 300 5 k l  632 6.3 9.4 
1.2 x 1026 8. 6 9 3013 no7 809 0.4 3.8  

0 2 5  372 504 14.6 lY.0 
1.2 x 1026 8.6 9 25 729 729 0.1 3.0 

I a o t h e m l l y  annealed 

9 
300 343 528 8 . 8  13.1 
300 552 574 6.7 10.1 

aIrradiation was in H F I R  at about 50'C. 

bCalculated level of helium from 5%i and '%; the alloy was assumed to contain 

CSpecimens were normalized by heating 0.5 h at 900°C, then rapidly cooled in flowing 

dSpecimens were isothemally annealed by heating 0.5 h at 900"C, furnace cooling to 

0.0007 wt 4 B (total). 

helium. They were tempered I h at 700'C. 

700"C, holding for 2 h. then cooling in flowing helimn. 

The normalized-and-tempered steel i s  considerably s t ronge r  than the  

i so thermal ly  annealed s t ee l ,  both before  and af te r  i r r a d i a t i o n .  T h e  

u n i r r a d i a t e d  s t r e n g t h  d i f f e rence  i s  a r e f l e c t i o n  of the d i f f e r e n t  

micros t ruc tures :  tempered b a i n i t e  i s  considerably s t ronger  than the  

h ighly  d u c t i l e  proeutectoid f e r r i t e .  

The low-temperature i r r a d i a t i o n  hardened the s t e e l  i n  both heat 

t r e a t e d  condi t ions  and r e su l t ed  i n  a s u b s t a n t i a l  decrease i n  d u c t i l i t y .  

A f t e r  i r r a d i a t i o n  there  was l i t t l e  d i f f e rence  i n  the  d u c t i l i t y  f o r  the two 

micros t ruc tures  t e s t e d  a t  25°C. The extremely low uniform e longat ion  i n  

t h e  room temperature t e s t s  is s i m i l a r  t o  the  observat ions on the  

12 Cr-1 MoVW and 9 Cr-1 MoVNb s t ee l s . ' . 2  

however, the  isothermally annealed s t e e l  r e t a i n s  much more d u c t i l i t y  than 

does the  normalized-and-tempered s t e e l .  

A t  the  300°C t e s t  temperature, 
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These  r e s u l t s  were compared w i t h  t h e  r e s u l t s  f o r  t h e  12 C r - 1  MoVW and 

9 C r - 1  MoVNb a l l o y s 1 ~ 2  w i t h o u t  any n i c k e l  a d d i t i o n s  ( F i g s .  7.10.4 t o  

7.10.6). The u n i r r a d i a t e d  0.2% y i e l d  s t r e n g t h  ( F i g .  7.10.4)  and t h e  u l t i -  

mate t e n s i l e  s t r e n g t h  (Fig .  7.10.5)  of t h e  normalized- and- tempered 

2 114 Cr-1 Mo s t ee l  were comparable  t o  t h e  v a l u e  f o r  t h e  high-chromium 

s t ee l s  i n  a similar  c o n d i t i o n .  In f a c t ,  t h e  y i e l d  s t r e n g t h  f o r  t h e  

normalized- and- tempered 2 114 C r - 1  Mo s t ee l  i s  s l i g h t l y  g r e a t e r  t h a n  t h a t  

o f  t h e  o t h e r  two s teels .  The room- temperature u l t i m a t e  t e n s i l e  s t r e n g t h  

o f  t h e  normalized- and- tempered 2 114 C r - 1  Mo s t ee l  i s  similar t o  t h a t  O E  

ORNL DWG 81-124)9 
0 12 Cr-1 MoVW 

A A 9 Cr-1 MoVNb 

0 NORMALIZED AND TEMPERED 

0 e ISOTHERMALLY ANNEALED 

2% C r ~ l  Mo 

SYMBOLS. OPEN ~ UNIRRADIATED 
CLOSED - IRRADIATED 

Fig .  7.10.4. The 0.2% Y i e l d  
S t r e n g t h  of 2 114 Cr -1  Mo, 9 C r -  
1 MoVNb, and 12 C r - 1  MoVW S t e e l s  
U n i r r a d i a t e d  and A f t e r  H F I &  
I r r a d i a t i o n .  

0 100 200 300  4 0 0  
TEMPERATURE ( T I  
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ORNL-DWG 81-12910 
0 0 12 C r ~ l  MoVW 

A A 9 Cr-1 MoVNb 

0 NORMALIZED AND TEMPERED 

0 ISOTHERMALLY ANNEALED 

2% Cr-1 Mo 

SYMBOLS: OPEN - UNIRRADIATED 
CLOSED - IRRADIATED 

z 10 

Lu 

TEMPERATURE ("C) 

Fig. 7.10.6. The Uniform and Tota l  Elongation of 2 114 Cr-1 Mo, 
9 Cr-1 MoVNb, and 12 Cr-1 MOW S t e e l s  Unirradiated and Af ter  H F I K  
I r r a d i a t i o n .  
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A l l  of the  s t e e l s  displayed l a r g e  inc reases  i n  s t r eng th  a f t e r  

i r r a d i a t i o n ,  with the  g r e a t e s t  s t r e n g t h  achieved i n  the  normalized-and- 

tempered 2 1/4 Cr-1 Mo s t e e l .  Under most test condi t ions ,  the d u c t i l i t y  

changes were comparable (Fig. 7.10.6). A t  room temperature a l l  s t e e l s  

showed a l a rge  decrease i n  uniform and t o t a l  e longat ion.  A t  3OO0C, a l l  

b u t  the  isothermally annealed 2 114 Cr-1 Mo s t e e l  displayed comparable 

changes i n  duct i l iLy.  Both the uniform and t o t a l  e longat ions  of the 

i so thermal ly  annealed steel  w a s  s u b s t a n t i a l l y  g r e a t e r  than  t h a t  f o r  the  

high-chromium s t e e l s  and the normalized-and-tempered 2 114 Cr-1 Mo s t e e l .  

7.10.5 Future Work 

The primary ob jec t ive  of t h i s  s tudy i s  t o  determine the  e f f e c t  of 

helium on mechanical proper t ies .  No e f f e c t  could be de tec ted  f o r  t h e  

nickel-doped s t e e l s  i r r a d i a t e d  a t  50°C and t e s t e d  a t  room temperature and 

300°C.1*2 For most a l l o y s ,  small amounts of helium cause a l o s s  of duc- 

t i l i t y  a t  temperatures above approximately one ha l f  the  absolu te  melt ing 

temperature. To determine i f  t h i s  a l s o  occurs i n  the  f e r r i t i c  steels, we 

w i l l  test the  remaining 9 C r  and 12 Cr a l l o y s  with and without n i cke l  a t  

700°C. 
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8.1 I R R A D I A T I O N  EXPERI’IENT STATUS AND SCHEDULE (Oak Qidge Ua t iona l  
L a b o r a t o r y )  

There a r e  a l a r g e  number O F  p lanned,  in- progress ,  o r  completed reac- 

t o r  i r r a d i a t i o n  exper iments  t h a t  suppor t  t h e  A D I P  program. Table  8.1.1 

p r e s e n t s  a summary OF  t h e  pa ramete r s  t h a t  d e s c r i b e  exper i inents  t h a t  have 

been completed. Experiments t h a t  have been removed from t h e  r e a c t o r  o n l y  

r e c e n t l y ,  are c u r r e n t l y  undergoing i r r a d i a t i o n ,  OK are planned € o r  f u t u r e  

i r r a d i a t i o n  a r e  i n c l u d e d  i n  t h e  schedu le  b a r  c h a r t s  of Table  8.1.2. 

Exper iments  are now under way i n  t h e  Oak Ridge Research Reactor  ( O R R )  

and t h e  High Flux I s o t o p e  Reac to r  ( S F I R ) ,  which a r e  mixed spect rum reac-  

t o r s  and i n  t h e  Exper imenta l  Breeder Reac to r  (EBR-II), which is a Fas t  

r e a c t o r .  

During t h e  r e p o r t i n g  p e r i o d  exper iments  HFIK-:IFE-T3 was i n s t a l l e d  i n  

t h e  t a r g e t  r e g i o n  of HFLK. Th i s  exper iment  i s  t h e  f i r s t  t o  c o n t a i n  Charpy 

s p e c i i n e n s  of f e r r i t i c  s t e e l s .  The  second d i s k  i r r a d i a t i o n  exper iment ,  

HFIR-CTK-31, and HFIR-CTR-29, a t e n s i l e  p r o p e r t y  exper iment ,  have completed 

schedu led  i r r a d i a t i o n  and been removed from t h e  r e a c t o r .  
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8.2 ETM RESEARCH MATERIALS INVENTORY - F. W. Wiffen, T. K. Roche 
(Oak Ridge National Laboratory) and J. W. Davis (McDonnell Douglas) 

8.2.1 ADIP Tasks 

ADIP Task I . D . l ,  Mater ia l s  S tockpi le  f o r  MFE Programs. 

8.2.2 Object ive 

Oak Ridge National Laboratory maintains a c e n t r a l  inventory of 

r e sea rch  ma te r i a l s  t o  provide a common supply of ma te r i a l s  f o r  the  Fusion 

Reactor Mater ia l s  Program. This w i l l  minimize unintended ma te r i a l s  

v a r i a b l e s  and provide fo r  economy i n  procurement and f o r  c e n t r a l i z e d  

recordkeeping. I n i t i a l l y  this inventory is t o  focus on m a t e r i a l s  r e l a t e d  

t o  f i r s t - w a l l  and s t r u c t u r a l  app l i ca t ions  and r e l a t e d  research ,  but 

va r ious  s p e c i a l  purpose ma te r i a l s  may be added i n  t h e  fu tu re .  

The use of ma te r i a l s  from t h i s  inventory f o r  research  t h a t  i s  coor- 

dina ted  wi th  o r  otherwise r e l a t e d  t echn ica l ly  t o  the  Fusion Reactor 

Mate r i a l s  Program of DOE is encouraged. 

8.2.3 Mater ia l s  Requests and Release 

Mater ia l s  reques ts  s h a l l  be d i r ec t ed  t o  ETM Research Mater ia l s  

Inventory a t  ORNL (At ten t ion:  F. W. Wiffen). Mater ia l s  w i l l  be released 

d i r e c t l y  i f :  

( a )  The mate r i a l  i s  t o  be used f o r  programs funded by the Off ice  of 

Fusion Energy, with goa l s  cons i s t en t  w i t h  the approved Materials Program 

Plans  of the  Mater ia l s  and Radiat ion E f f e c t s  Branch. 

(b)  The requested amount of ma te r i a l  i s  a v a i l a b l e ,  without compro- 

mising o the r  intended uses. 

Mater ia l s  reques ts  t h a t  do not s a t i s f y  both ( a )  and (b )  w i l l  be 

discussed with the  s t a f f  of the  Mater ia l s  and Radiat ion E f f e c t s  Branch, 

Off ice  of Fusion Energy, f o r  agreement on ac t ion .  

8.2.4 Records 

Chemistry and ma te r i a l s  prepara t ion  records a r e  maintained f o r  a l l  

inventory  mater ia l .  All mate r i a l s  supplied t o  program users w i l l  be 

accompanied by summary cha rac te r i za t ion  information. 
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8.2.5 Summary of C u r r e n t  I n v e n t o r y  and M a t e r i a l  Movement During P e r i o d  
A p r i l  1 t o  September 30 ,  1981 

A condensed,  q u a l i t a t i v e  d e s c r i p t i o n  of t h e  c o n t e n t  oE m a t e r i a l s  i n  

t h e  ETM Resea rch  Materials I n v e n t o r y  is  g i v e n  i n  T a b l e  8.2.1. T h i s  t ab12  

i n d i c a t e s  t h e  nominal  d i a m e t e r  of rod o r  t h i c k n e s s  of s h e e t  f o r  p roduc t  

forms o f  each  a l l o y  and a l s o  i n d i c a t e s  by weight  t h e  amount of each  a l l o y  

i n  l a r g e r  s i zes  a v a i l a b l e  f o r  f a b r i c a t i o n  t o  produce o t h e r  p roduc t  Eorms 

a s  needed by t h e  program. T a b l e  8.2.2 l i s t s  materials r e c e i v e d  i n t o  t h e  

i n v e n t o r y  d u r i n g  t h i s  r e p o r t i n g  pe r iod .  Tab le  8.2.3 g i v e s  t h e  m a t e r i a l s  

d i s t r i b u t e d  from t h e  i n v e n t o r y .  

Al loy  compos i t ions  and more d e t a i l  on t h e  a l l o y s  and t h e i r  procure-  

ment a n d / o r  f a b r i c a t i o n  a r e  g i v e n  i n  ear l ie r  UI? q u a r t e r l y  p r o g r e s s  

r e p o r t s .  
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Table  8 .2 .1  Summary S t a t u s  of Material A v a i l a b i l i t y  
i n  t h e  ETM Research Materials Inventory  

~~ 

Product form 

Alloy T h i n r a l l  
tubing, 

wal l  thickness 
(mm) 

Sheet,' Rod,' 

(m) ( m n )  

Ingot or 

weight bar,a diameter thickness 

(kx ) 

Type 316 SS 
Path A PCAd 
USSR - Cr-Mn Steele  
NONMAGNE 30f 

PE-16 
8- 1 
B-2 
B-3 
B-4 
B- 6 

Ti-64 

Ti-6242s 

Ti-5621s 
Ti- 38644 
N b 1 %  Zr 

N b 5 %  -1% Zr 

V-20% T i  

V-15% cK-5% T i  

VANSTAR-7 

900 
490 

0 
0 

140 
180 
180 
180 
180 
180 

0 

0 

0 
0 
0 

0 

0 

0 

0 

Path A Alloys 

1 6  and 7.2 
12 
10.5 
18;5 

Path E Alloys 

16 and 7.1 
0 
0 
0 
0 
0 

Path C Al loys  

0 

6 3  

0 
0 
6.3 

6.3 

6.3 

6.3 

6.3 

1 3  and 7.9 

2.6 
13 

10 

1 3  and 1.6 
0 
0 
0 
0 
0 

2.5 and 
0.76 

6.3, 3.2,  
and 0.76 

2.5 and 0.76 
0.76 and 0.25 
2.5, 1 .5 ,  
and 0.76 

2.5, 1.5,  
and 0.76 

2.5, 1.5, 
and 0.76 

2.5, 1 .5 ,  
and 0.76 

2.5, 1.5, 
and 0.76 

0.25 
0.25 
0 
0 

0.25 
0 
0 
0 
0 
0 

0 

0 

0 
0 
0 

0 

0 

0 

0 
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T a b l e  8.2.1. ( C o n t i n u e d )  

Product  form 

Alloy 
Thin-wall 

tub ing ,  
w a l l  t h i cknes s  

(mm) 

Sheet , '  Rod, I ngo t  o r  
b a r , a  

weight 
diameter  t h i cknes s  
(m) (mm) 

(kg)  

P a t h  D A l loys  - N o  Material i n  Inventory 
Path E A l l o y s  

HT9 0 0 4.5 and 18 0 
HT9 + 1% N i  0 0 4.5 and 18 0 
HT9 + 2% N i  0 0 4.5 and 18 0 
HT9 + 2% N i  0 0 4 .5  and 18 0 

T-9 modified 0 0 4.5 and 1 8  0 
T-9 modified + 2% N i  0 0 4.5 and 18 0 
T-9 modified + 2% N i  0 0 4.5 and 18 0 

2 114 Cr-1 Mo 0 0 9 0 

+ C r  ad ju s t ed  

+ C r  a d j u s t e d  

% e a t e r  than  25 mm, minimum dimension. 

hess than 25 m i n  diameter .  

%ess than 1 5  mm th ick .  Some Pa th  A ,  Path 6 ,  and Pa th  C a l l o y s  a r e  

dPrime Candidate Al loy.  

eRod and s h e e t  of a USSR s t a i n l e s s  s t e e l  suppl ied  under t he  U.S.-USSR 

fN0NMAGNE 30 i s  an a u s t e n i t i c  s t e e l  wi th  base composi t ion F e l e  Mn- 

Some Pa th  A and Path B a l l o y s  are 
a v a i l a b l e  i n  two d i f f e r e n t  diameters .  

a v a i l a b l e  i n  two or  t h r e e  d i f f e r e n t  th icknesses .  

Fusion Reactor Materials Exchange Program. 

2 %  Ni-TX C r .  It was suppl ied  t o  t he  inventory  by t he  Japanese Atomic Energy 
Research I n s t i t u t e .  

%laterial  i s  thick- wall  p ipe ,  r e r o l l e d  as necessary  t o  produce shee t  
o r  rod. 

T a b l e  8.2.2. ETM Research Materials Inven tory ,  F u s i o n  Reactor Program, 
R e c e i p t s  4-1-81 t o  9-30-81 

Q u a n t i t y  
S o u r c e  P r o d u c t  D imens ions  

(mm 1 (m) (n2) ( p i e c e s )  form A l l o y  

Path A A l l o y s  - A u s t e n i t i c  S t a i n l e s s  S t e e l s  

NONXAGNE 30 Rod 18.5 diam 1.05 long  5 J A E K I  

P l a t e  10 t h i c k  0.1 each 6 
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Table 8.2.3. ETM Research Mater ia l s  Inventory, Fusion Reactor Program, 
Disbursements 4-1-81 t o  9-30-81 

Alloy 
q u a n t i t y  Heat Product  Dimensionsa 

(ma) (m) (m2) f o m  
s en t  

t o  

-20 T i  

V--15 Cr-5 T i  

T i 4  Al-4 V 

Path A Alloys -Austenitic Stainless Steel8 

Type 316 s t a i n l e e s  s t e e l-  X-I5893 Rod 6.5 diam 6.6 
reference hea t  

Shee t  0.25 t h i ck  0.06 

Sheet  0.25 t h i ck  0.10 

20% Cold worked 

annealed 

20% co ld  worked 

20% cold  worked 

annealed 

Sheet  0.25 t h i ck  0.05 

Sheet  0.51 t h i c k  0.03 

Sheet  0.51 th ick  0.04 

Path C Alloys -Reactive and Refmetory Alloys 
832 Sheet 0.76 th ick  0.01 

Ti-624% 

832 Rod 6.35 diam 1.04 

834 Sheet  0.76 t h i ck  0.01 

8358 Rod 6.35 d i m  1.2 

MI-896596-02 Sheet  2.8 t h i ck  0.03 

RHI-891352 Sheet  0.76 t h i ck  0.02 
m i l l  annealed 

m i l l  annealed 
Sheet  0.76 th ick  0.005 

duplex annealed 

duplex annealed 

duplex annealed 

MI-803701-06 Sheet  0.76 t h i c k  0.05 

RMI-803701-05 Sheet  3.2 t h i c k  0.03 

Pad i a t i oo  E f f e c t s  
Group, ORNL 

So l id  S t a t e  DiYiBion, 
ORNL 

So l id  S t a t e  Division, 

Unive r s i t y  of Wiseonsin, 

O W L  

Madison, WI 

Madison, WI 

Nadison. WI 

u n i v e r s i t y  of Wi8C0.8 ira .  

u n i v e r s i t y  of Wisconsin, 

Argonne Nat iona l  
Laboratory 

Argoooe Nat ional  

Argonne Nat ional  

Argonne Na t i ona l  

Univers i ty  of Missouri, 

Labora tory  

La bora t o r y  

La bora t o ry  

Columbia, MO 

Madison. YI 

Madison, YI 

Hedisoo. WI 

Columbia. Ho 

u n i v e r s i t y  Of wiscoo.in. 

UniYersi ty of Wisconsin. 

Unive r s i t y  of Wiefonsin, 

u n i v e r s i t y  of Missouri. 

nCha raC te r i s t i c  dimension - t h i cknes s  fo r  p l a t e  and s h e e t ,  d iameter  f a r  rod and tubing. 
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9.1 COMPATIBILITY OF AUSTENITIC AND F E K K I T I C  STEELS WITH P b 1 7  a t .  % L i -  
P. F. T o r t o r e l l i  and J. H. DeVan (Oak Ridge N a t i o n a l  Labora to ry )  

9.1.1 ADIP Task 

ADIP TAsk I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  

Ana lyses .  

9.1.2 O b j e c t i v e  

The purpose  of t h i s  program i s  t o  de te rmine  t h e  chemical  compati-  

b i l i t y  of f u s i o n  r e a c t o r  c a n d i d a t e  materials w i t h  p o s s i b l e  c o o l a n t s  and 

tri t ium b r e e d i n g  materials. Specimens are exposed t o  s t a t i c  l i t h i u m  and 

l i t h i u m- l e a d  melts t o  i d e n t i f y  t h e  k i n e t i c s  and mechanisms t h a t  govern 

c o r r o s i o n .  Other  program o b j e c t i v e s  i n c l u d e  (1)  t o  de te rmine  t h e  e f f e c t s  

o f  N ,  C ,  H ,  and 0 on a p p a r e n t  s o l u b i l i t i e s  of  metals i n  l i t h i u m  and 

l i t h i u m- l e a d ;  ( 2 )  t o  de te rmine  t h e  ca rbon  and n i t r o g e n  p a r t i t i o n i n g  coef-  

f i c i e n t s  between a l l o y s  and these melts; ( 3 )  t o  de te rmine  t h e  e f f e c t s  of 

s o l u b l e  (Ca, A l )  and s o l i d  (Y, Z r ,  T i )  a c t i v e  metal  a d d i t i o n s  on c o r r o s i o n  

by l i t h i u m ;  and (4)  t o  de te rmine  t h e  t e n d e n c i e s  f o r  mass t r a n s f e r  between 

d i s s i m i l a r  metals. 

9.1.3 Summary 

Type 316 s t a i n l e s s  s teel  and HT9 s u f f e r e d  s i g n i f i c a n t  weight l o s s e s  

when exposed t o  s t a t i c  Pb-17 a t .  % L i ,  p a r t i c u l a r l y  a t  500°C. T h i s  was i n  

c o n t r a s t  t o  t h e  n e g l i g i b l e  weight  changes of  t h e s e  a l l o y s  when t h e y  were 

exposed t o  pure  l i t h i u m  under similar c o n d i t i o n s .  However, t h e  magnitude 

o f  t h e  weight  l o s s e s  i n  P b 1 7  a t .  % L i  were a p p a r e n t l y  n o t  s u f f i c i e n t  t o  

change t h e  t e n s i l e  p r o p e r t i e s  of t h e s e  a l l o y s  o r  t o  cause  s u f f i c i e n t  

a t t a c k  of t h e  specimens exposed a t  300 and 400°C. It a p p e a r s  t h a t ,  f o r  

f e r r o u s  a l l o y s ,  t h e  a p p l i c a t i o n  of  Pb-17 a t .  % L i  a s  a s e m i s t a g n a n t  

b r e e d i n g  f l u i d  i n  a f u s i o n  r e a c t o r  may be l i m i t e d  t o  t e m p e r a t u r e s  of 4OO'C 

o r  less. Containment a l l o y s  of low n i c k e l  and chromium a c t i v i t i e s  would 

b e  p r e f e r a b l e .  

9.1.4 P r o g r e s s  and S t a t u s  

Lead- li th ium mol ten  a l l o y s  p rov ide  one p o s s i b l e  a l t e r n a t i v e  t o  mol ten  

l i t h i u m  f o r  t r i t i u m- b r e e d i n g  i n  f u s i o n  r e a c t o r s .  We have t h e r e f o r e  
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i n i t i a t e d  a study of the  compat ib i l i ty  of candidate  s t r u c t u r a l  a l l o y s  with 

molten lead- li thium by exposing t e n s i l e  specimens of t y p e  316 s t a i n l e s s  

s t e e l  and Sandvik HT9 t o  the  low melt ing point  (235'C) e u t e c t i c  com- 

p o s i t i o n  of Pb-17 a t .  % L i .  The experimental condi t ions  were s i m i l a r  t o  

those  used f o r  p u r e  l i th ium s t a t i c  tests.2 Type 316 s t a i n l e s s  s t e e l  and 

HT9 specimens were sealed with appropr ia te  amounts of lead and l i th ium 

under argon i n  capsules  of s i m i l a r  composition. The specimens (two i n  

each capsule)  were anchored so as t o  prevent them from f l o a t i n g  t o  the  

Pb-Li/Ar i n t e r f a c e  (see  Fig. 9.1.1). The capsules  were placed (upside 

down with respec t  t o  Fig. 9.1.1) i n  tube furnaces a t  300 t o  900'C (+lO°C) 

f o r  var ious  exposure times. Since the  melt ing point  of pure lead  (327°C) 

was above t h a t  of our lowest exposure temperature, the  temperature of the  

300'C capsules  was f i r s t  r a i sed  t o  400°C f o r  1 h t o  form the  l i q u i d  

Pb-17 at.  % L i  a l l o y  (with a melt ing point  of 235°C) and then was lowered 

t o  300°C. A t  the completion of a t e s t ,  the specimens exposed t o  the Pb-Li 

ORNL-DWG 81-7453R 

Fig.  9.1.1. Capsule and 
Specimen Configurat ion Used i n  
This  Study. Capsule was inver ted  
dur ing  exposure. 

2.5cm 4 
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were c leaned  by immersion i n  l i q u i d  mercury a n d / o r  pure  l i t h i u m  fo l lowed  

by a water r i n s e .  Use of l i t h i u m  f o r  t h i s  purpose  w a s  found t o  be more 

e f f i c i e n t  and d i d  no t  a f f e c t  t h e  specimens a t  t e m p e r a t u r e s  n e a r  t h e  

m e l t i n g  p o i n t  of l i t h i u m .  The c l e a n i n g  procedure  w a s  r e p e a t e d  u n t i l  

specimen we igh t s  became c o n s t a n t ,  which t h e n  i n d i c a t e d  t h a t  most of t h e  

r e s i d u a l  l e a d  had been removed. The l e a d  used i n  t h e  p r e s e n t  exper iments  

w a s  a s- rece ived  h i g h  p u r i t y  (99.99%) metal while t h e  l i t h i u m  was pre-  

v i o u s l y  p u r i f i e d  by c o l d  t r a p p i n g  and g e t t e r i n g .  

Specimen weight changes f o r  t y p e  316 s t a i n l e s s  s t e e l  and HT9 exposed 

t o  s t a t i c  Pb-17 a t .  % L i  are l i s t e d  i n  Tab les  9.1.1 and 9.1.2. In 

g e n e r a l ,  t h e  t o t a l  specimen weight l o s s  i n c r e a s e d  w i t h  i n c r e a s i n g  exposure  

t i m e  and t empera tu re .  Desp i t e  t h e  l a r g e  weight  l o s s e s  of c e r t a i n  

spec imens ,  t h e r e  d i d  n o t  appear  t o  be any measurable  e f f e c t  on t h e  bulk 

p r o p e r t i e s  of t h e  s tee ls  s i n c e  no s i g n i f i c a n t  changes  i n  t e n s i l e  proper-  

t i e s  ( r e l a t i v e  t o  the  argon exposures )  w e r e  observed.  The  d i f f e r e n c e s  

between t h e  t e n s i l e  d a t a  f o r  t h e  specimens exposed t o  Pb-17 at .  % L i  and 

t h a t  €o r  t h e  argon- exposed specimens were minimal and ,  i n  most cases, 

T a b l e  9.1.1. Weight Changes of Type 316 

Argon and  Pb-17 at .  % L i  
S t a i n l e s s  S t e e l  Exposed t o  S t a t i c  

Exposure Exposure Weight change,' g/m2 
t e m p e r a t u r e  time 

( "C)  ( h )  Pb-17 a t .  % L i  Argon 

3 00 1000 
3000 
5 000 

400 1000 
3000 
5000 

5 00 1000 
3000 
5000 

9 00 20 

-0.4 -0.1 
- 0.4  0.0 
-1.0 0.0 

4 . 9  -0.1 
-1.2 0.0 
-3.2 0.0 

-7.6 +O. 1 
-14.6 0.0 
-12.2 +o. 1 

4-0.1 -11.9 b 

'Average of measurements from two specimens 

bAverage of measurements from s i x  specimens.  

u n l e s s  o t h e r w i s e  noted.  
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Table 9.1.2. Weight Changes of HTga 
Exposed to Static Pb-17 at. % Li 

Exposure Exposure Weight 
chan e,O 5 temperature time 

(“C) (h) (glm ) 

3 00 1000 -2.3 
3000 4.6 

400 1000 -3.2 
3000 -5.6 

500 1000 -6.5 
3000 -7.6 

‘Normalized and tempered. 

bAverage of measurements from 
two specimens. 

fell within the scatter due to experimental uncertainty. 
examination of polished cross sections revealed very little attack of 

type 316 stainless steel by Pb-17 at. % Li below 5OO0C, and only moderate 
attack after 3000 and 5000 h at 500°C (see Figs. 9.1.2-9.1.5). Reference 

to Figs. 9.1.2 through 9.1.5 shows also that there was no perceptible dif- 

ference in the metallographic appearance of stressed (gage length) and 

unstressed (shoulder sections) surfaces after exposure to the Pb-Li alloy. 
No grain boundary penetration was observed. Energy dispersive x-ray 
analysis indicated negligible changes in the surface compositions of 
specimens exposed to Pb17 at. % Li and argon relative to unexposed 

material (see Table 9.1.3). This is in contrast to the behavior of 

type 316 stainless steel in flowing lithium in which nickel and, to a 
lesser extent, chromium are preferentially dissolved from the alloy.3 The 
absence of preferential dissolution in Pb-17 at. % Li may be due to a dif- 

ferent dominant dissolution process or to the lack of a sufficient amount 
of time for substantial leaching to occur. Additionally, the porous sur- 

face region typical of type 316 stainless steel exposed to lithium3 was 
not observed in the present case of Pb-17 at. % Li exposures. However, it 

is not known whether such features may develop after longer exposure 
times. 

Metallographic 
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Fig. 9.1.2. Type 316 Stainless  Steel  Exposed to Stat ic  Pb-17 a t .  % Li  
a t  300°C for  5000 h. (a) Near fracture surface. (b) Away from fracture 
a rea. 
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40pm , 

Fig. 9.1.3. Type 316 Stainless Steel Exposed to Static Pb-17 at.  % Li 
a t  40OoC for 5000 h. (a) Near fracture surface. 
area. 

(b) Away from fracture 
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I 

Fig. 9.1.4. Type 316 Stainless Steel Exposed t o  Static Pb-17 at .  % L i  
a t  50OoC for 3000 h. (a) Near fracture surface. (b) Away from fracture 
area. 
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Table 9.1.3. Qual i t a t ive  Elemental Rat ios  f o r  Type 316 
S t a i n l e s s  S t e e l  as Determined by Energy 

Dispersive X-Ray Analysis 

Exposure Exposure Concentrat ion r a t  ioa  

( " C )  (h)  Cr/Fe N i / F e  
Environment temperature t i m e  

Control  0.36 0.15 

Argon 500 5000 0.43 0.17 

Pb-17 a t .  % L i  300 5000 0.45 0.14 

Pb-17 a t .  % L i  400 5000 0.44 0.14 

Pb-17 a t .  % L i  500 5000 0.47 0.14 

of K, peaks. 

The corros ion  rate, R ,  of an a l l o y  i n  a l i q u i d  metal can be expressed 

a s  

R = Z R i  , (1) 

where Ri is the  d i s s o l u t i o n  (o r  depos i t ion)  rate of element i: 

where 

ki = rate cons tant  f o r  d i s s o l u t i o n  (depos i t ion ) ,  

C,(i) = s o l u b i l i t y  of i i n  the  l i q u i d  metal, and 

C ( i )  = a c t u a l  concent ra t ion  of i i n  t h e  l i q u i d  metal. 

I n  a s t a t i c  isothermal  test it would be expected t h a t  the  d i s s o l u t i o n  r a t e  

w i l l  decrease wi th  t i m e  as C(i) i nc reases ,  and, even tua l ly ,  weight l o s s e s  

should remain cons tant  wi th  time. In f a c t ,  t h e  weight l o s s  of type 316 

s t a i n l e s s  s teel  a t  50OoC did  not  i nc rease  a f t e r  3000 h of exposure t o  

Pb-17 at. % L i  ( see  Table 9.1.1 and Fig. 9.1.6). 
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While n e g l i g i b l e  weight changes were measured f o r  the l i t h i u m  t e s t s ,  

s i g n i f i c a n t  material l o s s  o c c u r r e d  i n  s imi lar  exper iments  w i t h  

Pb- 17 a t .  % L i .  Such behav io r  shou ld  be expec ted ;  r e p o r t e d  c o r r o s i o n  

r a t e s  f o r  a l l o y s  exposed t o  pure  l e a d  are much g r e a t e r  t h a n  comparable 

r a t e s  i n  pure  l i t h i u m . 3  

f e r r o u s  a l l o y s  i n  Pb-17 a t .  % L i  t e n d  t o  be similar t o  t h o s e  i n  pure  l ead .  

Al though t h e  p r e s e n t  r e s u l t s  are p r e l i m i n a r y  and r e l e v a n t  on ly  t o  i s o t h e r -  

m a l  c o n d i t i o n s ,  it is a p p a r e n t  t h a t ,  a t  comparable t e m p e r a t u r e s ,  

Pb-17 a t .  % L i  i s  much more c o r r o s i v e  toward f e r r o u s  a l l o y s  t h a n  pure  

l i t h i u m .  The weight l o s s e s  of HT9 and t y p e  316 s t a i n l e s s  s t ee l  r e p o r t e d  

above are s i g n i f i c a n t  and can  be expec ted  t o  be much l a r g e r  i n  f lowing 

Pb-17 a t .  % L i  sys tems.  T h e r e f o r e ,  t h e  use  of t h i s  l e a d- l i t h i u m  a l l o y  a s  

a semis tagnan t  t r i t i u m  b r e e d i n g  f l u i d  w i l l  p robab ly  l i m i t  t h e  a l lowed  ser- 

v i c e  t e m p e r a t u r e s  t o  below 400°C. Implementa t ion of c o r r o s i o n  i n h i b i t i o n  

t e c h n i q u e s  may be necessa ry .  One p o s s i b l e  method may be by e l e m e n t a l  

metal  a d d i t i o n s  t o  t h e  l ead- l i th ium.  For  example,  the p r e s e n c e  of 

500 w t  % ppm T i  i n  l e a d  e f f e c t i v e l y  reduced the c o r r o s i o n  ra te  of f e r r o u s  

a l l o y s  by t h e  fo rmat ion  of p r o t e c t i v e  T i N  o r  T I C   layer^.^,^ A l t e r n a t e l y ,  

t h e  compos i t ion  of t h e  s t r u c t u r a l  a l l o y  can  be op t imized  f o r  c o r r o s i o n  

p r o t e c t i o n .  While f u r t h e r  work w i t h  Pb-17 a t .  % L i  i s  r e q u i r e d  t o  c l e a r l y  

d e f i n e  t h e  e f f e c t s  of conta inment  a l l o y  compos i t ion  on c o r r o s i o n ,  lower-  

n i c k e l  and -chromium a l l o y s  w i l l  p robab ly  be  p r e f e r r e d  f o r  use  w i t h  t h i s  

m o l t e n  a l l o y .  

It t h u s  a p p e a r s  tha t  t h e  c o r r o s i o n  r a t e s  of 

9.1.5 Conclus ions  

1. Lead a l l o y e d  w i t h  17  a t .  % L i  i s  more a g g r e s s i v e  toward f e r r o u s  

a l l o y s  t h a n  l i t h i u m .  Type 316 s t a i n l e s s  s t ee l  and HT9 s u f f e r e d  s i g n i f i -  

c a n t  weight  l o s s e s  when t h e y  were exposed t o  s t a t i c  Pb-17 a t .  % L i ,  par-  

t i c u l a r l y  a t  500°C, w h i l e  under similar c o n d i t i o n s  t h e  weight  changes of 

t h e s e  a l l o y s  i n  pure  l i t h i u m  were n e g l i g i b l e .  

2 .  For  f e r r o u s  a l l o y s ,  t h e  a p p l i c a t i o n s  of Pb-17 a t .  % L i  as a 

s e m i s t a g n a n t  t r i t i u m  b r e e d i n g  f l u i d  i n  a f u s i o n  r e a c t o r  may be l i m i t e d  t o  

t e m p e r a t u r e s  of 400°C o r  less when t h i s  mol ten  a l l o y  i s  used i n  conjunc-  

t i o n  w i t h  f e r r o u s  a l l o y s .  Containment a l l o y s  of low n i c k e l  and chromium 

a c t i v i t i e s  would be p r e f e r a b l e .  
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9.2 COKKOSION OF IKON-BASE ALLOYS I N  FLOWING L I T H I U M-  P. F. T o r t o r e l l i ,  
J .  H. DeVan, and C. T. Liu  (Oak Ridge N a t i o n a l  Labora to ry )  

9.2.1 ADIP Task 

ADIP Task I.A.3, Perform Chemical and M e t a l l u r g i c a l  C o m p a t i b i l i t y  

Analyses .  

9.2.2 O b j e c t i v e  

The purpose  of t h i s  t a s k  i s  t o  e v a l u a t e  t h e  c o r r o s i o n  r e s i s t a n c e  of 

c a n d i d a t e  f i r s t - w a l l  materials t o  f lowing  l i t h i u m  i n  t h e  p resence  of a 

temperature g r a d i e n t .  Cor ros ion  rates ( i n  b o t h  d i s s o l u t i o n  and 

d e p o s i t i o n )  are measured as f u n c t i o n s  of time, t e m p e r a t u r e ,  a d d i t i o n s  t o  

t h e  l i t h i u m ,  and f low c o n d i t i o n s .  These measurements are combined w i t h  

chemica l  and m e t a l l o g r a p h i c  examina t ions  of specimen s u r f a c e s  t o  e s t a b l i s h  

t h e  mechanisms and r a t e - c o n t r o l l i n g  p r o c e s s e s  f o r  d i s s o l u t i o n  and deposi-  

t i o n  r e a c t i o n s .  

9.2.3 Summary 

Weight l o s s  d a t a  are r e p o r t e d  f o r  t h e  long- range- ordered (LRO) a l l o y  

Fe31.8 Ni-22.5 V 4 . 4  T i  (wt %) exposed t o  l i t h i u m  i n  t y p e  316 s t a i n l e s s  

s t e e l  thermal- convect ion l o o p s  ( T C L s )  f o r  up t o  5000 h a t  600°C. Very 

h i g h  c o r r o s i o n  rates were measured and e x t e n s i v e  c o r r o s i v e  a t t a c k  was 

observed.  The exposed s u r f a c e s  were d e p l e t e d  i n  n i c k e l  and correspon-  

d i n g l y  e n r i c h e d  i n  i r o n  and vanadium. Another l i t h i u r t y p e  316 s t a i n l e s s  

s t e e l  TCL w a s  used  t o  s t u d y  t h e  dependence of t h e  d i s s o l u t i o n  rate of 

t y p e  316 s t a i n l e s s  s t e e l  i n  f lowing  l i t h i u m  on temperature. The observed 

t e m p e r a t u r e  dependence was c o n s i s t e n t  w i t h  a n  a p p a r e n t  o v e r a l l  a c t i v a t i o n  

e n e r g y  of 160 kj /mol  (38 k c a l l m o l ) .  T h i s  i s  a h i g h e r  a c t i v a t i o n  energy  

t h a n  h a s  been measured i n  ea r l i e r  tes ts  and t h i s  d i f f e r e n c e  i n d i c a t e s  

problems w i t h  r e p r o d u c i b i l i t y  of a c t i v a t i o n  e n e r g i e s  measured i n  d i f f e r e n t  

exper iments .  

9.2.4 P r o g r e s s  and S t a t u s  

We p r e v i o u s l y  found1.2 t h a t  t h e  LKO-35 a l l o y  composed of Fe-31.8 Ni -  

22.5 W . 4  T i  ( w t  %) was e s s e n t i a l l y  u n a f f e c t e d  by exposure  t o  s t a t i c  



313 

l i t h ium a t  e leva ted  temperatures while commercial Fe-Cr-Ni a l l o y s  wi th  

similar and higher  n i cke l  concent ra t ions  were r ead i ly  a t t acked  under t h e  

s a m e  exposure condit ions.  We the re fo re  i n i t i a t e d  experiments t o  a s s e s s  

t h e  cor ros ion  r e s i s t ance  of t h i s  LRO a l l o y  t o  flowing l i thium. Because of 

a lack  of s u f f i c i e n t  LRO ma te r i a l ,  t h e  tests a r e  being conducted i n  

type  316 s t a i n l e s s  s t e e l  TCLs t h a t  a r e  designed3 so t h a t  l i t h ium samples 

can be taken and corros ion  coupons can be withdrawn and i n s e r t e d  without 

a l t e r i n g  loop opera t ing  condi t ions .  The use of the  s t a i n l e s s  s t e e l  loop 

m a t e r i a l  imposes a severe  chemical g rad ien t  between t h e  LRO specimens and 

t h e  loop wal l ,  e s p e c i a l l y  cons ider ing  t h a t  su r faces  of t h e  loops '  hot  l e g s  

have been p r e f e r e n t i a l l y  leached of n i cke l  from p r i o r  exposures t o  

l i th ium.  Such an arrangement provides t h e  wors t  case f o r  t h e  d i s s o l u t i o n  

of  t h e  LRO a l l o y  i n  flowing l i thium. 

t h e  two h o t t e s t  pos i t i ons  (600 and 57OOC) of two type 316 s t a i n l e s s  s t e e l  

TCLs. 

The LRO-35 coupons were placed i n  

In the  preceding progress r e p ~ r t , ~  i t  was reported t h a t  t h e  cor ros ion  

r a t e s  of LRO-35 a f t e r  1500 h of exposure t o  flowing l i t h ium were much 

g r e a t e r  than those of t y p e  316 s t a i n l e s s  s teel  previously exposed i n  the  

two loops. We have continued t o  expose t h e  LRO coupons, and the  updated 

r e s u l t s  fo r  the  600°C specimens a r e  shown i n  Fig. 9.2.1. The weight 

l o s s e s  f o r  t h e  LRO specimens i n  both TCLs (2B and 3B) a r e  very much 

g r e a t e r  than comparable measurements f o r  type 316 s t a i n l e s s  s t e e l .  Also,  

a s  was noted previously,  d e s p i t e  s i m i l a r  opera t ing  cond i t ions ,  the  weight 

l o s s e s  are d i f f e r e n t  be tween the two loops .  The d i f f e r e n c e  is cons i s t en t  

wi th  the  t rend  e s t ab l i shed  e a r l i e r  when coupons of type 316 s tainless  

s t e e l  were exposed i n  these  two l 0 0 p s : ~  

experiment 28 (with respec t  t o  four  o the r  similar experiments) r e s u l t e d  

a f t e r  replacement of the loop's  cold- leg sec t ion ,  which had operated f o r  

5000 h. (Data €or t h e  5000 h period f e l l  w i th in  t h e  unce r t a in ty  of t h e  

average of the  four  o the r  t e s t s . )  This p a t t e r n  was not repeated i n  

loop 3B, whose cold- leg s e c t i o n  was a l s o  replaced ( see  Fig. 9.2.1). 

Although the re  i s  a d i f f e rence  between t h e  cor ros ion  r a t e s  i n  t h e  two 

loops ,  the  weight l o s s e s  of the  LRO coupons i n  both loops a r e  d e f i n i t e l y  

lower weight l o s s e s  i n  loop 
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LOOP 38 

EXPOSURE T IME Ihl 

Fig.  9.2.1. Weight Loss Versus Exposure T i m e  f o r  LRO-35 Exposed t o  
Flowing Li th ium a t  600°C i n  Two D i f f e r e n t  Type 316 S t a i n l e s s  S t e e l  Loops. 

much g r e a t e r  than  t h o s e  of type  316 s t a i n l e s s  s teel .  However, t h e r e  is 

some ev idence  t h a t  t h e  c o r r o s i o n  ra te  is beg inn ing  t u  d e c r e a s e  a f t e r  

5000 h { s e e  loop 38 d a t a  i n  Fig. 9.2.1). 

A s  d e s c r i b e d  i n  t h e  p r e c e d i n g  q ~ a r t e r l y , ~  t h e  coupon exposed a t  570°C 

f o r  1000 h i n  loop 2B was found t o  have d l o o s e l y  a d h e r i n g  l a y e r  t h a t  

appeared  t o  be composed p r i n c i p a l l y  of  i r o n  w i t h  some chromium and small 

c o n c e n t r a t i o n s  of n i c k e l  and vanadium. Such l a y e r s  were s u h s e q u e n t l y  

v i s i b l e  on bo th  t h e  600 and 570°C LKO coupons i n  l o o p  2B a f t e r  2500 h and 

o n  t h e  570°C specimen i n  loop 38 a f t e r  3500 h. (Weight l o s s e s  were 

measured a f t e r  t h e s e  l a y e r s  were removed.) P o r t i o n s  of t h e  de tached  

l a y e r s  from t h e  600 and 570'C specimens i n  loop 28 a f t e r  2500 h of expo- 

s u r e  were ana lyzed  by x- ray d i f f r a c t i o n  and found t o  be a l p h a  i r o n .  

M e t a l l o g r a p h i c  examina t ion  of c l i p p e d  c o r n e r s  f rom t h e  exposed LKO 

coupons i n  bo th  loops  r e v e a l e d  e x t e n s i v e  s u r f a c e  a t t a c k .  C o n s i s t e n t  w i t h  

t h e i r  l a r g e r  weight l o s s e s ,  t h e  loop 38 specimens e x h i b i t e d  a m c h  g r e a t e r  

a t t a c k  d e p t h  than  t h o s e  from loop  2B (see Fig. 9.2.2). I n  b o t h  cases, t h e  



315 

I 

I 
I 

Fig. 9.2.2. Polished Cross-Sections of LRO-35 Exposed t o  Flowing 
Lithium for 2500 h at 600°C. (a) Loop 28. (b) Loop 3B. 
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microstructure changes due to lithium exposure were much greater than 

those observed for austenitic stainless steel exposed under similar 
conditions. Electron microprobe analysis of the surfaces shown in 

Fig. 9.2.2 revealed a general depletion in nickel and the affected areas 
were enriched in iron and vanadium (see Fig. 9.2.3). 

nickel from the surfaces of these specimens would be predicted based on 

tests of austenitic stainless steels and alloys with nickel concentrations 

similar to that of LRO-35. 

alloy is attacked in lithium was quite unexpected. 

the corrosion process may be related to the kinetics of a phase change 

that produces a porous sigma-phase layer at the nickel-depleted interface 

of the ordered matrix. 

understanding this phenomenon. 

The depletion of 

However, the rapidity with which the LRO-35 

This acceleration of 

Additional work is being performed to increase our 

Another lithium type 316 stainless steel TCL of the type described 
above is being used to determine the dissolution rate of type 316 

stainless steel in lithium as a function of maximum loop temperature. We 

first established the dissolution rate as a function of time at 600°C and 
are now varying the loop's maximum temperature while keeping a temperature 

differential of 150°C across the loop. 

perature is obtained by the slope of the least squares fit line on a 

weight loss versus exposure time plot. 
the corrosion rate of type 316 stainless steel at 500, 550, and 6OO0C (see 

Fig. 9.2.4). As expected, the dissolution rate decreased with decreasing 
temperature. 

stainless steel in thermally convective lithium are shown below: 

The dissolution rate at each tem- 

In this manner, we have measured 

Steady-state dissolution rates measured for type 316 

Temperature R E  
("C) (mg/m2.h) 

5 00 0.8 
550 3.6 
600 13.6 

Figure 9.2.5 shows that the dissolution rates measured at the maximum 

temperature positions in the respective tests are reasonably consistent 

with an Arrhenius-type behavior: 
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ORNL-DWG 81.12912 

LOOP 28 

MATRIX 

Fig. 9.2.3. Elec t ron  Microprobe Traces Across Cross Sec t ions  of 
LRO-35 Exposed t o  Flowing Lithium a t  6OO0C f o r  2500 h. The n i cke l  and 
vanadium concent ra t ions  a re  magnified r e l a t i v e  t o  the  i r o n  t r ace .  



318 

ORNL.OWG 81-12913 

io0 

&- 8 0 -  

TYPE 316 STAINLESS STEEl  

TMAX 

0 TMAX - 5-c 

- 

TMAX = 5M'C 

ORNL.DWG 81-12914 

I 1 I 
1.1 1.2 1.3 

' IT 110-3/KI 

Fig .  9.2.5. A r r h e n i u s  P l o t  of t h e  D i s s o l u t i o n  Ra te  Versus  I n v e r s e  
Tempera tu re  f o r  Type 316 S t a i n l e s s  S t e e l  i n  Thermal ly  Convec t ive  Li th ium.  
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where 

Rs = s teady- sta te  d i s s o l u t i o n  r a t e  a t  temperature T; 
A = cons tant ;  

Q = o v e r a l l  (apparent)  a c t i v a t i o n  energy f o r  d i s so lu t ion .  

The a c t i v a t i o n  energy, based on a least- squares f i t  was determined t o  

be 160 kT/mol (38 kcal/mol). T h i s  magnitude is s i g n i f i c a n t l y  l a r g e r  than  

t h e  a c t i v a t i o n  energy measured i n  an earlier s e r i e s  of type 316 s t a i n l e s s  

s t e e l  thermal convection loop t e s t s  where t h e  opera t ing  times were l imi t ed  

t o  3000 h.7 

two t e s t  s e r i e s  i n d i c a t e s  an important problem i n  applying a s i m p l e  

Arrhenius equat ion t o  the rates being measured i n  these  tests. The 

d i s s o l u t i o n  r a t e  can e f f e c t i v e l y  be described i n  t e r m s  of a "forward" 

f l u x  of atoms leaving  the  specimen su r face  con t ro l l ed  by the  chemical 

a c t i v i t y  of the atoms i n  the  s teel  and an "escape" r a t e  from t h e  s o l i d  

i n t o  t h e  l i qu id .  This is  counterbalanced by a "reverse"  f l u x  of s o l u t e  

atoms r e tu rn ing  from the  l i q u i d  t o  the  specimen t h a t  i s  c o n t r o l l e d  by t h e  

s o l u t e  a c t i v i t y  (concent ra t ion)  and s t i c k i n g  p robab i l i t y .  Although i t  can 

be reasonably assumed t h a t  the  s o l u t e  concent ra t ion  at  the maximum tenr 

p e r a t u r e  pos i t i on  w i l l  remain cons tant  with t i m e  i n  any given loop, t h e r e  

i s  no b a s i s  f o r  assuming t h a t  t h i s  concent ra t ion  w i l l  be t h e  same from 

loop t o  loop. Furthermore, t h i s  s o l u t e  concent ra t ion  can be expected t o  

depend on the  p a r t i c u l a r  temperature gradient  chosen f o r  the  experiments 

as wel l  as the loop geometry. Thus i n  analyzing the  temperature depen- 

dence of d i s s o l u t i o n  r a t e s  i n  any s e t  of loop experiments,  i t  must be 

borne i n  mind t h a t  (1) t h e  measured d i s s o l u t i o n  r a t e  i s  the  d i f f e rence  

between a forward and backward r e a c t i o n  and (2)  the  experimental  condi t ions  

governing t h e  backward r eac t ion  a r e  not necessa r i ly  cons i s t en t  from 

experiment t o  experiment. 

The d i f f e r e n c e  i n  the apparent  a c t i v a t i o n  energy between t h e  

9.2.5 Conclusions 

1. Specimens of LRO-35 [Fe-31.8 Ni--22.5 W . 4  T i  (wt %)]  corroded 

very r ap id ly  when exposed t o  flowing l i t h ium a t  600°C in type 316 
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s t a i n l e s s  s tee l  TCLs. The r e s u l t i n g  LRO s u r f a c e s  were d e p l e t e d  i n  n i c k e l  

and  c o r r e s p o n d i n g l y  e n r i c h e d  i n  i r o n  and vanadium. 

LRO are much g r e a t e r  t h a n  t h o s e  of t y p e  316 s t a i n l e s s  s t ee l  p r e v i o u s l y  

exposed i n  t h e s e  loops .  

Cor ros ion  rates of t h e  

2. D i s s o l u t i o n  rates of type  316 s t a i n l e s s  s teel  exposed t o  f lowing  

A n  " apparen t"  a c t i -  l i t h i u m  d e c r e a s e d  w i t h  d e c r e a s i n g  loop t empera tu res .  

v a t i o n  energy  of 160 k.I/mol (38 kca l /mol )  was measured. 
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9.3 ENVIRONMENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS - 
0. K. Chopra and D. L. Smith (Argonne National Laboratory) 

9.3.1 ADIP Task 

ADIP tasks are not defined in the 1978 program plan. 

9.3.2 Objective 

The objective of this program is to investigate the influence of 

chemical environment on the compatibility, corrosion, and mechanical 

properties of structural alloys under conditions of interest in fusion 

reactors. Test environments to be investigated include lithium, water, 

and helium as well as candidate solid breeding materials and neutron 

multipliers. Emphasis will be placed on the combined effect of stress 

and chemical environment on corrosion and mechanical properties of mate- 

rials. Tests have been formulated to determine the (1) effect of a 

liquid lithium environment on fatigue and creep-fatigue properties of 

ferritic and stainless steels and (2) compatibility of structural 

materials with lithium, lead-lithium, and candidate solid tritium- 

breeding materials. 

9.3.3 Summary 

Several constant-stress compatibility tests and continuous-cycle 
fatigue tests have been conducted on HT-9 alloy and Type 304 stainless 
steel at 755 K in a flowing lithium environment. The results indicate 

that for applied stresses below the yield stress of the material, the 

corrosion behavior of HT-9 alloy and Type 304 stainless steel is inde- 

pendent of stress. The fatigue properties of these materials are 

strongly influenced by the concentration of nitrogen in lithium. For 

HT-9 alloy, the fatigue life in lithium containing 100-200 w p p  nitrogen 

is a factor of 2 to 5 greater than that in lithium with 1000-1500 wppm 

nitrogen. In low-nitrogen lithium, fatigue life is also independent of 

strain rate. The lower fatigue lives observed in high-nitrogen lithium 

may be attributed to corrosion. Fatigue tests on lithium-exposed 
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specimens a r e  i n  p r o g r e s s  t o  i n v e s t i g a t e  t h e  long- term environmental  

e f f e c t s .  

C o n s t r u c t i o n  of a forced- flow lead- l i th ium loop i s  i n  p r o g r e s s .  

Tes t s  have been formulated t o  i n v e s t i g a t e  t h e  combined e f f e c t s  of s tress 

and environment on t h e  c o r r o s i o n  and mechanical  p r o p e r t i e s  of s t r u c t u r a l  

m a t e r i a l s .  

The c o m p a t i b i l i t y  of s o l i d  L i 2 0 ,  L i A 1 0 2 ,  and L i2Si03  b r e e d i n g  

m a t e r i a l s  w i t h  s e v e r a l  commercial a l l o y s  h a s  been i n v e s t i g a t e d  a t  873 

and 973 K. 

is t h e  l e a s t  r e a c t i v e  of t h e  t h r e e  b reed ing  m a t e r i a l s .  The r e a c t i o n  

s c a l e s  on a l l o y s  exposed w i t h  L i 2 0  ceramic  c o n t a i n  Li5Fe04 and L I C r 0 2  

compounds. The fo rmat ion  of t h o s e  compounds may e x p l a i n  t h e  g r e a t e r  

i n t e r a c t i o n  between t h e  a l l o y s  and L i 2 0  material. 

a t  773 K a r e  i n  p r o g r e s s .  A c o m p a t i b i l i t y- t e s t  f a c i l i t y  is be ing  

c o n s t r u c t e d  t o  s t u d y  t h e  a l l o y / c e r a m i c  i n t e r a c t i o n s  i n  a f lowing  helium 

environment c o n t a i n i n g  known amounts of m o i s t u r e .  

The r e s u l t s  show t h a t  L i 2 0  is t h e  most r e a c t i v e  and L i A 1 0 2  

C o m p a t i b i l i t y  t e s t s  

9.3.4 P r o g r e s s  and S t a t u s  

9.3.4.1 Li th ium Environment 

A. I n t r o d u c t i o n .  L iqu id  l i t h i u m  h a s  been proposed a s  t h e  

tritium b r e e d e r  and p o s s i b l y  as a c o o l a n t  i n  s e v e r a l  d e s i g n s  f o r  

magnet ic  confinement f u s i o n  r e a c t o r s .  The c y c l i c  plasma burn p r o j e c t e d  

f o r  some f u s i o n  r e a c t o r  concep t s  w i l l  induce s e v e r e  c y c l i c  the rmal  

stresses i n  t h e  f i r s t  w a l l l b l a n k e t  s t r u c t u r e .  Consequent ly ,  t h e  f a t i g u e  

behav io r  of t h e  material is a n  impor tan t  c o n s i d e r a t i o n  i n  t h e  d e s i g n  of  

t h e  f i r s t - w a l l / b l a n k e t  r e g i o n .  On t h e  b a s i s  of a v a i l a b l e  materials 

p r o p e r t y  d a t a ,  a u s t e n i t i c  and f e r r i t i c  s teels  have been proposed as 

c a n d i d a t e  s t r u c t u r a l  materials f o r  t h i s  r eg ion .  The a u s t e n i t i c  

s t a i n l e s s  s teels  have been used e x t e n s i v e l y  i n  l iqu id- meta l  f a s t- b r e e d e r  

r e a c t o r  a p p l i c a t i o n s ,  and t h e r e f o r e ,  a s u b s t a n t i a l  technology base  h a s  

been g e n e r a t e d .  The primary i n c e n t i v e  f o r  c o n s i d e r a t i o n  of f e r r i t i c  
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s tee ls ,  such as Sandvik HT-9 and a developmental  Fe-9Cr-1Mo a l l o y ,  i s  

the low void  s w e l l i n g  and h igh  i n - r e a c t o r  c r e e p  r e s i s t a n c e  of t h e s e  

s teels  compared w i t h  a u s t e n i t i c  s ta in less  steels.  Also,  t h e  h i g h e r  

thermal c o n d u c t i v i t y  of t h e  f e r r i t i c  s teels  p rov ides  a reduced the rmal  

stress f a c t o r .  However, r e l a t i v e l y  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on 

the i n f l u e n c e  of a l i q u i d  l i thium environment on t h e  c o m p a t i b i l i t y  and 

mechanical  p r o p e r t i e s  of a u s t e n i t i c  and f e r r i t i c  steels.  

B.  Exper imenta l .  The f a c i l i t y  f o r  conduct ing f a t i g u e  tests  i n  a 

f lowing  l i t h i u m  environment c o n s i s t s  of an MTS closed- loop servohy- 

d r a u l i c  f a t i g u e  machine w i t h  an  a s s o c i a t e d  forced-flow l i q u i d  l i t h i u m  

loop .  A schemat ic  diagram of t h e  t e s t  f a c i l i t y  i s  shown i n  F ig .  

9.3.1. The l i t h i u m  loop ,  which i s  c o n s t r u c t e d  of Type 304 s t a i n l e s s  

s tee l ,  c o n s i s t s  of t h r e e  test v e s s e l s  and a c o l d- t r a p  p u r i f i c a t i o n  

system. One test  v e s s e l  was used f o r  conduc t ing  f a t i g u e  tests and 

a n o t h e r  f o r  c o n s t a n t - s t r e s s  c o m p a t i b i l i t y  tests.  The q u a n t i t y  of 

l i t h i u m  i n  t h e  loop  w a s  -20 l i t e r s ,  and t h e  l i t h i u m  w i t h i n  t h e  t e s t  

v e s s e l s  was r e c i r c u l a t e d  a t  -1 l i t e r l r n i n .  The c o l d- t r a p  t empera tu re  was 

main ta ined  a t  -480 K. F i l t e r e d  l i t h i u m  samples were o b t a i n e d  f o r  

a n a l y s i s  of n i t r o g e n  and carbon i n  l i t h i u m .  The hydrogen c o n c e n t r a t i o n  

i n  l i t h i u m  was e s t a b l i s h e d  by e q u i l i b r a t i n g  y t t r i u m  samples i n  l i t h i u m  

and u s i n g  t h e  r e p o r t e d  data '  on t h e  d i s t r i b u t i o n  of hydrogen between 

y t t r i u m  and l i t h i u m .  During t h e  f a t i g u e  tests ,  t h e  c o n c e n t r a t i o n  of  

carbon and hydrogen i n  l i t h i u m  w a s  -8 and 120  wppm, r e s p e c t i v e l y .  The 

n i t r o g e n  c o n c e n t r a t i o n  was main ta ined  a t  ranges of 100-200, 500-700, o r  

1000-1500 wppm ( d e s i g n a t e d  low-, medium-, and h igh- ni t rogen ,  r e spec-  

t i v e l y ) .  

The combined e f f e c t s  of c o n s t a n t  stress and l i q u i d  l i t h i u m  

environment on t h e  c o r r o s i o n  behavior  of s t r u c t u r a l  m a t e r i a l s  w a s  

i n v e s t i g a t e d  by exposing monoton ica l ly  s t r e s s e d  specimens of HT-9 a l l o y  

and Type 304 s t a i n l e s s  s tee l  t o  f lowing l i t h i u m .  A schemat ic  of t h e  

c o n s t a n t  s t r e s s  f i x t u r e  i s  shown i n  F ig .  9.3.2. The tes t  specimen was 

f a s t e n e d  t o  the f i x t u r e  and loaded through a p u l l  rod by dead w e i g h t s .  
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Fig. 9.3.1. Schematic of Facility for Fatigue Testing i n  Lithium. 

CONSTANT STRESS FIXTURE 

Fig. 9.3.2 
Schematic of Constant Stress 

B E ~ ~ O ~ S  Test Fixture. 
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The f a t i g u e  t e s t  specimens were f ab r i ca t ed  from 6.4-m-diameter 

rod of HT-9 a l l o y  (heat  91354) and 16-mm-diameter rod of Type 304 

s t a i n l e s s  s t e e l  (heat  9T2796). The gauge diameter and length  of t h e  

specimens were, r e spec t ive ly ,  2.5 and 6.4 mm f o r  the  HT-9 a l l o y  and 5 . 1  

and 12 .7  mm f o r  Type 304 s t a i n l e s s  s t e e l .  Tapered gauge-length 

specimens were used fo r  the constant  s t r e s s  compat ib i l i ty  t e s t s .  The 

gauge sec t ion  had a t o t a l  length of 44.5 mm and tapered uniformly from 

6.3 mm to  2.2 mm diameter. After  f a b r i c a t i o n ,  the specimens of HT-9 

a l l o y  were heat t r e a t e d  i n  vacuum according t o  t h e  following schedule: 

normalize a t  1323 K f o r  30 min and a i r  cool,  then temper a t  1053 K f o r  

150 min and a i r  cool ,  Type 304 s t a i n l e s s  s t e e l  specimens were so lu t ion  

annealed i n  vacuum fo r  30 min a t  1298 K. 

The f a t i g u e  tests were conducted i n  the  a x i a l  s t roke- cont ro l  mode 

with a f u l l y  reversed t r i a n g u l a r  waveform and s t r a i n  r a t e s  i n  the range 

of 4 x lo-* and 4 x 

con t ro l  and s t r a i n  measurement a re  given elsewhere.' 

a l s o  conducted i n  a flowing sodium environment f o r  comparison, using a 

procedure s imi l a r  t o  t h a t  fo r  the l i th ium t e s t s .  

s-'. The d e t a i l s  of t h e  procedure f o r  s t r a i n  

Fat igue t e s t s  were 

C .  Resul t s .  The experimental condit ions f o r  the  exposure of 

constant  s t r e s s  compat ib i l i ty  t e s t s  a r e  given i n  Table 9.3.1. For both 

specimens, the  maximum applied s t r e s s  was below the  y i e l d  s t r e s s  of the  

ma te r i a l .  A f t e r  exposure, the  specimens w e r e  examined meta l lograph-  

i c a l l y  t o  eva lua te  the cor ros ion  behavior. Cross sec t ions  w i t h  

d i f f e r e n t  diameters along the length of the specimen were examined t o  

determine the  e f f e c t  of s t r e s s  on corrosion.  The r e s u l t s  i n d i c a t e  t h a t  

f o r  the experimental condit ions of the present  s tudy,  a v a r i a t i o n  i n  

appl ied  stress has no e f f e c t  on corrosion.  Both specimens of HT-9 a l l o y  

and Type 304 s t a i n l e s s  s t e e l  had a uniform 7-m-thick corrosion l aye r  

along the  e n t i r e  gauge length.  Sect ions of the  specimens subjected t o  

d i f f e r e n t  applied s t r e s s  showed i d e n t i c a l  cor ros ion .  However, the gauge 

su r faces  of the specimens i n  contact  with l i t h i u m  had a spongy o r  etched 
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Table 9.3.1. Experimental Conditions f o r  Exposure of Tapered 
Specimens of HT-9 Alloy and Type 304 S t a i n l e s s  S t e e l  
t o  Flowing Lithium 

Temp. Time S t r e s s  ( m a )  Nitrogen Content 
Mater ia l  (K) (h)  Maximum Minimum i n  L i t h i u m  (wppm) 

HT-9 Alloy 755 1000 136 22 
Type 304 SS 755 1000 69 11 

-500 
-80 

appearance. Micrographs of the gauge sur face  and c ross  sec t ion  of HT-9 

a l l o y  and Type 304 s t a i n l e s s  s t e e l  specimens a r e  shown i n  F i g s .  9.3.3 

and 9.3.4, respec t ive ly .  The HT-9 a l l o y  specimen shows in t e rg ranu la r  

cor ros ion  whereas a uniform and porous f e r r i t e  l aye r  i s  observed on t h e  

Type 304 s t a i n l e s s  s t e e l  specimen. It should be noted tha t  during 

exposure of t h e  HT-9 a l l o y ,  the  concentrat ion of n i t rogen i n  l i th ium w a s  

higher than t h a t  fo r  Type 304 s t a i n l e s s  s t e e l .  

The d i s s o l u t i o n  of s u b s t i t u t i o n a l  elements Erom t h e  specimens w a s  

i nves t iga t ed  by e l e c t r o n  microprobe analyses.  The d i s t r i b u t i o n  of t h e  

major elements across  the cor ros ion  l aye r  on t h e  HT-9 a l l o y  and Type 304 

s t a i n l e d  s t e e l  i s  shown i n  Fig. 9.3.5. A s l i g h t  deple t ion  of chromium 

is  observed i n  the  HT-9 a l l o y  whereas Type 304 s t a i n l e s s  s t e e l  shows 

deple t ion  of both chromium and n icke l .  The composition of the  f e r r i t e  

l a y e r  on Type 304 s t a i n l e s s  s t e e l  was 86% i ron ,  13% chromium, and 1X 

n icke l .  

The inf luence  of l i th ium pur i ty  on the  c y c l i c  p rope r t i e s  of HT-9 

a l l o y  and Type 304 s t a i n l e s s  s t e e l  was inves t iga ted  by conducting 

f a t i g u e  t e s t s  i n  l i th ium containing d i f f e r e n t  concent ra t ions  of 

ni t rogen.  The t o t a l  and p l a s t i c  s t r a i n  range vs f a t igue  l i f e  fo r  HT-9 

a l l o y  t e s t e d  a t  755 K i n  flowing l i th ium i s  shown i n  Fig. 9.3.6. 

Fat igue da ta  from two t e s t s  performed i n  a l i qu id  sodium environment a r e  

a l s o  included f o r  comparison. The r e s u l t s  show t h a t  the f a t i g u e  l i f e  of 

HT-9 a l l o y  is  s t rong ly  influenced by the concent ra t ion  of n i t rogen i n  

l i thium. The f a t i g u e  l i f e  i n  l i th ium containing 1000-1500 wppm ni t rogen 
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a b 
Fig. 9.3.3. Micrographs of the (a) Gauge Surface and (b) Cross Section 

of HT-9 Alloy Specimen Exposed with a Constant Tensile 
Stress in Lithium for 1000 h at 755 K. Concentration of 
nitrogen in lithium was -500 wppm. 

a b 

Fig. 9 . 3 . 4 .  Micrographs of the (a) Gauge Surface and (b) Cross Section 
of Type 304 Stainless Steel Exposed with a Constant Tensile 
Stress in Lithium for 1000 h at 755 K. Concentration of 
nitrogen in lithium was G O  wppm. 



a b 

Fig.  9 .3 .5 .  Micrographs and Concentration Prof i les  for Iron, Chromium, 
and Nickel Across the Cross Section of (a) HT-9 Alloy and 
(b)  Type 304 Stainless  Stee l  Exposed in Lithium fo r  
1000 h a t  755 K. 

- s I I I 1 1 1 1 1 ~  I I I11111~ I I I11111~ I I I l l 1  
& HT-9 4 
!+! 4.0 755K 1482W 

A€T : 28 73 N i o  " t 0 712 N r o  Om 

0 LA. 1000-1500 wppm N 
0 L1,-550 wppm N 

ac 
A +  = 108 66 Nt465 + 0 858 N i o  

CYCLES TO FAILURE, N( 

Fig. 9 .3 .6 .  Total and P las t i c  Strain Range vs Cycles to  Failure fo r  
HT-9 Alloy Tested in Lithium and Sodium at 755 K. 
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is a factor of 2 to 5 lower than that in lithium with 100-200 wppm 

nitrogen. The difference in life is greater at total strain ranges 

<0.7%. Furthermore, the results suggest that the reduction in fatigue 

life is proportional to the concentration of nitrogen in lithium. For 

example, a test conducted in lithium with -550 wppm nitrogen yielded a 

value of fatigue life of -60,000 cycles compared to 20,000 and 130,000 

cycles, respectively, for the tests in high- and low-nitrogen lithium. 

The fatigue life in a liquid sodium environment is similar to or 

slightly greater than that in low-nitrogen lithium. However, more data 

are needed to establish the difference in the strain-life behavior in 

liquid sodium and low-nitrogen lithium environments. 

The plastic strain range, A E  and cycles to failure, Nf, can be P' 
expressed by a power-law relationship, given by 

The values of the coefficient and exponent in Eq. (1) were determined 

from a linear least-squares analysis and are given in Fig. 9.3.6. The 

relationship between total strain range and fatigue life was obtained 

from the cyclic stress-strain behavior and E q .  (1). Figure 9.3.7 shows 

the cyclic stress-strain behavior for HT-9 alloy tested in lithium and 

sodium environments. The cyclic stress amplitude at half-life, Aof2 ,  is 

expressed in terms of the plastic strain amplitude, AE /2, by the 
relationship 

P 

Aaf2 = k(Ac 1 2 ) " .  (2 )  P 

The constants in Eq. (2) were obtained using all the data, irrespective 

of the environment or the concentration of nitrogen in lithium. At 
lower strain amplitudes, the cyclic stress for the tests in high- 

nitrogen lithium is slightly higher than that for the tests in low- 

nitrogen lithium because of the cyclic hardeningfsoftening behavior of 

the material. The variation in cyclic stress range as a function of 

fatigue cycles is shown in Fig. 9.3.8. After an initial period of -1000 
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F i g .  9.3.7. C y c l i c  S t r e s s - S t r a i n  R e l a t i o n s h i p  f o r  HT-9 Alloy Tes ted  i n  
Li th ium and Sodium Environments.  
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F i g .  9.3.8.  C y c l i c  S t r e s s  Range a s  a Func t ion  of F a t i g u e  Cyc les  f o r  
HT-9 Al loy Tes ted  i n  L i th ium and Sodium Environments .  

c y c l e s ,  d u r i n g  which t h e  c y c l i c  stress was r e l a t i v e l y  c o n s t a n t ,  a l l  

specimens showed g r a d u a l  s o f t e n i n g  f o r  t h e  remaining l i fe t ime.  

Consequent ly ,  f o r  a g iven  s t r a i n  range ,  t h e  tests  w i t h  l o n g e r  f a t i g u e  

l i f e ,  e .g . ,  i n  sodium or  low- ni t rogen l i t h i u m ,  showed lower v a l u e s  of 

c y c l i c  stress than  t h e  tests  w i t h  a s h o r t e r  f a t i g u e  l i f e ,  e .g. ,  i n  high-  

n i t r o g e n  l i t h i u m .  
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The r e l a t i o n s h i p s  between e l a s t i c  and t o t a l  s t r a i n  range and 

f a t i g u e  l i f e  can be determined from E q s .  (1) and ( 2 ) .  Thus, 

and 

( 4 )  
-a - %  

&E = hc i AE = ANf + BNf , 
t P e 

where E i s  Young’s modulus. The t o t a l - s t r a i n  f a t i g u e- l i f e  r e l a t i o n s h i p  

is shown i n  Fig. 9.3.6. 

The e f f e c t  of s t r a i n  r a t e  on the  f a t i g u e  l i f e  of HT-9 a l l o y  i n  

l i th ium a t  755 K i s  shown i n  Fig. 9.3.9. These t e s t s  were conducted i n  

l i t h ium conta in ing  100-200 wppm ni trogen.  The r e s u l t s  show t h a t  i n  a 

low-nitrogen l i th ium environment, s t r a i n  r a t e  has no e f f e c t  on t h e  

f a t i g u e  l i f e  of HT-9 a l loy .  A t  a l l  s t r a i n  r a t e s ,  the  s t r a i n - l i f e  

behavior follows the r e l a t ionsh ip  e s t ab l i shed  from t e s t s  performed a t  a 

s t r a i n  r a t e  of 4 x 

observed i n  an a i r  environment. I n  a i r ,  the  f a t igue  l i f e  decreases w i t h  

a decrease i n  s t r a i n  r a t e .  The d i f f e rence  between t h e  r e s u l t s  i n  

l i t h i u m  and a i r  environments can be a t t r i b u t e d  t o  oxidat ion of the  

ma te r i a l  i n  a i r .  

s-’. This behavior is d i f f e r e n t  from t h a t  

The continuous-cycle fatigue d a t a  for Type 304 s t a i n l e s s  s t e e l  

t e s t e d  a t  755 K i n  l i t h i u m  and sodium environments a r e  shown i n  Fig.  

9.3.10. The t e s t s  i n  l i t h ium were conducted a t  a n i t rogen concentrat ion 

range of 500-700 wppm. The t o t a l - s t r a i n / l i f e  re la tFonship  fo r  the  tests 

i n  a i r  i s  a l s o  included i n  Fig. 9.3.10 fo r  comparison. The r e s u l t s  show 

t h a t  a t  a t o t a l  s t r a i n  range of <1.0%, the  f a t i g u e  l i f e  i n  l i t h i u m  is a 

f a c t o r  of -2 higher  than t h a t  i n  a i r .  This behavior i s  genera l ly  

observed €n a low-oxygen sodium e n v i r o n ~ n e n t . ~ ’ ~  

f a t i g u e  l i f e  i s  a t t r i b u t e d  t o  t h e  absence of oxida t ion  e f f e c t s  i n  a 

l i q u i d  metal environment. The t o t a l  s t r a i n- l i f e  behavior fo r  the t e s t s  

i n  l i th ium was expressed by t h e  power-law r e l a t i o n s h i p  given i n  Eq. (4 ) .  

The d i f f e rence  i n  
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F i g .  9.3.9.  E f f e c t  of S t r a i n  Rate on t h e  F a t i g u e  L i f e  of HT-9 Al loy 
Tes ted  i n  L i th ium a t  755 K .  The c o n c e n t r a t i o n  of n i t r o g e n  
i n  l i t h i u m  was i n  t h e  range of 80-200 wppm. 
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F i g .  9.3.10. S t r a i n  Range v s  Cycles  t o  F a i l u r e  f o r  Type 304 S t a i n l e s s  
S t e e l  Tes ted  i n  Li th ium and Sodium Environments a t  755 K. 
The c o n c e n t r a t i o n  of n i t r o g e n  i n  l i t h i u m  w a s  i n  t h e  range  
of  500-700 wppm. 

The tes t  specimens were examined m e t a l l o g r a p h i c a l l y  t o  e v a l u a t e  

t h e  i n f l u e n c e  of t h e  tes t  environment on t h e  mode of f r a c t u r e ,  s u r f a c e  

markings on t h e  gauge s e c t i o n ,  and i n t e r n a l  c o r r o s i v e  a t t a c k  of t h e  

specimens.  The f r a c t u r e  s u r f a c e s  of  HT-9 a l l o y  t e s t e d  in sodium and 

low- ni t rogen l i t h i u m  a t  755 K are shown i n  F i g s .  9.3.11 and 9.3.12, 
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Fig.  9.3.11. Micrographs of the Fracture Surface of HT-9 Alloy Tested 
i n  Sodium at 755 K.  

.A- 

Fig. 9.3.12. Micrographs of the Fracture Surface of €IT-9 Alloy Tested 
a t  755 K i n  Lithium Containing 100-200 wppm Nitrogen. 
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respectively. The micrographs show diffuse striations throughout the 

surface and several ridges extending radially from the region of crack 

initiation. Figure 9 .3 .13  shows the fracture surface of the HT-9 

specimen tested in high-nitrogen lithium. It shows intergranular 

fracture near the specimen surface, i.e., the mode of crack propagation 

is initially intergranular and becomes transgranular after -150 um. 

Figure 9.3 .14 shows micrographs of longitudinal sections of HT-9 

alloy specimens tested in lithium with different concentrations of 
nitrogen. The specimen tested in high-nitrogen lithium shows corrosive 

attack to a depth of 5-10 !m along the entire gauge length and inter- 

granular cracks extending as far as 150 um along the prior austenite 
grain boundaries. The specimen tested in medium-nitrogen lithim (i.e., 
-550 wppm nitrogen) shows shallow intergranular cracks. Corrosive 

attack and intergranular cracks are not observed in the specimen tested 
in low-nitrogen lithium. The influence of nitrogen on intergranular 

cracking was consistently observed in all the test specimens, €.e., 
intergranular cracks were not observed in the specimens tested either in 
low-nitrogen lithium or in sodium, while the specimens tested in high- 

nitrogen lithium showed internal corrosive attack and/or intergranular 

cracks. 

Behavior for Type 304 stainless steel was similar to that for HT- 

9 alloy at comparable nitrogen levels in lithium. Longitudinal sections 

of Type 304 stainless steel specimens tested in lithium and sodium 

environments are shown in Fig. 9 . 3 . 1 5 .  Although both these specimens 

have a few secondary cracks, the specimen tested in lithium shows 
several transgranular cracks which are not observed in the specimen 

tested in sodium. 

Examination of the surfaces of the gauge sections of the 

specimens also revealed differences in surface features caused by the 

test environment. Micrographs of the gauge surfaces of HT-9 alloy 

specimens tested in sodium and low- and high-nitrogen lithium are shown 
in Fig. 9 .3 .16 .  The specimen tested in sodium shows a smooth, shiny 
surface with a few slip markings. However, the specimens tested in 
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Fig. 9.3.13. Micrographs of the Fracture Surface of HT-9 Alloy Tested 
at 755 K in Lithium Containing 1000-1500 wppm Nitrogen. 
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a b 

Fig. 9.3.15. Micrographs of Longitudinal Sections of Type 304 Stainless 
Steel Specimens Tested at 755 K in (a) Lithium Containing 
500-700 wppm Nitrogen and (b) Sodium. 

a b C 

Fig. 9.3.16. Micrographs of the Gauge Surfaces of HT-9 Alloy Specimens 
Teated at 755 K in (a) Sodium, (b) Low-nitrogen Lithium, 
and (c) High-nitrogen Lithium. 
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lithium have a spongy surface and show appreciable corrosion. 

extent of corrosion for the specimen tested in high-nitrogen lithium is 
higher than that for the specimen tested in low-nitrogen lithium. The 

former also contains several grain-boundary cracks, Similar behavior is 
observed for the Type 304 stainless steel. Figure 9.3.17 shows the 

gauge surfaces o f  Type 304 stainless steel specimens tested in sodium 
and lithium environments. The specimen tested in sodium shows a smooth 

surface with some slip markings, whereas the specimen tested in lithium 
is corroded and contains grain-boundary cracks. 

The 

D. Conclusions. In a flowing lithium environment, the corrosion 
behavior of constant stress specimens of HT-9 alloy and Type 304 

stainless steel is independent of applied stress (stress levels below 
the yield stress of the material). The HT-9 alloy shows intergranular 

corrosion, whereas a uniform ferrite layer is observed on Type 304 
stainless steel. 

The fatigue properties of HT-9 alloy and Type 304 stainless steel 
in flowing lithium are strongly influenced by the concentration of 

nitrogen in lithium. For HT-9 alloy, the fatigue life in lithium 
containing 1000-1500 w p p  nitrogen is a factor of 2 to 5 lower than that 

in lithium with 100-200 wppm nitrogen. Furthermore, in a low-nitrogen 

lithium environment, the fatigue life of HT-9 alloy is independent of 

strain rate in the range of 4 x lo-' to 4 x s-'. 

.ibuted to internal corrosive attack of the material. Select 
. .  - .  - - -  . .  

The reduction in fatigue life in high-nitrogen lithium can be 

attr ive 
corrosion alone. grain boundaries or Drererrea crvstauoe.raDnic Dlanes 

lei The 
reduction in life is greater at strain ranges <0.7% because at low 

strain ranges most of the fatj lit iat ion. 
Furthermore, the decrease in f,,,,,, LL15 ILIcIc,Ic~ llLll increase in 

nitrogen concentration in lithium. 
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a b 

Fig. 9 . 3 . 1 7 .  Micrographs of the Gauge Surfaces of Type 304 Stainless 
Steel Specimens Teste& at 755 K in (a) Sodium and (b) 
Lithium Containing 500-700 wppm Nitrogen. 

For the tests conducted in high-nitrogen lithium, the mode of 

fracture is initially intergranular and becomes transgranular after 

-150 ~rm of crack propagation. This indicates that the crack-propagation 

behavior may also be affected by the lithium environment. The fatigue 

fracture mode is intergranular when the rate of crack propagation is 
lower than the corrosion rate and becomes transgranular for crack 

propagation rates higher than the rate of corrosion. 

9 . 3 . 4 . 2  Lead-Lithium Environment 

Heavier metals, such as lead and bismuth, may be used for neutron 

multiplication in conjunction with tritium-breeding materials. Liquid 

lead-lithium can provide adequate tritium breeding with a reduced 

lithium inventory. However, the use of these liquid metals requires an 
assessment of the environmental effects on structural materials. Tests 

have been formulated to determine the combined effect of stress and 

environment on the corrosion behavior of candidate materials. 

A forced-flow lead-lithium (17 at. % lithium) loop is being 
constructed. A schematic of the loop is shown in Fig. 9 . 3 . 1 8 .  The loop 

consists of a high-temperature test vessel and a cold leg. The test 
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Fig. 9.3.18. Schematic of the Lead-Lithium Test Loop. 

vessel is designed to accommodate the constant-stress fixture shown in 

Fig. 9.3.2. Compatibility tests will be conducted on tapered specimens 

to study the effect of flowing lead-lithium on the corrosion behavior. 

9.3.4.3 Solid Ceramic Breeding Materials 

A.  Introduction. Several conceptual designs for fusion reactors 

incorporate a blanket system with solid ceramic tritium-breeding 

materials, such as Li20, LiA102, and Li2Si03. 

solid breeding materials with candidate structural alloys is therefore a 

major consideration in assessing the viability of the design concepts. 

Compatibility of the 
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The o b j e c t i v e  of t h e  p r e s e n t  program i s  t o  i n v e s t i g a t e  t h e  r e a c t i v i t y  of 

s o l i d  b reed ing  materials wi th  commercial i ron-  and n icke l- base  a l l o y s .  

A comparat ive  e v a l u a t i o n  of t h e  c o m p a t i b i l i t y  of HT-9 a l l o y ,  Type 

316 s t a i n l e s s  s t ee l ,  and I n c o n e l  625 exposed a t  873 K f o r  1900 h i n  

c o n t a c t  w i t h  p e l l e t s  of L i 2 0 ,  y-LiA102, o r  L i2S i03  t r i t i u m  b r e e d i n g  

materials was p r e s e n t e d  i n  e a r l i e r   report^.^" 
t h a t  L i 2 0  is t h e  most r e a c t i v e  of t h e  t h r e e  b r e e d i n g  m a t e r i a l s .  

t h i s  t e s t ,  t h e  v a r i o u s  a l l o y f p e l l e t  r e a c t i o n  coup les  were r e t a i n e d  i n  a 

common s t a i n l e s s  s tee l  tes t  a p p a r a t u s .  The fo rmat ion  of v o l a t i l e  

compounds, e .g . ,  Li5Fe04 and L i C r 0 2 ,  r e s u l t e d  i n  c r o s s  con tamina t ion  

between t h e  d i f f e r e n t  r e a c t i o n  coup les .  A subsequent  t e s t  w a s  t h e r e f o r e  

des igned t o  use  i s o l a t e d  r e a c t i o n  coup les .  

The r e s u l t s  i n d i c a t e d  

For 

R. Exper imenta l .  Tube specimens of HT-9 a l l o y  and Type 316 

s t a i n l e s s  s tee l  w e r e  packed w i t h  L i 2 0 ,  a-LiA102,  o r  L i2S i03  ceramic  

powders. A f l a t  specimen was a l s o  p laced  i n s i d e  t h e  t u b e s .  Each 

a l l o y / c e r a m i c  coup le  w a s  i n d i v i d u a l l y  e n c a p s u l a t e d  t o  p reven t  c r o s s -  

con tamina t ion  by vapor t r a n s p o r t  between t h e  coup les .  The c o n f i g u r a t i o n  

of t h e  test c a p s u l e s  i s  shown i n  F ig .  9.3.19. The t o p  and bottom p l u g s  

were machined from t h e  same material as t h e  tes t  specimens. The 

c a p s u l e s  were baked a t  973 K f o r  4 h under dynamic vacuum t o  remove 

adsorbed  o r  r e a c t e d  m o i s t u r e  and carbon d i o x i d e  from t h e  ceramics. The 

tube  specimens were then  s e a l e d ,  enc losed  i n  a q u a r t z  t u b e ,  and annea led  

a t  973 K f o r  1000 and 2000 h. 

A f t e r  t h e  c o m p a t i b i l i t y  tes ts  were completed,  a l l  a l l o y  specimens 

were examined m e t a l l o g r a p h i c a l l y  t o  de te rmine  t h e  t h i c k n e s s  of t h e  

r e a c t i o n  l a y e r s .  The composi t ion of t h e  s u r f a c e  i n t e r a c t i o n  scale w a s  

o b t a i n e d  by e l e c t r o n  microprobe and energy d i s p e r s i v e  x- ray a n a l y s e s .  

The v a r i o u s  r e a c t i o n  p r o d u c t s  were i d e n t i f i e d  by x- ray d i f f r a c t i o n  

a n a l y s i s .  
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1 ra FLAT SPECIMEN 

Fig. 9.3.19. Schematic of the  Sol id  Breeder Compatibi l i ty  Test Capsule. 

Resul ts .  Af ter  annealing fo r  1000 and 2000 h a t  973 K, t h e  

va r ious  capsule- tes t  specimens were sect ioned and examined metallo-  

graph ica l ly  t o  determine the thickness of the r eac t ion  s c a l e  and 

d i s t r i b u t i o n  of the c o n s t i t u e n t s  i n  the  sca le .  Alloy specimens exposed 

with L i 2 0  ceramic had an adherent layer  of the ceramic ma te r i a l ;  

consequently, the  thickness of the  specimens a f t e r  t h e  compat ib i l i ty  

t e s t  was g r e a t e r  than the i n i t i a l  thickness.  

a brownish color .  Such an i n t e r a c t i o n  was not observed f o r  t h e  

alloy/LiA102 or a l loy/Li2Si03  capsules .  

Furthermore, the  L i 2 0  had 

For a l l  specimens, the  t o t a l  th ickness  of t h e  r eac t ion  s c a l e  was 

obtained from the d i f f e rence  between the  sound metal remaining ( i . e . ,  

t h e  unreacted ma te r i a l )  and t h e  specimen th ickness  a f t e r  t h e  t e s t .  The 

amount of metal l o s s  ( i . e . ,  the thickness of the reacted metal)  was 

determined from t h e  d i f f e rence  between t h e  i n i t i a l  thickness of t h e  

specimen and sound metal remaining. The average values of metal l o s s  

and t o t a l  s c a l e  thickness f o r  HT-9 a l l o y  and Type 316 s t a i n l e s s  s t e e l  

exposed with L i 2 0 ,  LiA102, and Li2Si03 for  1000 and 2000 h a t  973 K a r e  

given i n  Table 9.3.2. The r e s u l t s  show t h a t  i n t e r a c t i o n  f o r  the  
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Table 9.3.2. Average Values of Metal Loss and Scale Thickness f o r  
Alloys Exposed w i t h  L i 2 0 ,  LiA102, and Li2Si03 a t  973 K 

Tota l  Scale  
Ceramic/Alloy Metal Loss (m) Thickness (um) 

Ceramic Alloy I n t e r a c t i o n  1000 h 2000 h 1000 h 2000 h 

Li20 HT-9 Strong 26 2 0  7 4  63 
316 S S  Strong 16  18 51 59 

LiA102 HT-9 Weak 8 5 8 5 
316 SS Weak 6 5 6 5 

Li2Si03 HT-9 Weak a 4 a 4 
316 SS Weak a 6 a 6 

aNot tested.  

a l loy /L i20  couples i s  s i g n i f i c a n t l y  g rea t e r  than t h a t  i n  the  

alloy/LiA102 o r  a l loy/Li2Si03  couples.  

s c a l e  th ickness  a re  e s s e n t i a l l y  the  same a f t e r  1000 and  2000 h. 

The values of metal l o s s  and 

Micrographs and concent ra t ion  p r o f i l e s  f o r  iron, chromium, 

n icke l ,  and oxygen across  t h e  r eac t ion  s c a l e  on HT-9 and Type 316 

s t a i n l e s s  s t e e l  specimens exposed with Li20 fo r  1000 h a r e  shown i n  

F i g s .  9.3.20 and 9.3.21, r e spec t ive ly .  A very s e l e c t i v e  a t t a c k  i s  

observed i n  the HT-9 a l loy ,  i . e . ,  the specimen sur face  shows a network 

of oxides separated by regions of base metal. E lec t ron  microprobe 

analyses and concentrat ion p r o f i l e s  f o r  iron, chromium, and oxygen 

i n d i c a t e  t h a t  the  gray regions a re  r i ch  i n  chromium and oxygen whereas 

the l i g h t  a reas  within the network cons i s t  of -98% i ron .  Note t h a t  

across  the i n t e r n a l  cor ros ion  l aye r ,  the  oxygen peaks coincide with the 

chromium peaks and with regions of decreased iron concentrat ion.  The 

o u t e r  adherent s c a l e  c o n s i s t s  of the  ceramic ma te r i a l  embedded with 

various iron and chromium compounds. The i n t e r f a c e  between the ou te r  

s c a l e  and the  i n t e r n a l  corrosion s c a l e  conta ins  a l aye r  of r e l a t i v e l y  

pure i ron  ( i . e . ,  region A in F i g .  9.3.20). 
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Fig. 9.3.20. Micrographs and Concentration Profiles for Iron, Chromium, 
and Oxygen Across, the Cross Section of HT-9 Alloy Exposed 
with Li20 for 1000 h at 973 K. 
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Fig. 9.3.21. Micrographs and Concentration Profiles for Iron, Chromium, 
Nickel, and Oxygen Across the Cross Section of Type 316 
Stainless Steel Exposed with LizO for 1000 h at 973 K. 
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The Type 316 s t a i n l e s s  s t e e l  specimen exposed with L i 2 0  shows a 

uniform a t t a c k  (Fig.  9.3.21). Elec t ron  microprobe analyses and 

concent ra t ion  p r o f i l e s  fo r  i ron ,  chromium, n i cke l ,  and oxygen i n d i c a t e  

t h a t  the  gray regions a re  oxides of i ron  and chromium and the l i g h t  

regions within the  gray sca le ,  i . e . ,  region B i n  Fig. 9.3.21, a r e  pure 

i ron- nickel  phase. The unreacted i r o n  and n icke l  i n  the ma te r i a l  grows 

a s  p l a t e l e t s  w i t h i n  the r eac t ion  sca l e .  The ou te r  adherent s c a l e  i s  

s imi l a r  t o  t h a t  observed f o r  HT-9 a l l o y  and c o n s i s t s  of the  ceramic 

ma te r i a l  embedded w i t h  pieces of the  r eac t ion  product. 

X-ray d i f f r a c t i o n  a n a l y s i s  of the sur faces  of HT-9 a l l o y  and Type 

316 s t a i n l e s s  s t e e l  exposed w i t h  Li20 revealed Li5Fe04 and LiCr02 phases 

i n  the  r eac t ion  sca l e .  D i f f r a c t i o n  pa t t e rns  of the r eac t ion  products 

taken from d i f f e r e n t  regions i n  the  s c a l e  showed t h a t  LiCr20 w a s  present  

near or  on the specimen sur face  whereas the outer  s ca l e  away from t h e  

specimen sur face  contained Li5Fe04. 

outer  s c a l e .  

Pure i ron  was a l s o  de tec ted  i n  t h e  

D.  Conclusions. Compatibi l i ty  t e s t s  with i s o l a t e d  r e a c t i o n  

couples i n d i c a t e  t h a t  L i 2 0  is the most r eac t ive  of the three  breeding 

ma te r i a l s .  

r eac t ion  s c a l e s  on HT-9 and Type 316 s t a i n l e s s  s t e e l  specimens exposed 

w i t h  L i z O  ma te r i a l .  

show t h a t  Li5Fe04 i s  predominant i n  the outer  s c a l e  whereas LiCr02 i s  

present  near  o r  on t h e  a l l o y  specimen. T h i s  behavior i s  cons i s t en t  with 

Two products,  Li5Fe04 and L I C r O 2 ,  were detected i n  t h e  

Elec t ron  microprobe and x-ray d i f f r a c t i o n  analyses 

the composition of these products,  i . e . ,  Li5Fe04 c o n s i s t s  of 

(Li20)5*(Fe203) and LiCr02 conta ins  (Li20)  -(Cr203). 

v o l a t i l e  Li5Fe04 and LiCr02 compounds was a l s o  reported i n  s i m i l a r  

s t u d i e s  on the  compat ib i l i ty  of Fe-Cr-Ni a l l o y s  w i t h  L i 2 0  ceramic a t  

temperatures between 773 and 1373 K . 7 y 8  The formation of Li5Fe04 may 

expla in  the  g r e a t e r  i n t e r a c t i o n  observed f o r  t h e  specimens exposed i n  

contact  with Li20 ma te r i a l .  The Li5Fe04 compound w a s  not  observed i n  

t h e  a l l o y s  exposed with e i t h e r  L i A I O Z  o r  Li2Si03. 

The presence of 
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A significant result from the present study is that the thickness 

of the reaction scale is the same after 1000 or 2000 h. This behavior 

is observed for both Li20 and LiA102 ceramics. Similar studies with 

alloy/Li20 diffusion couples showed that at 823 K, the reaction rate 

obeys a parabolic law with time.' 

these studies was 1200 h. It is probable that after an initial period 
of rapid interaction, the reaction rate decreases to zero with time. 

Compatibility tests at 773 K are in progress. 

However, the maximum test time for 

9.3.5 Future Work 

Fatigue tests are underway on lithium-exposed specimens to study 

long-term environmental effects. Preexposure of fatigue specimens of 

BT-9 alloy has been completed. The specimens were exposed at 755 K for 

1000 h in lithium containing -80 wppm nitrogen. The influence of 
lithium environment on the creep-fatigue behavior will he investigated 

by conducting fatigue tests using a sawtooth waveform. 

be analyzed by damage-rate equations. 

The results will 

A compatibility-test facility is being constructed to study the 

alloy/ceramic interactions in a flowing helium environment containing 

known amounts of moisture. 
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