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FOKEWOKD 

This  r e p o r t  is the  t e n t h  i n  a series of Quar te r ly  Technical  Progress  
Repor ts  on "A l l o y  Development for Irradiation Performance" (ADIP), which 
i s  one element of the Fusion Reactor Materials Program, conducted i n  
suppor t  of t h e  Piagnetic Fusion Energy Program of t h e  U.S. Department of 
Energy. Other e lements  of the  Naterials Program a r e  

* Damage Analysis and Fundamental Studies (DAFSI 

* 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  t h i r d  i n  a new numbering sequence that  
beg ins  wi th  DOE/EK-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 Nat ional  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  Materials and Radia 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 A l l o y  Development for Irradiation Performance, 
which o p e r a t e s  under the  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  is t o  provide  a working t e c h n i c a l  r e c o r d  of tha t  e f f o r t  
f o r  t h e  use of t h e  program p a r t i c i p a n t s ,  f o r  the  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. 

Th i s  r e p o r t  i s  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 t h a t  a c t i v i t i e s  and accomplishments 
may be followed r e a d i l y  r e l a t i v e  t o  t h a t  Program Plan. Thus, t h e  work 
o f  a given l a b o r a t o r y  may appear  throughout t h e  r e p o r 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 ,  t es 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  relate 
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  the 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 .  

Th i s  r e p o r t  has been compiled and e d i t e d  under the guidance of t h e  
Chairman of t h e  Task Group on A l l o y  Development for Irmdiation Perfomnce. 
E. E. Bloom, Oak Ridge Nat ional  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  a r e  g r a t e f u l l y  acknowledged. T. C. Reuther,  Materials and 
R a d i a t i o n  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  the ADIP Program w i t h i n  DOE. 

Klaus M. Zwilsky, Chief 
Materials and Radia t ion E f f e c t s  Branch 
Off ice  of Fusion Energy 
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core pieces of 50% W or four core pieces of 25% W can be 
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core f u e l  loading mceeded the standard 6 kg 235U by about 
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9 Cr-1  Mo s t e e l s  a6 well as reference type 316 s ta in less  
s t e e l  and the USSR aus ten i t i c  s ta in less  s tee l  from the 
U.S.-USSR Fusion Reactor Materials Agreement. 
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s ta in less  s t e e l .  
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e l ec t r i ca l  potential method. Results  were used t o  f i n a l i z e  
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The las t  i n  a series  of t e s t s  demonstrating the 
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Worked Types 316 S t a i n l e s s  S t e e l  and 316 + 0.23 w t  % T i  
A f t e r  H F I K  I r r a d i a t i o n  a t  55 t o  375°C (Oak Ridge Nat iona l  

The 20%-cold-worked types 316 and 316 + T i  s ta in less  

Labora tory)  . . . . . . . . . . . . . . . . . . . . . . . .  48 

s t ee l  were irradiated i n  HFIR a t  temperatures of 55 t o  
375°C t o  neutron fluenee6 producing up t o  13 dpa and 
740 a t .  ppm He. Both s t e e l s  o f f e r  similar mechanical 
properties a t  these irradiat ion temperatures as determined 
by postirradiation t e n s i l e  t e s t ing .  
strengthened by irradiat ion,  but the d u c t i l i t y  of cold- 
worked 316 decreases while that  of cold-worked 316 + T i  
increases. 
f o r  a l l  irradiated specimens. 
reveals cav i t i e s  and dis location loops a t  285 and 375°C 
i n  both al loys.  
l e s s  a t  higher irradiat ion temperature. 
modified al loy swells s l i g h t l y  l e s s .  

Both a l loys  are 

The f a i l u r e  mode WIS ductile- transgranular 
Microstructural examination 

Both a l loys  m e l t  l e s s  than 0.5% and even 
The t i t a n i u m  

3.4 Composition and Mic ros t ruc tu re  of P r e c i p i t a t e  Phases i n  
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  (Oak Ridge Nat iona l  
Labora tory)  . . . . . . . . . . . . . . . . . . . . . . . .  75 

Precipi tat ion i n  thermally aged and neutron- 
irradiated samples of t y p e s  316 and 316 + T i  s ta in less  
s t ee l  i s  characterized by conventional transmission 
electron microscopy and by extract ion and Dray  energy 
dispersive spectroscopy. Below 75OoC, the major phases i n  
the  t h e m l l y  aged a l loys  are eta, tau, Laves, sigma, and 
MC i n  316 + T i .  
distinguishable characteris t ic  s o l u b i l i t y  f o r  the al loy 
elements found i n  these s t ee l s .  Part icularly  important t o  
i rradiat ion  behavior i s  the f a c t  that  a l l  the phase except 
MC and tau can concentrate S i ,  but o n l y  e ta  concentrates 
N i .  Relat ive t o  t h i s  basetine, these phases have nearly 
the  same composition when produced by i rradiat ion  i n  HFIR. 
The phase K i s  exceptional i n  that  it i s  the only phase 
tha t  i s  enhanced by irradiat ion and yet  incorporates l i t t l e  
or no S i  or N i .  

Each phase has a unique and clearly 
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Isochronous Cyclotron (ORICl. Some of the samples were 
then irradiated i n  MW 7 of the fxperimental Breeder 
Reactor (SBRl-11 a t  temperatures of 400 525, 575, 625, 
a d  7OO0C t o  neutron f luences  of 2 X t o  
4 X l o z 6  neutrons/rr? 1,O.l  MeV). 

and the irradiated specimen have been compared with those 
o f  the control specimen. mis comparison shoued that  the 
helium in jec t ion  increased the strength a t  t e s t  tempera- 
tures  be ta ,  500°C and decreased the elongation above 500°C. 
The reduction of the elongation depended a the amount of 
in jected helium. 
neutron irradiat ion was much greater when the specimens 
were irradiated and tes ted a t  temperatures above 6 O O O C .  

Sheet t en s i l e  specimens of annealed V40% T i  a l loy  

Tensi le  properties and fractography of the injected 

Ttle loss of d u c t i l i t y  resul t ing f rom the 
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Results  of exploratory fa t igue  t e s t s  a annealed 
N&l% Z r  showed that  t h i s  a l loy  has about the same fa t igue  
resistance a t  mom temperature and a t  65OOC. 
shown that  the fa t igue  l i f e t ime  of Nb-1% Zr i s  somewhat 
superior i n  comparison with average values obtained f o r  
ZO%-coZd-worked type 316 s ta in less  s tee l  tes ted a t  tow 
s t ra in  ranges by a fac to r  of about 1 0 .  

presently under way. 
indicate  that  a t  room temperature t h i s  a l loy  has m r g i n a l t y  
be t t e r  fa t igue  resistance than ??til% Zr. Only m e  fa t igue  
t e s t  a V 4 5 %  1 2 6 %  T i  a t  65OoC has been completed. 
data point f e l l  be ta ,  the average trend curve of N&l% Zr. 

I t  was also 

Fatigue t e s t s  of the ADIP  heat of V-15% Cr=-5% T i  are 
Test  r e su l t s  obtained t o  dnte 

This 
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t i taniummodif ied a l loys  are not a f f ec ted  by long-term 
aging a t  550OC. 
prepared by using comercia l ly  produced ferrovanadium as 
feed nizterial indicates t h i s  as a promising approach t o  
towering the al loy production cost.  

Below T,, 

The t e n s i l e  properties of the base and 

Preliminary evaluation of m t e r i a l  
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with E - t y p e  precipi tate  par t ic les  decorating the 
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I rradiat ion  of (Fe61Ni3g)~V a t  525, 570, 625, and 
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68OoC, which ms  above i t s  c r i t i c a l  order ing temperature 
of about 67OOC. The i rradiat ion  a lso  produced a high 
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were observed a t  e i ther  625 or 68OOC. 
par t i c l e s  precipitated i n  the modified a l loy  a t  a l l  

The unirradiuted microstructure of (FeglNi3913V 

The a l loy  

No cav i t i e s  
The MC-type 
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bombardment temperatures. 
was increased, the precipi ta te  part ic le  s i ze  also  
increased. However, the mmber of these par t ic les  
decreased. 
resistance of (Fe61Ni3913V t o  ion &mage i s  unclear. 

A s  the bombardment temperature 

The mechanism by which titanium enhanced the 
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e f f e c t i v e l y  l i m i t  the applications of TiC dispersion 
strengthened aus ten i t i c  s ta in less  s tee l  a t  higher irradia- 
t i o n  temperatures. 

7. PATH E ALLOY DEVELOPMENT - FERRITIC STEELS . . . . . . . . . . 191 

7.1 Procurement and Conversion of the National Fusion-Ferritic 
Steel Program 12Cr (HT-9) Heat (General Atomic Company) . . 192 

A 3,830 kg (8,440 lb . )  slab of 12Cr-lM0-0.3V s tee l  was 
fabricated i n t o  four d i f f e ren t  p late  thicknesses f o r  use by 
the  Nationat Fusion-Ferritic6 Steel  Program. 
the  conversion are discussed i n  t h i s  progress report. 

Details  of 
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7.2 The Fracture Properties of a Temper Embrittled 
12Cr-lMo-0.3V Steel (General Atomic Company) . . . . . . .  201 

and instrumented Charpy V-notch specimens, and standard 
Charpy V-notch t e s t s  were performed a t  temperatures from 
-192O t o  207OC a m t e r i a l  in tuo conditions. Material ms 
austeni t ized for 1 hour a t  1OOOoC, a i r  cooled, and tempered 
a t  650OC for 1 hour; and austenit ized and tempered for 
1 hour a t  lOOOoC and 65OOC and a i r  cooled, and subsequently 
aged a t  550DC for 100 hours. 
temperature known t o  muse temper-embrittlement i n  t h i s  
c lass  of s t e e l s  11,2,121. Optical metallography of the 
microstructure and X-ray analysis  of extracted carbides 
are presented. 
with energy absorbed, and a m r e  complete microstructural 
evaluation continues and will be presented i n  the next 
ADIP quarterly. 

Dynamic fracture  toughness, as measured by precracked 

The aging ms done a t  a 

Fractography t o  re late  the mode of f racture  

1.3 Tempering and Transformation Behavior of HT9 Weldments 
(Sandia National Laboratories) . . . . . . . . . . . . . .  216 

Dilatometric measurements of HT9 weld and base 
material indicated that  the on-heating t r a n s f o m t i o n  t o  
austeni te  occurs a t  approximztely 840OC and that  the 
martensite s t a r t  temperature (M,) upon cooling from above 
the  upper c r i t i ca l  temperature (Ac3) occurs a t  240OC. 
Postweld heat treatment of aatogenous gas tungsten arc 
(GTA)  welds resu l t s  i n  a variety of composite microstruc- 
tures  consist ing basically of tempered nartensite and 
secondary carbides. The tempering response i s  re la t ive ly  
sluggish a t  tempering temperatures below 6OOOC. A one-hour 
heat treatment a t  800OC reduced the mzrtensit ic hardness 
i n  the fus ion  zone and heat-affected zone ( H A Z )  t o  nearly 
base metal tkzlues. Tempering curves f o r  both the fus ion  
zone and HAZ are presented. 

7.4 Fatigue Crack Growth in Path E and Path B Alloys  (Hanford 
Engineering Development Laboratory) . . . . . . . . . . . .  226 
helium at  150 ,  300, 500 and 6OODC and on 9 C r l M o  at  25OC i n  
a i r  have been conducted. 
solut ion treated and aged B l ,  B2, B3, 84 and B6 a l loys  has 
been completed and i s  compared to the 50% cold-worked B 
a l loys  tested under similar conditions. Comparisons of 
measured fa t igue  crack growth are nude with 20% cold-worked 
31 6 s ta in less  s tee l .  

Fatigue crack growth tests a urirradiated HT-9 i n  

Room temperature a i r  t es t ing  of 
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7.5 Analysis of S i n g l e  Specimen T e s t s  on HT-9 f o r  Jlc 
Determination (Hanford Engineering Development 
Labora to ry)  . . . . . . . . . . . . . . . . . . . . . . . .  236 

diated 2.54 mn th ick  HT-9 specimens a t  25, 149, 232, 315, 
427 and 539OC. 
t o  develop single specimen method f o r  J l c  determination. 
Rased on experimental &a, a semi-emperical expression was 
obtained f o r  a calibration curve which was used t o  measure 
continuous crack extension. With t h i s  continuous Aa 
measurement, it i s  possible t o  generate J versus Aa eurves 
from single specimens a t  various temperatures successfully.  
Large specimens were also tes ted a t  232OC t o  study the 
thickness of HT-9. 
HT-9 i s  evaluated a t  temperatures mnging from Mom tern 
peratlire t o  539OC. 

Fmcture toughness t e s t s  were performed a unirm- 

The electropotential  technique was applied 

The upper shelf f racture  toughness of 

7.6 Environmental E f f e c t s  on 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  
(Argonne Na t iona l  Laboratory)  . . . . . . . . . . . . . . .  255 

f e r r i t i c  s tee l  specimens a t  755 K in a Plowing l i t h i u m  
environment. .The procedure f o r  s t ra in  control and s t m i n  
measurement has been established.  
f a t i gue  t e s t s  have been performed with gauge specimens of 
HT-9 al loy .  
the  s t ra in- l i f e  relationship. Exposure of corrosion 
specimens of HT-9 s tee l  with solid L i z O ,  L i A l O 2 ,  and 
Li2Si03 breeding m t e r i a l s  a t  873 K has been completed. 
Metallographic evaluation of the corrosion specimens i s  
i n  progress. 

Calibration fa t igue  t e s t s  were conducted n i t h  HT-9 

Several continuoiis cycle 

The resu l t s  are being analyzed t o  determine 

7.1 Specimen P r e p a r a t i o n  and Loading f o r  the AD-2 F e r r i t i c s  

Experimental hardware has been bu i l t  and specimens 

Experiment (Hanford Engineering Development Laboratory)  . . 260 

have been fabricated f o r  the AD-2 experiment. The loading 
of the specimens i n t o  the s i x  tminstrumented B-7C capsules 
has been completed and these capsules have been shipped t o  
Idaho Falls f o r  inser t ion i n t o  ERR-11, Cycle 109. 

7.8 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  
(Oak Ridge Na t iona l  Laboratory)  . . . . . . . . . . . . . .  294 

12% Cr-1% Mo and 9% Cr-1% Mo were prepared containing about 
0, I ,  and 2% N i .  Additional heats were m d e  with 2% N i ,  i n  
which the  content of the ferri te- forming elements ms 
adjusted t o  restore the net chromium equivalent t o  a value 
near that  of the  unmodified al loy .  
the  High Flux Isotope Reactor IHFIR), transmutation of the 
5 8 N i  will give helium concentrations approximting those 

Small heats of f e r r i t i c  (martensi t ic)  s t e e l s  h s e d  a 

During irradiat ion i n  
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produced i n  such s t e e l s  i n  fus ion  reactor service. 
the  addition of nickel can a f f e c t  the response t o  heat 
treatment, the microstructures of the a l loys  are being 
characterized. 

A f t e r  normt iz ing ,  the a t loys  oi thout  nickel and those 
containing 1 und 2% N i  (but with no chromium equivalent 
adjustments) had microstructures that  were en t i re ly  
martensite. f i e  2% N i  addition towered the Acl tempera- 
ture,  waking it necessary t o  temper these a l loys  a t  
temperatures no greater than 7OOoC. The normalized 
microstructure of the 2% N i  a l loys  o i t h  adjusted chromium 
equivalent contained large mounts  of a phase i n  addition 
t o  the predominant m r t e n s i t e .  
determine if t h i s  phase i s  6- f e r r i t e  or retained austeni te .  

Because 

Work i s  i n  progress t o  

8. STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . , . 309 

8.1 Irradiation Experiment Status and Schedule . . . . . . . . 310 

The following bar charts shov the schedule f o r  a11 
ADIP reactor i rradiat ion  experiments. 
presently under way i n  the Oak Ridge Research Reactor IORR) 
and the High Flux Isotope Reactor IHFIRI ,  which are mixed 
spectrum reactors, and i n  the Experimental Breeder Reactor 
IEBRI-11,  which i s  a f a s t  reactor. 

During the reporting period i rradiat ion  was begun f o r  
two irradiat ion experiments: ORR-MFE-4A i n  the ORR and 
HFIR-CTR-33 i n  the HFIR. 

Experiments are 

8.2 ETM Research Materials Inventory (Oak Ridge National 
Laboratory and McDonnell Douglas Astronautics Company) . . 319 

The Of f i ce  of Fusion Energy has assigned program 
responsib i l i ty  t o  ORNL f o r  the establishment and operation 
of a central inventory of research m t e r i a l s  t o  be used i n  
the  Fusion Reactor Materials research and development 
programs. 
materials f o r  the Fusion Reactor Materials Program. 
w i l l  minimize unintended mte&aZs variables cad provide 
f o r  economy i n  procurement and f o r  central ized record- 
keeping. I n i t i a l l y  t h i s  inventory is t o  focus on m t e r i a t s  
related t o  f i r s t- wal l  and structural apptications and 
related research, but various special purpose m t e r i a l s  m y  
be added i n  the fu ture .  

The object ive i s  t o  provide a c o m n  supply of 
This  

9. CORROSION TESTING AND HYDROGEN PERMEATION STUDIES . . . . . . . 325 

9.1 Hydrogen Dissolution and Permeation Studies of ADIP Program 
Alloys (Argonne National Laboratory) . . . . . . . . . . . 326 

The next reporting of 
progress on t h i s  tusk oil1 be a t  the end of the four th  
quarter of FY-1980. 

No report for  t h i s  period. 
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9.2 Vanadium Alloy/Lithiurn Pumped-Loop S tud ies  (Argonne 
Nat iona l  Laboratory)  . . . . . . . . . . . . . . . . . . .  327 

The nezt  reporting of 
progress a t h i s  task wi l l  be a t  the  end of the fourth  
quarter of FY-1.980. 

No report f o r  t h i s  period. 

9.3 Compat ib i l i ty  of S t a t i c  Lithium wi th  a Long-Range-Ordered 
Fe-Ni-V Alloy and 2 114 Cr-1  Mo S t e e l  (Oak Ridge Na t iona l  
Labora to ry)  . . . . . . . . . . . . . . . . . . . . . . . .  328 

Tes t s  of 2 1 / 4  Cr-1 Mo s t ee l  i n  s t a t i c  l i th ium a t  
400, 500, and 600°C f o r  exposures up t o  3000 h have been 
completed. Analysis of the post- test  l i th ium from the  
500- and 1000-h experiments a t  5OO0C indi2ated a decar- 
burization of the 2 1 / 4  Cr-1 Mo s t ee l ,  which probably 
caused the observed decreases i n  y ie ld  and ul t imrte  t ens i l e  
strengths of the s tee l  when exposed t o  l i th ium a t  60OoC 
f o r  3000 h. A long-range-ordered Fe-31.8 Xi.-22.5 V- 
0.4 T i  (ut % I  a l loy  with a c r i t i c a l  ordering temperature 
of 68OoC was compatible with s t a t i c  l i th ium a f t e r  2000 h 
a t  650 and 71OoC. 

9.4 Mass T r a n s f e r  of Type 316 S t a i n l e s s  S t e e l  i n  Lithium 
Thermal-Convection Loops (Oak Ridge Na t iona l  
Labora to ry)  . . . . . . . . . . . . . . . . . . . . . . . .  337 

The possible e f f e c t s  of nitrogen i n  l i th iurntype 316 
s ta in less  s tee l  thermal-convection systems are discussed. 
Variations i n  the normally low nitrogen concentrations of 
the  l i th ium d i d  not s ign i f i can t ly  a l t e r  the short-time 
dissolut ion m t e .  However, the presence of nickel i n  
l i th ium m y  influence the d i s t r ibu t ion  of the dissolved 
elements around the  loops through nickel in teract ions  with 
other elements (especial ly  chromium) i n  the lithium. 
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1.1 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W .  Davis 

(McDonnell Douglas Company-St. Louis)  and T .  K .  B i e r l e i n  (Hanford 

Engineering Development Laboratory)  

1.1.1 ALIIP Task 

Task Number 1 . A . 1  - Define 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 . 1 . 2  Ob jec t ive  

To provide an a u t h o r i t a t i v e  and c o n s i s t e n t  sou rce  of m a t e r i a l  

p roper ty  d a t a  f o r  use by t h e  f u s i o n  energy community i n  concept evalua-  

t i o n  des ign ,  s a f e t y  a n a l y s i s ,  and performance/verification. 

1.1 .3  Summary 

The handbook a c t i v i t y  i s  p rog res s ing  s lower than  d e s i r e d  w i th  

i n p u t s .  The primary de l ay  seems t o  c e n t e r  around c o n f l i c t i n g  p r i o r i t i e s  

between p repa r ing  f o r  r e a c t o r  experiments  and p repa r ing  d a t a  s h e e t s .  

A p o r t i o n  of t h e  d a t a  s h e e t s ,  those  r e l a t i n g  t o  f a t i g u e  c rack  growth 

and i r r a d i a t i o n  c reep  have been rece ived  and a r e  be ing  reviewed. To 

speed up t h e  t u r n  around time f o r  t h e s e  d a t a  s h e e t s  an a l t e r n a t e  approach 

i s  being t r i e d  which invo lves  p l ac ing  more emphasis on t h e  people  working 

on p r o j e c t s  s i n c e  they  have t o  be r e spons ive  t o  p r o j e c t  needs i n  a t imely  

manner. 

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

The M a t e r i a l s  Handbook f o r  Fusion Energy Systems has  now been fo rma l ly  

r e l e a s e d .  I n i t i a l  i n p u t  t o  t h e  handbook invo lves  i n fo rma t iona l  pages 

r e l a t i n g  t o  format ,  c o n t e n t s ,  and o v e r a l l  o b j e c t i v e .  Comments from people  

who have r ece ived  t h e  book have been f avorab le  and s e v e r a l  people have 

reques ted  t h a t  they  be  added t o  t h e  d i s t r i b u t i o n  l i s t .  Our t a r g e t  d a t e  

f o r  t h e  next  r e l e a s e  of d a t a  f o r  i n c l u s i o n  i n  t h e  handbook i s  mid-September 

Th i s  d a t a  packet  w i l l  e s s e n t i a l l y  c o n t a i n  d a t a  on 316 s t a i n l e s s  steel which 

i s  needed t o  suppor t  t h e  ETF p r o j e c t .  P r e p a r a t i o n  of t h e s e  d a t a  s h e e t s  i s  

under t h e  ausp ices  of t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l  working group. 
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I n  February t h i s  group was reques ted  t o  be  r e s p o n s i b l e  f o r  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  on 316 s t a i n l e s s  s t e e l  and t o  i d e n t i f y  a t i m e  

schedule  f o r  having d a t a  ready.  Based on t h i s  r eques t  t h e  working group 

i n  March ass igned  HEDL t h e  r e s p o n s i b i l i t y  of p repa r ing  d a t a  s h e e t s  on 

c rack  growth and creep ,  NRL t h e  r e s p o n s i b i l i t y  of d a t a  s h e e t s  r e l a t i n g  

t o  f a t i g u e  and ORNL t h e  r e s p o n s i b i l i t y  of p repa r ing  d a t a  s h e e t s  on t e n s i l e  

p r o p e r t i e s  and s w e l l i n g .  

d a t a  s h e e t s  was 15  J u l y .  A t  t h e  same t i m e  t h e  DFAS t a s k  group was asked 

t o  develop a s t anda rd ized  approach f o r  t h e  t r ea tmen t  o r  c o r r e l a t i o n  of 

dpa,  H e ,  and MW.Yr/m 

The t a r g e t e d  schedule  of completion f o r  t h e s e  

2 a l s o  t o  be ready by J u l y  15. 

A t  t h e  p r e s e n t  t i m e  t h e  p r e p a r a t i o n  of t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l  

d a t a  s h e e t s  a r e  behind schedule .  The only  c o n t r i b u t i o n s  r ece ived  w i t h i n  

t h e  J u l y  15  t ime frame were t h o s e  from HEDL. The HEDL c o n t r i b u t i o n s  a r e  

c u r r e n t l y  be ing  reviewed and should be r e l e a s e d  f o r  i n c l u s i o n  i n  t h e  

handbook on t h e  o r i g i n a l  schedule .  The primary r ea son  given f o r  t h e  

de l ay  appears  t o  b e  c o n f l i c t i n g  p r i o r i t i e s  between p repa r ing  f o r  expe r i-  

ments and p repa r ing  d a t a  s h e e t s ,  w i t h  t h e  d a t a  s h e e t s  coming i n  l a s t .  

There does no t  appear  t o  be any s imple  r e s o l u t i o n  t o  t h i s  problem because 

of t h e  i n t e r a c t i o n s  of many groups i n  p repa r ing  f o r  long t e r m  experiments  

and a de l ay  i n  schedule  could r e s u l t  i n  a s i g n i f i c a n t  de l ay  i n  r e a c t o r  

l oad ing .  A s  a r e s u l t  an a l t e r n a t e  approach f o r  t h e  p r e p a r a t i o n  of t h e  

d a t a  s h e e t s  seems to be  neces sa ry  i f  t h e  handbook i s  t o  be r e spons ive  t o  

the  p r o j e c t  needs.  The approach t h a t  w i l l  be t r i e d  i s  t o  g e t  g r e a t e r  

involvement of p r o j e c t  personnel  who, i n  many c a s e s ,  a r e  developing des ign  

curves  i n  suppor t  of t h e  p r o j e c t s .  

they  p repa re  t h e  d a t a  s h e e t s  i n  suppor t  of t h e  p r o j e c t s ,  they  w i l l  pu t  t h e  

d a t a  i n  a format t h a t  is  compatible  w i th  t h e  handbook and submit t h e s e  

d a t a  s h e e t s  a long  wi th  suppor t ing  documentation t o  t h e  handbook chairman 

f o r  i n c l u s i o n  i n  t h e  handbook. These d a t a  s h e e t s  would then  be  routed  t o  

t h e  v a r i o u s  t a s k  groups o r  working groups f o r  review and comments. Th i s  

approach i s  c u r r e n t l y  be ing  implemented on a t r i a l  b a s i s  t o  see i f  i t  

improves t h e  turn- around t ime f o r  t h e  d a t a  s h e e t s .  

These people  have agreed t h a t  when 
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2.1 TEM SPECIMEN MATRIX FOK EBR-I1  EXPERIMENT AD-2 - D. T. Peterson 
(Hanford Engineering Development Laboratory)  

2.1.1 D I P  Task 

2.1.2 Objec t ive  

2.1.3 Summary 

No r e p o r t  f o r  t h i s  per iod.  



2. L NEIJTKONLC CALCULAT tONS I N  SUPPORT OF T" OKR-NFE-4 SPECTKAL T A L L O K I N G  
E X Y E K I M E N T  - T. A. G a b r i e l ,  K. A. L i l l i e ,  H. L. Bishop, and 
K. L. Ch i lds  (OKNL) 

2.2.1 A D I P  Task 

ADIL' Task I.A.2, 9 e f i n e  T e s t  Xatrices 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  

Inaterials i r r a d i a t i o n  exper iments  i n  t h e  Oak Ridge Research Reactor ( O K K ) .  

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 thermal  neutron f l u x e s  is 

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

i n  a l l o y s  c o n t a i n i n g  n icke l .  

2.2.3 Summary 

Three-dimensional n e u t r o n i c  c a l c u l a t i o n s  a r e  under way t o  f o l l o w  t h e  

i r r a d i a t i o n  environment of t h e  MIiti-4A exper iment ,  which has  r e c e n t l y  been 

loaded i n t o  t h e  ORR, and a r e  i n  p rogress  t o  determine t h e  response of t h e  

ORR t o  m u l t i p l e  tungs ten  core  p i e c e s  t h a t  w i l l  be used dur ing  l a t e r  

i r r a d i a t i o n s  t o  reduce t h e  thermal  f l u x  levels  seen by t h e  n icke l -  

c o n t a i n i n g  a l l o y s .  P re l iminary  r e s u l t s  i n d i c a t e  t h a t  two c o r e  p i e c e s  of 

50% W or  f o u r  co re  p i e c e s  of 25% W can be used s imul taneous ly  i n  t h e  

r e a c t o r .  However, s i n c e  a d d i t i o n a l  f u e l  is  r e q u i r e d  t o  mainta in  c r i t i -  

c a l i t y ,  the  core  f u e l  load ing  exceeded t h e  s t a n d a r d  6 kg 235U by about 

15%. In a d d i t i o n ,  one-dimensional n e u t r o n i c  c a l c u l a t i o n s  are being 

planned t o  determine t h e  h e a t i n g  rates w i t h i n  t h e s e  tungs ten  c o r e  pieces 

and w i t h i n  t h e  exper imenta l  capsu les .  

2.2.4 Progress  and S t a t u s  

The f i r s t  s p e c t r a l  t a i l o r i n g  experiment (MFE-4A) has been loaded i n t o  

t h e  ORR r e a c t o r ,  and three- dimensional  n e u t r o n i c  c a l c u l a t i o n s  us ing  t h e  

VENTURE1 code a r e  under way t o  monitor t h e  environment. 

a n t i c i p a t e  that  t h e  core  p i e c e  ( 6 3 %  H20, 37% Al) c u r r e n t l y  being used w i l l  

remain i n  the r e a c t o r  f o r  about t h r e e  t o  f o u r  months. A t  t h a t  t i m e  t h e  

We p r e s e n t l y  
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c o r e  p iece  w i l l  h e  removed and rep laced  by a s o l i d  aLuminum core  p iece .  

A t  approximately  tlie same t i m e  a n i c k e l  wire w i l l  h e  removed from the  

c e n t e r  of the  exper imenta l  c a p s u l e ,  and the  helium con ten t  w i l L  h e  

measured. This  w i l l  check t h e  rate a t  which helium i s  being genera ted  i n  

t h e  experiment.  In a d d i t i o n ,  t h e s e  d a t a  w i l l  a l low,  i f  needed, modiEi- 

c a t i o n  t o  the  helium product ion equa t ion ,  which was ob ta ined  f rom 

High Flux I s o t o p e  Reactor  ( H F I K )  d a t a  and which i s  c u r r e n t l y  being used 

t o  r e l a t e  t h e  thermal  neu t ron  f luence  t o  t h e  helium product ion f o r  5 8 N i  

i n  t h e  a l l o y s  under i r r a d i a t i o n .  

S ince  t h e  p o s s i b i l i t y  ex i s t s  t h a t  s e v e r a l  s p e c t r a l - t a i l o r e d  experi-  

ments w i l l  be i n  t h e  ORR a t  t h e  same t i m e ,  three- dimensional  n e u t r o n i c  

c a l c u l a t i o n s  us ing  t h e  VENTURE code a r e  i n  p rogress  t o  determine t h e  

response  of t h e  ORR t o  m u l t i p l e  tungs ten  core  p ieces .  These c o r e  p i e c e s  

w i l l  be used dur ing  l a t e r  i r r a d i a t i o n s  t o  reduce t h e  thermal  f l u x  l e v e l s  

s e e n  by the nicke l- con ta in ing  a l l o y s .  P re l iminary  r e s u l t s  i n d i c a t e  t h a t  

two c o r e  p i e c e s  of 50% W o r  f o u r  co re  p i e c e s  of 25% W can be used simul-  

t a n e o u s l y  i n  t h e  r e a c t o r .  However, s i n c e  a d d i t i o n a l  f u e l  is  r e q u i r e d  t o  

main ta in  c r i t i c a l i t y ,  t h e  core  f u e l  load ing  used exceeded t h e  s t a n d a r d  

6 kg 235U by about 15%. 

2.2.5 Future  Work 

Since  s t r i c t  c o n t r o l  i s  being maintained over t h e  temperature  of t h e  
2 i r r a d i a t e d  samples,  one-dimensional n e u t r o n i c  c a l c u l a t i o n s  us ing  ANISN 

are being planned t o  determine t h e  h e a t i n g  rates w i t h i n  t h e s e  tungs ten  

c o r e  p i e c e s  and w i t h i n  t h e  exper imenta l  capsu les .  The one-dimensional 

c y l i n d r i c a l  model of t h e  exper imenta l  c a p s u l e  and c o r e  e lement ,  which w i l l  

be surrounded by a f u e l  rod ,  h a s  been dev i sed  so  t h a t  t h e s e  c a l c u l a t i o n s  

can  be performed (Fig.  2.2.1). The neu t ron  s o u r c e ,  which w i l l  be d i s t r i -  

bu ted  around t h e  f u e l  rod ,  w i l l  be ob ta ined  from a VENTURE c a l c u l a t i o n  f o r  

a n  ORR c o r e  load ing  t h a t  c o n t a i n s  tungsten.  

cannot  be ob ta ined  d i r e c t l y  from the VENTURE code, w i l l  be approximated by 

r e f l e c t i n g  t h e  l e a k  of gammas from the source  s u r f a c e .  

* 

The i n c i d e n t  gamma f lux ,  which 

* This  f u e l  rod r e p r e s e n t s  e i g h t  OF3 f u e l  elements.  
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2.3 ORR-MFE-4: A SPECTRAL TAILORING EXPERIMENT TO SIMULATE THE tIe/dpa 
RATIO OF A FUSION REACTOR I N  AUSTENITIC STAINLESS STEEL - 
M. L. Grossbeck and K. R. Thorns (ORNL) 

2.3.1 ADIP Task 

ADIP Task I.A.2, Define Test Ka t r i ce s  and Test Procedures.  

2.3.2 Objec t ive  

Though  neutron spectrum t a i l o r i n g ,  t h i s  experiment w i l l  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 t e e l s  t o  achieve  t h e  same He/dpa r a t i o  a s  p red ic t ed  

f o r  fu s ion  r e a c t o r  f i r s t - w a l l  s e r v i c e .  The experiment w i l l  i nc lude  

type  316 s t a i n l e s s  s t e e l  and Path A P r i m e  Candidate Alloy (PCA). 

2.3.3 Summary 

This  experiment c o n s i s t s  of two c a p s u l e s ,  each wi th  two i so the rma l  

chambers. The f i r s t ,  ORK-MFE-4A, ope ra t e s  a t  300 and 400°C; the  second, 

ORK-MFE-4B, w i l l  ope ra t e  a t  500 and 600'C. The ORR-EIFE-4A experiment is  

now i n  t h e  r e a c t o r ,  ope ra t ing  s u c c e s s f u l l y .  It c o n t a i n s  a t o t a l  of 

1326 specimens almost e n t i r e l y  of type 316 s t a i n l e s s  s t e e l  and Path A PCA. 

2.3.4 Progress  and S t a t u s  

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

This  experiment w i l l  provide t h e  f i r s t  high- fluence d a t a  on specimens 
i r r a d i a t e d  under cond i t i ons  provid ing  t h e  He/dpa r a t i o  expected i n  an 

a u s t e n i t i c  s t a i n l e s s  s teel  fus ion  reactor f i r s t  wal l .  

The d e t a i l s  of t h e  n e u t r o n i c s ,  temperature c o n t r o l ,  and experiment 

c o n s t r u c t i o n  have been desc r ibed  i n  previous  reports. l p 2  

dos imet ry  package has been planned and supp l i ed  by t h e  Fusion Reactor 

Materials Dosimetry a c t i v i t y  a t  Argonne Nat iona l  Laboratory.  

dos imet ry  w i l l  not be d iscussed  here.  This r e p o r t  w i l l  p r i m a r i l y  addres s  

t h e  specimen loading .  All specimens a r e  submerged i n  NaK and arranged i n  

r acks .  The t e n s i l e  and f a t i g u e  specimens a r e  bundled toge the r  i n  

packages of t h r e e  or four .  Specimen d i scha rge  w i l l  occur  a t  10, 20, 30, 

and 50 dpa. 

The experiment 

The 
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Fig. 2.2.1. One-Dimensional Model of t h e  MFE-4A Experiment and 
Surrounding Oak Ridge Reactor Core Region. 

The coupled neutron and gamma r a y  t r a n s p o r t  c r o s s- s e c t i o n  d a t a  sets ,  

which were c r e a t e d  f o r  t h e  TRIO-01 i n- r e a c t o r  s o l i d  b reeder  exper iment ,  

w i l l  be expanded t o  i n c l u d e  W ,  K, and Na. Pre l iminary  r e s u l t s  are expected 

w i t h i n  one t o  two months. 

2.2.6 References  

1. D. R. Vondy, T. B. Fowler, and G. W. Cunningham, VENTURE, A Code Block 

f o r  Solving Multigroup Neutron Problems Applying Fine-Diffusion-!l'heoq 
Approximations t o  Neutron Transport, ORNL-5062 (October 1975). 

2 .  W. W. Engle,  Jr . ,  A User's Manual f o r  ANISN ,  A One-DimemionaZ Discrete 

Ordinates Code with Anisotropic Scattering, K-1693, Oak Ridge 

Gaseous Di f fus ion  P l a n t  (1967). 
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Specimen loading  informat ion  f o r  ORNL TEM d i s k s  i s  descr ibed  i n  

Table 2.3.3; t h e  process ing  s t e p s  f o r  t h e  ORNL Path A PCA specimens used 

a r e  desc r ibed  i n  Fig. 2.3.2. The m a t e r i a l  c o n d i t i o n s  and loading  i n f o r-  

mation f o r  Hanford Engineering Development Laboratory (HEDL) specimens a r e  

conta ined  i n  Tables 2.3.4 and 2.3.5, r e s p e c t i v e l y .  Table 2.3.6 d e s c r i b e s  

t h e  TEM d i s k  specimens from Massachuset ts  I n s t i t u t e  of Technology (MIT). 

P o s t i r r a d i a t i o n  t e s t i n g  w i l l  c o n s i s t  of microscopic  examination a s  

we l l  a s  d u c t i l i t y  measurements using a t e n s i l e  machine f i t t e d  wi th  a 

s p e c i a l  punch and d i e  a p p a r a t u ~ . ~  

Table 2.3.3. Oak Ridge Nat iona l  Laboratory Transmission E lec t ron  
Microscope Disks t o  be Loaded a t  Each of Four Temperatures 

Al loya  Condit ion 

Number of Specimens t o  be Loaded f o r  
dpa Levels  a t  Scheduled Removal 

10 dpa 20 dpa 30 dpa 50 dpa TBDC 

316 S S  

316 S S  

-5 Path A PCA 

Path A PCA 

- )Pa th  A PCA 

Pa th  A PCA 

Pa th  A PCA 

Pa th  A PCA 

Argon Anneal + 

H2 Anneal + 

A1 

A2 

A3 

B1 

B2 

C 

20% cold  worked 

20% cold  worked 

2 

2 

2 

2 

2 

2 

2 

2 

L 

4 

UPCA = Prime Candidate Alloy. 

h e  d e s i g n a t i o n s  used he re  f o r  material c o n d i t i o n s  a r e  de f ined  i n  

R e v e l  t o  be decided.  

Fig. 2.3.2. 
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Table 2.3.4. Material Condi t ions  f o r  Specimens Prepared 
by Hanford Engineering Development Laboratory  

Des igna t ion  Thermal-Mechanical Treatmenta 

103OoC/0.5 h/AC + 30% CW + 95OoC/15 min/AC 

103OoC/0.5 h/AC + 30% CW 

1O5O0C/2 min/AC + 20% CW 

30% CW + 1025"C/5 min/AC + 75OoC/8 h / A C  

30% CW + 1025"C/5 min/AC + 800°C/8 h/AC 

30% CW + 1025"C/5 min/AC + 850°C/3 h/AC 
+ 720°C/8 h/FC t o  62OoC/10 a d d i t i o n a l  h/AC 

1025"C/5 min/AC + 30% CW 

1025"C/5 min/AC + 30% CW + 750"C/8 h/AC 

1025"C/5 min/AC + 40% CW 

1025OC/5 min/AC + 30% CW + 800°C/8 h/AC 

1025'C/5 min/AC + 40% CW + SOO"C/S h/AC 

1030°C/0.5 h/AC + 40% CW + 95OoC/15 min/AC 

uAC = a i r  cooled;  CW = co ld  worked; FC = fu rnace  
cooled.  
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Table 2.3.5. Transmission E lec t ron  Nicroscope 
Disks Prepared by Hanford Engineering 

Development Laboratorya  

M a t e r i a l  Condi t ions C f o r  Holders t o  be 
Discharged a t  Various dpa Levels  

10, 20, and 30 dpa 50 dpa TBDd 

Al loyb  

E19 

E20 

E2 1 

E22 

E23 

E37 

E38 

316 SS 

81 

B2 

B3 

B4 

B6 

A 

A, B 

A 

A, B 

A 

A 

A 

C 

D 

E 

D 

F 

uLoading i s  mixed between ADIP and Damage 
Analys is  and Fundamental S tud ie s  (DAFS) program 
a l l o y s .  Each e n t r y  i n d i c a t e s  two d i s k s  f o r  each 
h o l d e r ,  f o r  each i r r a d i a t i o n  temperature.  

bAlloy d e s i g n a t i o n  def ined  i n  Table 2.3.1. 

% a t e r i a l  cond i t i ons  a r e  expla ined  i n  

dLevel t o  be decided.  

Table 2.3.4. 



Table 2.3.6. Transmission E lec t ron  Microscope Disks Prepared by 
Kassachuse t t s  I n s t i t u t e  of Technology 

Number of Specimens t o  be Loaded f o r  
dpa Levels a t  Scheduled  D i s c h a r g e  I r r a d i a t i o n  

A l l o y Q  C o n d i t i o n  Tempera tureC 

('C) 10 dpa 20 dpa 30 dpa 

P a t h  A PCA 

Path A PCA 

P a t h  A PCA 

P a t h  A PCA 

PA-2 

P a t h  A PCA 

P a t h  A PCA 

P a t h  A PCA 

P a t h  A PCA 

P a t h  A PCA 

PA-2 

PA-2 

PA-2 

PA-2 

PA-2 

PA-2 

3 

20% c o l d  worked 

1 

2 

4 

2 

2 

2 

1 

1 

2 

2 

2 

1 

1 

1 

A l l  

All 

A l l  

A l l  

A l l  

400 

500 

600 

400 

500 

400 

500 

600 

400 

500 

600 

10 10 10 

10 10 10 

10 10 10 

10 10 10 

10 10 10 

4 

4 4 

4 

4 

4 

4 

4 4 

4 

4 

4 4 

4 

aPCA - P r i m e  Cand ida t e  Al loy .  

bl - s p l a t t e d ,  a n n e a l e d ;  2 - s p l a t t e d ,  20% c o l d  worked;  3 - i n g o t  a n n e a l e d ;  
4 - r a p i d l y  quenched and e x t r u d e d .  

= A l l  - f o u r  i r r a d i a t i o n  t e m p e r a t u r e s :  300, 400, 500, and  600'C. 

2.3.4.3 Tens i l e  and Fa t igue  Specimens 

The SS-1 type t e n s i l e  specimens (Fig. 2.3.3) were loaded i n  bundles 

of t h r e e  t o  f a c i l i t a t e  removal and r e i n s e r t i o n  at  t h e  10, 20,  and 30 dpa 

i n t e r v a l s .  Since t h e  SS-1 type  specimens have t h e  same e x t e r n a l  

dimensions a s  Grodzinski  f a t i g u e  specimens, t h e  two may be in te rchanged  

a t  f u t u r e  loadings .  The SS-1 l oad ing  i s  shown i n  Table 2.3.7. 
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I 1 
u 

ORNL~DWG 78.7701R 

i I /  

I\ o>.y 
4.95 190  mm DIAM- 

W1 = 1.52 rnrn 
W2 = 0.025 TO 0.038 mm 
GREATER THAN W ,  

DIMENSIONS IN MILLIMETERS 

Fig. 2.3.3. The SS- 1 Sheet Tens i l e  Specimen. 

Table 2.3.7. The SS-1 Tens i l e  Specimen Loading a t  Each 
l r r a d i a t i o n  Temperature 

Number of Specimens t o  be Loaded f o r  
dpa Levels  a t  Scheduled Discharge 

10 dpa 20 dpa 30 dpa 50 dpa 

Alloya Condi t ion 

316 SS 20% co ld  worked 8 8 8 9 

P a t h  A PCA 25% cold  worked 8 8 8 9 

aFor a l l o y  composit ion see Table 2.3.1. PCA = Prime 
Candidate  Alloy. 

The SS-2 type  specimens (Fig.  2.3.4) were loaded i n  bundles  of four .  

The matrix f o r  t h e s e  specimens is  given i n  Tables 2.3.8 and 2.3.9. 

The Crodzinski  f a t i g u e  specimens (Fig.  2.3.5) were loaded in bundles  

of three. The load ing  m a t r i x  appears  i n  Table 2.3.10. 
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ORNL-DWG i a - 7 7 0 3 ~  

4.254 

W, = 1.02 WIDTH 

W 2  = 0.0051 TO 0.0127 
GREATER THAN W, 

DIMENSIONS IN 
MILLIMETERS 

F i g .  2.3.4. The SS-2 S h e e t  T e n s i l e  S a m p l e .  

T a b l e  2.3.8. T h e  55-2 T e n s i l e  S p e c i m e n a  L o a d i n g  
a t  Each I r r a d i a t i o n  T e m p e r a t u r e  

Number of Spec imens  t o  be Loaded f o r  
d p a  L e v e l s  a t  S c h e d u l e d  D i s c h a r g e  A l l o y b  C o n d i t i o n C  

10 dpa  20 dpa  30 dpa  50 dpa 

316 SS 

P a t h  A PCA 

P a t h  A PCA 

P a t h  A PCA 

P a t h  A PCA 

E20 

E22 

E2 3 

E38 

20% c o l d  worked 

A 1  

B1 

82 

C 

L 

L 

L 

L 

8 8 4 

4 4 4 

4 4 4 

4 4 4 
4 4 4 

3 

3 

2 

4 

a S p e c i m e n s  p r e p a r e d  by b o t h  Oak Ridge  N a t i o n a l  l a b o r a t o r y  and  

b a r  a l l o y  c o m p o s i t i o n  see T a b l e  2.3.1. 

CFor c o n d i t i o n s  A l ,  B1, and  82, see F i g .  2.3.2. For 

H a n f o r d  E n g i n e e r i n g  Development  L a b o r a t o r y .  

c o n d i t i o n  L, see T a b l e  2.3.5. 
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T a b l e  2.3.9. Loading f o r  SS-2 T e n s i l e  S p e c i m e n s  Prepared 
by M a s s a c h u s e t t s  I n s t i t u t e  of T e c h n o l o g y  

Number of S p e c i m e n s  Loaded  fo r  
d p a  L e v e l  a t  S c h e d u l e d  D i s c h a r g e  

10 dpa 20 dpa  

I r r a d i a t i o n  
A 1  l o  y ’ C o n d i t i o n h  T e m p e r a t u r e  

( “ C )  

P a t h  A PCA 2 300 
4 00 
500 
600  

P a t h  A PCA 1 400 
5 00 
600  

PA-2 2 300 
400 
5 00 
600  

PA-2 1 400 
500 
600 

~ ~ ~ ~ ~ ~ ~ ~~~ 

1 
4 
4 3 
4 

4 
4 2 
4 

1 
4 
4 3 
4 3 

4 
4 2 
4 

f 
4.95 - Lt 
2.48 

“PCA = Pr ime  C a n d i d a t e  A l l o y .  

b l  - s p l a t t e d ,  a n n e a l e d ;  2 - s p l a t t e d ,  20% c o l d  worked .  

I I t / 
I 

.~ 

2.03 1.02 

0.762 
I 

DIMENSIONS IN 
MILLIMETERS 44.4 

Fig.  2.3.5. Grodzinski  F a t i g u e  S p e c i m e n .  



21 

Table 2.3.10. Grodzinski  Fa t igue  Specimen Loading a t  Each 
I r r a d i a t i o n  Temperature, 300 t o  600'C 

Number of Specimens Loaded for 
dpa Levels  a t  Scheduled Discharge 

10  dpa 20 dpa 30 dpa 50 dpa 

Al loya Condi t ion 

316 SS 20% co ld  worked 4 4 4 4 

P a t h  A PCA 25% co ld  worked 4 4 4 4 

aPCA = Prime Candidate Alloy. 

2.3.4.4 P r e s s u r i z e d  Tubes 

S ince  no i r r a d i a t i o n  c r e e p  d a t a  e x i s t  on a l l o y s  c o n t a i n i n g  f u s i o n  

r e a c t o r  c o n c e n t r a t i o n s  of helium, p r e s s u r i z e d  tubes  of type  316 s t a i n l e s s  

s t ee l  and Path A PCA were inc luded  i n  t h i s  experiment.  Tubes wi th  

4.57-mm (0.180-in.) d iamete r s ,  0.25-mm (0.010-in.) w a l l  t h i c k n e s s e s ,  and 

25.4-mm (1.0- in.) l e n g t h s  were used. To measure zero stress s w e l l i n g ,  

four r i n g s  - two of each a l l o y  - were used a t  each temperature .  Details 

o f  t h e  i r r a d i a t i o n  c r e e p  experiment specimen load ing  are given i n  

Table  2.3.11. The t u b e s  w i l l  be removed from the exper iment ,  t h e i r  

d i a m e t e r s  w i l l  be measured, and then they  w i l l  be re loaded  f o r  cont inued 

i r r a d i a t i o n  a t  each experiment change-out, scheduled at  10, 20, 30, and 

50 dpa. 

2.3.4.5 Crack Growth Specimens 

F i v e  c r a c k  growth specimens (Fig.  2.3.6) w e r e  inc luded  a t  each 

temperature .  A t  the time of t h e  f i r s t  specimen d i s c h a r g e ,  a d e c i s i o n  

w i l l  be made as t o  which specimens w i l l  be t e s t e d .  The tes t  r e s u l t s  w i l l  

be used t o  determine t h e  dpa l e v e l  t o  which the remaining specimens w i l l  

be  i r r a d i a t e d .  The i r r a d i a t i o n  matrix appears  i n  Table 2.3.12. 
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Table 2.3.11. I r r a d i a t i o n  Matrix f o r  
P re s su r i zed  Tubes i n  I r r a d i a t i o n  

Creep Experiment 

P r e s s u r i z e d  Tube Loadingsa a t  Var ious  
I r r a d i a t i o n  Temperatures  

300°C 400°C 500’C 600’C 

Hoop 
stress 
(MPa) 

20 s. P 
35 
50  
65 
80  
90 

100 
136 
140 
144 
150 
170 
2 00 
240 
250 
270  
300 
3 50 

~~ 

a S = type  316 s t a i n l e s s  s tee l ,  20% c o l d  
worked; P - Path A Prime Candida te  Alloy,  
20% c o l d  worked. 

ORNL DWG 80 12053 

-~ 

25.4 . I 

0.559 - -lr-O.’” 

I I 

DIMENSIONS IN 
MILLIMETERS 

Fig. 2 . 3 . 6 .  Crack Growth Specimen. Tabs a r e  welded a long  the  
2 5 . 4 - m  edge following i r r a d i a t i o n .  
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determine t h e  t r i t i u m  product ion r a t e s  w i t h i n  t h e  b reeder  r eg ion  and t h e  

neu t ron  and gamma r a y  h e a t i n g  rates w i t h i n  t h e  core  and capsu le  elements.  

The m a t e r i a l  composit ions used i n  t h e  s i x  zone c a l c u l a t i o n s  a r e  

p r e s e n t e d  i n  Table 2.4 .1 .  

Table  2.4.1. Composition of t h e  S i x  Zones of t h e  C a l c u l a t i o n  Modela 

Comments Densi ty  Outer  Radius 

(mm) 
Zone of Zone Material (atomsfm 3 ) 

1 1.58 4He 

2 2.82 Fe 
N i  
C r  

3 b  17.8 7Li 

6Li 
He 

0 

4 19.1 Same as zone 2 

5 43.0 Al 
6 c  129.0 235" 

238" 
Al 
0 
H 

2.69 x 1025 

9.69 x 1027 
5.86 X loz8 

1.73 X loz8 
5.25 X loz8 

4.26 x 1027 
8.07 x 1024 

2.84 X 

6.02 X loz8 

1.64 X loz6 

2.35 X loz8 
2.03 X loz8 
4.06 X lo2* 

1.15 x 1025 

4He a t  0.1 MF'a 
(1 atm) 

7.87 % / m 3  
S t a i n l e s s  s t ee l  a t  

L i z 0  a t  1.41 Mg/m3, 
70% of f u l l y  dense 
L i z 0  

4He a t  30 kPa 
(0.3 atm) 

2.7 Mg/m3 

d 

aThe one- dimensional zone model of t h e  r e a c t o r  c o r e  reg ion  i s  
d e s c r i b e d  i n  d e t a i l  i n  T. A. G a b r i e l ,  R. A. L i l l i e ,  and B. L. Bishop, 
"Neutronic  C a l c u l a t i o n s  f o r  t h e  Conceptual  Design of a n  ' In- Pi le '  S o l i d  
Breeder Experiment IPSB-01," ADIP Quart. Prog. Rep. Mar. 31, 1980, 
DOE/ER-0045/2, pp. 16-18. 

h a t u r a l l y  o c c u r r i n g  l i th ium.  For some c a l c u l a t i o n s  the l i t h i u m  
was assumed t o  be 0.5% 6 L i  and 99.5% 7Li. 

some c a l c u l a t i o n s  t h i s  va lue  was reduced by 14/24, r e p r e s e n t i n g  140 g 
f u e l  per  rod rather than 240 g. 

dSee T. P. Hamrick and J. H. Swanks, The Oak Ridge Research 
Reactor - A Functional Description, OWL-4169 (September 1968). 

CRepresents s t andard  f u e l  rods  t h a t  surround t h e  experiment.  For 
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The source  neutron d i s t r i b u t i o n  w a s  taken from t h e  VENTURE3 r u n  

VITAOO. INP (C-3). 

When t h e s e  p re l iminary  c a l c u l a t i o n s  were c a r r i e d  o u t ,  t h e  coupled 

neu t ron  and gamma ray t r a n s p o r t  c r o s s- s e c t i o n  d a t a  sets were not t o t a l l y  

complete. The delayed f i s s i o n  gamma ray c r o s s  s e c t i o n s  needed t o  account 

f o r  t h e  gamma rays  produced from f i s s i o n  p roduc t s  were not  a v a i l a b l e .  To 

o b t a i n  a n  estimate of t h e  i n f l u e n c e  of t h e s e  gamma rays ,  t h e  thermal  

neu t ron  group gamma t r a n s f e r  c o e f f i c i e n t  was i n c r e a s e d  by a f a c t o r  of 

about  2. Th i s ,  of course ,  f o r c e s  t h e  shape of t h e  energy s p e c t r a  of the  

delayed gammas t o  be equa l  t o  the  prompt gammas. R e s u l t s  a r e  p resen ted  

t h a t  i n d i c a t e  the e f f e c t  of these gammas. In a d d i t i o n ,  only  t h e  i n c i d e n t  

neu t ron  spectrum and not' t h e  gamma spectrum was known. Since  t h e s e  source  

gammas were deemed impor tan t ,  a l l  gammas t h a t  leaked from t h e  s y s t e m  were 

r e f l e c t e d  back i n t o  t h e  system s o  t h a t  a n  approximate gamma source  could  

be obta ined.  

The t r i t i u m  produc t ion  rates f o r  two l i t h i u m  composit ions and two 

f u e l  rod load ings  are p resen ted  i n  Table 2.4.2 as a f u n c t i o n  of r a d i a l  

p o s i t i o n  i n  t h e  capsule .  These va lues  can be compared wi th  those  ob ta ined  

f o r  t h e  EPR f u s i o n  r e a ~ t o r , ~  which y ie lded  t r i t i u m  product ion l e v e l s  

r ang ing  from 1.2 x 10l8 t o  6.2 x 10l8 a toms/s  m3 a t  1 MW/m2 w a l l  loading.  

For  n a t u r a l  l i t h i u m ,  a r a t h e r  l a r g e  p roduc t ion  g r a d i e n t  e x i s t s  t h a t  is f a r  

less important  f o r  0.5% 6 L i .  

f u e l  e lements  surrounding t h e  b reeder  r eg ion ,  t h e  t r i t i u m  product ion from 

'Li  i n c r e a s e s  whi le  t h a t  from 7 L i  decreases .  

smaller c a p t u r e  c r o s s  s e c t i o n  f o r  t h e  i n c i d e n t  thermal  neu t rons ,  thereby 

a l lowing  f o r  more c a p t u r e  i n  t h e  b reeder  region.  Also t h e  reduced number 

of f i s s i o n s  i n  t h e  f u e l  assembly reduces t h e  number of f a s t  neutrons  and 

the reby  reduces  t h e  number of n + 7 L i  + n' + 4He + 3H r e a c t i o n s ,  where n 
r e p r e s e n t s  neutrons .  Because of t h e  l a r g e  t r i t i u m  produc t ion  l e v e l s ,  w e  
have t e n t a t i v e l y  decided t o  use about 0.5% 6 L i  t o  reduce t h e  amount of 

t r i t i u m  inven tory  and t o  main ta in  a r e l a t i v e l y  f l a t  energy d e p o s i t i o n  

p r o f i l e .  

I n  a d d i t i o n ,  f o r  a lower f u e l  load ing  i n  

The reduced f u e l  o f f e r s  a 

The h e a t i n g  rates i n  the b reeder  r eg ion  and i n  t h e  c o r e  p iece  are 

p r e s e n t e d  i n  Table 2 . 4 . 3 .  

approximate t r ea tment  of t h e  delayed f i s s i o n  gammas i s  apparent .  

The e f f e c t  of gamma r a y  r e f l e c t i o n  and t h e  
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Table 2.4.2. Tri t ium Product ion Rates i n  t h e  Capsule 

T r i t i um Product ion Rate ,u  atoms/s  m 3 

7.5% 6Li 0.5% 6Li Radia l  P o s i t i o n  

240 g Fuel 240 g Fuel 140 g Fuel (m) 

6 L i  7 ~ i  6Li 7 L i  h i  7 ~ i  

x 1019 x 1019 x 1019 x 1019 x 1019 x 1019 
2.82-5.82 2.08 0.0184 2.36 0.0210 2.95 0.0168 
5.82-8.8 1 2.49 0.0185 2.39 0.0211 2.98 0.0169 

8.8 1-1 1.8 3.24 0.0186 2.44 0.0212 3.05 0.0170 
11.8-14.8 5.16 0.0188 2.51 0.0214 3.15 0.0172 
14.8-17-8 13.1 0.0190 2.62 0.0217 3.29 0.0174 

%rams of f u e l  i n d i c a t e  nominal con ten t  of each element 
sur rounding  the  experiment.  

Table 2.4.3. Heating Rates i n  the  Breeder Region (0.5% ‘Li) 
and i n  t h e  Aluminum Core Piece f o r  a 240-g Fuel Loading 

Heating Rates ,  (MW/m3) 

Gamma Ray 
Zonea 

Content R e f l e c t i o n  + Zones 
Modified Thermal 

Neutron t o  

Neu t ron  
No R e f l e c t i o n  R e f l e c t i o n  

Gamma Transfer  

2 ss 0.53 (0.42) 29.4 59.0 121 (98.3) 

3 Breeder 15.7 (18.6) 4.31 8.64 17.8 (14.2) 
4 ss 0.54 (0.43) 30.1 59.4 122 (99.2) 

5 A l  0.83 (0.77) 9.68 18.8 38.8 (31.0) 

aThe one-dimensional zone model of t h e  r e a c t o r  co re  reg ion  i s  desc r ibed  
i n  d e t a i l  i n  T. A. Gabr i e l ,  R. A. L i l l i e ,  and B. L. Bishop, “Neutronic  
C a l c u l a t i o n s  f o r  t h e  Conceptual Design of an ‘ In- Pi l e ’  Sol id  Breeder 
Experiment IPSB-01,” A D P  Quart. Prog. Rep.  Mar. 31, 1980, DOE/ER-0045/2, 
pp. 15-18. 

%umbers i n  pa ren theses  a r e  for  a co re  loading  wi th  140 g f u e l  per 
f u e l  element. 
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The h e a t i n g  rates have been zone averaged but  are reasonably  f l a t  

throughout  the  zone. The t o t a l  h e a t i n g  (neu t ron  p l u s  gamma) i n  t h e  

b r e e d e r  r eg ion  i s  about 33 MW/m3 and is  somewhat i n s e n s i t i v e  t o  t h e  f u e l  

load ing .  

So f a r  we have not a t tempted t o  account  f o r  t h e  e f f e c t  of a x i a l  

p o s i t i o n  on t h e  source  f l u x  g r a d i e n t  i n  t h e  0RR. The source  neutron 

d i s t r i b u t i o n  f o r  these c a l c u l a t i o n s  has been assumed t o  be c o n s t a n t  and 

a t  a maximum l e v e l  over t h e  s u r f a c e  of t h e  system. A s  f a r  as can be 

determined,  the numbers p resen ted  in t h e  text €o r  bo th  the breeding and 

t h e  h e a t i n g  rates should be reduced by about 25% t o  account  f o r  t h i s  

change i n  the i n c i d e n t  f l u x .  The numbers so ob ta ined  would then  r e p r e s e n t  

t h e  maximum v a l u e s  and should ,  t o  a reasonab le  approximation,  f a l l  below 

t h i s  maximum, accord ing  t o  t h e  change i n  the t o t a l  flux. Since the 

b r e e d e r  r e g i o n  h e i g h t  i s  only  about 0.10 m, v a r i a t i o n s  i n  ax ia l  p r o f i l e  

w i l l  be reasonably  s m a l l .  

2.4.5 Conclusions and Future  Work 

The expected t r i t i u m  product ion and energy d e p o s i t i o n  rates w i t h i n  

t h e  b reeder  r eg ion  f o r  0.5% 6 L i  and f u e l  e lements  wi th  140 g f u e l  load ing  

a re  p r e s e n t l y  determined t o  be 2.30 X l o L 9  a toms/s  m3 and 24.6 MW/m3, 

r e s p e c t i v e l y .  A s  soon as t h e  c r o s s  s e c t i o n s  f o r  t h e  delayed f i s s i o n  

gammas have been processed,  more d e f i n i t i v e  h e a t i n g  r a t e s  w i l l  be 

d e  t e m i n e d .  

2.4.6 References  

1. T. A. G a b r i e l ,  R. A. L i l l i e ,  and B. L. Bishop, "Neutronic  C a l c u l a t i o n s  

f o r  t h e  Conceptual Design of a n  ' In- Pi le '  S o l i d  Breeder Experiment 

IPSB-01," ADIP Quart. Prog. Rep. Mar. 31, 1980, DOE/ER-0045/2, 

pp. 16-18. 

2. W. W. Engle, Jr., A User's Manual for  ANISN, A One-Dimensional Discrete 
Ordinates Code with Anisotropic Scattering, K-1693, Oak Ridge Gaseous 

D i f f u s i o n  Plant (1967). 
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3. D. R. Vondy, T. B. Fowler, and G. W. Cunningham, VENTURE, A Code Block 

for Solving j4uuZtigroup Neutron Problems Applying Fine-Diffusion- 
Theory Approximations to Neutron Transport, OKNL-5062 (October 1 9 7 5 ) .  

4. R. T. Santoro ,  V. C. Baker, and J. M. Barnes, "Neutronics  and Photonics  

C a l c u l a t i o n s  f o r  the  Tokamak Experimental Power Reac to r , "  Nucz. Technol. 
37: 274 ( 1 9 7 8 ) .  
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2 . 5  AN I K R A D I A T I O N  EXPEKlMENT TO SCOPE THE TENSILE PKOPEKTIES OF FEKKITIC 
ALLOYS - HFIK-CTK-33 - M. L. Grossbeck and J. W. Woods (ORNL) 

2.5.1 A D I P  Task 

A D I P  Task 1 .A .2 ,  Define Test Mat r i ces  and Test Procedures.  

2.5.2 O b j e c t i v e  

This experiment is  des igned p r i m a r i l y  t o  e v a l u a t e  the  t e n s i l e  

p r o p e r t i e s  of f e r r i t i c  s teels  fo l lowing  i r r a d i a t i o n  i n  a mixed-spectrum 

f u s i o n  r e a c t o r  a t  50°C. Nickel  has been added t o  11T9 and 9 Cr-1 Xo t o  

provide  t r ansmuta t ion  helium a t  l eve l s  r e l e v a n t  t o  f u s i o n  r e a c t o r  f i r s t -  

w a l l  s e r v i c e .  

2.5.3 Summary 

An i r r a d i a t i o n  capsu le  w a s  c o n s t r u c t e d  c o n t a i n i n g  sheet t e n s i l e  

specimens f o r  i r r a d i a t i o n  i n  t h e  High Flux I s o t o p e  Reactor (HFIK). The 

specimens were s e a l e d  i n  a n  aluminum rod t o  i s o l a t e  them from t h e  r e a c t o r  

c o o l a n t  y e t  s t i l l  main ta in  good thermal  c o n t a c t  w i t h  t h e  coo lan t  water.  

The a l l o y s  were unmodified and nickel- doped HT9 and 9 C r - 1  Mo s t e e l s '  as 

w e l l  as r e f e r e n c e  t y p e  316 s t a i n l e s s  s teel  and t h e  USSK a u s t e n i t i c  s t a i n-  

less  s t ee l  from the U.S.-USSK Fusion Reactor  M a t e r i a l s  Agreement. 

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

The experiment p r i m a r i l y  suppor t s  t h e  Engineer ing Test  F a c i l i t y  (ETF) 

d e s i g n  p r o j e c t ,  i n  which the  f i r s t  wall w i l l  o p e r a t e  i n  t h e  50 t o  300°C 

range.  It is a l s o  t h e  f i r s t  mixed-spectrum r e a c t o r  i r r a d i a t i o n  of Path E 

a l l o y s  and,  t h e r e f o r e ,  w i l l  produce t h e  f i r s t  specimens of such a l l o y s  

c o n t a i n i n g  both displacement  damage and helium. 

2.5.4.1 Capsule D e s c r i p t i o n  

The i r r a d i a t i o n  c a p s u l e  c o n s i s t s  of an aluminum rod. 520 m l o n g  and 

12.7 m i n  d iamete r ,  s p l i t  l o n g i t u d i n a l l y  w i t h  a channel  m i l l e d  a long  t h e  

a x i s  t o  accommodate s h e e t  specimens of t h e  type  shown i n  Fig. 2.5.1. When 

loaded wi th  specimens,  t h e  rod was welded a long  t h e  l o n g i t u d i n a l  seams. 
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ORNL-DWG 78~7701 R 

4.14 

T 

R E F  
4.14 

0.76 
-lb 

I - 4.95 1.90 mm DIAMJ 

W1 = 1.52 mm 

W2 = 0.025 TO 0.038 mm 
GREATER THAN W1 

DIMENSIONS IN MILLIMETERS 

Fig.  2.5.1. The SS-1 Type T e n s i l e  Specimen. 

Large weld beads were used t o  a l s o  s e r v e  as c e n t e r i n g  f i n s .  Top and 

bottom end f i t t i n g s  as used in prev ious  H F I R  exper iments  were welded i n  

p l a c e  and a shroud tube was f a s t e n e d  over t h e  e n t i r e  c a p s u l e  t o  provide  

h igh- ve loc i ty  coo lan t  flow around t h e  capsule .  

2.5.4.2 Specimen Loading 

The specimens were s h e e t  t e n s i l e  of t h e  SS-1 des ign  (Fig. 2.5.1). 

T h i s  is a s t a n d a r d  specimen used p r e v i o u s l y  i n  Experimental  Breeder 

Reactor  (EBR)-I1 and Oak Ridge Research Reactor  (ORR) i r r a d i a t i o n  

exper iments .  

A t o t a l  of 44 specimens w a s  inc luded  i n  4 s t r i n g s  p a r a l l e l  t o  t h e  rod 

axis. Table 2.5.1 shows t h e  specimen loading.  The composit ions of 

specimen materials a r e  shown i n  Table 2.5.2, and d e t a i l e d  a n a l y s e s  of the 

nickel- doped a l l o y s  are i n  a p rev ious  repor t . '  

d e s c r i b e d  i n  Table 2.5.3. 

The heat treatments are 

A l l  f e r r i t i c  a l l a y s  were h e a t- t r e a t e d  i n  f lowing helium. The fu rnace  

chamber was evacuated t o  a p r e s s u r e  of P a ,  then b a c k f i l l e d  with 

helium. Specimens were cooled i n  t h e  c o l d  zone of t h e  furnace .  
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T a b l e  2.5.2. Compositionsa of Alloys Included i n  HFIK-CTK-33 

Content ,  w t  % 

C r  N i  Mo w v si Mn Al 
Alloy 

HT9 11.5 0.5 1.0 0.5 0.3 0.25 0.5 
HT9 + 1 N i  11.9 1.1 1.1 0.5 0.3 0.14 0.5 
HT9 + 2 N i  11.7 2.3 1.0 0.5 0.3 0.14 0.5 
HT9 + 2 N i  Adjusted 13.5 2.3 1.6 0.7 0.3 0.14 0.5 
9 Cr-1  No 8.6 0.1 1.0 0.2 0.4 
9 Cr-1 Mo + 2 N i  8.5 2.2 1.0 0.2 0.4 
9 Cr -1  Mo + 2 N i  12.2 2.2 1.7 0.3 0.4 

2 114 Cr-1 Mo 2.27 1.0 0.33 0.5 
316 17.3 12.4 2.1 0.7 1.7 
EP 838 12 4.6 0.45 0.6 13 1.0 

Adjusted 

=Balance Fe. 

Table 2.5.3. Heat Treatments Used f o r  Al loys  i n  I r r a d i a t i o n  
Experiment HFIK-CTK-33 

A u s t e n i t i z i n g  Tempering 

Temperature Time Temperature  Time  
(“C) ( h )  (‘C) ( h )  

Specimens Al loy  Heat 

HT9 

HT9 

HT9 + 1 Ni 
HT9 + 2 N i  

HT9 + 2 Ni Adjusted 

9 cr-1 Mo 
9 Cr-1 Mo + 2 Ni 

9 Cr-1 Mo + 2 Adjusted 

2 114 Cr-1 Ma (HTI) 

2 114 Cr-1 Ma (HT2) 

316 (20% c o l d  worked) 

EP 838 

91354 

XAA3587 

XAA3588 

XAA3589 
XAA3592 

XA3590 

XA3591 

XA3593 

72768 

72768 

X15893 

5 

3 

3 
3 
3 

3 
3 

3 

3 
3 

10 

2 

1050 

1050 

1050 

1050 
1050 

1040 

1040 

1050 

900 

900 

1050 

1160 

0.5 

0.5 

0.5 

0.5 
0.5 

0.5 

0.5 

0.5 

0.5 

0 . P  

1 

780 2.5 

780 2.5 

780 2.5 

700 5 
700 8 

760 1 

700 5 

700 8 

7 00 1 

700 2 

aFurnace c o o l  t o  700’C. 

ha te r  quench. 
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2.5.4.3 I r r a d i a t i o n  Condit ions 

I r r a d i a t i o n  began on June h ,  1980, w i t h  HFIK c y c l e  194 and i s  planned 

t o  con t inue  through November 1980, c y c l e  198. The experiment i s  being 

conducted i n  a p e r i p h e r a l  t a r g e t  p o s i t i o n ,  t h u s  maximizing f a s t  f luence .  

A c a l c u l a t e d  damage l e v e l  of up t o  10 dpa w i l l  be achieved,  and helium 

levels  up t o  90 a t .  ppm are expected i n  the f e r r i t i c  steels.  

Flux moni tors  provided by L. R. Greenwood of Argonne Na t iona l  

Laboratory  have  been inc luded  t o  measure f l u e n c e ,  spectrum, and helium 

product ion.  

2.5.5 Conclusions 

The f i r s t  HFLR f e r r i t i c  a l l o y  experiment has been i n i t i a t e d .  This 

w i l l  p rovide  t h e  f i r s t  t e n s i l e  d a t a  f o r  low- temperature i r r a d i a t i o n s  

(-50OC). 

2.5.6 Reference 

1. M. L. Grossbeck, V. K. Sikka,  T. K. Roche, and R. L. Klueh, “Prepara-  

t i o n  of Nickel-Doped F e r r i t i c  Alloys f o r  HFIR I r r a d i a t i o n  t o  Produce 

Helium,” ADIP  Quart. Prog. R e p .  Dee. 31, 1979, DOE/EK-0045/1, 

pp. 1 0 0 4 4 .  
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2.6 SPECIfIEN MATRIX FOR H F I R  IRRADIATION OF PATH B ALLOY - D. T. Peterson 
(Hanford Engineering Development Laboratory)  

2.6.1 ALIIP Task 

2.6.2 Objec t ive  

2.6.3 Summary 

No r e p o r t  f o r  t h i s  per iod.  





3 .  PATH A ALLOY DEVELOPMENT - AUSTENITIC STAINLESS STEELS 

3 7  
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3.1 THE EXCHANGE OF AUSTENITIC STAINLESS STEELS UNUEK THE U.S.-USSR 
FUSION REACTOR MATERIALS AGREEMENT - T. K. Roche (ORNL) 

3.1.1 ADIP Task 
ADIP Task I.D.l, Materials Stockpile for MFE Programs. 

3.1.2 Objective 

The United States and the USSR have agreed to develop common physical 

points of reference (in materials and tests) to which other irradiation 

effects research and development studies may be related. The first step 

of this agreement was to exchange a stock of austenitic stainless steels. 

3.1.3 Summary 

Sheet and rod stock of austenitic stainless steels have been exchanged 

between the U.S. and USSK fusion reactor materials irradiation effects 
programs. The United States supplied type 316 stainless steel, while the 

USSR submitted a low-nickel, high-manganese austenitic stainless steel. 

3.1.4 Description of Material Exchanged 

The United States supplied 41 pieces (8.8 kg total) of 7.9-m-diam 
(0.313-in.) rod with total length of 23 m (904 in.) and 50 pieces 

(10.7 kg total) of 279- by 51- by 1.9-mm (11 x 2 X 0.075-in.) sheet 

processed from the U.S.-MFE reference heat type 316 stainless steel X-15893 

in the 50%-cold-worked condition. A photograph of this material is shown 

in Fig. 3.1.1. Although o u r  reference condition f o r  specimens made from 

this material is 20% cold work after final heat treatment, supplying 

50%-cold-worked material still allows the flexibility for further pro- 

cessing (annealing and reworking) for evaluation in a variety of 

conditions. 

In return, 28 pieces of 10.5-mm-diam (0.41-in.) rod with total length 

of 28 m (1106 in.) and 10 pieces of 991- by 10.2- by 2.6-mm (39 X 0.40 X 

0.104-in.) sheet of a low-nickel, high-manganese stainless steel, 

type EP 838, were received from the USSR. 
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Y-166807 

Fig. 3.1.1. The 7.9-mm-Diam (0.313-in.) Rod (Bottom) and t h e  
1.9-mm-Thick (0.075-in.) Sheet (Top) of Type 316 S t a i n l e s s  Steel ,  
Heat X-15893, Supplied t o  t h e  USSR Under t h e  U.S.-USSR Fusion Reactor  
M a t e r i a l s  Agreement. 

The composi t ion of the steel EP 838 is shown below. 

Element 

C 
C r  
Mn 
s i  
N i  
Mo 
A 1  

Content 
(wt X )  
0.02 
11-13 
12-14 
0.06 

4 .64 .8  
0.34.6 
0.8-1.2 

Element 

C e  
B 
S 
P 
0 
N 
Fe 

Content 
( W t  X) 

0.0 1 4 . 2  
0.0005 

0.4 
0.4 

0.0014.002 
0.05-0.09 

Balance 

This  s teel  is r e p o r t e d  t o  be produced on a n  exper imenta l  commercial 

scale and has been designed f o r  e leva ted- tempera ture  and nuc lea r  a p p l i-  

c a t i o n s .  The s h e e t  and rod were ho t  r o l l e d  from double-melted i n g o t  s tock.  
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The f i r s t  mel t ing  was by a i r  i nduc t ion  followed by plasma remel t ing  under 

a hydrogen-doped p r o t e c t i v e  atmosphere. After hot  r o l l i n g ,  t he  m a t e r i a l  

w a s  annealed a t  116OoC, water  quenched, c leaned ,  then  co ld  worked 20%. 

3.1.5 Add i t i ona l  F a b r i c a t i o n  of the USSR S t e e l  

To provide s t o c k  f o r  r a d i a t i o n  damage e v a l u a t i o n ,  a p i ece  of as- 

r ece ived  sheet s t o c k  was f u r t h e r  processed wi thout  d i f f i c u l t y  at  ORNL by 

c o l d  r o l l i n g  wi th  i n t e r m e d i a t e  annea l ing  at  1160OC. F i n a l  t h i c k n e s s e s  of 

0.7 mn (0.029 in.) and 0.25 (0.010 in.) were produced wi th  approximately 

20% cold  work at  f i n i s h .  The 0.7-am-thick (0.029-in.) mterial rece ived  

t h e  last  in- process  annea l  i n  a i r  followed by water quenching, and t h e  

0.25-am-thick (0.010-in.) material rece ived  the last  annea l  i n  argon 

fol lowed by furnace  cool ing .  The m i c r o s t r u c t u r e  of t h e  a l l o y  at  a 

t h i c k n e s s  of approximately 0.9 m (0.036 in . )  fo l lowing  water quenching 

from 1160°C and p i c k l i n g  can be seen  i n  Fig. 3.1.2. The matrix is 

a u s t e n i t i c  with numerous i n c l u s i o n s  t h a t  are assumed t o  be oxides.  





3.2 FATIGUE CRACK GF 

(Hanford Enginee 

3.2.1 ADIP Task 

Task I.B.l, Fati 

3.2.2 Objective 

An apparatus to 
the Path A Reference 

tion on crack growth 

with those of unirrad 

3.2.3 Summary 

The last in a se 
machine has been succ 
conducted at 425°C wi 

the electrical potent 

and loading condition 

3.2.4 Progress and S 

3.2.4.1 Introduction 

Fatigue crack pr 

reactor may be a limi 

studies of irradiatio 

on materials preirrad 

experiment will inves 

tion may effect crack 

3.2.4.2 Eight-Specim 

The pneumatic ac 

FCP tests was describ, 

prototypic machine wa! 

performed. (3) The las 

control tests (both i~ 



43 

a t  425°C. 

The min ia tu re  center- cracked  t e n s i o n  (CCT) specimens were of t h e  

r e f e r e n c e  a l l o y ,  20% cold-worked 316 s t a i n l e s s  s t e e l .  I n i t i a l  c r ack  l e n g t h s  

i n  t h e  cha in  ranged f r o m  4.5 t o  10.0 mm. The crack  l e n g t h  of  one of t h e  

specimens w a s  cont inuous ly  monitored us ing  t h e  e l e c t r i c a l  p o t e n t i a l  ( e . p . )  

methodC4) T e s t  cond i t i ons  inc luded  a frequency of 5 .5  cyc les /min ,  a maxi- 

mum load of  350 lbs and a load  r a t i o  R = 0.10. A one meter e l e c t r i c  k i l n  

wi th  n i n e  independent tempera ture  zones was used f o r  t h e  t e s t .  

A f t e r  132,836 c y c l e s ,  one of t h e  specimens s e p a r a t e d ,  and t h e  t e s t  was 

s topped.  The seven remaining specimens were removed, and t h e  f i n a l  c rack  

l eng ths  were measured o p t i c a l l y  under a 150 l b  load .  These v i s u a l  r e s u l t s  

and t h o s e  obta ined  from t h e  e .p .  method a r e  shown i n  F igure  3 .2 .1 .  The 

s o l i d  l i n e  i s  from a s t a t i s t i c a l  a n a l y s i s  of only t h e  i n i t i a l  and f i n a l  

c rack  l e n g t h  va lues . (2)  

inc luded  f o r  comparison. 

The room tempera ture  band from Reference 3 is 

I t  has  been shown t h a t  c rack  growth behavior  i n  r e l a t i v e l y  i n e r t  

environments below one-half t h e  a b s o l u t e  me l t i ng  tempera ture  i s ,  i n  g e n e r a l ,  

q u i t e  c l o s e  t o  t h a t  i n  a room tempera ture  a i r  environment. (5)  

i s  no t  s u r p r i s i n g  t h a t  t h e  r e s u l t s  of t h e  425OC t e s t  i n  helium l i e  on the  

upper bound of t h e  room tempera ture  band. Upon examinat ion of t h e  specimens, 

i t  was c l e a r  t h a t  some s l i g h t  ox ida t ion  had occurred ,  t hus  a c c e l e r a t i n g  t h e  

c rack  growth r a t e s  i n  comparison t o  p rev ious  room tempera ture  hel ium cha in  

t e s t s  u s ing  t h e  p ro to type .  

The re fo re ,  i t  

(3) 

3.2.4.3 Loading and Test Condi t ions  f o r  t h e  In-Reactor FCP T e s t  

A s  r e p o r t e d  earlier! ')  t h e  d u r a t i o n  of t h e  i n- r e a c t o r  test  w i l l  be  up 

t o  s i x  months a t  t empera ture .  

and t a k i n g  i n t o  account t h e  scheduled r e a c t o r  down t imes ,  t h e  number of 

c y c l e s  which a l l  e i g h t  specimens would s e e  i s  up t o  200,000. One of t h e  

problems i n  des igning  such a test i s  be ing  a b l e  t o  choose t h e  load  and c rack  

l e n g t h  combinations t h a t  w i l l  n e i t h e r  ( a )  r e s u l t  i n  s e p e r a t i o n  of a specimen 

much e a r l i e r  than  a n t i c i p a t e d ,  o r  (b) r e s u l t  i n  u n d e t e c t a b l e  c r ack  growth 

a f t e r  200,000 c y c l e s .  Both of t h e s e  cases  a r e  i n  r e f e r e n c e  t o  t h e  thermal  

c o n t r o l  test s i n c e  a c c e l e r a t e d  o r  r e t a r d e d  c rack  growth behavior  du r ing  

Based on a c y c l i c  f requency of one cyc lefmin  
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FIGURE 3 . 2 . 1  Comparison of the Prototype Eight-Specimen Chain Test at 
425°C  with Room Temperature Results from Reference 3 .  

Both the in-reactor and thermal control tests will be performed in 

static sodium at 4 2 5 ° C .  

were not done under these conditions, the predicted effects of sodium on 

Since prototypic studies using the specimen chain 
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crack  growth must be  based on r e s u l t s  of o t h e r  i n v e s t i g a t o r s .  The consensus 

appears  t o  be t h a t  i n  h igh  p u r i t y ,  low oxygen sodium, c rack  growth r a t e s  a t  

e l e v a t e d  tempera tures  ( 6 0 0 ' C )  a r e  approximately t h e  same as t h o s e  i n  a i r  

a t  room tempera ture .  ( 6 -9 )  The upper bound of t h e  room tempera ture  band of  

F igu re  3 .2 .1  should t h e r e f o r e  r e p r e s e n t  t h e  worst ca se  i n s o f a r  a s  maximum 

crack growth r a t e s  a r e  concerned. A load of  335 lbs was s e l e c t e d  which 

r e p r e s e n t s  a 200,000 c y c l e  t e s t  whose curve  l i e s  midway i n  t h e  band. The 

wors t  ca se  t e s t  would then  accumulate about 125,000 c y c l e s ,  or  62% o f  t h e  

t a r g e t e d  number of c y c l e s ,  The f a c t  t h a t  t h e  t e s t  is t o  be  conducted a t  

one cycle/min should have l i t t l e  b e a r i n g  s i n c e  t h e  frequency dependence 

d i sappea r s  i n  l o w  oxygen sodium below 600'C. (9) 

lower bound r e p r e s e n t s  a t e s t  which would normally last ~ 3 2 0 , 0 0 0  c y c l e s .  

S t i l l ,  s i g n i f i c a n t  and d e t e c t a b l e  c r ack  growth would occur  (-1.0 mm) on 

specimens wi th  t h e  s m a l l e s t  p recracks  i f  t h e  test were t o  be h a l t e d  a f t e r  

only 200,000 cyc le s .  

A t  t h e  o the r  extreme,  t h e  

The loading  arrangement and i n i t i a l  c r ack  l e n g t h s  f o r  t h e  i n- r e a c t o r  

test a r e  o u t l i n e d  i n  Table 3.2.1. 

t h e  h ighe r  f l u x  r e g i o n ,  wi th  t h e  peak f l u x  i n  t h e  v i c i n i t y  of t h e  s i x t h  

specimen. Specimen /if3 i s  t r i p l i c a t e d  (#l and 113) wh i l e  specimen #5 is 

d u p l i c a t e d  ((12). The specimen w i t h  t h e  l a r g e s t  i n i t i a l  c rack  l e n g t h ,  #8, 

is l o c a t e d  a t  t h e  bottom of t h e  cha in .  This  specimen would completely 

s e p e r a t e  b e f o r e  any of  t h e  o t h e r s ,  and would be  s a c r i f i c e d  i n  t h e  event  

t h a t  i t  breaks  b e f o r e  t h e  scheduled 200,000 c y c l e s .  

Specimen p o s i t i o n s  113 through Q7 a r e  i n  

3.2.5 Conclusions 

(a)  R e s u l t s  of t h e  f i n a l  p r o t o t y p i c  eight- specimen cha in  test a t  425°C 

This  is  l i e  i n  t h e  upper r eg ion  of t h e  room tempera ture  c r ack  growth band. 

cons idered  t h e  worst  ca se  of maximum growth r a t e  t h a t  would be  expected i n  

sodium a t  425°C. 

(b) Based on t h e  room tempera ture  r e s u l t s ,  a load  was chosen which 

w i l l  d e f i n e  a c rack  growth curve  l y i n g  midway i n  t h e  room tempera ture  band. 
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TABLE 3.2.1 

SPECIMEN LOADING ARRANGEMENT FOR THE ORR-MFE-5 EXPERIMENT 

LOADING 
POSITION 

I N I T I A L  
SPECIMEN CRACK LENGTH, 2a ORR CORE 

POSITION C-7 (mm) 

AE- 11 

AE-01 

AE-06 

AE-05 

AE-03 

AE-07 

AE-02 

AE-04 

4.589 

5.689 

4.684 

6.952 

5.599 

4.580 

8.796 

9.634 

TOP 

Center  

% Peak Flux P o s i t i o n  

Bottom 

3.2.6 F u t u r e  Work 

F a b r i c a t i o n  of the  i n- r e a c t o r  f a t i g u e  machine t o  b e  t e s t e d  a t  ORNL 

i s  80% complete.  I n s e r t i o n  i n t o  t h e  ORR i s  scheduled f o r  l a t e r  t h i s  summer. 

Specimen p r e p a r a t i o n  f o r  t h e  the rmal  c o n t r o l  tes t  t o  be  conducted a t  HEDL is 

underway. 
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3.3 THE HICKOSTKUCTUKE ANI) NECHANICAL PROPEKTIES OF ZOX-COLD-WOKKED 
TYPES 316 STAINLESS STZEL ANU 316 + 0.23 wt % Ti AFTEK HFIK 
I K U D I A T I O N  AT 55 to 375'C - P. J. 'laziasz, M. 1,. Grossbeck, and 
F. W. WiEfen (ORNL) 

3.3.1 A D I P  Tasks 

ADIP Tasks I . C . l ,  Microstructural Stability; I . C . 2 ,  Microstructure 

and Swelling in Austenitic Alloys; and 1.6.13, Tensile Properties of 

Austenitic Alloys. 

3.3.2 Objective 

The objective of this investigation is to compare the effects of 

irradiation on titanium-modified type 316 and standard type 316 stainless 

steel. Low irradiation temperatures of 55 to 375°C are emphasized to 

determine any benefit of the titanium-modified material f o r  Engineering 
Test Facility (ETF) applications. 

3.3.3 Summary 

Tensile testing at a strain rate of 0.0028/min indicates similar 

Levels of strength and postirradiation ductility for both 20%-cold-worked 

types 316 stainless steel (CW 316) and 316 + 0.23 wt % Ti (CW 316 + Ti) 
after High Flux Isotope Reactor (HFIK) irradiation at 55 t o  375°C. The 

irradiations produced up to 13 dpa and 740 at. ppm He. Both irradiated 

steels show decreased strength properties and increased uniform elongation 

as irradiation and test temperatures increase. The HFIR  irradiation 

increased the strength properties and decreased the ductility f o r  CW 316. 

By contrast, both strength and ductility properties increased for 

CW 316 + Ti. A l l  irradiated samples exhibited the ductile-transgranular 

fracture mode. 

Microstructural examination f o r  irradiations at 285 or  375OC reveals 

loops and cavities in all samples. Swelling of CW 316 increases as 

irradiation temperature decreases with values of about 0.12% at 375OC 

and 0.43% at 285OC. The CW 316 + Ti shows the same trend but with 
slightly lower swelling. The microstructure coarsens with decreasing 
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i r r a d i a t i o n  temperature i n  CW 316 b u t  is r e f i n e d  with dec reas ing  tempera- 

t u r e  i n  CW 316 + T i .  

a t  285°C. 

a t  375"C, and f i n e  MC p a r t i c l e s  a r e  produced i n  CW 316 + T i  a t  both 

375 and 285°C. 

No p r e c i p i t a t i o n  is observed i n  CW 316 i r r a d i a t e d  

Fine gamma-prime p r e c i p i t a t e  p a r t i c l e s  a r e  produced i n  CW 316 

The CW 316 and CW 316 + T i  o f f e r  q u i t e  s i m i l a r  p r o p e r t i e s  a f t e r  H F I R  

i r r a d i a t i o n  a t  t h e s e  tempera tures  and f luences .  

advantage,  p a r t i c u l a r l y  with r e spec t  t o  the  p r o p e r t i e s  of i r r a d i a t e d  

r e l a t i v e  t o  u n i r r a d i a t e d  m a t e r i a l .  F l i c r o s t r u c t u r a l  examinat ion of both 

m a t e r i a l s  i r r a d i a t e d  a t  55'C and at  h ighe r  f l uences  a t  375OC i s  needed 

b e f o r e  t h e  comparison is complete. 

The l a t t e r  has  a s l i g h t  

3.3.4 Progress  and S t a t u s  

Cold-worked type 316 s t a i n l e s s  s t e e l  i s  a cand ida t e  m a t e r i a l  f o r  the  

f i r s t  wal l  of t he  ETF. The i r r a d i a t i o n  c o n d i t i o n s  w i l l  i nc lude  the  

i n c i d e n t  f l u x  of about 14-MeV (2.2-pJ) neut rons  t h a t  s imul taneous ly  

produce both displacement  damage and helium, i r r a d i a t i o n  tempera tures  i n  

t h e  range 150 t o  300"C, and i n t e g r a t e d  wal l  l oad ings  up t o  6 MWyr/m2. 

Titanium-modified 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  have demonstrated advantages 

over  unmodified s t e e l s  i n  r e s i s t i n g  both mechanical p r o p e r t i e s  deg rada t ion  

and swe l l ing  a t  i r r a d i a t i o n  tempera tures  h ighe r  than  those  being cons idered  

f o r  the  ETF. This  work cons ide r s  HFIR i r r a d i a t i o n  of 20%-cold-worked 

t y p e s  316 (CW 316) and 316 + 0.23 w t  % T i  (CW 316 + Ti)  at  tempera tures  

of 55, 285, and 375°C and f luences  producing up t o  13 dpa and 

740 a t .  ppm He t o  extend the  m a t e r i a l  comparison. 

3.3.4.1 Experimental D e t a i l s  

T e n s i l e  specimens i r r a d i a t e d  a t  285OC and above a r e  from experiments  

HFIR-CTR-9 through -13. 

HFIR-CTR-16. The same h e a t s  of m a t e r i a l  were used i n  a l l  experiments ,  and 

d e t a i l s  of t h e  experiments  and specimen p r e p a r a t i o n  as w e l l  as some 

r e s u l t s  were r epor t ed  p rev ious ly .  1-4 

a r e  given i n  Table 3.3.1. 

Tens i l e  specimens i r r a d i a t e d  at  5 5 O C  were from 

The composi t ions of t h e  m a t e r i a l s  
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Table 3.3.1. Composition of Two Cold-Worked 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  

Conten t ,"  W t  % 
A l l o y  

Cr N i  ?lo M" C T i  s i  P s N B 

316 18.0 13.0 2.58 1.90 0.05 0.05 0.80 0.013 0.016 0.05 0.0005 

3 1 6 + T i  17.0 12 .0  2.50 0.5 0.06 0.23 0.40 0.01 0.013 0.0055 0.0007 

"Balance iron. 

Tens i l e  specimens were machined from rod s tock  t h a t  had been annealed 

f o r  1 h a t  115OoC, cold swaged t o  a 50% reduc t ion  i n  a r e a ,  annealed 1 h a t  

1050"C, and then swaged ano the r  20% before  machining. The specimen 

geometry is shown i n  Fig. 3.3.1. 

Tens i l e  specimens i n  HFIK-CTR-16 w e r e  i r r a d i a t e d  a t  t he  r e a c t o r  

coo lan t  temperature of about 55OC. Specimens i n  HFLK-CTK-9 through -13 

were i r r a d i a t e d  a t  t empera tures  above t h e  r e a c t o r  coolant  by us ing  a 

hel ium gas gap. This work inc ludes  specimens i r r a d i a t e d  a t  285 and a t  

370 t o  375°C. The i r r a d i a t i o n  tempera tures  a r e  c a l c u l a t e d  according t o  

e a r l y  measurements of gamma h e a t i n g  by using S ic .  Recent hea t ing  r a t e  

measurements and hea t  t r a n s f e r  c a l c u l a t i o n s  i n d i c a t e  t h e  a c t u a l  i r r a d i a -  

t i o n  tempera ture  t o  be 50 t o  75°C h igher5 ,6  than  t h e  p rev ious ly  c a l c u l a t e d  

 temperature^.^ 
of t h e  temperature c o n t r o l  is  much b e t t e r  than  i t s  accuracy.  Helium 

l e v e l s  were c a l c u l a t e d  from an e m p i r i c a l  r e l a t i o n  determined by 

Wiffen e t  a1.8 based upon mass spec t rog raph ic  a n a l y s i s  of HFIR- irradiated 

specimens and are a c c u r a t e  t o  better than  20%. Helium l e v e l s  ranged from 

180 t o  740 a t .  ppm. Displacement damage (dpa) l e v e l s  were c a l c u l a t e d  by 

Gabr i e l  e t  a l . 9  from t h e  neutron f l u x e s  and energy s p e c t r a  i n  the  HFIR. 

The dpa l e v e l s  ranged from 5 t o  13. 

However, r e l a t i v e  comparison i s  v a l i d  s i n c e  t h e  p r e c i s i o n  

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  was performed on an I n s t r o n  machine. 

Tests were performed i n  a i r  a t  a s t r a i n  r a t e  of 0.0028/min a t  t e s t  

t empera tures  of 35, 300, and 350°C. 

Transmission e l e c t r o n  microscope (TEM) d i s k s  about 3 m i n  d iameter  

and 0.4 m t h i c k  were c u t  from the  undeformed shoulder  of t e s t e d  specimens 
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Fig.  3.3.1. The HFIR-CTK T e n s i l e  Specimen. Transmission e l e c t r o n  
microscope d i s k s  are c u t  from e i t h e r  shou lder ,  which a r e  a t  t h e  same 
i r r a d i a t i o n  temperature  as t h e  gage. 

(F ig .  3.3.1). The d i s k s  were th inned t o  e l e c t r o n  t r ansparency  by us ing  

s t a n d a r d  t h i n n i n g  techniques.1° The m i c r o s t r u c t u r e s  were examined wi th  

conven t iona l  TEM techniques .  Cavi ty  s t a t i s t i c s  were ob ta ined  f o r  void  

volume f r a c t i o n  ( s w e l l i n g ) ,  and the p r e c i p i t a t e  phases were i d e n t i f i e d  by 

s e l e c t e d  area e l e c t r o n  d i f f r a c t i o n  (SAD).  The loop component of t h e  

m i c r o s t r u c t u r e  is  s t i l l  being analyzed.  Swel l ing determined by l e n g t h  
change and by immersion d e n s i t y  has been r e p o r t e d  f o r  these samples. 1 

3.3.4.2 Mechanical P r o p e r t i e s  

The t e n s i l e  p r o p e r t i e s  of c o n t r o l  and HFIX- irradiated CW 316 and 

CW 316 + T i  are presen ted  i n  Table 3.3.2. Ultimate tensile stress (UTS) 

and y i e l d  stress (YS) and uniform e l o n g a t i o n  (UE) and t o t a l  e l o n g a t i o n  (TE) 

are p l o t t e d  as a f u n c t i o n  of test  temperature  i n  Figs.  3.3.2 and 3.3.3, 

r e s p e c t i v e l y .  

The u n i r r a d i a t e d  YS and UTS of CW 316 both  decrease  as t h e  tes t  

temperature  i n c r e a s e s .  The UTS d e c r e a s e s  from 870 t o  820 ma a t  35°C t o  
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Table 3.3.2. Tensile PrGperties" of 20%-Cold-Worked Types 316 
Stainl.:ss Steel (CW 316) and 316 t 0.23 i d t  % Ti (CW 316 + Ti) 

Irradiation Parameters Temperature, O C  Stress, MPa Elongation, Z _____ _____ 
U 1  t ima te 
Tensile (dpa) (at. ppm lie) Test lrradiation Yield Uniform Total 

ZOZ-Cold-Worked Type 316 Stainless Steel 
35 785 817 4.1 12.3 
35 836 864 7.9 17.8 
35 818 862 3.3 11.2 
3 00 708 747 1.4 6.0 
300 68 2 719 1.7 6.4 
350 527 633 12.0 17.0 
350 585 676 7.8 13.0 
450 496 641 12.0 18.0 
450 572 663 8.3 14.0 
450 542 645 10.0 16.0 

4.9 180 35 55 960 967 0.4 9.1 
8.5 380 35 55 943 950 0.4 14.7 
10.8 520 35 55 948 954 0.4 12.0 
8.8 380 35 55 945 949 0.3 11.: 
7.7 390 300 285 998 998 0.2 5.1 
4.9 180 350 370 780 848 4.5 8.5 
7.7 390 350 370 855 917 4.2 8.7 
8.5 380 350 375 611 752 3.3 6.8 
13.0 740 350 375 594 731 3.3 6.4 
13.0 740 350 375 688 800 4.6 8.3 

ZO%-Cold-Worked Type 316 + 0.23% Ti 
3 50 759 779 0.56 5.7 
350 786 814 0.87 5.9 
450 710 765 2.1 6.9 

6.9 290 35 55 960 965 0.4 9.7 
10.5 490 35 55 993 1002 0.4 9.4 
7.7 390 300 285 903 9 03 0.2 5.8 
4.9 180 350 370 752 786 3.1 8.5 
8.5 380 350 375 786 848 2.6 7.0 
13.0 740 350 37 5 772 855 4.2 8.4 
13.0 740 350 375 758 834 4.7 9.0 

~~ ~~ ~~ 

%train rate of 0.0028/min. Tests conducted in air. 



5 3  

ORN L-DWG 80- 12054 1000 
- m 
CL 
z - 

900 
w 
[r 
I- 
v) 

W 
J 

z 
ul + 
W 
I- 2 700 

3 

800 

- 
5 

600 

a 
A 

A 

A 
; 

0 .  
a 

0 

0 
0 

a1 0 8 
I I I I 

500 (b) I I I 0 I O J  0 

0 100 200 300 400 500 
TEST TEMPERATURE ("C) 

TEST CONDITIONS 
STRAIN RATE - 0.0028/min 
TEST TEMPERATURE NEAR 
IRRADIATION TEMPERATURE 
HFlR IRRADIATED AT 
55 - 375°C 
9 - 15 dpa 
180 - 740 at. pprn He 

0 CW 316, UNIRRADIATED 
OCW 316, HFlR IRRADIATED 
ACW 316 +Ti ,  UNIRRADIATED 
ACW 316 +Ti,  HFlR IRRADIATED 
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Functions of Test Temperature for ZO%-Cold-Worked Types 316 Stainless 
Steel and 316 + 0.23 w t  % Ti Either Unirradiated or After H F I R  Irradiation 
Near the Test Temperature. 
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from 670 t o  640 MPa a t  450°C. The YS fo l lows  t h e  same t r end .  The YS i s  

about  30 MPa lower than  t h e  UTS a t  35°C and about 120 MPa lower a t  450°C. 

Both t h e  t r e n d  and magnitude of the  UTS f a l l  w i t h i n  t h e  95% confidence 

l e v e l  f o r  CW 316 i n  t h e  Nuclear Systems fi4ateriaZs f N S M )  Hundbook,ll but  

t h e  YS is  somewhat h ighe r  than the  handbook values.  These t r e n d s  a r e  

o u t s i d e  t h e  specimen-to-specimen s c a t t e r .  By comparison, t he  YS and UTS 

of CW 316 a r e  cons iderably  inc reased  by i r r a d i a t i o n  i n  t h e  HFIR.  Post-  

i r r a d i a t i o n  UTS and YS both appear t o  i n c r e a s e  s l i g h t l y  with t e s t  and 

i r r a d i a t i o n  temperature u n t i l  300°C and then  drop a t  35OOC. However, t h e  

d a t a  s c a t t e r  cons iderably  a t  350"C, which does not e x a c t l y  o rde r  with 

f l u e n c e  and has been noted p r e v i o u ~ l y . ~ r ~  

from 35 t o  3OO0C, and then the  YS is  l e s s  than t h e  UTS by about 100 MPa 

a t  350°C. The s t r e n g t h  va lues  a t  35 and 300°C (950 and 1000 MPa) a r e  

among t h e  h i g h e s t  r epo r t ed  f o r  CW 316, e i t h e r  u n i r r a d i a t e d l *  o r  a f t e r  
neu t ron  i r r a d i a t i o n .  13 

The UTS and YS a r e  n e a r l y  equal 

Un i r r ad i a t ed  CW 316 + T i  has h igher  s t r e n g t h  va lues  than the  CW 316 

a t  t e s t  t empera tures  of 350 and 450OC (Table 3.3.2, Fig. 3.3.2). Both 

p r o p e r t i e s  decrease  w i t h  i n c r e a s i n g  t e s t  t empera ture ,  a s  f o r  CW 316. The 

UTS is  about 150 MPa h igher  and t h e  YS about 175 t o  200 MPa h igher  f o r  

CW 316 + T i  than t h e  va lues  f o r  CW 316 t e s t e d  a t  350 t o  450°C. The 

s t r e n g t h  va lues  f o r  i r r a d i a t e d  CW 316 + T i  a r e  about  t h e  same or  s l i g h t l y  

h i g h e r  than  t h e  u n i r r a d i a t e d  va lues  a t  35OOC. The UTS and YS f o r  

i r r a d i a t e d  CW 316 + T i  and i r r a d i a t e d  CW 316 a r e  s i m i l a r  from 35 t o  350°C. 
The  specimen-to-specimen s c a t t e r  is  cons ide rab ly  less f o r  i r r a d i a t e d  

CW 316 + T i  than  f o r  CW 316 t e s t e d  a t  350°C. 

The d u c t i l i t y  of CW 316 is  shown i n  Fig. 3.3.3(a) and (b )  and 

Table  3.3.2. The d a t a  s c a t t e r  cons iderably  i n  TE f o r  u n i r r a d i a t e d  

m a t e r i a l  but not m c h  m r e  than  noted i n  t h e  NSM Handbook d a t a . l l  

TE is  low (about  6.5%) a t  a test temperature of 300°C but is about 

12 t o  18% at  a l l  o t h e r  test tempera tures  from 35 t o  450°C. The un i r r a -  

d i a t e d  UE shows s i m i l a r  s c a t t e r  and i n c r e a s e s  somewhat with t e s t  tempera- 

t u r e .  The UE a l s o  shows t h e  same minimum a t  300'C a s  shown f o r  TE. The 

p o s t i r r a d i a t i o n  TE of CW 316 is  less than t h e  u n i r r a d i a t e d  va lues  at  test 

tempera tures  of 35 and 300°C and cons iderably  less a t  35OoC (reduced by a 

f a c t o r  of about 2) .  The UE and TE of i r r a d i a t e d  CW 316 p a r a l l e l  t h e  

The 
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t e m p e r a t u r e  behavior of t h e  u n i r r d d i a t e d  p r o p e r t i e s .  The IJE is  substan-  

t i a l l y  reduced by i r r d d i a t i o n  a t  a l l  tes t  temperatures .  30th  p r o p e r t i e s  

show less s c a t t e r  aEter i r r a d i a t i o n .  

The u n i r r d d i a t e d  d u c t i l i t y  of CW 316 + T i  is cons ide rab ly  lower a t  

350 and 450°C than t h a t  oE CW 316 (TE of &7%, compared wi th  1%18% f o r  

CW 316). However, i r r d d i a t i o n  i n c r e a s e s  both  the TE and t h e  UE of 

CW 316 + T i  t e s t e d  a t  350°C. The p o s t i r r a d i a t i o n  UE v a l u e s  are almost 

exact ly  t h e  same f o r  CW 316 + T i  and CW 316 a t  a l l  t es t  temperatures. 

The TE is  s l i g h t l y  h i g h e r  i n  CW 316 + T i  f o r  t h e  same comparison. 

The f r a c t u r e  mode of a l l  samples t e s t e d  is  d u c t i l e  t r a n s g r a n u l a r .  

Scanning e l e c t r o n  microscopy images of t h e  f r a c t u r e  s u r f a c e s  of CW 316 

i r r a d i a t e d  and t e s t e d  a t  55°C and 375°C are shown i n  Fig. 3.3.4. 

3.3.4.3 M i c r o s t r u c t u r e  and Swel l ing 

The  s t a t i s t i c s  f o r  the c a v i t y  and p r e c i p i t a t e  p a r t i c l e  components of 

t h e  m i c r o s t r u c t u r e s  of CW 316 and CW 316 + T i  i r r a d i a t e d  at e i t h e r  285 or 

375°C are p r e s e n t e d  i n  Table 3.3.3 and 3.3.4, r e s p e c t i v e l y .  The d i s-  

l o c a t i o n  component of t h e  m i c r o s t r u c t u r e  i s  d i s c u s s e d  q u a l i t a t i v e l y ,  but  

work i s  s t i l l  i n  progress .  Immersion d e n s i t y  measurements f o r  t h e s e  

samples are inc luded  i n  Table 3.3.3 and have been r e p o r t e d  p rev ious ly1  

f o r  CW 316. 

Thermally aged samples of CW 316 and CW 316 + T i  were examined a f t e r  

2770 and 4400 h a t  t empera tu res  ranging from 275 t o  470'C. None of t h e  

aged samples showed any g r a i n  boundary or mat r ix  p r e c i p i t a t i o n  o r  d i s-  

l o c a t i o n  recovery from the i n i t i a l  cold-worked material. A r e p r e s e n t a t i v e  

m i c r o s t r u c t u r e  of CW 316 + T i  aged 4400 h at  470°C shows both  g r a i n  

boundary and matrix i n  Fig. 3.3.5. These m i c r o s t r u c t u r e s  are unchanged 

from as-worked s t r u c t u r e s ,  showing t h e  expected dense ly  t a n g l e d  c e l l u l a r  

s t r u c t u r e s .  

The low-magnification m i c r o s t r u c t u r e s  of both  materials a t  irra- 

d i a t i o n  t empera tu res  of 285 and 375°C are shown i n  Fig. 3.3.6. Resolvable  

cav i t ies  can be seen  a t  both  i r r a d i a t i o n  t empera tu res  i n  CW 316 but  no t  

i n  CW 316 + T i .  Grain  boundary eta phase i s  observed i n  CW 316 i r r a d i a t e d  

a t  375°C [Fig. 3.3.6(a)], but  no g r a i n  boundary p r e c i p i t a t i o n  is  

obse rvab le  i n  the o t h e r  samples. 
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Fig. 3.3.4.  Scanning Electron Micrographs of Fracture Surfaces of 
2O%-Cold-Worked Type 316 Stainless  Steel After H F I R  Irradiation a t  
( a )  55OC to  520 a t .  ppm H e  and 10.8 dpa (Tensile Tested a t  35'C) and 
(b) 375'C to 380 a t .  ppm H e  and 8.5 dpa (Tensile Tested a t  35OOC). Both 
indicate  a ductile-transgranular fa i lure  mode. 
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h e  d i s l o c a t i o n  mic ros t ruc tu re s  i n  t h e  HFIR- irradiated samples 

nser and more s p a t i a l l y  uniform than  i n  t h e  the rma l ly  aged 

1 material. The CW 316 i r r a d i a t e d  a t  375OC and the CW 316 + T i  

nted a t  285 and 375OC show the  c h a r a c t e r i s t i c  i n t e r g r a n u l a r  

n t ion  bands paral lel  t o  <111> i n  t h e  face- centered cubic  ( f c c )  

i t e  [Fig. 3.3.6(a),  ( c ) ,  and ( d ) ] ,  whereas CW 316 i r r a d i a t e d  at  

loes not  [Fig. 3.3.6(b)].  

le c a v i t y  component of t h e  m i c r o s t r u c t u r e  is shown at  h ighe r  m g n i -  

m i n  Fig. 3.3.7, and c a v i t y  s t a t i s t i c s  are given i n  Table 3.3.3. 

Lues of s w e l l i n g  from c a v i t y  volume f r a c t i o n  are less than 0.5% and 

i s i s t e n t l y  h ighe r  than those  f o r  immersion dens i ty .  Immersion 

7 can r e f l e c t  d e n s i f i c a t i o n  r e s u l t i n g  from p r e c i p i t a t i o n ,  and 

l t a t i o n  is  observed i n  a l l  samples t h a t  show e i t h e r  no s w e l l i n g  o r  

i c a t i o n  by immersion d e n s i t y .  Both materials show dec reases  i n  

lg as the tempera ture  i n c r e a s e s .  Both measurements show s l i g h t l y  

i e l l i n g  i n  CW 316 + T i  t han  i n  CW 316. 

u t i o n  achieved i n  t h e  CW 316 + T i  compared wi th  CW 316 is  r e f l e c t e d  

I Table 3.3.3 and Fig. 3.3.7. The s w e l l i n g  i n c r e a s e  wi th  dec reas ing  

i t u r e  occurs  f o r  t o t a l l y  d i f f e r e n t  m i c r o s t r u c t u r a l  reasons  i n  CW 316 

316 + T i .  

i r r a d i a t i o n  tempera ture  is decreased.  The bimodal c a v i t y  s i z e  

w t i o n  observed i n  Fig. 3.3.7(a) at  375OC appears  t o  s h i f t  a lmost  

. e l y  t o  t h e  l a r g e r  s i z e  mode a s  t h e  tempera ture  decreases .  The 

w i t h i n  t h i s  mode is then  a normal increase i n  c a v i t y  d e n s i t y  with 

ling tempera ture  but  an unusual14 i n c r e a s e  i n  c a v i t y  s ize  wi th  

ling tempera ture  t o  cause  t h e  i n c r e a s e  i n  swel l ing .  By c o n t r a s t  the 

d i s t r i b u t i o n  i n  CW 316 + T i  con t inues  t o  r e f i n e  w i th  dec reas ing  

i t i o n  temperature.  However, t h e  c a v i t y  s i z e  dec reases  only  s l i g h t l y ,  

. l a r g e  increase i n  c a v i t y  concen t r a t ion  causes  t h e  s w e l l i n g  i n  

+ T i  t o  be g r e a t e r  a t  375 than a t  285'C. 

le d i s l o c a t i o n  component of t h e  m i c r o s t r u c t u r e  produced by i r r a d i a -  

The ref inement  i n  c a v i t y  

The c a v i t y  d i s t r i b u t i o n  coa r sens  cons ide rab ly  i n  CW 316 

very  dense i n  a l l  samples,  as shown i n  Fig. 3.3.6. The d i s l o c a t i o n  

r u c t u r e s  of CW 316 and CW 316 + T i  are approximately t h e  same 

either aging  or i r r a d i a t i o n .  The i r r a d i a t e d  m i c r o s t r u c t u r e s  have 
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0.36% 

HFIR 
t 

( a )  375'C t o  380 at. ppm He and 8.5 dpa and (b) 285°C to  JYU at. ppm He  
and 7.7 dpa and in 20%-Cold-Worked Type 316 + 0.23% T i  I r r a d i a t e d  a t  
( c )  375OC t o  380 at. ppm He and 8.5 dpa and (d )  285'C to 390 a t .  ppm He 
and 7.7 dpa. 
AV is change i n  volume and V o  is o r i g i n a l  volume. 

A V l V o  - void volume f r a c t i o n  expressed  i n  pe rcen t ,  where 
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both a f i n e r  and a s p a t i a l l y  more uniform d i s l o c a t i o n  dens i ty .  Weak-beam 

d a r k  f i e l d  imaging of i r r a d i a t e d  m i c r o s t r u c t u r e s  (Fig. 3.3.8) r e v e a l s  t h e  

d i s l o c a t i o n  s t r u c t u r e  t o  be composed of both t a n g l e s  and loops. 

f a u l t e d  loops  appear  t o  be Frank loops  from t h e i r  c o n t r a s t  behavior15 and 

from t h e  a p p r o p r i a t e  s a t e l l i t e  s t r e a k s  seen  i n  r e c i p r o c a l  space nea r  (200) 

m a t r i x  r e f l e c t i o n s 1 6  (Fig.  3.3.9). 

i n  HFIK- irradiated s t ee l . 14  

9 X loz1 loops/m3 i n  both CW 316 and CW 316 + T i  i r r a d i a t e d  a t  375OC. 

The loops  are about  30 t o  35 w i n  diameter  i n  CW 316 and about  25 w in 
CW 316 + Ti .  In both m a t e r i a l s  the  loop s i z e  i n c r e a s e s  as t h e  i r r a d i a t i o n  

tempera ture  inc reases .  In (34 316 t h e  loop c o n c e n t r a t i o n  c l e a r l y  dec reases  

w i th  dec reas ing  tempera ture ,  and some of the  loops  can be observed t o  be 

u n f a u l t e d  i n  Fig. 3.3.8(b). In c o n t r a s t ,  t he  loop  c o n c e n t r a t i o n  i n c r e a s e s  

w i t h  dec reas ing  i r r a d i a t i o n  temperature i n  (34 316 + Ti .  The d i s l o c a t i o n  

loop  component of the m i c r o s t r u c t u r e  is  c l e a r l y  r e f i n e d  in (34 316 + T i  

compared with t h a t  of CW 316 a t  both i r r a d i a t i o n  temperatures .  

P r e c i p i t a t i o n  is  observed i n  a l l  i r r a d i a t e d  samples except  CW 316 

These 

Loops have not been observed p rev ious ly  

In g e n e r a l ,  t h e r e  are about  7 x loz1 t o  

i r r a d i a t e d  a t  285OC. The CW 316 i r r a d i a t e d  i n  HFIK a t  375°C has a f i n e  

d i s t r i b u t i o n  of gamma-prime particles, as shown i n  Fig. 3.3.10. The 

p r e c i p i t a t e  p a r t i c l e s  a r e  d i s t r i b u t e d  a long  t h e  network component of t h e  

d i s l o c a t i o n  mic ros t ruc tu re .  

i n  HFIK- irradiated (34-316. Its morphology and c r y s t a l l o g r a p h i c  h a b i t  

(cube-on-cube) a r e  similar t o  gamma prime observed by o t h e r s  i n  f a s t -  

r e a c t o r- i r r a d i a t e d  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 .  18-21 

image i n  dark f i e l d  by us ing  t h e  known l o c a t i o n  of t h e  gamma-prime 

r e f l e c t i o n s  [Fig.  3.3.10(b)], even when such r e f l e c t i o n s  could not  be seen  

i n  t h e  d i f f r a c t i o n  p a t t e r n .  19-21 

n o t  ev iden t  i n  (34 316 i r r a d i a t e d  a t  285OC or  i n  (34 316 + T i  i r r a d i a t e d  at 

e i t h e r  temperature.  

CW 316 + T i  i r r a d i a t e d  a t  ba th  285 and 375°C. 

CW 316 + T i  MC p a r t i c l e s  i n  dark  f i e l d .  

i n  (34 316, they  are a l s o  d i s t r i b u t e d  p r i m a r i l y  on t h e  network p o r t i o n  of 

t h e  d i s l o c a t i o n  component of t h e  mic ros t ruc tu re .  Table 3.3.4 shows t h a t  

the s i z e ,  c o n c e n t r a t i o n ,  and volume f r a c t i o n s  of MC i n  (34 316 + T i  and 

Gamma prime has not  been observed previous ly17  

Care was  taken t o  

Gamma-prime p r e c i p i t a t e  p a r t i c l e s  are 

Fine MC p r e c i p i t a t e  p a r t i c l e s  were observed i n  t h e  

F igure  3.3.11 shows t h e  

Like t h e  gamma-prime p a r t i c l e s  
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Fig. 3.3.9. ( a )  Se l ec t ed  Area D i f f r a c t i o n  Shows ( Z O O )  Matrix 
R e f l e c t i o n s  i n  Rec iproca l  Space wi th  S a t e l l i t e  S t r eaks  Resu l t i ng  from 
Stacking  F a u l t s  on (111) Planes. (b) Centered dark f i e l d  imaging wi th  
one of t h e  sa te l l i te  s t r e a k s ,  c l e a r l y  i n d i c a t i n g  t h a t  they come from the  
f a u l t e d  p lane  of the  loops. This he lps  confirm t h a t  t h e  loops are Frank 

old-worked type 316 s t a i n l e s s  s t e e l  
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Fig. 3.3.11. Fine MC P a r t i c l e s  Produced by HFIR I r r a d i a t i o n  of 20%- 
Cold-Worked Type 316 + 0.23 w t  % T i  a t  375°C. ( a )  Centered dark f i e l d  
image of MC phase us ing  (111) p r e c i p i t a t e  p a r t i c l e  r e f l e c t i o n .  
(b) Se lec t ed  a r e a  d i f f r a c t i o n  showing p a r a l l e l  (111) r e f l e c t i o n s  from 
t h e  ma t r ix  and from t h e  MC phase. 
in r e c i p r o c a l  space is c o n s i s t e n t  wi th  a f a i r l y  small MC p a r t i c l e  s i z e .  

The d i f f u s e  p r e c i p i t a t e  p a r t i c l e  spo t  
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gamma p r ime  i n  CW 316 a r e  almost i d e n t i c a l .  However, comparison of 

F i g s .  3.3.10(a) and 3.3.11(a) shows t h a t  t h e  d i s t r i b u t i o n s  d i f f e r ,  w i t h  

gamma p r ime  p a r t i c l e s  appear ing  t o  c l u s t e r ,  whereas most of the  MC p a r t i -  

c l e s  a r e  d i s c r e t e l y  spaced a long  the  d i s l o c a t i o n s .  P r e c i p i t a t i o n  of 

gamma p r i m e  dur ing  HFLK i r r a d i a t t o n  i s  c o n s i s t e n t  with the  tempera tures  

a t  which gamma-prime formation is observed i n  type  316 a l l o y s  a f t e r  f a s t -  

r e a c t o r  i r r a d i a t i o n .  18-" 

H F I K  i r r a d i a t i o n  occurs  a t  much lower tempera tures  than observed i n  

t i tanium- modif ied a u s t e n i t i c  s t e e l s  a f t e r  e i t h e r  f a s t - r e a c t o r  i r r a d i a t i o n  

o r  thermal  ag ing  (Fig. 3.3.6). 

However, p r e c i p i t a t i o n  of MC p a r t i c l e s  dur ing  

22 

3.3.4.4 Discussion 

The p o s t i r r a d i a t i o n  mechanical p r o p e r t i e s  of CW 316 and CW 316 + T i  

a r e  q u i t e  s i m i l a r  a f t e r  HFIK i r r a d i a t i o n  a t  t empera tures  from 55 t o  375°C 

t o  f luences  producing up t o  13 dpa and 740 a t .  ppm He. However, comparison 

w i t h  u n i r r a d i a t e d  m a t e r i a l  shows t h a t  t he  d u c t i l i t y  of CW 316 is  reduced 

by i r r a d i a t i o n  while  t h a t  of CW 316 + T i  remains t h e  same or  i n c r e a s e s .  

These t r e n d s  can be seen more c l e a r l y  when YS and TE a f t e r  i r r a d i a t i o n  a t  
about  375°C a r e  p l o t t e d  a s  a f u n c t i o n  of f l uence  by Grossbeck and Maziasz. 3 

However, t h e  h igh- s t r eng th ,  good d u c t i l i t y  p r o p e r t i e s  and t h e  d u c t i l e -  

t r a n s g r a n u l a r  f r a c t u r e  mode toge the r  i n d i c a t e  t h a t  both m a t e r i a l s  have 

b e t t e r  p r o p e r t i e s  than  t h e  same m a t e r i a l s  i r r a d i a t e d  a t  h ighe r  tempera- 

t u r e s  and/or  h ighe r  f luences.  3,4 s 6 ,  13, 23 ,24 

The i n c r e a s e  i n  YS and UTS a f t e r  i r r a d i a t i o n  a t  285 and 375°C i n  both 

CW 316 and CW 316 + T i  c o r r e l a t e  well with s e v e r a l  f e a t u r e s  of t h e  

i r r ad i a t i on- produced  mic ros t ruc tu re s .  The g e n e r a l l y  i nc reased  d i s l o c a t i o n  

d e n s i t y ,  t he  presence  of a s i g n i f i c a n t  number of sessile Frank f a u l t e d  

l o o p s ,  and t h e  h igh  c o n c e n t r a t i o n  of small c a v i t i e s  i n  t h e  i r r a d i a t e d  

m i c r o s t r u c t u r e s  a l l  c o n t r i b u t e  t o  t h e  observed s t r eng then ing .  When 

s t r e n g t h  i n c r e a s e s ,  d u c t i l i t y  u s u a l l y  decreases .  The re fo re ,  t h e  r educ t ion  

of UE and TE when t h e  YS and UT i n c r e a s e  i n  CW 316 a f t e r  i r r a d i a t i o n  i s  

n o t  unusual .  However, t he  i n c r e a s e  i n  both s t r e n g t h  and d u c t i l i t y  

parameters  i n  i r r a d i a t e d  CW 316 + T i  is unexpected. The s t r e n g t h  

parameters  a f t e r  i r r a d i a t i o n  a t  285 and 375°C are lower i n  CW 316 + T i  
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than in CW 316. However, this trend is qualitatively consistent with the 

precipitation differences between the alloys. PickeringZ5 points out that 

C and N are the most potent solid-solution strengtheners in austenite with 
additional strengthening contributed by Si, Mo, Ti, and Nb. The CW 316 
irradiated at 285°C has no precipitation and hence has its full complement 

of solid-solution strengtheners in addition to the other microstructural 

features that contribute to strengthening. In CW 316 irradiated at 375°C 

the gamma-prime precipitate particles mainly remove silicon from solution, 

little affecting the carbon that provides the more potent hardening. 

CW 316 + Ti irradiated at 285OC has MC precipitation that removes C, Ti, 

Mo, and Nb, as discussed in Chapter 3.4 of this quarterly report. Fine 

MC carbide particles can provide dispersion strengthening, but the 

strengthening must be traded off against the loss of solid-solution 

strength as the precipitating elements are removed from the matrix. The 
trade-off appears about even in CW 316 + Ti irradiated at 375°C because 
unirradiated and irradiated values of YS and UT are equal. 

The 

The relative differences in YS and UTS of irradiated CW 316 and 
CW 316 + Ti do not appear to correlate well with the relative changes in 
other microstructural components. These data indicate a minor role of 

cavities (and possibly loops) in hardening at these conditions. 

Both CW 316 and CW 316 + Ti exhibit modest levels of swelling at 285 
and 375"C, measured by either immersion density or cavity volume fraction. 

We did not expect the swelling to be considerably higher at 285 than at 

375°C. 

the trend of increased swelling with decreased irradiation temperature is 

the same. 

at 375°C is different for each material- increased cavity size in CW 316 
but increased cavity density in CW 316 + Ti. 
CW 316 + Ti relative to CW 316 results from the MC precipitation, an 
effect established earlier for 316 + Ti at higher  temperature^.^^,^^ 
The insensitivity of the total swelling to these drastic changes in 

microstructure indicates a dominant role of the amount of helium and the 

irradiation temperature on total swelling in cold-worked material at these 

conditions. 

Although the swelling is less  in the CW 316 + Ti than in CW 316, 

The microstructural reason for the greater swelling at 285 than 

The cavity refinement in 



3.3.5 Summary 

1. The YS and UTS of both CW 316 and CW 316 + T i  i n c r e a s e  

c a n t l y  on HFIK i r r a d i a t i o n  a t  55 t o  375°C a t  f l uences  producing 

s i g n i f  i- 

up t o  

15  dpa and 740 a t .  ppm He. P o s t i r r a d i a t i o n  YS ranges from 700 to 1000 MF'a 

and UTS from 800 to 1000 MF'a f o r  both materials, w i t h  CW 316 s l i g h t l y  

s t r o n g e r  than  CW 316 + T i  up t o  350°C. The YS and UTS g e n e r a l l y  dec rease  

a s  t h e  t e s t  and i r r a d i a t i o n  tempera tures  inc rease .  

2. P o s t i r r a d i a t i o n  UE and TE a r e  s i m i l a r  f o r  both CW 316 and 

CW 316 + T i  a f t e r  i r r a d i a t i o n  a t  55 t o  375°C. P o s t i r r a d i a t i o n  TE ranges 

from 9 t o  15% a t  35°C and from 6.5 t o  9% a t  350°C but  f a l l s  t o  5 to 6% a t  

300°C. P o s t i r r a d i a t i o n  UE remains about cons t an t  a t  0.2 t o  0.5% a t  

35  t o  300°C and i n c r e a s e s  t o  2.5 t o  4.5% a t  350°C. Both UE and TE a r e  

s u b s t a n t i a l l y  decreased by i r r a d i a t i o n  i n  CW 316 but a r e  i nc reased  

somewhat by i r r a d i a t i o n  i n  CW 316 + T i .  

3. The f r a c t u r e  mode of i r r a d i a t e d  CW 316 and CW 316 + T i  remains 

d u c t i l e  t r a n s g r a n u l a r  over  the  range of i r r a d i a t i o n  and t e s t  t empera tures  

from 35 t o  350'C. 

4. M i c r o s t r u c t u r a l  examination r e v e a l s  measurable c a v i t y  swe l l ing  i n  

both  CW 316 and CW 316 + T i  i r r a d i a t e d  a t  285 and 375°C t o  f luences  

producing 7.7 t o  8.5 dpa and 380 to 390 a t .  ppm He. The t o t a l  swe l l ing  

was 0.08 t o  0.12% a t  375°C and 0.36 to 0.43% a t  285°C with s l i g h t l y  less 

s w e l l i n g  i n  CW 316 + T i  a t  both temperatures .  The c a v i t y  m i c r o s t r u c t u r e  

i s  cons ide rab ly  r e f i n e d  i n  CW 316 + T i  compared wi th  CW 316, p a r t i c u l a r l y  

a t  285OC. 

5. The d i s l o c a t i o n  s t r u c t u r e  i n  a l l  i r r a d i a t e d  samples is s i g n i f i -  

c a n t l y  denser  than  i n  u n i r r a d i a t e d ,  t he rma l ly  aged c o n t r o l  samples. The 

i r r a d i a t e d  d i s l o c a t i o n  s t r u c t u r e  c o n t a i n s  a s u b s t a n t i a l  f r a c t i o n  of 

Frank f a u l t e d  loops  a s  w e l l  as a network t ang le .  The loop  s t r u c t u r e  i s  

much f i n e r  i n  CW 316 + T i  than i n  CW 316 a t  both 285 and 375°C. 

6 .  P r e c i p i t a t i o n  occurs  i n  a l l  samples except  CW 316 i r r a d i a t e d  

a t  285OC. F ine ly  d i s t r i b u t e d  gamma prime (-3 nm i n  d iameter ,  

7 x loz2 p r e c i p i t a t e  pa r t i c l e s /m3)  i s  produced i n  CW 316 i r r a d i a t e d  a t  

375OC. Fine t i t an ium- r ich  MC p r e c i p i t a t e  p a r t i c l e s  a r e  produced dur ing  

i r r a d i a t i o n  of CW 316 + T i  a t  285 and 375°C. The f i n e  MC i s  d i s t r i b u t e d  

on a s c a l e  s i m i l a r  t o  the  gamma prime. 
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7. The mechanical p r o p e r t i e s ,  f r a c t u r e  mode, and s w e l l i n g  v a l u e s  are 

t h e  same as or  s l i g h t l y  b e t t e r  €or CW 316 + T i  compared wi th  CW 316 a f t e r  

i r r a d i a t i o n  a t  50 t o  375°C. The t r end  of improved r a t h e r  than degraded 

p o s t i r r a d i a t i o n  d u c t i l i t y  compared wi th  u n i r r a d i a t e d  values  f a v o r s  

CW 316 + T i  over CW 316 €or  a p p l i c a t i o n s  i n  t h i s  temperature  range. 
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3.4 COMPOSITION AND MICKOSTKUCTURE OF PKECIPITATE PHASES I N  AUSTENITIC 
STAINLESS STEELS - P. J. Naziasz (OKNL) 

3.4.1 ADIP Task 

ADIP Task I.C.l, Microstructural Stability, and Task I . C . 2 ,  

Microstructure and Swelling in Austenitic Alloys. 

3.4.2 Objective 

The objective o f  this work is to characterize the precipitate phases 

that f o r m  in austenitic stainless steels during irradiation or thermal aging. 

This information will help identify compositional changes f o r  further 

optimization of the Path A Prime Candidate Alloy (PCA). 

3.4.3 Summary 

The phases produced in type 316 stainless steel by thermal aging at 

750'C or below are eta ( n ) ,  tau (T), Laves, and sigma (0). Thermal aging 

of type 316 + 0.23 wt % Ti ( 3 1 6  + Ti) produces titanium-rich MC in 

addition to varying combinations of the above-mentioned phases. The 

compositions of the thermally produced phases are unique and distinguish- 

able. Relative t o  the matrix, MC is enriched in Mo, V, Ti, and Nb; 

tau (M13C6) is enriched in Mo and Cr; Laves is enriched in Si, Mo, and Cr; 

eta is enriched in Si, Mo, Cr, and Ni; and sigma is enriched in Mo and Cr. 

All these phases produced by thermal aging are depleted in Fe and, with 
the exception of eta, depleted in Ni. Only tau and MC are depleted in Si. 
The thermally produced phases in type 316 nucleate heterogeneously on 

grain boundaries, matrix dislocations, or the interfaces of other precipi- 
tate phases (sympathetic nucleation). In general, the increase of 

available nucleation sites can account for the enhancement of eta, laves, 

and sigma phases in thermally aged 20%-cold-worked as compared with 

solution-annealed type 316 stainless steel. Precipitation of tau, eta, 

and Laves together considerably reduces the Si and Mo contents of the 

austenite matrix during thermal aging. 

Irradiation can enhance laves, eta, and MC formation and retard or 

el< :?ate formation of tau phase relative to thermal aging. The phases 

produced during irradiation appear compositionally similar to their thermal 
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c o u n t e r p a r t s  ( exc lud ing  t h e  i r rad ia t ion- induced  phases)  but  wi th  small, 

s y s t e m a t i c  composi t ion p e r t u r b a t i o n s .  The enrichment or d e p l e t i o n  

behavior  wi th  r e s p e c t  t o  s p e c i f i c  elements remains  simiLar t o  the  thermal 

behavior .  The excep t ion  i s  Laves phase,  which can be enr iched  i n  N i  when 

produced dur ing  i r r d d i a t i o n  a t  lower temperatures .  I n  g e n e r a l ,  t h e  phases 

enhanced dur ing  i r r a d i a t i o n  are those  c o n s i d e r a b l y  enr iched  i n  S i ,  Mo, and 

V i .  The excep t ion  i s  MC, which is c l e a r l y  enhanced dur ing  High Flux 

I s o t o p e  Reactor (HFIK) i r r a d i a t i o n  and y e t  i n c o r p o r a t e s  l i t t l e  o r  no 

S i  o r  N i .  

Those p r e c i p i t a t e  phases t h a t  have no corresponding the rmal ly  

produced c o u n t e r p a r t s  i n  t h e  same material are cons ide red  t o  be induced 

by t h e  i r r a d i a t i o n .  These i n c l u d e  G phase, gamma prime, and t h e  

phosphorus- rich rod phase. However, t h e s e  phases p lay  e i t h e r  a minor 

r o l e  (gamma prime) or  are not  formed a t  a l l  dur ing  HFIK i r r a d i a t i o n  of 

t y p e s  316 o r  316 + T i .  

The c u r r e n t  s t r a t e g y  i n  f u s i o n  a l l o y  des ign  f o r  Path  A materials i s  

t o  encourage and s t a b i l i z e  f ine- sca le  MC p r e c i p i t a t i o n ,  while reduc ing  or 

e l i m i n a t i n g  t h e  format ion of o t h e r  phases. It appears  t h a t  t h e  S i  con ten t  

of t h e  m a t r i x  should  be he ld  low t o  d i scourage  Laves and eta Eormation 

d u r i n g  i r r a d i a t i o n .  Molybdenum is involved i n  e ta ,  Laves, and sigma but 

a l s o  i n  MC and shou ld  be v a r i e d  t o  determine the e f f e c t  on MC s t a b i l i t y .  

F i n a l l y ,  s y s t e m a t i c  combinations of V and Nb wi th  t h e  normal T i  a d d i t i o n  

s h o u l d  be cons ide red  t o  determine t he i r  e f f e c t s  on MC s t a b i l i t y .  

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

Numerous papers  r e p o r t  and d i s c u s s  t h e  enhancement and a l t e r a t i o n  of 

p r e c i p i t a t i o n  i n  s t a i n l e s s  s tee l  dur ing  neu t ron  i r r a d i a t i o n  and t h e  

p o t e n t i a l  e f f e c t s  of p r e c i p i t a t e s  on void  o r  bubble swe l l ing .  '-lo 

P r e c i p i t a t i o n  produced dur ing  i r r a d i a t i o n  can a l s o  a f f e c t  o t h e r  p r o p e r t i e s ,  

such as s t r e n g t h  or d u c t i l i t y , *  which is  d i scussed  i n  Chapter 3 .3  of t h i s  

q u a r t e r l y  r e p o r t .  Many i n v e s t i g a t o r s  have r e p o r t e d  t h a t  phases produced 

i n  s t a i n l e s s  s tee l  d u r i n g  i r r a d i a t i o n  are c o n s i d e r a b l y  a l t e r e d  i n  

composi t ion compared w i t h  t h e  same phases produced by thermal  aging.  

Recen t ly ,  however, proper  phase i d e n t i f i c a t i o n  and q u a n t i t a t i v e  x-ray 
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energy d i s p e r s i v e  spect roscopy (EDS) of  mat r ix - f ree  p r e c i p i t a t e  pa r t i c les  

suspended on e x t r a c t i o n  r e p l i c a s  l a v e  shown that  many of t h e  phases 

produced dur ing  e i t h e r  Experimental  Breeder Reactor ( E B R ) - I 1  or HFIK 

i r r a d i a t i o n  are compos i t iona l ly  q u i t e  similar t o  t h e  same phases produced 

d u r i n g  thermal  aging.  The comparison began wi th  f i n d i n g  e ta  phase i n  

the rmal ly  aged type 316 and then  i t s  proper  i d e n t i f i c a t i o n l l  i n  e i t h e r  

EBR-11- o r  HFIK- irradiated type 316. The comparison i s  now extended t o  

t a u  (M23C6), l a v e s ,  and ttC. 

3.4.4.1 Experimental  Details 

Alloy composi t ions ,  determined by q u a n t i t a t i v e  chemical  a n a l y s i s  of 

bu lk  material, are given i n  Table 3.4.1. The d e t a i l s  of specimen f a b r i -  

c a t i o n  f o r  20%-cold-worked or  solut ion- annealed t y p e s  316 s t a i n l e s s  s teel  

( C W  316 o r  SA 316) o r  316 + T i  (CW 316 + T i  o r  SA 316 + Ti )  have been 

r e p o r t e d  i n  Chapter 3.3 of t h i s  q u a r t e r l y  r e p o r t  and 

F a b r i c a t i o n  d e t a i l s  f o r  producing homogeneous Pa th  A PCA have a l s o  been 

repor ted.15 

i r r a d i a t e d  i n  the HFIK a t  t empera tu res  ranging from 370 t o  700°C t o  

f l u e n c e s  producing up t o  about  4000 a t .  ppm He and 60 dpa.6-8,12 

specimens of t h e  same heat of type  316 have been i r r a d i a t e d 1 3  i n  

E B R - I 1  a t  500 t o  615°C t o  f l u e n c e s  producing about  9 dpa and about  

4 t o  5 at .  ppm He. Samples f o r  conven t iona l  t r a n s m i s s i o n  e l e c t r o n  micros-  

copy (CTEM) were ob ta ined  from a v a r i e t y  of samples: 3-m-diam d i s k s  

cu t  from rod s tock or punched from sheet f o r  the rmal ly  aged material and 

d i s k s  c u t  from t h e  gage or shou lder  of but tonhead tens i le  specimens o r  

12-14 

Specimens of type  316 and/or  type  316 + T i  have been 

Severa l  

Table  3.4.1. Composition of Three A u s t e n i t i c  S t a i n l e s s  Steels  

Cantent," W t  z 
Alloy 

Cr Ni Mo S i  T i  C P S N B Y Nb 

316 18.0 13.0 2.6 1.9 0.8 0.05 0.05 0.013 0.016 0.005 0.0005 0.01 0.0005 

3 1 6 + T i  17.0 12.0 2.5 0.5 0.4 0.23 0.06 0.01 0.013 0.006 0.0007 0.01 0.01 

PCAb 14.0 16.2 2.3 1.8 0.4 0.24 0.05 0.01 0.003 0.01 0.0005 c E 
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from t h e  gage of shee t  t e n s i l e  specimens f o r  i r r a d i a t e d  material. One 

d i s k  from each specimen was th inned to e l e c t r o n  t r ansparency  wi th  a 

s t a n d a r d  two-stage dimpling and e l e c t r o p o l i s h i n g  method. l6  

from s e v e r a l  samples was used f o r  e x t r a c t i n g  p r e c i p i t a t e s  on a n  e l e c t r o n  

t r a n s p a r e n t  carbon f i lm.  The specimen s u r f a c e  is prepared by e l e c t r o-  

p o l i s h i n g  wi th  5 v o l  % p e r c h l o r i c  a c i d  i n  methanol followed by l i g h t l y  

e l e c t r o e t c h i n g  wi th  10 vo l  % hydroch lor ic  a c i d  i n  e t h a n o l  t o  o b t a i n  

s u r f a c e  r e l i e f .  A 50- t o  200-nm-thick carbon f i l m  was vacuum d e p o s i t e d  

o n  the s u r f a c e  and removed by f u r t h e r  e l e c t r o p o l i s h i n g .  The carbon f i l m  

i s  then f l o a t e d  i n  methanol and suspended on a be ry l l ium g r i d .  The 

r e p l i c a s  thus  produced c o n t a i n  wel l- separated,  ma t r ix- f ree  p r e c i p i t a t e s  

a s  recommended f o r  q u a n t i t a t i v e  x-ray EDS a n a 1 y ~ i s . l ~  The x-ray micro- 

a n a l y s i s  was performed i n  a JEM l O O C X  (120-kV) a n a l y t i c a l  e l e c t r o n  

microscope (AEM) optimized f o r  x-ray EDS. l8 

h o l d e r  and gimble were used t o  f u r t h e r  reduce t h e  system x-ray background 

s i g n a l .  

t r a n s m i s s i o n  e l e c t r o n  microscope (STEM) mode t o  maximize e x c i t e d  volume 

and minimize contaminat ion,  which is  important  when ana lyz ing  f o r  Si. 

P r e c i p i t a t e  phase p a r t i c l e s  were i d e n t i f i e d  bo th  i n- f o i l  and on r e p l i c a s  

by mul t izone t i l t i n g  and s e l e c t e d  area d i f f r a c t i o n  (SAD) or convergent 

beam e l e c t r o n  d i f f r a c t i o n  (CBED) and compared wi th  a v a i l a b l e  l i t e r a tu re  

data .19$20 

about  0.5 x 1 pm a d j a c e n t  t o  the f o i l  edge (between p r e c i p i t a t e  p a r t i c l e s  

i n  aged samples).  I n  a l l  c a s e s  t h e  f o i l  t h i c k n e s s  w a s  about  20 t o  100 nm. 

The x-ray s p e c t r a  were c o l l e c t e d  and analyzed wi th  a PDP 11/34 computer. 

A f t e r  a p p r o p r i a t e  background s u b t r a c t i o n ,  i n t e g r a l  i n t e n s i t i e s  were 

measured by f i t t i n g  Gaussians and were conver ted i n t o  q u a n t i t a t i v e  

compos i t iona l  in fo rmat ion  v i a  t h e  s t a n d a r d l e s s  a n a l y s i s  t echn ique ,  

employing programs developed by Zaluzec. 21 9 22 

deconvoluted by us ing  a p p r o p r i a t e  s u b t r a c t i o n  and the fo l lowing  

A second d i s k  

A bery l l ium d o u b l e- t i l t  

The EDS w a s  performedL8 i n  the CTEM rather than the scanning 

The m a t r i x  w a s  analyzed i n  t h e  CTEM mode on e l l i p t i c a l  areas 

Overlapping peaks were 

C r  ( K 5 / K a )  = 0.138; Mo [L , / (L ,  + L B ) ]  = 0.735 and 

( 5 ,  + L )/K 
T i  (K /K ) - 0.09; V (K /K ) = 0.10. Peaks analyzed con ta ined  from 

100 t o  100,000 coun ts  wi th  a s t a t i s t i c a l  s i g n i f i c a n c e  of 10 t o  0.03%. 

r e s p e c t i v e l y ,  f o r  t h e  r e p o r t e d  weight percent .  

= 3.06; Nb IL , / (L ,  + L B ) l  = 0.735 and ( L a  + L B ) / K ,  = 3.17; 
B a  

6 a  5 a  
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3.4.5 R e s u l t s  

The in format ion  w i l l  be p resen ted  f o r  each phase s e p a r a t e l y  and then 

f o r  the  m a t r i x  a n a l y s e s  performed. P r e c i p i t a t e  phases occur r ing  dur ing  

r e a c t o r  i r r a d i a t i o n  can be cons ide red  t o  be enhanced by i r r a d i a t i o n .  

However, those  p r e c i p i t a t e  phases t h a t  have no corresponding the rmal ly  

produced c o u n t e r p a r t s  i n  the same material are cons ide red  t o  be induced 

by the i r r a d i a t i o n  and are t r e a t e d  elsewhere.23 These i n c l u d e  G phase,  

gamma prime, and the phosphorus- rich rod phase. However, t h e s e  phases 

p l a y  e i ther  a minor r o l e  (gamma prime) o r  are not  formed a t  a l l  dur ing  

HFIR i r r a d i a t i o n  of t y p e s  316 or 316 + T i .  The phases cons ide red  i n  t h i s  

work are eta ,  t a u  (M23C6), Laves, MC, sigma, and chi .  

p r e s e n t  for  both  t h e  thermal  aging and i r r a d i a t i o n  exposure is g iven  i n  

Table  3.4.2. A summary of the  c r y s t a l l o g r a p h i c  in fo rmat ion  and vo lumet r i c  

m i s f i t  r e l a t i v e  t o  t h e  untransformed a u s t e n i t e  f o r  t h e  v a r i o u s  phases is  

g i v e n  i n  Table 3.4.3. 

A summary of phases 

Table 3.4.2. Phases Presen t  After Thermal Aging o r  I r r a d i a t i o n  
of Types 316 S t a i n l e s s  S t e e l  or  316 + T i  

Neutron Irradiat ion Thermal Aging 

G m d i  t i o n s  Conditions 

Time Temperature 

Materiala 

Temperature Damage Phases 
Level 
(dpa) ( " 0  

Reactorb 
(h )  ('C) 

SA 316 10,000 600 Tau H F I K  550 42  Eta. tau,  

Laves 

10,000 650 Tau, e t a ,  Laves, 
8 igma 

6 igma 

8 igma 

20% 316 10,000 600 Tau, e t a ,  Laves, H f I K  380 49 Eta 

10.000 650 Tau, e t a ,  Laves, HFIR 460 54 Eta, Laves 

EBR-I1 500 9 Tau, eta 

1 1050 MC H F I R  600 30 Tau, Laves, SA 316 + T i  
MC 

PCA 1 1050 MC 

aSA - so lu t ion  annealed; W - co ld  worked; PCA - Prime Cendidste Alloy.  

h F 1 R  - High Flux Isotope Reactor; EBR - Experimental Breeder Reactor. 



T a b l e  3.4.3.  CrystaLLographic Data and Ca l cu l a t ed  Volume H i s f i t  f o r  
Various P r e c i p i t a t e  Phases i q  Type 316 A u s t e n i t i c  S t a i n l e s s  S t e e l  

Phase L a t t i c e  S o l u t e b  x i s f i t  Parameter, '  c ry5  t a  1 s t r l l c  t u  rea Parameter  ( a t  oms I ( 6  - 6.,,)/6, (nm)  ""it c e l l )  

A u s t e n i t e ,  gamma 

Tau (Cr23C6je 

Eta (FelWjC) 

Laves ( P e p o )  

Sigma ( F e ,  Cr) 

Chi (a-Mn) 

T i- r i ch  MC ( T I C )  

Gamma prime 
( N i j S i )  

( F e z P )  

G phase 

P- rich rods 

(Ti6Ni16Si7) 

( cub i c ,  Fm3m, A l )  

( c u b i c ,  Fm3m,  084) 

( c u b i c ,  Fdlm. E93) 

(hexagonal ,  P6jlmmc, C14) 

( t e t r a g o n a l ,  P4/nnm, 08,) 

( c u b i c ,  Ic3m, 1\12) 

( c u b i c ,  Fmlm, 81) 

( c u b i c ,  P m l m ,  L 1 2 )  

(hexagonal, P 3 2 1 ,  C22) 

(cubic .  Fm3m, A l l  

cy = 0.16d 

q = l.Ubd.f 

= 1.07&h 

= 0.47djf  
C" = 0.77 

c l a  = 1.64 

% = 0.88d 
c0 = 0.46 

cla = 0.52 

% = o . n s L f  
nu = 0.41a.f 

q, = O . X a  

ng = 0.b04i 
co = 0.36 

= 1 . l J  

c / a  = 0.6 

4 

92 

96 

1 2  

30 

58 

4 

b 

b 

116 

0 

0. IO 

0.09 

4 . 0 5  

0.02 

0.04 

0.7 

4 . 0 8  

41.38 

0.04 

aFor each phase ( l a t t i c e  sys tem,  space group, s t r u c t u r e  t ype )  where l a t t i c e  sys tem is t h e  
Bravais  l a t t i c e  type - space  group is g iven  by t h e  s h o r t  form of t h e  po in t  group symmetry 
elements in the Hecmann-Mauguin s h o r t  n o t a t i o n ;  s t r u c t u r e  t ype  i s  t h e  S t r u k t u r b e r i c h t  n o t a t i o n  
f o r  t h e  element or pure compound t h a t  i s  t h e  p ro to type  s t r u c t u r e  f o r  t h a t  c r y s t a l  class. 
Source:  C. J. S m i t h e l l s ,  Ed., Metals Reference Rook, 5 t h  ed., But te rwor ths ,  London, 1976, 
pp. 10G77.  

s t i t i a l  carbon or n i t r o g e n  atoms ( i f  any).  

( s o l u t e  a tomlun i t  cell); 6, = volume pe r  s o l u t e  atom i n  t h e  a u s t e n i t e  mat r ix .  

of  316 A u s t e n i t i c  S t a i n l e s s  S t e e l , "  Neta l l .  Trans.  3: 8 5 1 4 6  (1972). 

h e  t o t a l  number of atoms per u n i t  c e l l  of t h e  s t r u c t u r e  minus t h e  number of i n t e r -  

c6 is t h e  volume per s o l u t e  atom i n  t h e  p r e c i p i t a t e  s t r u c t u r e ;  6 = (volumeluni t  cell)/ 

dSource: 0. Weiss and K. S t i c k l e r ,  "Phase I n s t a b i l i t i e s  During High-Temperature Exposure 

eE i the r  p ro to type  compound or compound a p p r o p r i a t e  t o  s t e e l .  

fsource:  K. W. Andrews, P. J. Bryson, and S. R. Koewn, I n t e r p r e t a t i o n  of E l e c t r o n  
Diffmction P a t t e r n s ,  2d ed. ,  Plenum P re s s ,  New York, 1971. 

(1959). 
SSource: H. Hughes, "A New S i l i c i d e  i n  a 12 Percent  Chromium S t e e l , "  Na tu re  183: 1543 

'Source: P. J. Maziasz. "The Formation of Diamond-Cubic Eta ( r i )  Phase i n  Type 116 .. 
S t a i n l e s s  S t e e l  Exposed t o  Thermal .Aging or I r r a d i a t i o n  Environment ," Scr. Metall. 
13: 621-26 ( J u l y  1979). 

%Source: J. Bentley and J. M. Le i t nake r ,  "Stable  Phases i n  Aged Type 321 S t a i n l e s s  
S t e e l , "  pp. 70-91 i n  The Metal Science of S t a i n l e s s  Stee l s ,  E. W. Co l l i ngs  and 
H .  W. King, Eds., The M e t a l l u r g i c a l  Soc i e ty  of A I M E ,  New York, 1979. 

S t a b i l i t y  and Swel l ing  Behavior uf AIS1 316 S t a i n l e s s  S t e e l , "  J .  Nucl. Mater. 83: 79 (1979). 
jSource: E. H. Lee, A. F. Xowcliffe, and E. A, Kenik, " E f f e c t s  of S i  and T i  on t h e  Phase 
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3.4.5.1 Tau Phase 
The designation tau ( T) is chosen following StadelmaierZ4 because 

the stoichiometry of this phase in steel is not well known. 

under way by Zaluzec and MaziaszZ5 to measure the C content in tau 

produced during thermal aging by using quantitative electron energy loss 

spectroscopy (EELS). However, with reference to the literature, tau and 

"M23C6" can be used interchangeably. 

Efforts are 

Tau phase is face-centered cubic (fcc) with a lattice parameter of 
about 1.06 nm when formed in stainless steel (Table 3.4.3). The lattice 

parameter determined by SAD in this work agrees within 20.05 run. 

has approximately a +lo% volume misfit with respect to untransformed 
austenite on the basis of crystal structure and lattice parameters. 
Tau phase is generally formed after thermal aging at 56O0C and above in 

either SA 316 or CW 316 examined in this work or in similar steels 
examined by others. 26-28 

cube-on-cube, as shown by SAD in Fig. 3.4.1. However, tau can sometimes 

appear to have a twinned crystallographic habit with respect to the 

surrounding matrix if it nucleates cube-on-cube with stacking faults or 

deformation bands in cold-worked material. Figure 3.4.l(b) shows the 

appropriate (001) diffraction pattern from a single tau particle that is 
necessary to distinguish fcc tau phase from diamond-cubic eta phase. 

Figure 3.4.2 indicates that intragranular tau phase produced on 

thermal aging has a variety of morphologies while always maintaining the 
same cube-on-cube crystallographic habit. Typical morphologies and 

distributions of tau phase produced at grain boundaries in thermally aged 

type 31 tides are 

usually at the boundary 

and m o w  into cne suoersarurarea macrix 01 cnac grain. 

Tau phase 

The crystallographic habit relationship is 

ltes, tau phase is 

ainated,15 as in 
xservations of others 

L V .  LILa.LLUYL-IYVUILISU CVLYt..=.'LSU ULIy.VUILIAIcU ,astenitic stainless 
steels.26*30-32 

.6 are shown in Fig. 3.4.3. The grain boundary par 

r oriented cube-on-cube with only one of the grains 
. . .I . .  . .  .. . - 

In thermally aged, titanium-modified austenl 
generally reduced,29 as in type 316 + Ti, or elin 
Path A PCA. This is generally consistent with 01 
F-- c i~ - -4 . . - - . .~d4F* -d  ,.,......srad .r(th ..-r-d4F4ad -. 
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Fig. 3.4.1. (a )  Selected Area Diffraction (SAD) of ( 0 0 1 )  Zone Axis 
for  Austenite Matrix Plus Intragranular Tau Phase Part ic les  in  20%-Cold- 
Worked Type 316 Thermally Aged for 10,000 h at 650°C and (b)  SAD from a 
Single Part ic le  of the Same Phase i n  the Same Crystallographic Orientation 
on a Carbon Extraction Replica. 
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Fig. 3.4.3. Typical Grain Boundary Tau Phase Produced by Thermal 
Aging in (a) Solution-Annealed Type 316 Aged 10,000 h at 600°C and 
(b) 20%-Cold-Worked Type 316 Aged 10,000 h at 600°C. 
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Tau phase, in either CW 316 or SA 316,  appears at somewhat lower 

temperatures for EBR-11 irradiation compared with thermal aging. l 3  

Figure 3.4.4 shows grain boundary microstructures produced in SA 316 and 

CW 316 at 5OO0C and in SA 316 at 625'C during irradiation to a fluence of 

8.4 dpa (irradiation time -3400 h). The amount of tau phase appears 

reduced after EBR-I1 irradiation when compared with type 316 thermally 

aged at 600°C [Figs. 3 . 4 . 3 ( a )  and 3.4.41.  Tau phase is again produced 

both at the grain boundaries and in the matrix of the same heat of 

material irradiated in EBR-I1 at 680 to 750°C. Tau phase is not observed 

at a117*29 after HFIR irradiation at 550-C or below in CW 316 or 

CW 316 + Ti. 
SA 316 + Ti irradiated in the HFIR at 6OO0C and at the grain boundaries 
and in the matrix6 of SA 316 irra-diated in the HFIR at 55OOC. It appears 
in anomalously large particles' in CW 316 after HFIR irradiation at 6OOOC. 

This sample recrystallized during the irradiation. Tau is always observed 

to have its characteristic cube-on-cube crystallographic habit after 

thermal aging or irradiation in either EBR-I1 or HFIR. 

It is observed primarily at the grain boundaries8 of 

The compositional measurements on a number of tau phase particles 
produced either thermally or during neutron irradiation are given in 

Table 3 .4 .4 ,  and a characteristic x-ray EDS spectrum is shown in 

Fig. 3 .4 .5 .  Matrix measurements for both unaged controls and the matrix 

between precipitate particles after thermal aging are given in Table 3.4.5 

for comparison. Tau on the average is low in Si, Fe, and Ni and 
considerably enriched in Cr and Mo, relative to the bulk alloy composition. 

Occasional particles show a large enrichment of Ti or V, which have very 
1 ow i c  ix. The composition of the phase 

is tlnC DayLC wLnetkLcL LL ID yLvuuccu .,_ 316 or CW 316 and shows no 
mpo- 

la 1 

concentrat 
L.. ..̂...̂ -.h 

Bns in the austenite matr 
.L..- ,* I.. ..--d......d a-  EA 

systematic temperature dependence outside the particle-to-particle co 

sitional variation. An average composition for tau produced by them 
aging in weight percent is 0.5 Si-14 -4.5 Cr-O.5 -15.5 Fe4.0 Ni 

neglecting the occasional V and Ti. The composition of tau produced 
. .  

, 
in 

type 316 + Ti is very nearly similar, except that TI appears regularly 
at several weight percent.29 

produced thermally in either type 316 or closely related austenites27 * 3 3  

Quantitative microprobe analysis of tau 
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I 
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Fig. 3.4.4. Typical Grain Boundary Microstructures Produced During 
EBR-I1 Irradiation of (a) Solution-Annealed Type 316 Irradiated at 5OO0C, 
(b) Solution-Annealed Type 316 Irradiated at 625"C, and (c) 20%-Cold- 
Worked Type 316 Irradiated at 5OOOC. 
fluence of 8.4 dpa, which corresponds to an exposure time of about 3400 h. 

All samples were irradiated to a 
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Table  3.4.4. X-Ray Energy D i s p e r s i v e  Spectroscopy 
Composit ional  Informat iona  from Tau (M23C6) 

Phase Produced by E i t h e r  Thermal 
Aging o r  Neutron I r r a d i a t i o n  

Content, b w t  z 

si  Mo T i  v C r  Mn Fe N i  

SA Type 316 Aged 10,000 h a t  600°C 
(Grain Boundary) 

C 9.0 0.8 C 58.3 0.5 27.4 
0.2 9.7 0.2 C 67.4 C 19.5 
0.2 10.6 0.4 C 67.0 c 18.3 

SA Type 316 Aged 10,000 h a t  600-C (Matrix) 

0.3 16.0 3.0 C 62.0 c 17.0 
C 14.8 0.2 C 65.0 C 17.0 
C 19.7 c c 67.0 C 12.3 
C 16.6 C C 66.0 C 14.6 

SA Type 316 Aged 10,000 h a t  650°C (Matrix) 

2.0 24.5 c c 51.7 C 18.3 
C 16.5 C C 66.6 1.7 11.2 
C 15.3 C C 68.4 0.6 13.0 

2.0 17.0 1.0 2.3 55.3 C 13.0 
20% CW Type 316 Aged 10,000 h a t  6OO0C (Matrix) 

0.8 12.4 C C 63.4 2.2 16.0 
C 9.7 C c 73.0 0.4 13.5 

0.4 12.3 C C 61.0 1.4 20.0 
0.6 12.6 C C 60.2 1.6 18.0 
2.0 16.2 c 0.5 64.3 0.3 9.4 

20% CW Type 316 Aged 10,000 h a t  650°C (Matrix) 

1.3 12.7 C C 71.0 C 8.0 
C 8.5 0.4 C 74.3 0.3 13.2 

4.0 
3.0 
3.5 

1.7 
3.0 
1.0 
2.8 

3.5 
4.0 
2.7 
9.4 

5.3 
3.4 
5.0 
7.0 
7.2 

7.0 
3.3 

20% CW Type 316, E B R - I 1  I r radia ted  a t  50OoC 
t o  9 dpa (Grain Boundary) 

- _ -  -.- __._ 
0.4 0.4 59.0 

ie 316 + T i ,  H F I R  I r radi ;  
t o  30 dpa (Grain Bount 
,,r * *  c, ,, 

3.0 12.4 0.6 0.5 54.4 0.2 16.8 12.3 
1.0 12.0 I - n  1.0 5 6 . 5  1.8 23.0 3.5 
2.3 12.8 1.0 14.8 9.2 

ited a t  600'C 

0.5 10.0 U.O L .L  2 O . U  C 25.8 4.8 
1.0 11.0 C C 64.7 C 18.0 4.7 

%ut-in headings a re  aging or i r r ad ia t ion  condi- 
tions. Terms i n  parentheses indicate locations of 
analyzed precipi ta te  par t ic les .  
CW = cold worked. 

SA = solution annealed; 

hormalized weight percent. 

q o t  detectable. 
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Table 3.4.5. X-Kay Energy Di spe r s ive  Spectroscopy Composi- 
t iona l  In fo rma t tona  on the Austenite Hatrix Before 

o r  A f t e r  Thermal Aging 

Content,b ut % 

s i  Mo T i  C r  Mn Fe N i  
P rec ip i t a te  Phases 

1.3 
1.5 

1.0 
1.2 
1.2 

0.5 
0.2 
0.3 

0.4 
0.6 
0.5 

2.0 
1.3 
1.3 

1.9 
1.2 

0.9 
0.8 

Type 316, SA Control 

4.0 c 18.0 2.6 61.1 13.0 None 
3.4 C 18.1 2.5 61.1 13.4 

Type 316, 20% CW Control  

2.5 C 19.4 1.6 63.1 12.4 
3.8 C 18.3 1.7 62.3 12.7 None 
3.3 c 18.3 1.7 63.7 11.8 

Type 316 + Ti ,  SA Control 

2.3 0.2 18.8 0.6 65.0 12.5 
2.4 0.2 19.3 0.6 66.0 11.4 MC, Ti(C,N)S 
3.1 0.3 19.7 0.6 63.3 12.7 

Path A PCA (Homogenized), SA Control 

2.6 0.2 16.0 2.3 62.7 15.8 
2.6 0.1 16.0 1.7 62.0 17.0 Ti(C,N)S 
2.7 0.2 16.6 1.4 61.6 17.0 

Type 316, SA, Thermally Aged 10,000 h a t  600'C 

3.4 c 19.0 2.0 61.0 12.6 
3.0 c 18.2 1.8 62.7 13.0 Tau 
4.0 C 18.3 2.0 62.2 1 2 . 2  

Type 316, SA, Thermally Aged 100 h a t  65OoC 

3.6 C 18.7 1.5 61.7 12.6 None 
3.1 c 19.0 1.3 62.7 12.6 

Type 316. SA, Thermally Aged 10,000 h a t  650°C 

1.4 C 18.6 1.5 65.6 12.0 Tau, e ta ,  Laves, 
1.5 c 18.5 2.0 64.2 13.0 and sigma 

D e  316, 20% CW, Thermally Aged 10,000 h a t  600'C 

1.1 1.2 C 18.3 2.2 64.8 12.4 Tau, eta, Laves, 0.7 3.1 c 19.5 1.8 62.5 12.3 and sigma 0.6 2.1 c 19.6 1.9 63.0 12.8 

Type 316, 20% CW, Thermally Aged 10,000 h a t  650°C 

0.9 0.4 c 18.7 1.9 63.6 14.4 Tau, eta, Laves, 
0.8 0.9 C 19.5 1.7 64.0 13.1 and sigma 1.5 0.2 C 19.3 2.4 62.6 14.0 

%ut-in headings indicate  aging conditions. 

hormalized weight percent. 

q o t  detectable. 

SA = solut ion 
annealed; CW = cold worked; PCA = prime candidate alloy.  



89 

Content 
(wt %) 

S i  - nd 
MO - 19.7  
C r  - 67.0 
Mn - nd 
Fe - 12.3  
N i  - 1.0 

Fig. 3.4.5. C h a r a c t e r i s t i c  X-Ray Energy Di spe r s ive  Spectroscopy 
(EDS) Spectrum of Tau Phase Ex t r ac t ed  from Solution-Annealed Type 316 
Aged f o r  10,000 h a t  600'C and Analyzed Q u a n t i t a t i v e l y .  ( a )  Bright  f i e l d  
image of t h e  l a t h  t a u  p r e c i p i t a t e .  ( b )  EDS spectrum and p r e c i p i t a t e  
composition. nd = not d e t e c t a b l e .  

ag rees  w e l l  wi th  the  composi t ion measurements i n  t h i s  work. However, 

t h o s e  i n v e s t i g a t o r s  d id  not  measure t h e  S i  concen t r a t ion .  Other compo- 

s i t i o n  r o e a ~ u r e m e n t s ~ ~ t ~ ~  of t au  phase i n  s e v e r a l  h e a t s  of type  316 us ing  

r e p l i c a s  and t h e  same q u a n t i t a t i v e  r r a y  EDS techniques  a l s o  ag ree  w e l l  

w i th  composi t ions r e p o r t e d  i n  Table 3.4.4. 

Tau phase produced dur ing  EBR-I1 i r r a d i a t i o n  of CW 316 o r  HFIR 

i r r a d i a t i o n  of SA 316 + T i  has a composi t ion similar t o  thermal ly  produced 

t a u  phase (Table 3.4.4). The S i  and N i  c o n c e n t r a t i o n s  are s l i g h t l y  

ise a d i a t i o n  compared wi th  t h a t  

Ly. ~ U W C V C L ,  L L L ~  ~ u ~ p u s ~ ~ i o n  of t a u  phase produced by 

f a c t  

aduced 

of 

h i g h e r  i n  t a u  phz 

produced thermal1 
.."I.. , .. . . n r i n  i r r a a i a c i o n  is the same as t h a t  produced the rma l ly ,  d e s p i t e  t h e  

that t h e  comparison is between types  316 and 316 + T i .  Tau phase prl 

i n  type  316 du r ing  i r r a d i a t i o n  appears  t o  c o n c e n t r a t e  0.5 t o  2 w t  % I 

b o th  V and T i  more r e g u l a r l y  than  does t h e  the rma l ly  produced phase. 

3.4.5.2 E t a  Phase 

Eta (n) phase has a diamond-cubic c r y s t a l  s t r u c t u r e  wi th  a l a t t i c e  

parameter  of about 1.07 nm (Table 3.4.3). S e l e c t e d  a r e a  d i f f r a c t i o n  
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measurements using ratios of interplanar spacings always shows the lattice 
parameter of eta to be slightly larger than that for tau, which is consis- 

tent with Table 3.4.3. Eta phase was only recently found in this heat of 

type 316 thermally aged at 600 to 650°C by Maziaszll and in several other 

heats of type 316 aged at the same conditions by Steeds and co-~orkers.~~-~~ 

Eta is most difficult to identify when intimately mixed with tau phase 

because only subtle diffraction differences [missing 200 reflection on 

(001) zone for diamond cubic] distinguish the two phases (Figs. 3.4.1 and 

3.4.6). Eta phase is morphologically indistinguishable from tau phase, 

and the two often form side by side, as shown in Fig. 3.4.7. Eta phase 

also has the same cube-on-cube crystallographic habit, nucleation sites, 

and volume misfit (Table 3.4.3) as tau phase. Eta phase is found 

primarily at the grain boundaries in thermally aged SA 316 in a narrow 

temperature range centered about 650°C. Eta phase is producedz9 at the 

6- YE-118;: 

1 
I ( t  ~~ 

Fig. 3.4.6. (a) Bright Field Image of Eta Phase Particle Extracted 
(b) Selected area from 20%-Cold-Worked Type 316 Aged 10,000 h at 650°C. 

diffraction on (001) zone axis. 
confirm diamond-cubic structure (compare with Fig. 3.4.1). 

The missing 200 reflections unambiguously 
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r) ’.. 

Identification of 
C . E ~  rIraae rLvuucsu .._____ -,~- _ _ _  _______. 2d in EBR-I1 to 
8 .4  dpa at 500°C. 
(c) Stereographic representation of the unusual crystallographic habit 
represented with superimposed matrix and precipitate stereographic 
projections. 

(a) Bright field image. (b) SAD on (001) zone axis. 
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Table 3 .4 .6 .  X-Ray Energy Dispersive Spectroscopy 
Compositional Informationa from Eta Phase 

Part ic les  Produced by Either Thermal 
Aging or Neutron Irradiation 

- 
si P MO Ti V Cr Mn Fe 

6.3 
5.3 
3.8 
8.0 

6.8 
8.3 
6.4 

8.3 
5.6 
6.0 
7.0 
6.3 
9.3 

8.0 
5.6 
8.8 
4.6 
7.0 

4.7 
4.8 
4.0 
4.6 
5.5 

9.5 
8.0 
6.7 
9.0 

2.3 

SA Type 316 Aged 10,000 h at 650'C 
(Grain Boundary) 

c 32.3 C C 26.0 0.1 17.3 
C 27.5 1.7 C 30.5 C 7.2 
C 22.6 1.0 c 42.6 C 15.6 
C 35.0 C C 21.7 C 13.2 

20% CW Type 316 Aged 10,000 h at 6OOoC 
(Grain Boundary) 

C 17.2 C 2.2 32.0 1.6 10.6 
C 17.2 c 2.4 33.0 1.2 6.8 
C 15.0 C 2.6 36.0 1.8 13.2 

20% CW Type 316 Aged 10,000 h at 600-C (Matrix) 
C 29.4 c C 25.0 C 13.6 
C 27.7 C 1.3 28.0 1.5 12.5 
C 17.0 C 2.0 35.5 2.6 13.6 
C 19.0 C C 31.5 2.2 12.0 
C 29.2 C C 26.6 2.0 15.0 
C 29.0 C 1.0 31.4 C 2.6 

20% CW Type 316 Aged 10,000 h at 650'C (Matrix) 

C 24.7 2.2 C 31.0 C 3.8 
C 25.5 1.7 C 24.4 C 25.0 
C 23.6 2.8 C 31.8 C 3.3 
C 15.0 2.5 6.4 41.5 C 9.4 
C 15.3 2.8 0.7 35.7 1.0 7.0 
20% CW Type 316, EBR-I1 Irradiated at 500'C 

to 9 dpa (Matrix) 

C 18.0 0.5 0.2 42.5 1.0 11.2 
C 13.0 C C 52.8 0.6 6.2 
0.4 13.8 0.6 C 47.2 2.0 15.0 
1.0 15.7 U.6 C 42.6 2.0 14.5 
0.8 14.7 0.8 0.8 39.5 2.0 14.7 

20% CW Type 316, HFIR Irradiated at 380'C 
to 49 dpa (Matrix) 

C 8.0 C 1.5 35.4 0.8 16.8 
c 6.0 C 1.2 38.0 0.2 18.0 
c 9.0 C 2.0 40.0 0.7 13.7 
C 7.6 C 1.4 37.0 0.5 15.5 

20% CW Type 316, HFIR Irradiated at 460'C 
to 54 dpa (Matrix) 

C 7.4 C 3.1 33.7 0.4 22.0 

18.3 
27.8 
14.4 
22.0 

29.7 
31.0 
25.0 

23.7 
23.4 
23.4 
28.3 
21.0 
26.7 

30.3 
17.8 ~~ 

29.7 
20.6 
30.6 

22.0 
22.6 
17.0 
19.0 
21.2 

28.0 
28.6 
28.0 
30.0 

31. I 

'%ut-in headings are aging or irradiation conditions. 
Terms in parentheses indicate locations of analyzed precipt- 
tate particles. SA - solution annealed; CW - cold worked. 

kiorroalized weight percent. 

q o t  detectable . 
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Fig. 3.4.9. Selected Area Diffraction (SAD) Identification of 
Eta Phase Produced in 20%-Cold-Worked Qpe 316 Irradiated in the HFIR 
to 48 dpa at 380'C. 
matrix. (b) SAD on (001) zone axis. 

(a) Bright field image of eta particle in austenite 

shows little or no systematic temperature dependence and no significant 
difference between solution-annealed and cold-worked conditions for 

type 316. 
made on eta in other thermally aged steels. 34935337 
eta produced thermally in CW 316 + Ti is perturbed to much higher Mo and 
Ti concentrations and lower Cr and Ni  concentration^^^ compared with 
CW 316. 

The composition of eta agrees well with similar measurements 
The composition of 

Table 3.4.6 also shows the composition of eta phase produced during 

either EBR-I1 or HFIR irradiation of type 316, and characteristic spectra 

are shown in Fig. 3.4.10. The eta phase produced by EBR-I1 irradiation is 

o the averaged thermally produced eta phase composition. 

b, 
ED~-LL uLd pleosLnLeu y J  et al. 23 Several EBR-II- 

id is supported by a m c h  

proaucea parrlcles show detectable P, which is undetected in the thermal 
phase particles. 

similar to thermally produced eta but is systematically m c h  lower in 

Eta phase produced by HFIR irradiation of CW 316 is also 

quite similar t 

This trend has 

larger base of 
. .  
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PJM 8.022 

Content 
(wt %) 

s i  - 5.5 
MO - 14.5 
Ti - 1.0 
v - 1.0 
C r  - 40.0 
Mn - 2.0 
Fe - 15.0 
N i  - 21.0 

Content 
(wt %) 

si  - 9.5 
MO - 8.0 
V - 1.5 
C r  - 35.5 
Mn - 1.0 
Fe - 16.5 
Ni - 28.0 

( b )  

Fig. 3.4.10. C h a r a c t e r i s t i c  X-Ray Energy Di spe r s ive  SpectroscoF 
Spec t r a  of Ext rac ted  Eta Phase P a r t i c l e s  Produced by ( a )  EBR-I1 Irrad 
of 20%-Cold-Worked Type 316 t o  8.4 dpa at  500'C and by (b) HFIR Irrad 
of 20%-Cold-Worked Type 316 t o  48 dpa at  38OOC. The q u a n t i t a t i v e  che 
a n a l y s e s  a r e  a l s o  shown, 
microscope and no t  from speclmen. 

C U , ~ ~  i n d i c a t e s  copper d e t e c t e d  i n  the 
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ig. 3.4.12. Crystallography of the Lath-Shaped Laves Phase. 
(a) Stereographic representation of the general crystallographic habit 
observed for the lath-shaped morphological variant of Laves phase produced 
in thermally aged solution-annealed type 316. 
representation and selected area diffraction evidence, respectively, of 
the perturbation of the crystallographic habit caused by formation of 
Laves laths in 20%-coldrorked type 316. 

(b) and (c) Stereographic 



Fig. 3.4.13. Crys ta l lography of the  Blocky Var i a t ion  of Laves Phase. 
( a )  S t e reograph ic  r e p r e s e n t a t i o n  of t h e  gene ra l  c r y s t a l l o g r a p h i c  h a b i t  
observed f o r  t h e  blocky morphological v a r i a n t  of Laves produced thermal ly  
in so lu t ion- annea led  type  316. (b )  and ( c )  S t e reograph ic  r e p r e s e n t a t i o n  
and s e l e c t e d  a r e a  d i f f r a c t i o n  evidence,  r e s p e c t i v e l y ,  of t h e  p e r t u r b a t i o n  
of  t h e  c r y s t a l l o g r a p h i c  h a b i t  caused by formation of blocky Laves phase 
in 20%-cold-worked type  316. 
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Table 3.4.7. X-Ray Energy D i s p e r s i v e  Spectroscopy 
Composit ional  Informat iona  from Laves Phase 

Produced by E i t h e r  Thermal Aging 
or Neutron I r r a d i a t i o n  

Content, w t  % 

si  Mo T i  v Cr Mn Fe N i  

SA Type 316 Aged 10,000 h a t  65OoC (Matrix) 

5.0 43.6 c 13.2 0.5 32.7 
5.0 42.7 c c 12.2 1.0 34.3 
4.7 46.2 c c 10.4 c 34.3 

20% CW Type 316 Aged 10,000 h a t  60OoC (Matrix) 

3.6 39.0 c c 15.0 0.3 35.5 
1.3 40.3 c c 13.6 0.5 37.0 
4.6 39.2 c c 14.2 2.0 34.0 
6.4 38.4 c c 14.2 1.2 33.3 
4.6 40.2 c c 14.6 1.4 32.3 
4.6 39.0 c c 14.7 1.3 34.0 

20% CW Type 316 Aged 10,000 h a t  650'C (Matrix) 

4.5 47..0 c 0.2 11.7 0.5 31.6 
7.4 69.0 c c 3.8 c 17.0 
3.5 38.7 c 1.0 15.7 1.7 34.0 
3.2 39.0 c 1.0 13.0 1.7 36.0 
4.0 43.0 c 0.5 13.0 1.4 33.0 

5.0 
4.8 
4.4a 

6.5 
7.3 
6.0 
6.7 
7.0 
6.5 

4.5 
2.8d 
5.4d 
6.0d 
5.0d 

SA Type 316, HFIR I r radia ted  a t  550OC 
t o  42 dpa (Matrix) 

4.8 42.4 c 1.0 13.5 0.4 30.6 7.3 
20% CW Type 316, HFIR I r radia ted  a t  46OoC 

t o  54 dpa (Matrix) 
3.8 19.0 2.2 0.7 21.7 1.0 31.0 20.5 
1.6 13.0 2.7 0.7 26.0 1.0 32.2 22.8 

SA Type 316 + T i ,  H F I R  I r r ad ia ted  a t  6OO0C 
t o  30 dpa (Matrix) 

4.0 33.3 2.0 1.7 17.0 0.6 34.4 7.0 
5.0 31.0 1.5 1.5 15.3 0.3 35.3 10.0 
3.6 30.0 0.6 1.0 16.0 0.1 . 40.0 8.4 
4.4 31.4 1.0 1.0 16.6 1.0 36.0 8.4 

%ut-in headings are aging or i r r ad ia t ion  condi- 
tions. Terms in parentheses indicate locations of 
analyzed p rec ip i t a t e  par t ic les .  
CW = cold worked. 

SA = solution annealed; 

kiormalized weight percent. 

ENot detectable. 

dBlocky shaped morphological variant  of Laves phase. 
All other pa r t i c l e s  a re  the lath-shaped morphological 
var iant  of Laves phase. 
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CW 316 is much lower in Mo and higher in Ni and Cr than thermally produced 

Laves (compare Figs. 3.4.15 and 3.4.16). It also has a consistently 

higher (Ti + V) level. However, Laves produced in either SA 316 or 

SA 316 + Ti by irradiation at 550 to 650'C is very close to the thermally 

produced Laves composition. 

The same type behavior is observed for Laves produced during EBR-I1 

irradiation. That is, the Laves composition is lower in Mo and higher in 

Ni at the low irradiation temperatures and has the same composition as 

thermal Laves at the higher irradiation  temperature^.^^ 

3.4.5.4 Titanium-Rich MC Phase 

The titanium-rich MC phase has an fcc crystal structure with a 

lattice parameter of about 0.43 nm, as shown in Table 3.4.3. Table 3.4.3 
also indicates that MC has the largest positive volume misfit relative 
to untransformed austenite of any of the phases produced either thermally 

or during irradiation in stainless steel. The MC is observed only in 

those steels having a high enough Ti and C concentration to drive the 

zTi + C -t Ti& reaction forward. 

about 0.05 wt % C, this Ti concentration is about 0.15 to 0.35 wt %. The 

titanium-modified steels in this work have 0.05 to 0.06 wt % C and 0.20 

to 0.25 w t  % Ti. The MC phase particles produced during thermal aging 

maintain an exclusive cube-on-cube crystallographic habit relationship 

at aging temperatures of 85OoC and below. This habit is always associated 

with the equiaxed morphological variant of MC (Fig. 3.4.17). At 900'C in 

homogeneous Path A PCA, a rod-shaped morphological variant of MC is 
produced40 with a crystallographic habit that has (332), II (001)~~ and 

(iio), 11 (iio)14c, as shown in Fig. 3.4.18. 

For austenitic stainless steels with 

In thermally aged SA 316 + Ti, MC is the predominant intragranular 
phase at 560°C and above. 

dislocations, and both the size and spatial distribution for cold-worked 

material are much refined compared with solution-annealed material 

(Fig. 3.4.17). The MC precipitates together with tau, Laves, and eta 

at the grain boundaries in SA 316 + Ti or CW 316 + Ti. 
Path A PCA, MC becomes the dominant grain boundary phase, occurring with 
occasional Laves phase particles (compare Figs. 3.4.14 and 3.4.19). 

Intragranular MC is always observed at 

However, in 
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Fig. 3.4.19. Grain Boundary Precipitation of MC i n  25%-Cold-Worked 

(b) and ( c )  Centered dark f i e l d  
Path A PCA Aged 166 h a t  7 5 O O C .  
boundary and occasional Laves particle .  
images of MC a t  the boundaries and a t  two of the grains in (a) .  

(a)  Bright f i e l d  image showing grain 
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Table 3.4.8. X-Ray Energy Di spe r s ive  Spectroscopy 
Compositional Informationa from MC Phase 

Produced E i t h e r  by Thermal Aging 
o r  Neutron I r r a d i a t i o n  

Conten t ,b  w t  ,Z 
~~~ ~ 

S i  Mo T i  V C r  Mn Fe N i  Nb 

C 

C 

C 

C 

C 

C 
C 

C 

0.3 

1.2 
C 

C 

C 

0.5 
0.6 

SA Type 316 + T i  Aged 1 h a t  1050°C (Matr ix)  

16.1 69.2 2.8 0.4 C 1.2 C 

22.0 66.0 1.3 0.8 C C C 

23.5 62.0 3.3 1.5 C 1.6 0.8 
17.3 68.6 2.0 1.0 C 1.8 0.5 

Path  A PCA Aged 1 h a t  1O5O0C (Matr ix)  

37.4 49.0 2.6 1.0 1.3 7.7 1.0 
28.6 54.6 3.7 3.0 2.4 7.0 0.7 
24.2 61.0 4.6 2.3 1.5 5.6 0.8 
32.8 46.3 2.0 6.5 C 5.5 1.4 

SA Type 316 + T i ,  HFIR I r r a d i a t e d  a t  600°C 
t o  30 dpa (Matr ix)  

35.0 34.5 7.0 7.0 C 10.6 5.6 
39.6 36.6 6.4 6.3 1.0 8.0 2.0 
40.8 37.5 6.5 5.2 0.3 5.6 2.8 
38.2 42.4 6.4 4.8 C 4.6 1.2 
44.4 30.0 7.0 5.4 C 9.5 3.7 
36.5 30.0 7.3 6.5 C 9.9 5.5 
33.3 46.0 5.3 3.4 C 4.6 1.3 

10.3 
9.4 
7.3 
8.8 

C 
C 

C 

5.4 

%ut- in  headings are aging  o r  i r r a d i a t i o n  cond i t ions .  
T e r m s  i n  pa ren theses  i n d i c a t e  l o c a t i o n s  of analyzed p rec ip i ta te  
p a r t i c l e s .  SA = s o l u t i o n  annea led ;  PCA = P r i m e  Candidate  Alloy. 

h o r m a l i z e d  weight percent .  

CNot d e t e c t a b l e .  

dRod-shaped morphological  v a r i a n t  of MC. 
p a r t i c l e s  a r e  equiaxed o r  rectangular- shaped morphological  
v a r i a n t s  of MC t h a t  have an e x c l u s i v e  cube-on-cube 
c r y s t a l l o g r a p h i c  hab i t .  

A l l  o t h e r  
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P.TM 5.008 

Content 
(wt %> 

Si - nd 
Mo - 16.0 
Ti - 69.0 
V - 3.0 
Cr - 0.5 
Mn - nd 
Fe - 1.0 
Ni - nd 
Nb - 10.5 

Fig. 3.4.20. Characteristic X-Ray Energy Dispersive Spectroscopy 
(EDS) Spectrum of Cube-on-Cube Variant of MC Extracted from Type 316 + Ti 
Solution Annealed for 1 h at 105OOC and Analyzed Quantitatively. 
(a) Bright field image of precipitate particle. 
composition. nd - not detectable. Cusys indicates copper detected in 
the microscope and not from specimen. 

(b) EDS spectrum and 

Content 
(wt %) 

si - 1.0 
MO - 41.0 
Ti - 37.5 
V - 6.5 
Cr - 5.0 
Mn - 0.5 
Fe - 5.5 
Nb - nd 
Ni - 3.0 

( b )  
Fig. 3.4.21. Characteristic X-Ray Energy Dispersive Spectroscopy 

(EDS) Spectrum of Rod Variant of MC Extracted from Solution-Annealed 
Type 316 + Ti Irradiated in the HFIR at 60OoC to a Fluence of 30 dpa and 
Analyzed Quantitatively. 
(b) EDS spectrum and composition. nd = not detectable. 

(a) Bright field image of precipitate particle. 
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Sigma appears  after  HFIR i r r a d i a t i o n  a t  600°C and above i n  SA 316 and 

a t  550°C and above i n  CW 316. 

micrometers)  and g e n e r a l l y  form a t  g r a i n  boundaries .  

p a r t i c l e s z 9  are produced i n  CW 316 + T i  t han  i n  CW 316 dur ing  i r r a d i a t i o n  

a t  55OOC. Chi phase is a dominant p o r t i o n  of t h e  i n t r a g r a n u l a r  p r e c i p i t a-  

t i o n  i n  both types  316 and 316 + T i  i r r a d i a t e d  above 600 t o  650°C. 

The p a r t i c l e s  are very l a r g e  ( s e v e r a l  

More sigma 

The x-ray EDS composi t ion of t he rma l ly  produced sigma is given i n  

Table  3.4.9, and a c h a r a c t e r i s t i c  spectrum is shown i n  Fig. 3.4.22. An 

ave rage  composi t ion i n  weight percent  i s  1.3 S i - 6  Mo-36 Cr-1 Mn-50.7 FE? 

5 N i .  The composi t ion depends very l i t t l e  on e i t h e r  tempera ture  o r  pre- 

treatment mic ros t ruc tu re .  Other work38 conf i rms  th is  t r e n d  up t o  850 t o  

900°C. Sigma formed i n  type  316 + T i  shows l i t t l e  d i f f e r e n c e  from t h e  

average  composi t ion g iven  above. These t r e n d s  and composi t ions a r e  i n  good 

Table  3.4.9. X-Ray Energy Di spe r s ive  Spectroscopy Compositional 
Informat iona  from Sigma and Ti4C2S2 Produced Thermally 

Conten t ,b  w t  z 
S S i  Mo T i  v C r  Mn Fe N i  Nb 

Sigma, SA Type 316 Aged 10,000 h a t  650°C 
(Grain Boundary) 

C 1.3 7.0 C C 35.1 0.6 50.4 
C 1.3 5.8 C C 35.2 1.0 51.4 

20% CW Type 316 Aged 10,000 h a t  600'C 

c 1.3 5.4 C C 37.7 2.2 48.5 
c 1.2 5.4 C C 34.2 2.7 51.5 

20% CW Type 316 Aged 10,000 h a t  650°C 

C 1.5 6.7 c C 34.8 c 51.7 
c 1.4 6.0 C C 37.2 C 50.4 

Ti4C2S2, SA Type 316 + T i  Aged 1 h at  1 O 5 O 0 C  
19.7 c 1.4 54.6 2.0 4.5 0.4 15.0 
25.5 c 2.0 65.0 3.5 0.4 C 1.4 

5.0 
5.3 

5.0 
5.0 

5.3 
4.8 

2.4 
C 

C 

C 

c 
C 

c 
C 

1.0 
2.2 

%ut- in headings a r e  ag ing  cond i t ions .  Terms i n  pa ren theses  
i n d i c a t e  l o c a t i o n s  of analyzed p r e c i p i t a t e  p a r t i c l e s .  SA = s o l u t i o n  
annea led ;  CW = cold  worked. 

h o r m a l i z e d  weight percent .  

%ot  d e t e c t a b l e .  
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, o s i t i o n s  of CW 316 and SA 316 were examined a f t e r  

:her 600 o r  650°C f o r  10,000 h. Typica l  micros t ruc-  

shown i n  Fig. 3.4.23 t o  i l l u s t r a t e  t h e  s p a t i a l  

: i p i t a t i o n .  Compositional measurements are g iven  i n  

:. 3.4.24 shows r e p r e s e n t a t i v e  x-ray s p e c t r a  f o r  each 

le ma t r ix  composition of SA 316 changes l i t t l e  a f t e r  

10,000 h where t au  is the only  p r e c i p i t a t e  phase i n  the 

, Figs. 3.4.23(a) and 3.4.24(c)]. The SA 316 aged a t  

3hows a s l i g h t  dec rease  in  S i  and a s i g n i f i c a n t  

m t r a t i o n  when t h e  p r e c i p i t a t e  phases are p r i m a r i l y  

! 3.4.2, Figs.  3.4.23(b) and 3.4.24(e)]. The CW 316 

),OOO h is  similar t o  SA 316 aged at 650OC. The 

: shows low S i  and t h e  lowest  ma t r ix  Mo concen t r a t ion .  

iO°C, t h e  N i  c o n c e n t r a t i o n  appears  t o  i n c r e a s e  s l i g h t l y ,  

ig ou t s ide  the normal area-to-area v a r i a t i o n .  Both 

c o n t a i n  s i g n i f i c a n t  amounts of e t a  and some sigma, 

m t e r g r a n u l a r  t a u  and Laves. F igure  3.4.23 shows t h a t  

#ac ing  of p r e c i p i t a t e s  dec reases  s i g n i f i c a n t l y  i n  

d t h  SA 316. The matrix r eg ions  a f f e c t e d  by t h e  

: r l a p ,  l eav ing  the ma t r ix  s e r i o u s l y  dep le t ed  of t h e  

Its. F igure  3.4.25 shows a ma t r ix  reg ion  a d j a c e n t  t o  

;A 316 aged a t  650°C and g i v e s  an  idea  of how d i f f e r e n t  

i next  t o  p r e c i p i t a t e s  may be du r ing  thermal  aging. 

i n  C r  and Mn and s e r i o u s l y  dep le t ed  i n  N i ,  S i ,  and 

formed i n  thermal  ag ing  t h i s  could only be caused by 

r i c h  i n  N i .  However, it can be seen  t h a t  t h e  ma t r ix  

'a r  from t h a t  of sigma phase wi th  t h e  excep t ions  of 

1.8). 

conc lus ions  can be drawn from the d a t a  presented .  

,educed dur ing  neut ron  i r r a d i a t i o n  are compos i t i ona l ly  

r thermal  ag ing  coun te rpa r t s .  Second, phase 

. o n t r o l l e d  du r ing  thermal ag ing  and du r ing  i r r a d i a t i o n  
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:les That 
LS very LOW i n  ai, mo, ana 111 i n  aoiunon-xnneaiea iype 310 xgea 10,000 h 
a t  650°C and Analyzed by Quantitative X-Ray Energy Dispersive Spectroscopy 
(EDS) Microanalysis. 
(b) EDS spectrum and composition. 
copper detected i n  microscope and not i n  specimen. 

(a) Bright f i e l d  image of precipitate  part ic le .  
nd = not detectable.  Cusys indicates 
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by adding titanium to austenitic stainless steels. Third, Si and Mo are 
the substitutional solute elements m s t  involved in thermal precipitation 

in type 316; for precipitation during irradiation, Ni is also active. 

Many aspects of precipitation do change during irradiation, including 

nucleation sites, formation temperatures, morphology, size, and spatial 

distribution. However, the results examined here indicate that the phase 

compositions for thermally stable phases are similar to the compositions 

of the same phases precipitating under irradiation. The irradiation can 

also induce phases to form that are not the stable OK naturally forming 

phases during thermal aging.’ 
phosphorus-rich phases, have been treated elsewhere. 23 

These phases, including gamma prime, G, and 

Many aspects of precipitation during irradiation can be understood by 

considering the solute affinity of the thermal phases and combining this 

with the effects of point defect supersaturations and radiation-induced 

solute segregation. A good place to begin is by comparison of eta and 
tau phase. Thermally, tau phase formation is driven by the chemical 

reaction 23 Cr + 6 C + Cr23Cg with considerable substitutional solubility 

of elements like Fe and Mo for Cr and possibly deviations from stoichi- 

ometry as well. 

(dislocations, faulted bands, or grain boundaries) and develops an 

incoherent, dislocated interface. The composition of this phase indicates 

little solubility for Ni and Si. Therefore, tau rejects these solutes 

ahead of the interface as the particle grows. The side-by-side formation 

of eta and tau phase particles results because the composition of eta phase 

is naturally very rich in Si and Ni compared with tau. 

misfit like tau, requires a heterogeneous nucleation site like the tau- 

matrix interface, as in SA 316, or some portion of a faulted band, as in 

CW 316. 
Ni is considerably undersaturated, and hence eta phase requires sympathetic 

nucleation adjacent to a phase like tau that can increase the local Si and 

Ni contents. 

The phase usually nucleates at heterogeneities 

Eta, with a volume 

The Si is supersaturated at these temperatures in austenite, but 

If we now extend this basic solubility or chemical preference 
behavior of the thermal phases and include the effects of radiation- 

induced solute ~egregation,~*-~~ the enhancement of eta and retardation 
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of t a u  becomes an expected r e s u l t .  Enrichment of S i  and N i  can be 

expected a t  any poin t  d e f e c t  recombination s i t e  or a t  s i n k s  f o r  i n t e r -  

s t i t i a l s .  This s eg rega t ion  would encourage e t a  phase formation while  

r e s i s t i n g  t a u  phase formation.  

a s  d i s c r e t e  p a r t i c l e s  but is almost always observed sympa the t i ca l ly  with 

t a u  o r  sometimes Laves. This  behavior  is c o n s i s t e n t  with e t a  being 

e l i m i n a t e d  when t a u  i s  e l imina ted ,  a s  i n  t he rma l ly  aged type  316 + T i .  

Eta  phase i s  o f t e n  observed a s  d i s c r e t e  p a r t i c l e s  i n  e i t h e r  EBK-11- or  

HFIK- irradiated type 316, because s o l u t e  s eg rega t ion  serves t o  b u i l d  up 

t h e  S i  and N i  c o n t e n t s  of the  matrix. This same reasoning  can be extended 

t o  Laves format ionz9 and h e l p s  cons iderably  i n  unders tanding  format ion  of 

t h e  rad ia t ion- induced  phases t h a t  have no thermal  c o u n t e r p a r t s  i n  type  316, 

l i k e  G phase, phosphorus- rich rod phase, o r  gamma prime. 

Eta phase i s  not  o f t e n  observed thermal ly  

23 

However, not  a l l  phases enhanced by i r r a d i a t i o n  a r e  N i  and S i  r i c h .  

The ou t s t and ing  except ion  i s  t h e  MC phase. It i n c o r p o r a t e s  almost  no N i  

and S i  on format ion  du r ing  thermal  ag ing  and very l i t t l e  of e i t h e r  s o l u t e  

when formed during i r r a d i a t i o n .  

from t h e  very l a r g e  negat ive  f r e e  energy d r i v i n g  f ~ r c e , ~ ' . ~ ~  i t s  l a r g e  

p o s i t i v e  volume m i s f i t ,  and the  e f f e c t  of vacancies  i n  s t a b i l i z i n g  over-  

s i z e d  m i s f i t  p h a s e ~ . ~ ~ - ~ I  

MC formation i s  on t h e  o rde r  of -10 kJ/mol " C  and i s  t h e  l a r g e s t  f o r  the  

phases formed on thermal  ag ing  i n  s t a i n l e s s  s t e e l .  

from Table 3.4.3, is  a l s o  the  l a r g e s t  observed f o r  t h e  phases formed i n  

s t e e l .  

s a t u r a t i o n  of vacancies  produced dur ing  i r r a d i a t i o n  should he lp  t o  

s t a b i l i z e  t h e  ove r s i zed  m i s f i t  phases.  The ove r s i zed  m i s f i t  demands t h a t  

t h e  phase absorb  vacanc ie s  dur ing  growth, and t h i s  i s  t h e  idea  employed by 

S i l cock  and Tuns t a l l52  t o  e x p l a i n  s t a c k i n g  f a u l t  p r e c i p i t a t i o n  of MC a t  

Frank p a r t i a l  d i s l o c a t i o n s .  

p r e c i p i t a t i o n  dur ing  i r r a d i a t i o n .  However, t he  e f f e c t s  of s o l u t e  segrega-  

t i o n  of N i  and S i  dur ing  i r r a d i a t i o n  do no t  coopera te  w i th  t h e  growth of 

MC p r e c i p i t a t e  p a r t i c l e s  t h a t  have very low s o l u b i l i t i e s  f o r  N i  and S i .  

This  i n d i c a t e s  t h e r e  may be some c i rcumstances  i n  which s o l u t e  s eg rega t ion  

Enhanced MC formation appears  t o  r e s u l t  

The f r e e  energy d r i v i n g  f o r c e  f o r  t i t an ium- r ich  

The volume m i s f i t ,  

P r e c i p i t a t e  s t a b i l i t y  t h e ~ r y ~ ~ - ~ l  i n d i c a t e s  t h a t  t h e  super-  

These combined i d e a s  e x p l a i n  enhanced MC 
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during irradiation could reduce ?IC precipitation as it does tau phase. 
A goal of alloy development then should be to encourage MC precipitation 

by maintaining the lowest acceptable Si level in the matrix. 

The compositional behavior of individual phases, when combined with 

their volume misfit properties, correlates well with their effect on one 

another, on the surrounding matrix, and on their sink behavior during 

irradiation. The EIC precipitate particles are able to prevent or reduce 

tau formation on thermal aging because of their competition f o r  C. Since 

eta phase nucleates sympathetically with tau, it is consistent that it be 

reduced as well. The MC rejects Si but enriches in Mo and Ti, and these 

effects must be traded off in order to determine M C ' s  effect on Laves 

formation. From the standpoint of volume misfit, Laves being slightly 

undersized and 14C being oversized would be consistent with coprecipitation. 

The MC precipitation in itself should not have much direct effect on 
sigma phase precipitation because the only interaction appears to be 
competition for Mo. 

For  thermally aged SA 316 and CW 316, the compositional changes in 
the matrix are consistent with both the phases formed and their composi- 

tions. The SA 316 aged at 600°C for 10,000 h precipitates tau particles 

that are spaced about 0.5 to 2 pm apart. They affect the average matrix 

composition little. All the other aging conditions produce eta and Laves, 

together with tau, and reduce the average matrix concentration of Si and Mo. 

The MC has been shown to be an effective helium trap, and fine 

dispersions of MC are a goal of alloy development in austenitic stainless 

steel. Its vacancy-absorbing and nickel- and silicon-rejecting behavior 

are consistent with it being a vacancy-biased sink during irradiation. 

These concepts are quite successful in explaining MC helium trapping.1° 

The other phases in steel have little usefulness during irradiation and 

can often be associated with detrimental effects, increased swelling 

(eta, Laves), or embrittlement (eta, sigma). The Path A PCA appears to be 
a considerable improvement over type 316 alloys because the increased Ni 

and decreased Cr discourages both tau and sigma formation. Reduction of 

Si would reduce Laves formation and reduce formation of the undesirable 

radiation-induced phases.23 Maintaining low P and Mn levels also will 
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suppress the potential for formation of the phosphorous-rich rod phase and 
manganese-stabilized G phase, respectively. Finally, systematic variation 

of Mo and combination of V and Nb with the Ti addition may maximize the 
MC stability. 

3.4.7 Conclusions 

1. Tau, eta, Laves, and sigma phases are produced during thermal 

aging of type 316 alloys at temperatures below 700 to 750'C. The MC phase 

i s  produced in addition to varying amounts of the above phases when the 

austenite is modified by the addition of 0.2 to 0 . 3  wt % Ti. The basic 

composition of these phases is given in Table 3 .4 .10 .  

Table 3 . 4 . 1 0 .  Composition of Phases Produced by Thermal Aging 
o f  Type 316 Stainless Steel 

Precipitate Content,a wt % 

Ti Nb Si Mo Cr Mn Fe Ni V Phase 

Tau 0.5 14 64.5 0.5 15.5 4.0 c C C 

Eta 7 23.5 31 0.5 11 25 2 C C 

Laves 4.5 43  13 1 33 5.5 C c c 

Ti-MC C 20 1 c 1 0.5 2.5 66 9 

Sigma 1.5 6 36 1 50.7 5 

aAveraged compositions. 
kormed only in titanium-modified steels. 

Qot detectable. 

2. The eta, Laves, and sigma phase formations are enhanced in 

CW 316 compared with SA 316 during thermal aging. The eta and tau are 

reduced, but sigma is enhanced in thermally aged type 316 + Ti, when 
compared with type 316. The eta and tau are eliminated in thermally 

aged Path A PCA. 

3 .  Eta and Laves phase formation are enhanced by H F I R  irradiation of 

either SA 316 or CW 316 and CW 316 + Ti relative to thermal aged material. 
Tau phase formation is reduced or eliminated in both. The MC formation is 

enhanced by H F I R  irradiation of type 316 + Ti. 
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4 .  Composi t ional ly  t h e  thermal phases behave a s  fol lows w i t h  r e spec t  

t o  the mat r ix :  - e t a  i s  r i c h  i n  S i ,  Mo, C r ,  and N i  and poor i n  Fe ;  

t a u  is  r i c h  i n  Mo and C r  and poor i n  Fe, S i ,  and N i ;  - Laves is r i c h  in S i  and ?lo and poor i n  Fe and N i ;  - sigma is r i c h  i n  )lo and C r  and poor i n  Fe, N i ,  and S i ;  - MC i s  r i c h  i n  T i ,  Elo, Nb, and V and poor i n  C r ,  Fe, S i ,  and N i .  

All t h e  phases c o n t a i n  from nea r ly  zero  t o  t h e  matrix average con ten t  

o f  Mn. Laves, e t a ,  and t au  can have occas iona l  enrichment of V and/or  T i .  

5 .  With r e s p e c t  t o  r e l a t i v e  amounts of S i ,  Mo, C r ,  Fe, N i ,  and 

Ti(+Nb/+V), t h e  composi t ions of t h e  thermal  phases o r d e r  a s  fo l lows :  - S i :  e t a ,  Laves > sigma > t au  > MC; 
* Mo: Laves > MC, e t a  > t a u  > sigma; - C r :  t a u  > sigma > e t a  > Laves > MC; 

* Fe: sigma > Laves > e t a ,  t au  > PIC; 

* N i :  e t a  > Laves, sigma > t au  > MC; 

T i  (and/or  Nb, V ) :  MC > e t a ,  t a u  > Laves, sigma. 

6. The composi t ions of Laves, t a u ,  e t a ,  and MC produced du r ing  

i r r a d i a t i o n  a r e  s i m i l a r  t o  those  of the same phases produced dur ing  

thermal  ag ing .  The enrichment o r  d e p l e t i o n  r e l a t i v e  t o  t h e  matrix does 

n o t  change except  f o r  Laves produced a t  lower tempera tures ,  which become 

N i  r i ch .  Some of t h e  phases show s l i g h t  i n c r e a s e s  i n  S i  or  N i  con ten t  

and, except  f o r  MC, show a more sys t ema t i c  enrichment of T i  and V a t  lower 

i r r a d i a t i o n  temperatures .  

7. The SA 316 aged f o r  10,000 h a t  600°C shows l i t t l e  ma t r ix  

composi t iona l  change when t a u  phase p r e c i p i t a t e s .  

60OoC and SA 316 and CW 316 aged a t  650°C show a measurable r educ t ion  i n  

matr ix S i  and a cons ide rab le  r educ t ion  of matrix Mo c o n c e n t r a t i o n s  when 

e t a ,  Laves, and sigma p r e c i p i t a t e  i n  a d d i t i o n  t o  t a u  phase. 

The CW 316 aged a t  

8. Fu r the r  development of Path A a l l o y s  t o  produce maximum MC 

s t a b i l i t y  should cons ide r  t h e  fo l lowing:  - reduce S i  t o  the  lowest  neces sa ry  o r  convenient  l e v e l ;  - s y s t e m a t i c a l l y  e v a l u a t e  smal l  changes i n  Mo content  f o r  t h e  e f f e c t  

on MC; 
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- determine the  minimum necessary  Mn l e v e l ;  - cons ide r  combinations of V and Nb with T i  t o  e v a l u a t e  t h e i r  e f f e c t  on 

MC formation and s t a b i l i t y .  
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5 . 1  THE EFFECT OF HYDROGEN ON FLAW GROWTH OF TITANIUM ALLOY Ti-6242s - 
G .  W .  Wille and P .  S .  Pao (McDonnell Douglas Corporat ion)  

5 . 1 . 1  ADIP Task 

Task 1.5 .3 ,  Fat igue  Crack Growth i n  R e a c t i v e f R e f r a c t o r y  A l l o y s  

(Pa th  C) .  

5.1.2 O b j e c t i v e  

The o b j e c t i v e  of t h i s  s tudy  i s  t o  develop q u a n t i t a t i v e  d a t a  t o  

determine t h e  e f f e c t s  of bo th  i n t e r n a l  and e x t e r n a l  hydrogen on f a t i g u e  

c r a c k  growth of Ti-6242s alloy a t  t empera tu res  and hydrogen p r e s s u r e s  

of i n t e r e s t  f o r  f u s i o n  r e a c t o r s .  

5 . 1 . 3  Summary 

Machining of t h e  specimens i s  complete.  C a l i b r a t i o n  of equipment 

t o  moni tor  c r a c k  growth is complete.  T h e  environmental  res t  chamber f o r  

f a t i g u e  t e s t i n g  has  been set up. 

5.1 .4  Prop,ress and S t a t u s  

Machining of t h e  modified-WOL specimens i s  complete.  

The environmental  tes t  chamber h a s  been se t  up f o r  f a t i g u e  tes ts  

of t h e  Ti-6242s specimens i n  hydrogen environment.  Th i s  is shown i n  

F i g u r e  5 . 1 . 4 - 1 .  

The c r a c k  growth d u r i n g  t e s t i n g  i n  t h e  environmental  test chamber 

w i l l  be  monitored u s i n g  an e l ec t r i ca l  p o t e n t i a l  means f o r  measurement. 

T h i s  t echn ique  i s  based on t h e  p r i n c i p l e  t h a t  t h e  e l e c t r i c a l  r e s i s t a n c e  

t o  a n  AC c u r r e n t  p a s s i n g  through t h e  specimen i n c r e a s e s  w i t h  c r a c k  

e x t e n s i o n .  A c o r r e l a t i o n  can t h e r e f o r e  be made between t h e  e l e c t r i c a l  

p o t e n t i a l  a c r o s s  the  specimen and the crack l e n g t h .  The c a l i b r a t i o n  

tests  were conducted on d u p l i c a t e  Ti-6242s specimens.  The c r a c k  l e n g t h  

vs .  normalized p o t e n t i a l  i s  shown i n  F i g u r e  5.1.4-2. The c a l i b r a t i o n  

e q u a t i o n  i s  based on l e a s t- s q u a r e  l i n e a r  r e g r e s s i o n  a n a l y s i s  i s :  
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normalized p o t e n t i a l  a t  c rack  l e n g t h , a  where V = - - * (V-Vr) - 
V r  

V r  = r e f e r e n c e  p o t e n t i a l  a t  s t a r t e r  notch 

V = p o t e n t i a l  dur ing  f a t i g u e  t e s t i n g  

a = crack  l e n g t h  

The accuracy  of t h i s  c a l i b r a t i o n  i s  b e t t e r  than  0.5% i n  t h e  range 

0 .6  inch  - < a 11.6 inch .  

5.1.5 Conclusions 

1. Machining of specimens i s  complete 

2 .  C a l i b r a t i o n  of equipment t o  monitor  c r ack  growth i s  complete.  

3 .  The environmental  t e s t  chamber f o r  f a t i g u e  t e s t i n g  has  been 

set up. 
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5.2 TENS [LE PKOPERTIES OF HLLIUM-INJECTED AVD REACTOR-IKRADIATED 
V-20 T i  - M. P. Tanaka, J. A. Horak, and E. E. Bloom (ORNL) 

5.2.1 AOIP Tasks 

ADLP Task 1.8.15, Tens i l e  P r o p e r t i e s  of React ive and Ref rac to ry  

A l l o y s .  

5.2.2 Objec t ive  

The o b j e c t i v e  of t h i s  work is  t o  determine the e f f e c t  of p r e i n j e c t e d  

helium fol lowed by neutron i r r a d i a t i o n  on the  m i c r o s t r u c t u r e  and 

mechanical p r o p e r t i e s  of F 2 0 %  T i .  These r e s u l t s  w i l l  be used f o r  t h e  

e v a l u a t i o n  of the  p o t e n t i a l  use of -20% T i  i n  f u s i o n  r e a c t o r  s e r v i c e .  

5.2.3 Summary 

Shee t  t e n s i l e  specimens of annealed F 2 0 %  T i  a l l o y  have been pre-  

i n j e c t e d  with 90 and 200 a t .  ppm He by use of 60-MeV (9.6-pJ) a lpha  

p a r t i c l e s  a t  t h e  Oak Ridge Isochronous Cyclotron (ORIC). Some of the  

samples were then i r r a d i a t e d  i n  row 7 of the  Experimental Breeder Reactor 

(EBR-11) a t  t empera tures  of 400, 525, 575, 625, and 700'C t o  neutron 

f l u e n c e s  of 2 x 1026 t o  4 x 1026 neutronsIm2 0 0 . 1  W V ) .  

T e n s i l e  p r o p e r t i e s  and f rac tography of the  i n j e c t e d  and t h e  i r r a d i a t e d  

specimen have been compared with those  of t h e  c o n t r o l  specimen. This 

comparison showed t h a t  t he  helium i n j e c t i o n  inc reased  the  s t r e n g t h  at  t e s t  

t empera tures  below 500°C and decreased  the  e l o n g a t i o n  above 500°C. The 

l o s s  of d u c t i l i t y  ( r e d u c t i o n  of e longa t ion )  depended on the  amount of 

i n j e c t e d  helium. The l o s s  of d u c t i l i t y  r e s u l t i n g  from the  neut ron  

i r r a d i a t i o n  w a s  much g r e a t e r  when t h e  specimens were i r r a d i a t e d  and t e s t e d  

a t  t empera tures  above 600°C. 

5.2.4 Progress  and S t a t u s  

The d e t a i l s  of t h e  helium implan ta t ion  of samples used i n  t h i s  

s tudy  were r epor t ed  by Horak.l 

0.254 m of vacuum-annealed (0.5 h a t  900°C) F 2 0 %  T i  were i n j e c t e d  wi th  

60-MeV a lpha  particles a t  t h e  ORIC. The beam energy was degraded w i t h  a 

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

B r i e f l y ,  s h e e t  specimens 191 by 25.4 by 
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90 and 200 at. ppm He. After the injection, tensile specimens with a 

length of 31.75 mn and a gage section 12.7 by 1.02 by 0.254 mm were 

stamped from the sheet with a precision die. 

The tensile specimens were irradiated in row 7 of EBR-11, in 

experiment X-287, to neutron fluences 2 X loz6 to 4 X loz6 neutrons/m2 
00.1 M e V ) .  The irradiation temperatures of 700, 625, and 575°C were 

attained in heat-pipe capsules. The irradiation temperatures of 

525 and 400'C were attained in gamma-heated capsules with gas gap tem- 

perature control. Some of the specimens were immersed in static sodium; 

the others were encapsulated in helium-filled subcapsules. Comparisons 

will establish effects resulting from interstitial impurity mass transfer. 

The tensile specimens were tested at a strain rate of 6.67 X 

at temperatures near the neutron irradiation temperature. Tests were 

conducted in a cold-wall, resistance-heated furnace contained in an ion 

pumped vacuum chamber. 

(3 x 10-7 torr). 

The vacuum during testing was below 40 pPa 

Tensile results on control, helium-preinjected, and neutron- 

irradiated specimens are tabulated in Table 5.2.1. The data are also 

shown graphically in four figures that follow. Engineering stresses 

reported are based on pretest specimen dimensions. 

The yield stress, ultimate stress, and total elongation of the 

control and helium-injected material are shown graphically in Fig. 5.2.1. 

Helium injection has increased the yield stress and ultimate stress for 
test temperatures of 525°C and lower. The increase in strength was 

dependent on the amount of injected helium. At test temperatures 500 to 
700"C, the helium did not greatly affect the strength properties. However, 

the elongation was reduced. 

preinjected specimen depended on the injected helium content. The value 

of the elongation at 700°C in the specimen injected with 200 at. ppm He 
was 8.7%, which was less than half that of the control specimen. 

fracture surfaces of the specimen containing 0 and 200 at. ppm He tested 
at 625°C are shown in Fig. 5.2.2. Cracks along grain boundaries can 

clearly be seen in the helium-containing sample but are not seen for the 

control material. The fracture surface shows many exposed grain 

boundaries, consistent with a grain separation fracture mode. 

The reduction of the total elongation in the 

The 
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, 50 urn , 
Fig. 5.2.2. Scanning Electron Micrographs Showing Characteristic 

Fracture Surfaces Observed i n  F 2 0 %  T i  Containing (a)  0 and 
(b) 200 a t .  ppm He and Tested a t  625'12. 
neutron irradiated. 

These samples were not 
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The y i e l d  s t r e s s ,  u l t i m a t e  stress, and e l o n g a t i o n  of t h e  neutron-  

i r r a d i a t e d  specimens a r e  shown i n  F ig s .  5.2.3 (no p r e i n j e c t e d  hel ium),  

5.2.4 (90 at.  ppm p r e i n j e c t e d  he l ium) ,  and 5.2.5 (200 a t .  ppm p r e i n j e c t e d  

hel ium).  In each case the  resu l t s  f o r  neu t ron- i r r ad i a t ed  specimens a r e  

ORNL-DWG 80.12041 

'OoO I t 

, ': ;NTRO: 7 
-$- IRRADIATED 

0 -- 
UNIFORM T O T A L  

ELONGATION ELONGATION 

V CONTROL A 

9 IRRADIATED T$ 

300 400 500 600 700 800 
TEST TEMPERATURE ('C) 

Fig. 5.2.3. Tens i l e  P r o p e r t i e s  of WZO% T i  I r r a d i a t i o n  i n  t h e  EBR-11. 
These samples were not  helium i n j e c t e d .  
t e n s i l e  stress. 

YS = y i e l d  s t r e s s ;  UTS = u l t i m a t e  
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compared wi th  those  of c o n t r o l  samples c o n t a i n i n g  the same l e v e l  of helium 

b u t  wi thout  neutron i r r a d i a t i o n .  The r e s u l t s  are l i m i t e d  a t  p r e s e n t ,  but 

some t r e n d s  are clear. For the lowest  i r r a d i a t i o n  and test  temperature  of 

400"C, neu t ron  i r r a d i a t i o n  has  produced a s i g n i f i c a n t  i n c r e a s e  i n  y i e l d  

and u l t i m a t e  t e n s i l e  stress and decrease  i n  uniform and t o t a l  e longa t ion .  

The decrease  i n  t o t a l  e l o n g a t i o n  r e s u l t s  p r i m a r i l y  from a decrease  i n  

uniform s t r a i n .  The necking or nonuniform s t r a i n  i s  l i t t l e  changed. A t  

625 and 70OoC t h e  s t r e n g t h  p r o p e r t i e s  are no t  s i g n i f i c a n t l y  a l t e r e d .  

However, the e l o n g a t i o n  is  s i g n i f i c a n t l y  reduced compared wi th  t h e  c o n t r o l  

specimens a t  these h i g h e r  temperatures .  We cannot draw conc lus ions  from 

t h e s e  l i m i t e d  d a t a  regard ing  e f f e c t s  of t h e  p r e i n j e c t e d  helium. 

5.2.5 Fu tu re  Work 

T e n s i l e  tests and scanning e l e c t r o n  microscopy examinat ion of t h e  

rest of t h e  i r r a d i a t e d  specimens are now in progress .  E l e c t r o n  microscopy 

examinat ion i s  a l s o  planned t o  determine t h e  damage s t r u c t u r e  (bubble 

s i z e ,  d i s l o c a t i o n  s t r u c t u r e ,  and void  d i s t r i b u t i o n )  f o r  the i n j e c t e d  and 

t h e  i r r a d i a t e d  specimens. 

5.2.6 Reference 

1. J. A. Horak, "Helium Implan ta t ion  i n  P o t e n t i a l  CTR S t r u c t u r a l  

Materials," Controlled Thermonuclear Materials Technology Annu. Prog. 
Rep. June 30, 1975, ORNL-5082, p. 40. 
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5.3 FATIGUE BEHAVIOR OF UNIKRADZATEU PATH C ALLOYS - K. C. Liu (OWL) 

5.3.1 ADIP Task 

A D I P  Task 1.6.3, Fa t igue  Crack Growth in  React ive and Refractory 

Alloys. 

5.3.2 Objec t ive  

The o b j e c t i v e  of t h i s  work i s  t o  develop b a s e l i n e  f a t i g u e  and c rack  

growth in fo rma t ion  f o r  t h e  Path C r e f r a c t o r y  meta l  scoping a l l o y s  i n  t h e  

u n i r r a d i a t e d  cond i t ion .  

5.3.3 Summary 

R e s u l t s  of exp lo ra to ry  f a t i g u e  t e s t s  on annealed Nb-1% Z r  showed t h a t  

t h i s  a l l o y  has about t h e  same f a t i g u e  r e s i s t a n c e  a t  room temperature and 

a t  650'C. It was a l s o  shown tha t  the  f a t i g u e  l i f e t i m e  of Nb-1% Z r  i s  

s u p e r i o r  by a f a c t o r  of about 10 i n  comparison wi th  average va lues  

obta ined  f o r  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  a t  low s t r a i n  

ranges.  

Fa t igue  t e s t s  of t h e  ADIP hea t  of -15% Cr-5% T i  a r e  p r e s e n t l y  under 

way. T e s t  r e s u l t s  ob ta ined  t o  d a t e  i n d i c a t e  t h a t  a t  room tempera ture  t h i s  

a l l o y  has margina l ly  b e t t e r  f a t i g u e  r e s i s t a n c e  than  Nb-1% Z r .  Only one 

f a t i g u e  test on -15% Cr-5% T i  a t  65OOC has been completed. This  d a t a  

p o i n t  f e l l  below the  average t r end  curve of -1% Z r .  

5.3.4 Progress  and S t a t u s  

5.3.4.1 S t a t u s  of Cycl ic  Fa t igue  Tes t ing  of Nbl% Z r  

Explora tory  f a t i g u e  t e s t s  on u n i r r a d i a t e d  N b l %  Z r  (not  t h e  ADIP h e a t )  

were d i scon t inued  t o  i n i t i a t e  scheduled f a t i g u e  t e s t s  on t h r e e  vanadium- 

based a l l o y s  from t h e  ADIP heat .  Since t h e s e  t e s t s  were e x p l o r a t o r y ,  on ly  

a l i m i t e d  number of t e s t s  were performed, p r i m a r i l y  t o  check out  t h e  long- 

term o p e r a t i o n a l  c a p a b i l i t i e s  of t h e  t e s t i n g  s y s t e m  and i t s  a s s o c i a t e d  

c o n t r o l  ins t rument  and t o  examine the  vacuum c a p a b i l i t y  needed for Path C 

a l l o y s  t e s t i n g  a t  h igh  temperature.  In s p i t e  of such l i m i t a t i o n s ,  u s e f u l  

i n fo rma t ion  on t h e  f a t i g u e  behavior  of -1% Z r  was obta ined .  
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Miniature  hourglass- shaped f a t i g u e  specimens, which were desc r ibed  i n  

d e t a i l  p r e v i o u s l y ,  were used. Tests were performed under f u l l y  reversed  

s t r a i n  c o n t r o l ,  us ing  a t r i a n g u l a r  waveform beginning i n  compression a t  a 

s t r a i n  rate  of 4 x Tests r e s u l t s  ob ta ined  a r e  summarized i n  

Table  5.3.1 and are a l s o  represen ted  i n  Fig. 5.3.1. An average t r e n d  

curve  f o r  u n i r r a d i a t e d  20%-cold-worked type 316 s t a i n l e s s  s t e e l  t e s t e d  a t  

430°C i s  a l s o  inc luded  i n  Fig. 5.3.1 f o r  comparison. 

T a b l e  5.3.1. Fa t igue  L i fe t ime  of N b 1 4  Zr 

Total St ra in  Cyclic Lifetime 
(cycles)  

Test 
Specimena Temperature b Range 

("C) (%)  

ANZ 111 650 2.0 2 ,  848 
ANZ 110 650 1.0 38,420 
ANZ 112 650 0.6 1,042,187 

ANZ 102 KT 2.0 
AN2 101 UT 1.0 

CNZ 1 UT 1.0 
C N Z  2 UT 0.5 

3,308 
31,402 

19,148 
967,447 

aANZ = annealed 1 h a t  1400°C i n  vacuum; CNZ = cold 

&T = room temperature. 

worked. 

These l i m i t e d  d a t a  sugges t  that  t h e  f a t i g u e  behavior of annealed 

N&1% Z r  a t  650°C is about the  s a m e  as t h a t  a t  room temperature .  Cold- 

worked N b 1 %  Zr appears  t o  be less f a t i g u e  r e s i s t a n t  than  the annealed 

material, probably because of t h e  reduced d u c t i l i t y .  

F igure  5.3.2 shows t h e  peak-to-peak stress ampl i tude o r  t h e  stress 

range f o r  t h e  h y s t e r e s i s  loops as a f u n c t i o n  of number of c y c l e s  f o r  

N b 1 %  Z r  cyc led  a t  a t o t a l  s t r a in  range of 1.0%. Continuous cycle tes ts  

a t  room temperature  r e s u l t e d  i n  c y c l i c  s o f t e n i n g  throughout t h e  test f o r  

the cold-worked specimens. Under t h e  same tes t  c o n d i t i o n ,  c y c l i c  s o f t e n i n g  

a l s o  occur red  i n  a n  annealed specimen but  p r a c t i c a l l y  ceased a f t e r  200 t o  

300 cycles when a s t a b l e  h y s t e r e s i s  loop was e s t a b l i s h e d .  However, an 

annea led  specimen t e s t e d  a t  650°C showed a b r i e f  i n i t i a l  hardening 

fol lowed by a g radua l  c y c l i c  s o f t e n i n g  u n t i l  it reached a s t a b l e  c o n d i t i o n  

a t  about 1000 cycles. 
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1 

t Nb-1 % Zr TESTED IN VACUUM 
TOTAL STRAIN RANGE = 1.0 % 
STRAIN R A T E  = 4 x 10~3 i I  

100 10' 102 103 1 o4 105 
NUMBER OF CYCLES 

Fig.  5.3.2. Cyc l i c  S t r e s s- S t r a i n  Behavior of N b 1 %  Z r  Tes ted a t  
25 and 650°C. A l l  t h e  tes ts  were cyc led  a t  ?0.5% s t r a i n .  
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The c o r r e l a t i o n  between such behavior and t h e  c y c l i c  f a t i g u e  l i t e t ime  

i s  somewhat complex. However, it is reasonab le  t o  p o s t u l a t e  t h a t  h igh 

s tress  ampl i tude i n  t h e  cold-worked specimen was a r e s u l t  of t h e  cold-  

worked s t r u c t u r e  t h a t  has reduced t h e  d u c t i l i t y  and f a t i g u e  l i f e t i m e .  

5.3.4.2 S t a t u s  of Cycl ic  Fa t igue  Tes t ing  of F 1 5 %  Cr-5% T i  

Fa t igue  tests  on W15% Cr-5% T i  from t h e  ADIP hea t  have been 

i n i t i a t e d ,  and four  tes ts  have been completed t o  d a t e .  A f i f t h  tes t  d t  

650'C is c u r r e n t l y  under way. Specimens were made from 6.4-mm-diam b a r s ,  

which were annealed a t  1200°C i n  a vacuum less than 10 pPa f o r  1 h b e f o r e  

machining. Specimens t h a t  passed i n s p e c t i o n s  were then s t r e s s  r e l i e v e d  a t  

the same temperature  f o r  0.5 h. The method of t e s t i n g ,  i n c l u d i n g  the  test  

waveform and s t r a i n  rate as desc r ibed  i n  t h e  preceding s e c t i o n ,  was 

adopted t o  develop a set of c o n s i s t e n t  b a s e l i n e  d a t a  f o r  Path C a l l o y s .  

The tes t  c o n d i t i o n  w a s  a l t e r e d  f o r  s t r a i n  ranges  no g r e a t e r  than 0.6%. 

For t h e s e  tests i n i t i a l  s t r a i n  c o n t r o l  a t  a s t r a i n  r a t e  of 4 X W 3 / s  was 

changed t o  load c o n t r o l  a t  a h igher  s t r a i n  rate of 4 x 10-2/s a f t e r  s t a b l e  

e l a s t i c  c y c l i n g  was e s t a b l i s h e d .  This reduces  t e s t i n g  time by a f a c t o r  of 

about  10. 

A m a t r i x  of 12 c y c l i c  f a t i g u e  t e s t s ,  as shown i n  Table 5.3.2, i s  being 

fol lowed.  R e s u l t s  of completed tes t s  a r e  summarized i n  Table 5.3.3 and 

a l s o  are p resen ted  i n  Fig. 5.3.3. 

Table 5.3.2. T e s t  Schedulea f o r  
V-15% Cr-5% T i  

T o t a l  S t r a i n  Range, % 

2.0 1.0 0.6 0.4 

Temperature 
("C) 

Room Temperature * * * * 
550 * * * * 
650 * * * * 

% s t e r i s k s  i n d i c a t e  t h a t  tests are 
scheduled f o r  t h e s e  t empera tu res  and s t r a in  
ranges.  
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T a b l e  5.3.3. Fa t igue  LiEetimea of  V-I j% Cr-5% T i  
(iieil t CAM-Y35il-3) 

OF Nb-1 % Zr FOR 
25 AND 650°C 

- 

I I I I I I I I I I 

T e s t  To t a l  5 t r d i n  
Specimen Temperature b Range Cycl ic  Lifetime 

( c y c l e s )  
("C) ( Z )  

AV 53 RT 2.0 4,345 
A V  51 KT 1.0 109,125 
h V  52" KT 0.6 >2,047,000 

AV 54 6 50 2.0 1,874 
AV 5 s d  650 0.6 >82,000 

%ll tes ts  i n  vacuum of < I 3  pPa. 

~ R T  = room temperature.  

"Testing t i m e  exceeded 31 d ,  d i s con t inued  temporar i ly .  

dTest i n  progress .  

- 

ORNL~DWG 80-12032 
10 , 

V -15% C r - 5 %  T i  TESTED IN VACUUM 
(HEAT NUMBER CAM-835 6-31 

0 25OC 

103 1 o4 105 106 io7 
CYCLES TO FAILURE ( N f )  

Fig. 5.3.3. Cyc l i c  Fa t igue  Data f o r  F 1 5 %  Cr-5% T i  Tested a t  25 and 
650°C i n  Vacuum. 
650°C is inc luded  f o r  comparison. 

An average  t r end  curve  f o r  N b I %  Z r  t e s t e d  a t  25 and 
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800 

Examination of Fig. 5.3.3 shows t h a t  t h r e e  room temperature  d a t a  

p o i n t s  f e l l  c o n s i s t e n t l y  above t h e  average t r e n d  curve  f o r  N k 1 %  Z r  

d i s c u s s e d  i n  t h e  p reced ing  s e c t i o n .  The test  of specimen AV-52 w a s  

d i s c o n t i n u e d  a f t e r  i t  exceeded 2 x lo6 c y c l e s  because t h e  t e s t i n g  time had 

exceeded 31 d wi th  no i n d i c a t i o n  of imminent f a i l u r e .  Alloy W15% Cr-5% T i  

a t  room temperature  appears  t o  have b e t t e r  f a t i g u e  r e s i s t a n c e  than  does 

N b l %  Z r .  However, a s i n g l e  test  conducted a t  a t o t a l  s t r a i n  range of 2% 

i n d i c a t e d  t h a t  -15% Cr-5% T i  a t  650°C was less f a t i g u e  res i s tan t  than 

N b 1 %  Z r .  A c a r e f u l  examinat ion of t h e  f r a c t u r e d  specimen showed t h a t  a 

s l i g h t  i n d i c a t i o n  of p l a s t i c  i n s t a b i l i t y  had developed near  t h e  f r a c t u r e  

zone. It i s  p o s s i b l e  t h a t  the  s y n e r g i s t i c  e f f e c t s  of t h e  p l a s t i c  

i n s t a b i l i t y  froin s t r a i n  c y c l i n g  a t  h igh  s t r a i n  range and t h e  f a t i g u e  c rack  

p ropaga t ion  had a c c e l e r a t e d  the f a i l u r e .  Data s c a t t e r  i s  of course  

a n o t h e r  p o s s i b i l i t y .  

Unl ike  N b 1 %  Zr, which e x h i b i t e d  c y c l i c  s o f t e n i n g  under cont inuous  

f a t i g u e  tests ,  -15% Cr-5% T i  appeared t o  be a cycl ic  hardening material 

a t  s t r a i n  ranges  i n  excess  of about 0.6%, as shown i n  Fig. 5.3.4. A l l  

V ~ l 5 %  Cr-5% Ti TESTED IN VACUUM 
Aet = TOTAL STRAIN RANGE 
i = 4 x 10-3i1 

- 

- 
D 

Aer = 0.6%. 25'C . 

zoo 1 'TEST CHANGED TO LOAD CONTROL 
AT THIS POINT FOR THIS TEST ONLY 

0 u I I I 
100 10' 102 lo3 1 o4 1 o5 

NUMBFR OF CYCLES 

F i g .  5.3.4. Cyc l i c  'S t ress- St ra in  Behavior of V-15% Cr-5% T i  Tested 
a t  25 and 650°C. 
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t e s t s  a t  room temperature  demonstra t ing c y c l i c  hardening i n d i c a t e d  t h a t  

s t r a i n  hardening i n  F 1 5 Z  Cr-5% T i  i n c r e a s e s  monotonically as t h e  number 

of c y c l e s  i n c r e a s e s ,  whereas a t  650°C more s t a b i l i t y  a f t e r  i n i t i a l  

hardening was demonstrated.  

5.3.5 Conclusions 

Limited d a t a  ob ta ined  t o  d a t e  i n d i c a t e d  t h a t  annealed N b l %  Z r  has 

about  t h e  same f a t i g u e  r e s i s t a n c e  a t  room temperature  and a t  650°C. It 

was encouraging t o  see t h a t  t h r e e  d a t a  p o i n t s  f o r  V-15% Cr-5% T i  t e s t e d  a t  

ruom temperature  f e l l  above t h e  average curve  of N b l %  Z r .  However, one 

tes t  datum a t  650°C f e l l  s u b s t a n t i a l l y  below t h e  same curve.  No conc lus ion  

w i l l  be made u n t i l  more high- temperature d a t a  become a v a i l a b l e  f o r  f u r t h e r  

e v a l u a t i o n .  

5 . 3 . 6  Reference 

1. K. C. L iu ,  "Mechanical Proper ty  T e s t i n g  of U n i r r a d i a t e d  Path C Al loys ,"  

A D I P  Quar t .  Prog. R e p .  S e p t .  30, 1979, DOE/ET-0058/7, pp. 1 4 1 4 3 .  
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6.1.1 A U I P  Task 

ADlP Task 1.8.12,  s t r e s s- r u p t u r e  p r o p e r t i e s  of s p e c i a l  and innova t ive  

m a t e r i a l s ,  and Task I . K .  16 ,  t e n s i l e  p r o p e r t i e s  of s p e c i a l  and innova t ive  

;mat e c i a l s  . 

6.1.2 Objec t ive  

The o b j e c t i v e  of t h i s  s tudy  i s  t o  develop a unique class of high- 

t emperd tu r r  a l l o y s  - d u c t i l e  long- range-ordered (LRO) a l l o y s  based on 

(Fe,Ni)3V - and t o  e v a l u a t e  t h e i r  p o t e n t i a l  f o r  u s e  as s t r u c t u r a l  

n a t e r i a l s  f o r  f u s i o n  energy sys t ems .  

5.1.3 Summary 

The i ron- base  LRO a l l o y s  w i t h  composi t ions  (Fe,Ni)-,V are being 

developed f o r  f u s i o n  energy a p p l i c a t i o n s .  The a l l o y s  have e x c e l l e n t  

h igh- temperature  s t r e n g t h  and good d u c t i l i t y  and f a b r i c a b i l i t y  i n  t h e  

o rdered  s t a t e .  S t u d i e s  of phase r e l a t i o n s  i n d i c a t e  t h a t  sigma phase 

p r e c i p i t a t e s  from t h e  d i s o r d e r e d  s o l i d  s o l u t i o n  (gamma) a t  t empera tu res  

above the  c r i t i c a l  o r d e r i n g  temperature  (T , ) .  Below T,, atom o r d e r i n g  

t a k e s  p lace  i n  t h e  a l l o y s  through t h e  p e r i t e c t o i d  r e a c t i o n  y + a + y-, 

where y *  i s  the  c u b i c  ordered phase (L12-type) formed on t h e  face- centered 

c u b i c  ( f c c )  l a t t i c e .  The sigma phase reg ion  can he reduced o r  e l i m i n a t e d  

by adding s m a l l  amounts of t i t an ium.  T e n s i l e  tes ts  as a f u n c t i o n  of 

t empera tu re  i n d i c a t e  t h a t  t h e  LRO a l l o y s  w i t h  base composit ions show a 

d u c t i l i t y  minimum around T,. 

s i g n i f i c a n t l y  improves t h e i r  d u c t i l i t y  a t  e l e v a t e d  temperatures .  The 

t e n s i l e  p r o p e r t i e s  of t h e  base and t i tanium-modified a l l o y s  are not  

a f f e c t e d  by long- term aging a t  550°C. Pre l iminary  e v a l u a t i o n  of material 

prepared by us ing  commercially produced ferrovanadium as feed material 

i n d i c a t e s  t h i s  as a promising approach t o  lowering t h e  a l l o y  product ion 

c o s t .  

However, modifying t h e  a l l o y s  wi th  t i t a n i u m  
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6.1.4 Progress and Status 

6.1.4.1 Introduction 

Long-range-ordered alloys generally offer significant advantages 

over conventional or disordered alloys for high-temperature structural 

applications. 1*2 This is based largely on relatively slow solid-state 
diffusion processes and unique dislocation dynamics of ordered lattices. 

The main difficulty limiting the use of LRO alloys is their low ductility 

and fabricability in the ordered state. Recently, our work on cobalt-base 
LRO alloys with compositions (Co,Fe)3V has overcome this limitati~n.~ 

We have demonstrated that the ductility of the ordered alloys can be 
controlled by adjusting alloy composition and ordered crystal structure. 

The alloys with cubic ordered structure (L12-type) are ductile and 

fabricable with tensile elongation in excess of 30% at room temperature. 

Alloys with lower cobalt contents would offer the potential of higher 

tritium breeding ratios, lower levels of structural activation, and lower 

alloy production costs. For these reasons we are developing cobalt-free, 

iron-base LRO alloys for fusion applications at temperatures to 700'C. 

6.1.4.2 Alloy Preparation and Fabrication 

The iron-base LRO alloys were prepared according to the composition 

(Fe,Ni)3V. 

have prepared so far. The base alloys (Fe,Ni)3V are also modified with 
less than 1% Ti for further improvement in metallurgical and mechanical 
properties. 

Table 6.1.1 lists the nominal composition of the alloys we 

The alloys LRO-35, -37, -38, -39, and -41 currently being evaluated 
were made by arc melting or electron-beam melting and drop casting into a 

25- by 13- by 140-mm rectangular mold. The ingots were clad in molybdenum 

cover sheets and rolled to a total thickness reduction of 80% at llOO°C. 
After breakdown by hot rolling, the alloy plates were cold rolled from 

2.5 to 0.76 m with an intermediate anneal at llOO°C. The as-rolled 

sheets were of good quality with no indication of edge or end cracks 

(Fig. 6.1.1). Thus, titanium additions do not affect the good fabrica- 

bility of the iron-base LRO alloys. 
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Table 6.1.1. Alloy Composition of the Iron-Base Long-Range-Ordered 
Alloys Currently Being Evaluated 

Critical Ordering 
Temperature, T, Base Composition Ti-Modified Composition Alloy 
("0 (wt %) (wt %) 

LRO-16 Fe-31.0 Ni-23.0 V 670 
-35 Fe31.8 Ni-22.5 W.4 Ti 690 
-39 Fe31.8 Ni-22.0 W . 9  Ti 

LRO-40 Fe35.7 Ni-22.9 V 
-41 Fe35.7 Ni-22.0 W.9 Ti 

LRO-20 Fe39.5 Ni-22.9 V 700 
-37 Fe39.5 Ni-22.4 W.4 Ti 720 
-38 Fe-39-5 Ni-22.0 W.9 Ti 

Y-153908 

Fig. 6.1.1. Alloy Sheet of LRO-37 Produced by Cold Rolling from 
2.5 to 0.8 mn at Room Temperature. 
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6.1.4.3 Ordered S t r u c t u r e  and Phase Re la t ionsh ips  

The phase r e l a t i o n s h i p s  and ordered s t r u c t u r e  i n  t h e  iron- base LRO 

a l l o y s  were s t u d i e d  by quenching and ag ing  i n  t h e  tempera ture  range from 

300 t o  1200°C. F igure  6.1 .2  shows the  phase r e l a t i o n s h i p s  i n  the  base 

a l l o y  LRO-20 (Fe-39.5% Ni--22.9 V )  and in t h e  t i tanium- modif ied a l l o y  LR0-37 

(Fe-39.5% Ni-22.4% W . 4 %  T i )  determined by x-ray d i f f r a c t i o n  and metal lo-  

g r a p h i c  examination. The d i so rde red  f c c  s o l i d  s o l u t i o n  (gamma phase)  

e x i s t i n g  i n  t h e  LRO-20 a t  h igh temperatures  was r e t a i n e d  a t  room tempera- 

t u r e  on quenching from above 750'C. The gamma phase decomposes i n t o  

y + 0 i n  a narrow temperature range, 710 t o  750OC. Below 710°C atom 

o r d e r i n g  t a k e s  p lace  i n  the  a l l o y  through the  p e r i t e c t o i d  r e a c t i o n  

y + 0 + y', where y- is  t h e  cubic  ordered phase (Ll2 t y p e ) .  The gamma 

prime can a l s o  be produced by aging the  quenched gamma a t  tempera tures  

below T,. 
because ,  i n  some cases, the  r e t e n t i o n  of sigma phase below T, would lower 

t h e  d u c t i l i t y  and weaken atomic o rde r  i n  the  a l l o y s .  The sigma phase 

The e x i s t e n c e  of sigma phase i n  t h e  base  a l l o y  i s  no t  d e s i r a b l e  

ORNL-DWG 80~12050 

PHASE RELATIONSHIPS 

LRO ~ 20 
IFe-39 N i - 2 3 V I  

LRO-37 
IFe-39 N1-22V-0 .4Ti l  

Fig. 6.1.2. Phase Re la t ionsh ips  of t h e  Base Alloy LRO-20 and the  
Titanium-Modified Alloy LRO-37. 
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reg ion  can be s u b s t a n t i a l l y  reduced o r  complete ly  e l i m i n a t e d  (dependixg on 

n i c k e l  c o n t e n t )  by adding small amounts of t i t an ium.  As i n d i c a t e d  i n  

Fig.  6.1.2, t h e  signa phase forrnation i s  complete ly  e l i m i n a t e d  i n  LRO-37 

c o n t a i n i n g  0.4% T i .  We c u r r e n t l y  a d j u s t  n i c k e l  and t i t a n i u m  c o n c e n t r a t i o n  

f o r  c o n t r o l  of sigma phase format ion i n  i ron- base  LRO a l l o y s .  

The T, was es t imated  from measurement of thermal  expansion,  x-ray 

d i f f r a c t i o n ,  and measurement of mechanical p r o p e r t i e s .  Adding small 

amounts of t i t a n i u m  appears  t o  i n c r e a s e  the c r i t i c a l  o r d e r i n g  temperature .  

A s  shown i n  Fig. 6.1.2 and Table 6.1.1, t h e  T ,  of t h e  t i tanium-modified 

a l l o y  is  h igher  than t h a t  of base a l l o y  by about 20°C. 

6.1.4.4 T e n s i l e  P r o p e r t i e s  

T e n s i l e  p r o p e r t i e s  of t i t an ium -modi f i ed  a l l o y  LRO-37 and t h e  base 

a l l o y  LRO-20 were determined on s h e e t  specimens a t  a s t r a i n  rate of 

3.3 X Figure  6.1.3(a) shows a p l o t  of y i e l d  s t r e n g t h  as a func- 

t i o n  of test  temperature .  The y i e l d  s t r e n g t h  of t h e  t i tanium-modified 

a l l o y ,  l i k e  the  base a l l o y ,  i n c r e a s e s  wi th  temperature  and reaches  a 

maximum near  T,, which is about 720°C. 

of the  s t r e n g t h  makes the  LRO a l l o y s  much s t r o n g e r  than conven t iona l  

a l l o y s  a t  e l e v a t e d  temperatures .  For i n s t a n c e ,  t h e  y i e l d  s t r e n g t h  of the  

o rdered  a l l o y s  reaches  400 IQa, which is about  4 times t h a t  of annealed 

t y p e  316 s t a i n l e s s  s tee l  a t  650°C. The s t r e n g t h  of t h e  LRO a l l o y s  

d e c r e a s e s  s h a r p l y  above T, a s  a r e s u l t  of l o s s  of long- range o rder .  

The p o s i t i v e  temperature  dependence 

F igure  6.1.3(b) compares t h e  d u c t i l i t y  of t h e  base a l l o y  LRO-20 with  

the  t i tanium-modified a l l o y  LRO-37. Both a l l o y s  are d u c t i l e  wi th  t e n s i l e  

e l o n g a t i o n  i n  excess  of 35% a t  t empera tu res  below 450°C. Above 450°C t h e  

d u c t i l i t y  of the base a l l o y  LRO-20 d e c r e a s e s  s u b s t a n t i a l l y  w i t h  tempera- 

t u r e  and reaches  a minimum of 14.6% near T,. 
o f  the t i tanium-modified a l l o y  is much less dependent on t empera tu re  and 

shows only  a moderate drop near  7,. 

modif ied a l l o y  i s  28.3% a t  720°C. Thus, a l l o y i n g  wi th  t i t a n i u m  a d d i t i o n s  

s i g n i f i c a n t l y  improves t h e  d u c t i l i t y  of t h e  i ron- base  a l l o y s  a t  e l e v a t e d  

t empera tu res .  

I n  comparison, t h e  d u c t i l i t y  

The d u c t i l i t y  minimum of t h e  t i tanium-  



159 

ORNL-DWG 80.12044 

x lo3) 

60 

50 -3. 
B - 
3 

z 
YI 
r 

40 

30 
9 

20 > 
Y 

10 

D 

Ibl , 
0 I I I I I I 

TEST TEMPERATURE I'CI 

Fig. 6.1.3. Plot of Yield Strength and Total Elongation of the Base 
Alloy LRO-20 and the Titanium-Modified Alloy LRO-37 as a Function of Test 
Temperature. 

6.1.4.5 Long-Term Aging Study 

To evaluate the structural stability and mechanical properties of 

iron-base LRO alloys, specimens of the base alloy LRO-20 and titanium- 

modified alloy LRO-35 (Fe-31.8% Ni-22.5% W.4% Ti) were encapsulated in 
vacuum and aged at 55OOC. The tensile properties of the aged specimens 

were determined at room temperature after 2000 h at temperature. 

iaoie 0.1.~ snows m e  Lensiie properries 01 m e  agea material ana compares 

them with the properties of control material. The comparison indicates 

that long-term aging at 55OoC has little adverse effect on the tensile 
properties of the iron-base LRO alloys. ChaKacteKiZatiOn of the structure 

of the aged material is in progress. 
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Table 6.1.2. Room Temperature Tensile Properties of 
Long-Range-Ordered Alloys  Aged 2000 h 

at 550°C in Vacuum 

Strength, MF’a (ksi) Total 
Alloy Conditiona Elongation 

Yield Tensile (%) 

LRO-20 Control 309 (44.9) 1054 (153.0) 43.8 

LRO-20 Aged 336 (48 .8)  1188 (172.5) 40.8 

LRO-35 Control 270 (39.2) 1124 (163.1) 42.1 

LRO-35 Aged 309 (44.8) 1216 (176.5) 40.3 

aControl indicates no aging treatment. 

6.1.4.6 Preparation of Iron-Base LRO Al loys  by Using Ferrovanadium 
The iron-base LRO alloy currently being developed at O W L  contains 

2 2  to 23 wt % V. The material cost of the alloys would be lowered by a 

factor greater than 20 if commercially produced ferrovanadium can be used 

in place of pure vanadium as feed material. The commercial ferrovanadium 

generally contains 80 to 85% V and 10 to 15% Fe with impurities such as 

1 to 4% 0 and less than 2% Al and Si. To study the feasibility of using 

ferrovanadium, two 400-g alloy ingots of LRO-37 were prepared with 

as-received and electron-beam-purified ferrovanadium. The fabricability 

was then checked by hot rolling at 1100°C followed by a 50% cold roll at 

room temperature. Both ingots were successfully rolled to 0.6-mm sheets 

with excellent quality. This result demonstrates that preparation of 

iron-base LRO alloys with ferrovanadium does not impair their fabricability 

and ductility. The evaluation of their mechanical properties is in 

progress. 

6.1.5 Conclusions and Future Work 
The iron-base LRO alloys with compositions listed in Table 6.1.1 are 

being developed for possible fusion energy applications. The LRO alloys 

have excellent high-temperature strength and good ductility and fabrica- 

bility in the ordered state. Alloying with less than 1% titanium 
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significantly improves the metallurgical and mechanical properties of the 

iron-base LRO alloys. The sigma phase with tetragonal crystal structure 

is observed in the base alloys at temperatures above T,. 

region can be reduced or completely eliminated by titanium additions. 

base alloys show a ductility minimum around T,; however, modification of 

the alloys with titanium significantly improves their ductility at 

elevated temperatures. The tensile properties of the base and titanium- 

modified alloys are little affected by long-term aging at 550°C. 

The sigma phase 

The 

Our program is continuing to develop and characterize the iron-base 

ordered alloys for fusion energy applications. 
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6.2 THE EFFECT OF 4-LleV NICKEL ION IRRADIATION ON THE MICROSTRUCTURE OF 
(Fe,Ni)3V LONG-RANGE-ORDERED ALLOYS - D. N. Braski (ORNL) 

6.2.1 ADIP Task 

ADIP Task I.C.5, Microstructure and Swelling in Special and Innovative 

Materials. 

6.2.2 Objective 

The objective of this research is to define the response of a new 

class of (Fe,Ni)3V long-range-ordered (LRO) alloys to both neutron and ion 

irradiation with the overall goal of evaluating the potential use of this 

alloy class as structural material for fusion energy systems. 

6.2.3 Summary 

The unirradiated microstructure of (FebINi39)3V contains a relatively 
uniform distribution of small MC-type precipitate particles and large, 

widely scattered islands of sigma phase. Essentially the same alloy, 

except for a 0.4 w t  % Ti addition, contained scattered inclusions with 

MC-type precipitate particles decorating the dislocations at the inclusion- 

matrix interfaces. 

Irradiation of (Fe61Ni39)3V at 525, 570, 625, and 68OOC with 4-HeV 

(0.6-pJ) nickel ions to 70 dpa with the simultaneous injection of helium 

and hydrogen produced cavities, a high density of dislocation loops, and 

a redistribution of MC-type precipitate particles. The alloy remained 

ordered throughout the irradiation except at 680"C, which was above its 

critical ordering temperature of about 670°C. The irradiation also 

produced a high density of dislocations in the titanium-modified alloy but 

only a few small cavities at 525 and 57OOC. No cavities were observed at 

either 625 or 680°C. The MC-type particles precipitated in the modified 

alloy at all bombardment temperatures. 

increased, the precipitate particle size also increased. However, the 

number of these particles decreased. 

enhanced the resistance of (Fe61Ni39)3V to ion damage is unclear. 

As the bombardment temperature was 

The mechanism by which titanium 



163 

6.2.4 Progress  and S t a t u s  

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

The r e l a t i v e  r e s i s t a n c e  of (Fe,Ni)3V LRO a l l o y s  t o  r a d i a t i o n  damage 

h a s  been s t u d i e d  exper imenta l ly  by bombarding them with 4-MeV n i c k e l  ions .  

The e f f e c t s  of t he  bombardment on the  m i c r o s t r u c t u r e s  of t hese  a l l o y s  have 

been eva lua t ed  by t r ansmis s ion  e l e c t r o n  microscopy (TEM) and w i l l  be 

c o r r e l a t e d  l a t e r  wi th  r e s u l t s  ob ta ined  from neutron ( r e a c t o r )  i r r a d i a t i o n  

of t h e  same m a t e r i a l s .  This  r e p o r t  summarizes the  q u a l i t a t i v e  TEM r e s u l t s  

f o r  t h e  i ron- base a l l o y  LRO-l6G, which was bombarded t o  70 dpa wi th  

s imultaneous i n j e c t i o n  of helium and hydrogen a t  t empera tures  of 525, 570, 

625, and 680°C. We w i l l  a l s o  r e p o r t  t h e  e f f e c t  of adding 0.4 w t  % T i  on 

t h e  r e s i s t a n c e  of the  a l l o y  t o  r a d i a t i o n .  The q u a n t i t a t i v e  TEM r e s u l t s  

concern ing  swe l l ing ,  e t c .  w i l l  be presented  and w i l l  be compared with 

s i m i l a r  da t a  c o l l e c t e d  f o r  a cobal t- base  LRO a l l o y  and ZO%-cold-worked 

type  316 s t a i n l e s s  steel i n  a l a t e r  r e p o r t .  

6.2.4.2 Experimental Procedure 

I n g o t s  (about  0.3 kg) of two iron- base LRO a l l o y s  ( s e e  Table 6.2.1 

f o r  composi t ion)  were a r c  melted under argon. The molybdenum-wrapped 

i n g o t s  were then  hot  r o l l e d  a t  l l O O ° C  t o  a t h i c k n e s s  of about 1 mm. The 

t h i c k n e s s  of the  s h e e t  was f u r t h e r  reduced t o  about  0.6 m by cold  r o l l i n g .  

Disks wi th  3-mm d iameters  were e l e c t r i c a l- d i s c h a r g e  machined from the  

sheet and h e a t- t r e a t e d  t o  the  ordered  cond i t ion .  The LRO-16G d i s k s  were 

Table 6.2.1. Alloy Compositions 

Content 
~~~ ~~ ~ 

Alloy W t  % Nominal w t  ppm 

Fe N i  v T i  C N  0 
~~ ~ 

LRO-16G 46.0 31.0 23.0 21 106 95 

LRO-35F 45.3 31.8 22.5 0.4 63 100 100 
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annealed a t  1130°C f o r  15 min, were quenched i n  water, and were aged i n  a 

vacuum furnace  a t  605°C f o r  5.5 d. The LRO-35F d i s k s  were annealed a t  

1200'C i n  an a t t empt  t o  a v e r t  sigma phase format ion;  were quenched i n  

w a t e r ;  and were aged a t  650°C f o r  3 d, then a t  600°C f o r  30 h,  and f i n a l l y  

a t  500°C f o r  60 h. Both s i d e s  of t h e  d i s k s  were ground f l a t  wi th  600- gri t  

emery paper,  and one s i d e  of each d i s k  w a s  po l i shed  t o  a mirror f i n i s h  

w i t h  v i b r a t o r y  p o l i s h i n g  equipment. 

The d i s k s  were bombarded i n  t h e  ORNL d u a l  ion  beam f a c i l i t y 1  w i t h  

4-MeV n i c k e l  i o n s  t o  a dose of 70 dpa a t  525, 570, 625, and 680°C. Helium 

and hydrogen i o n s  were s imul taneous ly  i n j e c t e d  a t  l e v e l s  of 8 and 

28 a t .  ppm/dpa, r e s p e c t i v e l y .  The TEM specimens were prepared by e l e c t r o-  

p o l i s h i n g  0.50 t 0.15 pm of material away from t h e  po l i shed  (bombarded) 

s u r f a c e  t o  reach t h e  c a l c u l a t e d  damage l a y e r .  The p o l i s h i n g  s o l u t i o n  

con ta ined  125 m l  of concen t ra ted  H2SO4 and 875 ml of methanol. 

specimen was j e t  po l i shed  from t h e  s i d e  o p p o s i t e  t h a t  which w a s  bombarded, 

u s i n g  t h e  same s o l u t i o n  and a c u r r e n t  d e n s i t y  of about  65 k A / m 2  u n t i l  

p e r f o r a t i o n  occurred.  The "EM specimens were examined i n  a 120-kV 

e l e c t r o n  microscope wi th  a e u c e n t r i c  d o u b l e- t i l t  specimen s t age .  

Then each 

6.2.4.3 R e s u l t s  

The composit ion of LRO-16G given i n  Table 6.2.1 may a l s o  be expressed  

i n  chemical  n o t a t i o n  as (Fe61Ni39)3V. Its c r y s t a l  s t r u c t u r e  i s  o rdered  

face- cen te red  c u b i c  ( f c c )  or L12. The m i c r o s t r u c t u r e  of LRO-16G before  

i o n  i r r a d i a t i o n  (Fig.  6.2.1) c o n s i s t e d  of about  10-nm-diam MC-type 

p r e c i p i t a t e  p a r t i c l e s  d i s p e r s e d  i n  the o rdered  m a t r i x  and a t  g r a i n  

boundar ies .  An approximately  0.25ym zone denuded of p r e c i p i t a t e  p a r t i c l e s  

w a s  observed on both  s i d e s  of a l l  g r a i n  boundar ies .  These p a r t i c l e s  have 

n o t  y e t  been ana lyzed ,  but  similar ones i n  the cobal t- base  a l l o y s  were VC 

or V ( C , N , O ) ,  i n  which N and 0 may s u b s t i t u t e  f o r  C i n  the p r e c i p i t a t e  

p a r t i c l e  l a t t i ce .  The p r e c i p i t a t e  p a r t i c l e s  e x h i b i t  i n t e r s t i t i a l  s t r a i n  

c o n t r a s t  as a r e s u l t  of the MC l a t t i c e  parameter being s u b s t a n t i a l l y  

l a r g e r  than that  of t h e  mat r ix .  Large i s l a n d s  of sigma phase were a l s o  

p r e s e n t  in the m i c r o s t r u c t u r e ,  as shown i n  Fig. 6.2.2. The i s l a n d s  were 

n o t  s i n g l e  c y r s t a l s  but  were composed of many t i n y  g r a i n s  that  were o f t e n  



165 

DEN1 
zor 

Fig. 6.2.1. The LRO-16G Mic ros t ruc tu re  Before Ion I r r a d i a t i o n .  

h e a v i l y  f a u l t e d .  A zone denuded of p r e c i p i t a t e  particles w a s  a l s o  

observed a t  t h e  sigma phase boundary. Se l ec t ed  area e l e c t r o n  d i f f r a c t i o n  

confirmed t h a t  t h e  sigma phase had a t e t r a g o n a l  s t r u c t u r e  wi th  c = 0.46 m 

and a - 0.88 nm, which ag rees  with t h e  x-ray d a t a  f o r  sigma phase found i n  

t h i s  system of a l l oys .2  

s t r u c t u r e  conta ined  a h igh  d e n s i t y  of small d i s l o c a t i o n  loops  and 

d i s l o c a t i o n  segments, as shown i n  t h e  micrograph i n  Fig. 6.2.3, which was 

t aken  under dynamical o r  "two-beam'' imaging cond i t ions .  When the imaging 

c o n d i t i o n s  were changed t o  o b t a i n  k inema t i ca l  c o n d i t i o n s ,  numerous 

c a v i t i e s  were observed at  a l l  f o u r  bombardment tempera tures ,  as shown i n  

Fig. 6.2.4. With i n c r e a s i n g  temperature t h e  average  c a v i t y  s ize  inc reased  

(Fig.  6.2.4). 

A f t e r  i r r a d i a t i o n  wi th  n i c k e l  i ons ,  the micro- 

There was a WKKOW range of s izes  f o r  both 525 and 570'C 
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Fig. 6.2.3. Microstructure of LRO-16G after 70 dpa from Nickel Ions 
with Simultaneous Injection of 8 at. ppm/dpa He and 28 at. ppm/dpa H at 
525"c, Showing Small Dislocation Loops and Segments. 

.bution of precipitate pa 

idiation has been observe, 
Ir. 3 c n  I _ _ >  & 1 _ _  _ _ _ _  _ _ _ _ _  

bright and dark field micrographs in Fig. 6.2.6. 
observation with the original MC precipitate particle distribution shown 

in Fig. 6.2.1, one must conclude that the irradiation has caused their 

redistribution. Redistri rticles in alloys from 
both ion and neutron irra 

After comparing this 

d by other investigations.5 

The ordered alloy LRu-JJr LIUU L t l r  s a m e  cumpusition as LRO-16G except 

for an 0.4 w t  % addition 1.2.1). Furthermore, it was of titanium (Table 6 
.. . . examined after identical ion irradiation conditions. The effect of the 

small titanium additions was quite significant. To begin with, the 
unirradiated microstructure differed in that the small MC-type precipitate 
n n r t i r l a m  v.ve-a nnr n a 3 - 1 ~  3- . . n i F f i - l r r  A i a t - i h . , t a A  i n  th-  - o + + i -  - -A 
yYLC*C&C- "CLL .I"- ..CY-*> -- V..LL"LY.L, U I Y L L L Y V C C U  4.L. C..C .-I-r4.-, _L.U 

sigma phase was absent. 

inclusions with interfacial dislocations that were decorated with tiny 

Instead, there were a few large scattered 
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Fig. 6.2.6. The Decoration of Cavities in LRO-16G Irradiated to 
70 dpa from Nickel Ions with Simultaneous Injection of 8 at. ppm/dpa He 
and 28 at. ppm/dpa H at 625OC. (a) Bright field. (b) Dark field using 
(220) precipitate reflection. 

these results we find that the 0.4 w t  % addition of titanium has produced 

an ordered alloy more resistant to swelling under nickel ion damage. The 

mechanism whereby titanium accomplishes this improved microstructural 

response to irradiation is not clear at this time. 
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ut 

Fig. 6 .2 .7 .  The LRO-35F Microstructure Before Ion Irradiation, 
Showing MC-Type Precipitate Partic les  on Interfac ia l  Dislocations.  
( a )  Bright f i e l d .  (b)  Dark f i e l d  using (200) precipitate  ref lect ion.  
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6.2.5 Conclusions and Future Work 

The addition of 0.4 w t  % Ti to the base (Fe61Ni39)3V LRO alloy 

markedly improved its resistance to swelling under nickel ion irradiation 

f o r  the conditions used in the experiment. The mechanism whereby this 

improvement was accomplished is not clear at this time. 

Future work will include the quantification of the microstructural 

data already collected for LRO-16G and LRO-35F and comparison of the 

results with those for a cobalt-base LRO alloy and type 316 stainless 

steel (20% cold worked) under the same irradiation conditions. Other ion 

irradiation experiments are being planned for an iron-base LRO alloy with 

composition modified to reduce formation of sigma phase. Other studies 

will concentrate on establishing the role of titanium in this class of 

alloys. Finally, the effects of neutron irradiation on the microstructure 

of the iron-base LRO alloys will be evaluated. 
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6.3 PROPERTIES OF RAPIDLY SOLIDIFIED NUCLEAR GRADE 316 STAINLESS 
STEEL -K. Genssler and N. J. Grant (MIT) 

6.3.1 ADIP Task 

Tasks I.B.16 and I.B.12, Tensile and Stress-Rupture Properties. 

6.3.2 Objective 

The objective of this study is to investigate the mechanical pro- 

perties of Nuclear grade 316 stainless steel which was structure refined 

by rapid solidification ( R S ) .  Emphasis was given to the properties at 

temperatures expected in the first wall of fusion systems. The pro- 

perties of rapidly solidified material were compared with the proper- 

ties of ingot material. 

6.3.3 Summary 
Nuclear grade 316 stainless steel was processed by rapid solidifi- 

cation. Mechanical testing (room temperature and high temperature ten- 

sile, Charpy impact, low cycle fatigue and stress rupture testing) 

showed that the rapidly solidified alloy in all instances either matches 

or exceeds to an important degree the mechanical properties of ingot 

material; rational exceptions include long term creep at 65OoC due to 

the much finer grain size of the RS a l l o y .  

6 . 3 . 4  Progress and Status 

6.3.4.1 Introduction 

Thermomechanical treatments for the purpose of grain refinement 

face restrictions when wrought stainless steels are used. Typical re- 

crystallization temperatures of 750 to 1000°C are usual. Problems of 

carbide precipitation, and also of a phase formation complicate grain 

size control. Nevertheless, recrystallized grains as small as 3 um are 

readily achieved, but carbides do precipitate from solution. 
1 

The purpose of this study was to investigate the properties of a 

Nuclear grade type 316 stainless steel which was structure refined by 

rapid solidification. Emphasis was given t o  mechanical properties at 
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temperatures expected in the first wall of fusion systems. 

room temperature tensile, high temperature tensile, stress-rupture, 

notch bar impact and low cycle fatigue properties of rapidly solidified 

material were studied and were compared with the properties of ingot 

material. 

Hardness, 

6.3.4.2 Production of Rapidly Solidified Alloy 

Production of rapidly solidified (RS) alloy included rapid solidi- 

fication by using the roller quenching technique, consolidation of 

rapidly solidified foils by hot extrusion and different thermomechanical 

treatments. 

Nuclear grade 316 stainless steel was provided by ORNL as a bar 
10 cm in diameter; it was designated as MFE Reference Heat (Heat 

No. X-15893). 

Rapid solidification was performed in a roller quenching 

apparatus.* 

melting. 

tact with two counter-rotating rolls. Obtained foils were typically 

75 to 100 vm thick and 5-10 cm long. The estimated cooling rate was 

10 to 10 'C/sec. The alloy solidified dendritically with secondary 

dendrite arm spacing of 2 pm. Foils were cold compacted to obtain a 

billet and then heated in the range 1040-1O8O0C and extruded. 

duction of area was 30:l resulting in a 1.3 cm diameter bar. 

Material was melted in an argon atmosphere using induction 

A fine stream of molten metal was rapidly solidified in con- 

5 6 

The re- 

The RS extruded material with a 16 pm equiaxed grain size was sub-  

jected to various thermomechanical treatments (TMTs), in part because 

the 30:l extrusion ratio results in insufficient hot work to guarantee 
a structure which will not show small delaminations during mechanical 

testing. 

6.3.4.3 Mechanical Testing 

Room temperature tests were run on an Instron Machine at a constant 

High temperature tensile tests were run crosshead speed of 0.13 cm/min. 

at 400", 500' and 65OoC on a Riehle testing machine using a Satec power 

positioning furnace and Satec temperature controller. 

tests were performed at room temperature on a Tinius Olson Machine with 

Charpy impact 



a linear hammer velocity at the instant of striking of 4.21 cmlsec. 

Constant load stress rupture tests were run at 650°C using a flexible 

load train and simple lever arm type frames. Low cycle fatigue test- 

ing was performed at 400' and 650°C on an MTS model 10.1 x 10 

servo-hydraulic fatigue machine. 

3 
kg 

Different processing conditions are summarized in Table 6.3.1 and 

include as received ingot material, rapidly solidified (RS) and 

extruded (Extr) material, and RS material subjected to different thermo- 

mechanical treatments (TMTs). Thermomechanical treatments comprised 

swaging (60% CW) and heat treatments at temperatures of 940", 1040" and 

1090'C followed by water quenching (WQ). 

Table 6.3.1. Processing Variables of Nuclear Grade 
316 Stainless Steel 

Treatment Grain Size 
Designation Processing Condition (urn) 

1 RS + Extr 16.0 

2 RS + Extr + 62% CW + 940"C, 112 hr + WQ 9.6 

3 RS + Extr + 62% CW + lO4O0C, 1 1 2  hr + WQ 12.0 

4 RS + Extr + 62% CW + 1090°C, 112 hr + WQ 16.0 

5 HRAP ingot material 68.0 

TMT with heat treatment at 1O4O0C resulted in the best combination 

of strength and ductility. Therefore, mechanical tests, except for low 

cycle fatigue and Charpy impact testing, were carried out in this TMT 

condition. Low cycle fatigue and Charpy tests were performed on 

material in the as-extruded condition. Ingot material was tested in 

the as-received, solution treated condition. 

Rockwell hardness, grain size and room temperature tensile pro- 

perties of Nuclear grade 316 stainless steel for several processing 

conditions are shown in Table 6.3.2. High temperature tensile pro- 

perties are shown in Table 6.3.3. It follows that properties of RS 

material are not only considerably higher than those of ingot material 
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but also higher than those reported by other investigators who achieved 

the same grain size by TMTs only.' 
better use of solid solution strengtheners in RS material. Hardness 

and tensile properties are shown to depend on grain size. 

values increase with decreasing grain size while ductility remains high 

and decreases only slightly. A straight line relationship has been 

observed when plotting YS and UTS versus elongation for the ingot 

material and RS and cold worked material which was annealed at 980° ,  

1040" and 1090°C. In testing at 40O-65O0C, it was possible to relate 

yield strength and test temperature for as-received ingot and RS 

material; the slopes for both processing conditions are almost the same 

indicating that the strength improvements are retained throughout the 

temperature range of 400-650°C. 

These results are attributed to 

Strength 

Stress rupture properties of ingot material and RS materials at 

650'C are shown in Figure 6.3.1. The RS material is stronger than 

ingot material at short rupture times; however, long term creep data at 

650°C confirm that the fine grain size of the RS alloy is weaker than 

the much coarser ingot product. 

boundary embrittlement of the ingot product in creep rupture tests at 

650°C is absent in the RS alloy. A s  shown in Figure 6.3.1, the ingot 

product follows a normal pattern of decreased elongation, 44% at short 
rupture times and 8% at approximately 500 hr. rupture life. 

with fine grain size and refined structure shows a much smaller de- 
crease in elongation, from 45% to 25% f o r  comparable rupture times (a 

similar trend may be observed in the RS material as a function of grain 
size). 

quent irradiation testing wherein the absence of other embrittling 

factors may be critical. 

On the other hand, the normal grain 

RS material 

This ductility behavior may be an important feature in subse- 

Charpy impact properties were examined at room temperature as we 
are interested only in the temperature range of ductile fracture. 

These tests revealed delamination of RS material which was not thermo- 

mechanically treated. Despite delamination problems, Charpy impact 

values were of the same order as those of ingot material. It is there- 

fore reasonable to assume that the thermomechanical treatment would 

yield higher Charpy impact values. 
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F i g u r e  6.3.1.  S t r e s s  Rupture Data of Nuclear Grade 316 S t a i n l e s s  
S t e e l .  Log S t r e s s  v e r s u s  Log Rupture L i f e  a t  650’C. 

F i g u r e  2 shows t h e  l o w  c y c l e  f a t i g u e  (LCF) p r o p e r t i e s  of i n g o t  

material  and s p l a t  cooled material  a t  650°C. LCF p r o p e r t i e s  of RS 

material  a t  400’ and 650°C improved c o n s i d e r a b l y  f o r  low leve l  of p l a s-  

t i c  de format ion  c l o s e  t o  t h e  f a t i g u e  l i m i t ,  b u t  were n o t  b e t t e r  f o r  

l a r g e  p l a s t i c  deformat ion,  where stress levels  are  h igh .  

due t o  t h e  f a c t  t h a t  LCF i s  e s s e n t i a l l y  a p r o c e s s  of s t a g e  I1 c r a c k  

p ropaga t ion  and as such does  n o t  depend on g r a i n  s i z e . 3  A s  p l a s t i c  

de format ion  d e c r e a s e s ,  the amount of s t a g e  I c r a c k  i n i t i a t i o n  as a 

f r a c t i o n  of t o t a l  l i f e  a l s o  i n c r e a s e s ,  t h u s  LCF p r o p e r t i e s  become 

more g r a i n  s i z e  dependent ,  and r e s u l t  i n  a h i g h e r  endurance l i m i t  f o r  

t h e  RS m a t e r i a l .  Close examinat ion of t h e  c r a c k  i n i t i a t i o n  s i t es  shows 

t h a t  s t a g e  I microcracks  extend only over  t h e  l e n g t h  of t h e  g r a i n  s i z e  

f o r  bo th  i n g o t  and RS material .  

Th i s  may be 



Figure 6.3.2. Low Cycle Fatigue Data of Nuclear Grade 316 
Stainless Steel. Total Strain as a Function of Number of Cycles to 
Failure at 650°C. 

6.3.5 Conclusions 

A Nuclear grade type 316 stainless steel was processed by rapid 

The alloy solidification at an estimated cooling rate of 105"C/sec. 

solidified dendritically with a secondary dendrite arm spacing of 2 pm 

and recrystallized to a 16 pm equiaxed grain size during subsequent 
extrusion at 1 0 5 O O C .  To avoid longitudinal delamination, the RS and 

extruded material was thermomechanically treated at three different 

temperatures resulting in three different grain sizes. 

Hardness, room temperature tensile properties and high temperature 

tensile properties were considerably higher than those of ingot material, 

and also higher than those of other investigations which achieved the 

same grain size by thermomechanical treatments alone. 

Charpy impact values were of the same order of magnitude as those 

of ingot material although delaminations were observed on the fracture 

surface of RS material due to limited amounts of hot work. 

RS material is stronger than ingot material at short rupture times 

at 650 'C ;  long term creep data confirmed that the fine grain size of 
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the RS alloy is weaker than the coarse ingot material. However, the 

normal grain boundary embrittlement of the ingot product is absent in 

the RS product. 

LCF properties of RS material at 400' and 65OOC were improved con- 

siderably for low level of plastic deformation close to the fatigue 

limit but were not better at high stress levels. 
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6.4 OPTIMIZATION OF STRUCTURE AND PROPERTIES OF PRIME CANDIDATE 
ALLOY (PCA) BY RAPID SOLIDIFICATION -J. Megusar, L. Arnberg, 
J .  B .  Vander Sande and N. J. Grant (MIT) 

6 . 4 . 1  ADIP Task 
Tasks I.C.5 and I . B . 1 2 ,  Microstructure and Swelling and Stress 

Rupture Properties of Special and Innovative Materials. 

6 . 4 . 2  Objective 

The objective of this study is to show the potential of rapid 

solidification in optimizing the structure and properties of Path A 
Prime Candidate Alloy for use as a structural material for fusion 

energy systems. Samples of rapidly solidified and thermomechanically 

treated Path A-1 and Path A-2 alloys have been included in alloy 

development irradiation experiments. 

6 . 4 . 3  Summary 

A high density of heterogeneous nucleation sites for helium trap- 
ping was provided by reducing the grain size, by increasing the Tic 

content and surface area and by controlling the dislocation structure 

by rapid solidification and subsequent thermomechanical treatments. 

Thermomechanical treatments were developed which resulted in higher 

strength and elongation in stress rupture testing at 650'C than in a 

20% cold worked reference state. While rapid solidification allowed for 
a controlled Tic precipitate size, density and distribution, coarsen- 

ing may effectively limit the applications of Tic dispersion strengthened 

austenitic stainless steel at higher irradiation temperatures. 

6 .4 .4  Progress and Status 

6 . 4 . 4 . 1  Introduction 

Rapid solidification of alloys allows a degree of manipulation 

of composition and microstructure which is unattainable by other alloy 

preparation methods. 

phase particles and inclusions are obtained. 

Fine grained material containing fine second 

The uniformity of com- 
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p o s i t i o n  and ease of a t t a i n i n g  h i g h l y  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n s  

i n  r a p i d l y  s o l i d i f i e d  a l l o y s  a l l o w  f o r  c o n t r o l  of p r e c i p i t a t e  number 

d e n s i t i e s ,  s i z e s  and i n t e r f a c e  s t r u c t u r e s .  An a l l o y  des igned  t o  

resist  s w e l l i n g  should  c o n t a i n  a maximum number of he te rogeneous  helium 

t r a p p i n g  s i tes  such  a s  d i s l o c a t i o n  c o r e s ,  g r a i n  boundar ies  and 

m a t r i x / p a r t i c l e  i n t e r f a c e s .  

Rapid s o l i d i f i c a t i o n  and subsequent  thermomechanical  t r e a t m e n t s  

were used t o  o p t i m i z e  t h e  s t r u c t u r e  and p r o p e r t i e s  of P a t h  A PCA a l l o y .  

In a d d i t i o n ,  t h e  amount of ca rbon  and t i t a n i u m  i n  t h e  o r i g i n a l  P a t h  A 

PCA a l l o y  h a s  been doubled s i n c e  i t  h a s  been shown2 t h a t  Tic c a r b i d e s  

are p r e f e r r e d  s i n k s  f o r  accomodating hel ium i n  comparison w i t h  d i s -  

l o c a t i o n s  and o t h e r  p r e c i p i t a t e  phases  i n  316 t y p e  s t a i n l e s s  s t e e l .  

6 .4 .4 .2  P r o d u c t i o n  of Rapidly  S o l i d i f i e d  A l l o y s  

PCA alloy w a s  p rov ided  by ORNL as a 10 c m  d i a m e t e r  bar; i t  was 

d e s i g n a t e d  as P a t h  A-1  a l l o y  a f t e r  r a p i d  s o l i d i f i c a t i o n .  P a t h  A-2 a l l o y  

was p repared  by add ing  e x t r a  t i t a n i u m  and carbon t o  PCA a l l o y  t o  approx i-  

mate ly  doub le  t h e  T i c  c o n t e n t  (O.O81%C, 0 . 6 0 % T i ) .  

Rapid s o l i d i f i c a t i o n  w a s  performed i n  a r o l l e r  quenching 

a p p a r a t u s . 3  

d u c t i o n  m e l t i n g  u n i t .  

s o l i d i f i e d  i n  c o n t a c t  w i t h  two c o u n t e r- r o t a t i n g  r o l l s .  Obta ined f o i l s  

were t y p i c a l l y  75  t o  100 urn t h i c k  and 5-10 c m  long .  The e s t i m a t e d  

c o o l i n g  ra te  w a s  10 - 1 O 6 D C / s e c .  

Material w a s  me l t ed  i n  an argon a tmosphere  u s i n g  an i n-  

A f i n e  stream of  mol ten  metal was r a p i d l y  

5 

C o n s o l i d a t i o n  of RS f o i l s  w a s  performed by h o t  e x t r u s i o n .  F o i l s  

were c o l d  compacted t o  o b t a i n  an  85% d e n s e  b i l l e t  and then  h e a t e d  i n  t h e  

range  1040-1080°C and e x t r u d e d .  The r e d u c t i o n  of area w a s  30:l r e s u l t -  

i n g  i n  a 1 . 3  c m  d i a m e t e r  round b a r .  

The RS and e x t r u d e d  m a t e r i a l  w a s  s u b j e c t e d  t o  v a r i o u s  thermomechan- 

i c a l  t r e a t m e n t s  (TMTs) which i n c l u d e d  swaging of t h e  as ex t ruded  b a r  t o  

60% R.A.  w i t h  subsequent  a n n e a l i n g  i n  t h e  t e m p e r a t u r e  range  650-100OoC. 

6 .4 .4 .3  S t r e s s  Rupture  P r o p e r t i e s  

The f o l l o w i n g  TMTs were s e l e c t e d  f o r  t h e  RS and ex t ruded  P a t h  A-1 

and P a t h  A-2 a l l o y s  based on t h e  r e c r y s t a l l i z a t i o n  r e s u l t s  and t h e  
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r e s u l t s  from TEM s t u d i e s :  i )  60% CW + 85OoC, 1 / 2  h r .  ( a n n e a l e d ) ;  

i i )  60% CW + 700"C, 1 / 2  h r . ( r e c o v e r e d ) ;  i i i )  60% CW + 85OoC, 

1 / 2  h r .  + 20% CW ( c o l d  worked) .  The l a t t e r  would serve as t h e  r e f e r e n c e  

s t a t e  s i n c e  t h e  20% CW c o n d i t i o n  i s  so  d e s i g n a t e d  f o r  t h e  fusion a l l o y  

development program. 

A s  shown i n  F i g u r e  6 . 4 . 1 ,  t h e  P a t h  A-1 a l l o y  recovery  annea led  a t  

700°C shows t h e  h i g h e s t  v a l u e s  of stress r u p t u r e  s t r e n g t h  a t  65OOC; 

t h e  bottom curve  cor responds  t o  P a t h  A-1 which w a s  annea led  a t  850'C 

( r e c r y s t a l l i z e d )  and t h e  curve  i n  t h e  midd le  cor responds  t o  20% CW con- 

d i t i o n .  P a t h  A-1 r ecovered  a t  700°C h a s  s i g n i f i c a n t l y  s u p e r i o r  r u p t u r e  

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

when compared w i t h  t h e  r e f e r e n c e  20% CW s ta te .  The stress r u p t u r e  

c u r v e  f o r  P a t h  A-'2 annea led  a t  850°C l i e s ,  as e x p e c t e d ,  s l i g h t l y  above 

t h e  c u r v e  f o r  P a t h  A - 1  a l l o y ;  t h e  e l o n g a t i o n  v a l u e s  a t  r u p t u r e  a r e  

comparable f o r  b o t h  a l l o y s .  

100 
80 
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b 
Y 
\ 

g 40 
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20 

Numbers are % total elongation 
for particular test 

0 Path A - 1 ,  RS+Ext r+60%CW+85O0C.  1/2hr 

X PothA- I ,  ' I  'I t 700°C ,  1/2hr 
A PothA-2, " 85OoC, 1/2hr 

- 0 PothA- I ,  I '  +850"C, 1/2hr+20%CW 
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L o g  t r / h r  

F i g u r e  6 . 4 . 1 .  S t r e s s  r u p t u r e  d a t a  f o r  P a t h  A-1 and P a t h  A-2 
a l l o y s .  Log stress v e r s u s  l o g  r u p t u r e  1. ife a t  650°C. 

P a t h  A-1 annea led  a t  85OOC a f t e r  60% CW shows r e l a t i v e l y  h i g h  

e l o n g a t i o n  a t  t h e  l o n g e s t  r u p t u r e  l i f e ;  t h i s  i s  due  t o  a f i n e  r e c r y s -  
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t a l l i z e d  g r a i n  s i z e .  A l l  s tress r u p t u r e  specimens t e s t e d  a t  650OC 

showed a d u c t i l e  f r a c t u r e .  Experiments were  des igned  t o  de te rmine  t h e  

e f f e c t  of g r a i n  s i z e  on t h e  s t r e n g t h  and d u c t i l i t y ;  based on t h e s e  

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

g r e s s )  a n  optimum g r a i n  s i z e  w i l l  be developed by choosing an appro-  

p r i a t e  TMT f o r  t h i s  r a p i d l y  s o l i d i f i e d  m a t e r i a l .  

6 . 4 . 4 . 4  M i c r o s t r u c t u r e  of  RS and Extruded P a t h  A-1 and P a t h  A-2 Al loy 

The m i c r o s t r u c t u r e s  were examined by TEM u s i n g  a Siemens Elmiskop 

101 and by STEM (Vacuum Genera to r s  HB5)  equipped w i t h  an  energy d i s -  

p e r s i v e  X-ray d e t e c t o r  and a n  energy  l o s s  s p e c t r o m e t e r .  The s i z e  d i s -  

t r i b u t i o n  of c a r b i d e  p a r t i c l e s  w a s  de termined u s i n g  a computer ized 

image a n a l y z e r .  

TEM showed t h a t  RS, h o t  e x t r u d e d  P a t h  A-1 and P a t h  A-2 a l l o y s  

w h i c h  w e r e  s u b s e q u e n t l y  60% CW and annea led  f o r  112  h r .  a t  850°C had 

a f u l l y  r e c r y s t a l l i z e d  s t r u c t u r e  w i t h  an  average  g r a i n  s i z e  of  1 0  wn. 

Ti tanium c a r b i d e  p r e c i p i t a t e s  appeared t o  be d i s t r i b u t e d  randomly i n  

t h e  a u s t e n i t i c  matrix and t h e r e  was no p r e f e r e n t i a l  p r e c i p i t a t i o n  a t  

t h e  g r a i n  boundar ies .  

The g r a i n  boundar ies  were c a r e f u l l y  ana lyzed  in s i t u  i n  t h e  

STEM f o r  c o m p o s i t i o n a l  v a r i a t i o n s .  The r e s u l t s  of ene rgy  d i s p e r s i v e  

X-ray a n a l y s i s  of  t h e  g r a i n  boundary and t h e  areas a d j a c e n t  t o  t h e  

g r a i n  boundary i n d i c a t e d  no s e g r e g a t i o n  a t  t h e  g r a i n  boundary.  

P r e c i p i t a t e  p a r t i c l e s  have been ana lyzed  i n  s i t u  i n  t h e  STEM. 

P r e l i m i n a r y  r e s u l t s  showed ca rbon  and t i t a n i u m .  No n i t r o g e n  peaks  

were d e t e c t e d  i n  t h e  energy  loss  s p e c t r a  and t h e  X-ray s p e c t r a  from t h e  

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

Measurements of t h e  volume f r a c t i o n  of Tic i n  P a t h  A- 1 ( a n n e a l e d )  

showed t h a t  approx imate ly  25% p r e c i p i t a t e d  d u r i n g  h o t  e x t r u s i o n  as a 

somewhat c o a r s e r  T i c  and t h e  remaining 75% p r e c i p i t a t e d  d u r i n g  subse-  

quen t  thermomechanical  t r e a t m e n t  as a much f i n e r  p r o d u c t .  The median 

s i z e  of T i c  p a r t i c l e s  w a s  160 A ( F i g u r e  6 . 4 . 2 )  and t h e  p a r t i c l e  number 

d e n s i t y  was 900 

T i c  p a r t i c l e s  i n  P a t h  A-2 a l l o y  ( f u l l y  annea led)  were s l i g h t l y  c o a r s e r  

because  a b i l l e t  w a s  h e l d  l o n g e r  a t  t h e  e x t r u s i o n  t e m p e r a t u r e  due t o  

0 

Some p a r t i c l e s  were a l i g n e d  on {ill) p l a n e s .  
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Figure 6 . 4 . 2 .  TIC particle size distribution in Path A-1 
alloy (annealed). 

problems arising during the extrusion process. 
precipitated as TIC the volume fractions are 0.38 and 0.68% for Path A-1 
and Path A-2 alloy, respectively. 

If all the carbon is 

The recovery annealed structure of Path A-1 alloy showed a small 
cell structure (Figure 6.4.3); annealing for 1/2 hr. at 70OoC promoted 

recovery of the dislocation network to a cellular structure with a 

typical cell size of 0.2 pm. 

6.4.4.5 Microstructure of RS Foils of Path A-1 and Path A-2 Alloy 

The microstructural ctaracterization has been extended to include 
RS foils of Path A-1 and Path A-2 alloy which were prepared by the 
roller quenching technique. The purpose of this study was to fully 
demonstrate the different options which are available in optimizing 

the structure and properties of the Path A Prime Candidate Alloy by 

using rapid solidification technology. 
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Figure 6 . 4 . 4 .  Dark- field TEM micrograph showing coherent T i c  
p r e c i p i t a t e s  i n  RS f o i l  of Path A-1 a l l o y  which w a s  40% cold r o l l e d  
and annealed 1 / 2  h r .  a t  7OOOC.  

6 . 4 . 4 . 6  S t a b i l i t y  of T i c  P r e c i p i t a t e s  

It has been shown, based on a modeling approach,4 t h a t  t h e  sta- 

b i l i t y  of a d i spe r s ion  of s t a b l e  p a r t i c l e s  under i r r a d i a t i o n  may be 

a f f ec t ed  by f a c t o r s  inc luding  thermal coarsening and r e s o l u t i o n  due 

t o  r a d i a t i o n  r e c o i l .  A t  h igher  i r r a d i a t i o n  temperatures thermal 

coarsening becomes a dominant mechanism, based on a modeling approach. 
Experiments showed a similar r e s u l t ,  namely, t h a t  coarsening of T I C  

p r e c i p i t a t e s  l i m i t s  t h e  use of T i c  d i spe r s ion  s trengthened 316 stain- 
less s t e e l  a t  h igher  temperatures under i r r a d i a t i o n  condit ions.* 

sequent ly ,  t h i s  research  has  been extended t o  prepare  A 1  0 

strengthened 316 type  stainless steel  and t o  s tudy t h e  e f f e c t  of A 1  0 

p a r t i c l e s  on t h e  high temrera ture  s t r e n g t h  and swel l ing  r e s i s t a n c e .  

Con- 
d i spe r s ion  

2 3  

2 3  

6.' l u s i o n s  and Future Work 

'The s t r u c t u r e  and p r o p e r t i e s  of Path A Prime Candidate Alloy have 

been optimized by r ap id  s o l i d i f i c a t i o n  and subsequent thermomechanical 

treatments. 
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A high dens i ty  of heterogeneous nuclea t ion  sites f o r  helium trapping 

w a s  provided by reducing t h e  g ra in  s i z e ,  by increas ing  T I C  content ,  and 

by c o n t r o l l i n g  t h e  d i s l o c a t i o n  s t r u c t u r e .  These s t r u c t u r a l  modifica- 

t i o n s  a r e  expected t o  have an e f f e c t  on swel l ing  and high temperature 

s t r e n g t h  and d u c t i l i t y  of Path A a l l o y s  under i r r a d i a t i o n .  

Thermomechanical t rea tments  were developed which r e s u l t e d  i n  

higher  s t r e n g t h  and e longat ion  than i n  a 20% cold  wosked r e fe rence  

s t a t e  i n  s t r e s s  rup tu re  t e s t i n g  a t  650'12. 

While rapid  s o l i d i f i c a t i o n  allowed f o r  a con t ro l l ed  T i c  p r e c i p i t a t e  

s i z e ,  d e n s i t y  and d i s t r i b u t i o n ,  coarsening may e f f e c t i v e l y  l i m i t  t h e  

app l i ca t ion  of T i c  d i spe r s ion  s trengthened a u s t e n i t i c  s t a i n l e s s  steel 

a t  higher  i r r a d i a t i o n  temperatures.  Consequently, t h i s  r e sea rch  w i l l  

be extended t o  s tudy t h e  e f f e c t  of A1203 d i spe r s ion  on high tempera- 

t u r e  s t r e n g t h  and swel l ing  r e s i s t a n c e  of r ap id ly  s o l i d i f i e d  Path A a l l o y .  
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7.1 PROCUREMENT AND CONVERSION OF THE NATIONAL FUSION-FERRITIC STEEL 
PROGRAM 12Cr (HT-9) HEAT - R. D .  Stevenson, 6. E. Thurgood, and 
S .  N .  Rosenwasser (General Atomic Company) 

7.1.1 A D I P  Task 

The Department of Energy (DOE)/Of f ice  o f  Fus ion  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  a l l o y s  under t h e  A D I P  program 

task ,  F e r r i t i c  S t e e l s  Development (Pa th  E) .  

7.1.2 O b j e c t i v e  

The p r i m a r y  o b j e c t i v e  of t h e  General Atomic F u s i o n - F e r r i t i c  Program 

i s  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  and deve lop  t h e  procedures f o r  t h e  weld-  

i n g  and f a b r i c a t i o n  o f  9-12Cr s t e e l s  f o r  use i n  t h e  f i r s t  w a l l  and 

b l a n k e t  s t r u c t u r e s .  

o l o g y  f o r  t h e  management o f  f r a c t u r e  s a f e  d e s i g n  i n  t h e  use o f  f e r r i t i c  
s t e e l s  i n  f u s i o n ,  i n c l u d i n g  t h e  g e n e r a t i o n  and a n a l y s i s  o f  p e r t i n e n t ,  

u n i r r a d i a t e d  p r o p e r t y  d a t a .  

o t h e r s  i n  t h e  n a t i o n a l  program, i t  i s  necessary  t o  p r o c u r e  a l a r g e  h e a t  

o f  12Cr-lMo-0.3V s t e e l .  

An a d d i t i o n a l  o b j e c t i v e  i s  t o  deve lop  t h e  method- 

I n  o r d e r  t o  c a r r y  o u t  these  t a s k s ,  and 

7.1.3 Summary 

i n t o  f o u r  d i f f e r e n t  p l a t e  t h i c k n e s s e s  f o r  use by  t h e  N a t i o n a l  Fus ion-  

F e r r i t i c s  S t e e l  Program. D e t a i l s  o f  t h e  convers ion  a r e  d i scussed  i n  

t h i s  p rog ress  r e p o r t .  

A 3,830 kg (8,440 l b . )  s l a b  o f  12Cr-1Mo-0.3V s t e e l  was f a b r i c a t e d  

7.1.4 Progress and S t a t u s  

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

A 14,750 kg (32,500 l b . )  hea t  o f  12Cr-1Mo-0.3V s t e e l  was poured 

a t  E l e c t r a l l o y  C o r p o r a t i o n  f o r  t h e  N a t i o n a l  F u s i o n - F e r r i t i c  S t e e l  Pro-  

gram (Ref .  1 ) .  
o f  t h e  heat ,  t h e  E l e c t r a l l o y  l a d l e  t e s t - p o u r  a n a l y s i s  and t h e  check 

a n a l y s i s  per formed on t h e  l a d l e  t e s t - p o u r  by Combustion E n g i n e e r i n g  o f  

Chattanooga, Tennessee. A1 so i n c l u d e d  a r e  s p e c i f i c a t i o n s  and o t h e r  

c h e m i s t r i e s  f o r  comparison. 

Shown i n  Tab le  7.1.1 a r e  t h e  c h e m i s t r y  s p e c i f i c a t i o n s  
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O f  a l l  t h e  ma jo r  e lements ana lyzed by E l e c t r a l l o y  i n  t h e  f u s i o n  

12Cr h e a t  l a d l e  t e s t - p o u r ,  t h e  phosphorus l e v e l  (0.020) came c l o s e s t  

t o  t h e  s p e c i f i c a t i o n  (0.020, max). 

t i o n  Eng ineer ing  on t h e  same l a d l e  t e s t - p o u r  i n d i c a t e d  a l o w e r  v a l u e  

o f  0.016. T h i s  d e t e r m i n a t i o n  was made by t h e  molybdenum-blue method, 

wh ich i s  v e r y  a c c u r a t e  f o r  phosphorus d e t e r m i n a t i o n s .  Thus t h e  phos- 

phorus c o n t e n t  o f  t h e  12Cr-1Mo-0.3V F u s i o n - F e r r i t i c  S t e e l  h e a t  i s  

below i t s  maximum s p e c i f i e d  l e v e l .  

The c h e m i s t r y  check made by Combus- 

7.1.4.2 Convers ion o f  S l a b  o f  12Cr-lMo-0.3V t o  P l a t e  

cm (99 .2 " ) ,  and we igh ing  3,830 kg (8,440 l b . )  was d e l i v e r e d  t o  Jessop 

S t e e l  Company i n  Washington, Pennsy lvan ia ,  a f t e r  b e i n g  g i v e n  a 10 day 

c o o l i n g  p e r i o d  a f t e r  p o u r i n g  a t  E l e c t r a l l o y  C o r p o r a t i o n  i n  O i l  City, 
Pennsy lvan ia .  F i g u r e  7.1.1 shows a f l o w  c h a r t  f o r  t h e  c o n v e r s i o n  t h a t  
f o l  1 owed. 

S l a b  #9-607-2-2-1, measur ing 20.3 cm (8" )  x 96.5 cm ( 3 8" )  x 251.9 

A t  Jessop, t h e  s l a b  was hea ted  t o  1200°C (2192OF) i n  a f u r n a c e  w i t h  

an o x i d i z i n g  atmosphere. 

p e r a t u r e  f o r  t h r e e  hours  i n  o r d e r  t o  i n s u r e  a tempera tu re  o f  1200°C 

(2192°F) a t  t h e  c e n t e r  o f  t h e  s l a b  f o r  a t  l e a s t  one hour .  T h i s  was 

done t o  homogenize any m i c r o- s e g r e g a t i o n  t h a t  may have been p r e s e n t  

a f t e r  t h e  s l a b  c o o l e d  f r o m  t h e  m o l t e n  s t a t e .  The c h e m i s t r i e s  o f  t h e  

ends o f  t h e  s l a b  showed t h a t  macro- segregat ion was n o t  a prob lem (Ref .  

1 ) .  
t o  t h e  r o l l i n g  m i l l  t o  be reduced ( F i g u r e  7 .1 .2 ) .  The r e v e r s i b l e  f o u r  

h i g h  r o l l i n g  m i l l  a t  Jessop has a 280 cm ( 1 1 0 " )  w o r k i n g  f a c e  on t h e  76 

cm ( 3 0" )  d iamete r  w o r k i n g  r o l l s  ( F i g u r e  7 . 1 . 3 ( a ) ) .  

s l a b  was reduced down t o  12.7 cm ( 5 " )  t h i c k  i n  about  s i x  passes. 

t h i s  p o i n t  t h e  s l a b  was about  403 cm (160" )  l o n g .  

as  f o l l o w s :  

The s l a b  was h e l d  a t  t h i s  homogenizat ion tem- 

The s l a b  was t h e n  a l l o w e d  t o  c o o l  t o  1010°C (1850°F) and was t a k e n  

The 20.3 cm (8" )  
A t  

A f t e r  t h e  i n i t i a l  r e d u c t i o n ,  t h e  s l a b  was c u t  i n t o  t h r e e  b i l l e t s  

i )  one b i l l e t  t o  be r o l l e d  down t o  15.9 mm ( 5 / 8 " )  t h i c k  

i i )  one b i l l e t  t o  be r o l l e d  down t o  28.6 mm (1 .25" )  t h i c k  

i i i )  one b i l l e t  t o  be r o l l e d  down t o  38.1 mm ( 1 . 5 " )  t h i c k  
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F i g u r e  7.1.1 F l o w  c h a r t  f o r  c o n v e r s i o n  o f  12Cr s l a b  t o  p l a t e  and sheet  
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TOP BACKING UP ROLL 

SOLID LINE SHOWS 
PIECE BEING ROLLED\ 

Figure 7.1.2 Schematic of four high rolling mill as used by Jessop 
Steel Company (Ref. 2) 
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Figure 7.1.3 Photographs of ( a )  Jessop 280 cm (110") four high ro l l ing  
mil l ,  and  ( b )  a 6 . 3  cm (2.5") th i ck  pla te  o f  12Cr-lMo-0.3V 
s tee l  being placed on a ro l l ing  mill bed a f t e r  being re- 
heated t o  1010*C (1850'F) 
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A f t e r  c o o l i n g  t h e  s labs t o  150°C, they were sur face  cond i t ioned 

(ground) t o  remove sca le  and sur face inhomogeneit ies. Then t h e  s labs 

were p laced back i n t o  t he  furnace and he ld  a t  10IO°C (1850°F) f o r  1-1/2 

hours. Th is  temperature (lOIO°C) was se lec ted  as t h e  r o l l i n g  tempera- 

t u r e  because i t  was thought t h a t  t he  b i l l e t s  could be r o l l e d  from 12.7 

cm t h i c k  down t o  1.59 cm t h i c k  w i thou t  in te rmed ia te  reheat ing.  

would r e s u l t  i n  a f i n e  g r a i n  s ize.  

132 cm (52" ) .  

o f  t e x t u r e  and inhomogeneit ies i n  t he  p la tes .  

p l a t e  was a c c i d e n t l y  c r o s s - r o l l e d  t o  a w id th  o f  175.3 cm (69" ) .  

r educ t i on  down t o  about 6.3 cm (2.5"),  t h e  b i l l e t s  had cooled t o  a tem- 

pera ture  too  low t o  reduce them f u r t h e r  w i thou t  danger o f  c rack ing  o r  
over load ing  t h e  m i l l .  The b i l l e t s  were reheated t o  1010°C (185OOF) and 
were brought back t o  t he  r o l l i n g  m i l l  one a t  a t ime (F igure  7.1.3(b)) 
f o r  f u r t h e r  reduc t ion .  

The 15.9 mm (0.625") p l a t e  was reduced t o  s i z e  w i thou t  any prob- 

Th i s  

The nex t  s tep  i n  t he  r o l l i n g  i nvo l ved  c r o s s - r o l l i n g  t h e  b i l l e t s  t o  

The reason f o r  t h e  c r o s s - r o l l i n g  was t o  reduce t h e  amount 

The 28.6 m (1-1/8") 

A f t e r  

lems. 

as they  l e f t  one s i d e  o f  t h e  working r o l l s  (F igure  7.1.4(a)) .  
a common occurrence i n  r o l l i n g  some a l l o y s  and i s  co r rec ted  by cross-  

r o l l i n g  w i t h  no reduc t i on  (F igure  7.1.4(b)).  A f t e r  the th ree  b i l l e t s  
were reduced down t o  15.9, 28.6, and 38.1 mm, r espec t i ve l y ,  they  were 

g iven a s t ress  r e l i e f  heat  t reatment  o f  740°C (1364°F) f o r  30 minutes 

fo l lowed by an a i r  cool .  

l e v e l e d  t o  meet ASTM Spec. A480 (Table 9 f o r  sheet, Table 20 f o r  p l a t e ) .  

Next, t hey  were b las ted  w i t h  i r o n  shot  t o  remove sca l i ng .  A f t e r  t h e  

descal ing, t he  sur face  f i n i s h  was s u f f i c i e n t l y  c lean t o  a l l o w  u l t r a -  

son ic  i nspec t i on  (UT) t o  take  place. 

The UT i nspec t i on  o f  t he  p l a t e s  was performed by Peabody Tes t ing  

us ing  ASTM Spec. A-578-78 as a bas is  w i t h  t h e i r  own m o d i f i c a t i o n s  and 

acceptance c r i t e r i a .  The i r  method was approved by General Atomic's 

Q u a l i t y  Assurance Department p r i o r  t o  t he  t e s t i n g .  Since r e l i a b l e  UT 

i nspec t i on  o f  p l a t e  under 15.9 mm (0.625") i s  n o t  f e a s i b l e ,  t h e  inspec-  

t i o n  f o r  t h e  f i n a l  thicknesses o f  3.2 mm (0.125") and 9.5 mm (0.375") 

were r e s p e c t i v e l y  performed on pieces 28.6 mm (1.125") and 38.1 mm 

The 28.6 mm (1.125") and 38.1 mm (1.5") p l a t e s  both tu rned upward 

Th is  i s  

They were then sent t o  a l e v e l e r  m i l l  and 
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(b ) 

Figure 7.1.4 Photographs o f  turned u p  p la tes  o f  12Cr-lMo-0.3V s tee l  ( a )  
coming o u t  o f  working r o l l s ,  and ( b )  turned sideways before 
being straightened 
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7 . 2  THE FRACTURE PROPERTIES OF A TEMPER EMBRITTLED 12Cr-lMo-0.3V STEEL 
T. A .  Lechtenberg and S .  Helfr ich (General Atomic Company) 

7 . 2 . 1  A D I P  Task 
The Department of Energy (DOE)/Office of Fusion Energy ( O F E )  has 

s t a t e d  the need t o  inves t iga t e  f e r r i t i c  a l l o y s  under t h e  A D I P  program 
t a s k ,  F e r r i t i c  S t e e l s  Development (Path E ) .  

7.2.2 Objective 

"worst-case" f r a c t u r e  p rope r t i e s  of 12Cr-1Mo-0.3V s t e e l  by inducing tem- 
per embritt lement.  The lower she l f  energ ies  of  embr i t t led  material  
would give a lower boundary on energy t o  cause f r a c t u r e  f o r  t h i s  mater ial  
and would enable t h e  es t imat ion  of c r i t i c a l  flaw sizes, in  advance of 
the  a v a i l a b i l i t y  of pe r t inen t  f r a c t u r e  p rope r t i e s  on i r r a d i a t e d  ma te r i a l .  

The primary ob jec t ive  of t h i s  study i s  t o  eva lua te  the i r r a d i a t e d  

7.2.3 Summary 
Dynamic f r a c t u r e  toughness,  a s  measured by precracked and i n s t r u-  

mented Charpy V-notch specimens, and standard Charpy V-notch t e s t s  were 
performed a t  temperatures from -192" t o  207°C on material  i n  two con- 
d i t i o n s .  Material was aus t en i t i zed  f o r  1 hour a t  l D O O " C ,  a i r  cooled, 
and tempered a t  650°C f o r  1 hour; and aus t en i t i zed  and tempered f o r  1 
hour a t  1000°C and 65D°C and a i r  cooled, and subsequently aged a t  
550°C f o r  100 hours. 
cause temper-embrittlement i n  th i s  c l a s s  of s t e e l s  (1 ,2 ,12) .  Optical 
metallography o f  the micros t ruc ture  and X-ray a n a l y s i s  of ex t rac ted  
carb ides  a r e  presented.  Fractography t o  r e l a t e  t h e  mode of f r a c t u r e  
w i t h  energy absorbed, and a more complete micros t ruc tura l  eva lua t ion  
continues and wi l l  be presented i n  t h e  next ADIP qua r t e r ly .  

The aging was done a t  a temperature known t o  

7.2.4 Experimental Procedure 

p i l e  (Heat #91354) a t  H E D L  i n  t h e  form o f  1-5/16" diameter rod. 
chemistry i s  given i n  Table 7 . 2 . 1 .  
t o  1150°C f o r  a t  l e a s t  an hour, then hot worked w i t h  rehea ts  t o  1150°C 

Material was obtained from t h e  National Breeder Material Stock- 
The 

As-received material  had been heated 
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0.21 

between each pass, and s low coo led,  w i t h  a subsequent temper o f  750°C 

f o r  1 hour w i t h  an a i r  c o o l .  

12.09 1.02 0.33 0.54 0.58 0.50 0.21 0.008 0.003 

Tab le  7.2.1. Chemis t ry  o f  M a t e r i a l *  ( w t  % )  

Specimen b l a n k s  were c u t  f rom t h i s  r o d  and a l l  m a t e r i a l  was wrapped i n  

s t a i n l e s s  s t e e l  f o i l  f o r  p r o t e c t i o n  p r i o r  t o  h e a t  t r e a t m e n t .  The h e a t  

t r e a t m e n t  tempera tu re  was c a r e f u l l y  m o n i t o r e d  by  a t t a c h i n g  a thermo- 

coup le  t o  a b l a n k .  When t h e  s u r f a c e  reached tempera tu re  (-5 m i n j ,  t h e  

m a t e r i a l  was h e l d  f o r  one hour  and then  c o o l e d  i n  a i r .  Hardness was 

determined u s i n g  a K e n t r a l l  Hardness T e s t e r  a f t e r  success ive  w a t e r  c o o l e d  
g r i n d i n g s .  Specimens f o r  m e t a l l o g r a p h y  were c u t  w i t h  a wa te r  c o o l e d  

f r i c t i o n  saw, mounted i n  B a k e l i t e ,  ground w i t h  s u c c e s s i v e l y  f i n e r  g r i t  

paper, and p o l i s h e d  t o  a 0.25 f i n i s h  w i t h  diamond a b r a s i v e .  Severa l  

e tches  were used. 

A c e t i c  Ac id ,  15 m l  HN03 was used e l e c t r o l y t i c a l l y  a t  0.75 v o l t s  f o r  

1 min  t o  de te rm ine  p r i o r  a u s t e n i t e  g r a i n  s i z e .  For  genera l  m i c r o s t r u c -  

t u r e ,  10 m l  HF, 5 m l  “ti3, 85 m l  H20 r e a g e n t  gave t h e  c l e a r e s t  r e s u l t s .  

V i l l e l a ’ s  Reagent was used b u t  w i t h  l e s s  success. Sometimes a sequence 

o f  s e v e r a l  e tches  and r e p o l i s h i n g  r e v e a l e d  f e a t u r e s  more c l e a r l y  t h a n  a 

s i n g l e  p o l i s h  and e t c h .  

r a d i a t i o n  and a t i u n i e r  camera on c a r b i d e s  e x t r a c t e d  i n  a 10% HCI-metha- 

no1 e l e c t r o l y t e .  Es t ima tes  o f  r e l a t i v e  we igh t  percentages o f  c a r b i d e s  

were a l s o  determined.  

An e t c h  o f  compos i t i on  65 m l  H20, 65 m l  HC1, 15 m l  

X- ray ana lyses  were per formed u s i n g  Cu Ka 

7.2.3 D e t e r m i n a t i o n  o f  Heat Treatment  

F i g u r e  7.2.1 shows t h e  e f f e c t  o f  a u s t e n i t i z i n g  tempera tu re  on t h e  

Rockwel l  hardness o f  12Cr-1Mo-0.3V h e l d  a t  tempera tu re  f o r  1 hour  and 

t h e n  a i r  coo led .  

de te rm ined  by  compar ison a t  l O O X  t o  a s tandard  temp la te .  

I n c l u d e d  on t h i s  graph a r e  t h e  ASTM g r a i n  s i z e  numbers 

The as-quenched 

*ba lance i r o n .  
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hardness o f  a 12Cr-1Mo-0.3V s t e e l  ( a u s t e n i t i z i n g  t i m e  
was 1 h o u r )  
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hardness o f  a s t e e l  i s  p r i m a r i l y  due t o  t h e  carbon c o n t e n t  o f  t h e  a l l o y  

(3,4,5). I t  

inc reases  t o  Rc 41 a t  950°C. T h i s  i s  due t o  t h e  d i s s o l u t i o n  o f  f e r r i t e  

and c a r b i d e s  which e x i s t  a t  900°C. 

t h e  A3  phase t r a n s i t i o n  l i n e  t o  a u s t e n i t e  ( 6 ) .  

o p t i c a l  me ta l log raphy  w i t h  t h e  presence o f  f e r r i t e  i n  t h e  m i c r o s t r u c t u r e .  

F i g u r e  7 . 2 . 2  shows a d i f f r a c t i o n  i n t e r f a c e  c o n t r a s t  photomicrograph 

w i t h  areas o f  f e r r i t e  l a c k i n g  ca rb ides .  Most o f  t h e  i n c r e a s e  i n  hardness 

was due t o  t h e  d i s s o l u t i o n  o f  f e r r i t e  a l t h o u g h  some l a r g e r  c a r b i d e s  a l s o  

d i s s o l v e d  which a r e  shown i n  F i g u r e  7 . 2 . 2 .  A t  l O O O " C ,  t h e  hardness i n -  

creased t o  Rc 46 and remained n e a r l y  c o n s t a n t  a t  1050" and 1100°C. T h i s  

i n d i c a t e s  t h a t  a l l  phases p resen t  a r e  s t a b l e  i n  t h i s  temperature  regime 

a f t e r  1 hour.  

A f t e r  1 hour a t  9OO"C, t h e  as-quenched hardness i s  Rc 2 3 .  

T h i s  temperature  i s  v e r y  c l o s e  t o  

T h i s  was con f i rmed  by 

F i g u r e  7 . 2 . 3  shows o p t i c a l  micrographs o f  t h e  specimens a i r - c o o l e d  
f rom goo", 950 " ,  l O O O " ,  and 1100°C. The m i c r o s t r u c t u r e  resembles a 
c o l l e c t i o n  o f  needles,  t y p i c a l  o f  a c i c u l a r  m a r t e n s i t e .  A c l o s e r  exami- 

n a t i o n  showed some sma l l ,  round f e a t u r e s  assumed t o  be c a r b i d e s .  An 

X- ray a n a l y s i s  i s  c o n t i n u i n g .  A one hour  1000°C a u s t e n i t i z a t i o n  t r e a t -  

ment was chosen because t h e  hardness d i d  n o t  i n c r e a s e  above t h a t  temper- 

a t u r e .  T h i s  would ensure t h e  maximum amount o f  carbon i n  s o l u t i o n  a v a i l -  

a b l e  f o r  p r e c i p i t a t i o n  upon temper ing t o  a s t a b l e  c a r b i d e ,  y e t  t h e  s m a l l -  

e s t  g r a i n  d iamete r .  

examinat ion o f  t h e  m i c r o s t r u c t u r e .  

f o r  1 hour  t o  ensure complete p r e c i p i t a t i o n ,  then h a l f  were aged a t  

550°C f o r  100 hours.  

e m b r i t t l e m e n t  i n  12Cr s t e e l s .  T h i s  i s  t h e  segrega t ion  o f  t ramp elements,  

such as P ,  As, Sn, t o  p r i o r  a u s t e n i t e  g r a i n  boundar ies  which cause 

decohesion d u r i n g  f r a c t u r e .  A t  t h e  end o f  each t rea tment ,  t h e  hardnesses 

were Rc 2 2 .  

X-ray ana lyses were performed on m a t e r i a l  as-quenched (AQ) ; AQ 
and 650°C tempered; and AQ, 650°C tempered, and 550°C aged f o r  100 hours.  

The r e s u l t s  a r e  g i v e n  i n  Table  7 . 2 . 2 .  

No areas o f  f e r r i t e  were observed a f t e r  a c a r e f u l  

Specimens were tempered a t  650°C 

Th is  temperature  has been shown t o  cause temper 
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Fig. 7.2.2. 12Cr-1Mo-0.3V s t e e l  a f t e r  900°C f o r  1 hour and a i r - c o o l i n g  
showing undissolved carb ides ( l a r g e  b lack  area) and areas 
o f  undissolved f e r r i t e  (arrows).  Etchant was 10% HF, 5% 
HN03, 85% H20 
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Condition 

lOOO"C, 1 h ,  air-cool 

Carbide Amount ( w t  %) 

0.86 M23C6 
lOOO"C, 1 h ,  air-cool 
65OoC, 1 h ,  air-cool 

1000°C, 1 h ,  air-cool 
65OoC, 1 h ,  air-cool 
55OoC, 1 h ,  air-cool 

2.19 

2.65 

M23C6 

M23C6 

As seen i n  the microstructure, the as-quenched martensite d i d  yield 
some undissolved MZ3C6, 0.86% by weight of the sample. A h i g h  tempering 
temperature of 65OOC yielded the same MZ3C6 carbide a t  2.19 w t  %, and 
a f t e r  550°C for  100 hours, 2.65 w t  %, a small amount more precipitated,  
confirming tha t  the 65OOC temper condition was nearly s table .  
s t a b i l i t y  was found previously a f t e r  a 78OOC temper and subsequent aging 
for  80,000 hours a t  600°C (8). 
the as-quenched, tempered, and temper-embrittled microstructures. 
7.2.4(a) shows as-quenched microstructure. 
65OOC temper, and Figure 7,2,4(c) the 650°C temper w i t h  the 100 hour 
aging a t  550°C. 
ments i n  the carbide s i ze  and dis t r ibut ion.  
temper MZ3C6 carbides i s  spherical and resolvable with optical techniques. 
The 100 hour aged microstructure appears to  have a f ine  dis t r ibut ion of 
carbides as well as the spherical precipi ta tes .  
carbides a r e  the MZ3C6 type seen i n  the X-ray data. 
microscopy and EDAX i s  i n  progress. 

T h i s  

Figure 7.2.4 shows photomicrographs of 
Figure 

Figure 7.2.4(b) shows the 

There i s  a difference between the two tempering t r ea t -  
The morphology of the 650°C 

Presumably these f ive 
Scanning electron 

7.2.6 Fracture Data 
Charpy impact specimens were machined from material i n  the tempered 

and tempered-aged conditions. 
0.45 ca/W<0.55 where a i s  the crack length and W i s  the w i d t h  of the 
specimen. 
K , of 33 MPa-m'. The specimens were fractured dynamically on a Dynatup Q 
instrumented impact pendulum t e s t e r  with an ET1 300 microprocessor. 

Some from each were precracked such t h a t  

The f inal  10% of crack length was grown a t  a s t r e s s  intensi ty ,  
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T e s t  Temperature ("C) 

The energy absorbed d u r i n g  f r a c t u r e  i s  c a l c u l a t e d  and no rma l i zed  f o r  

c r a c k  l e n g t h .  

l a t e  a s t r e s s  i n t e n s i t y  f a c t o r ,  K 

where ( 1 )  t h e  l o a d  s t r a i n  t r a c e  shows a sharp peak i n d i c a t i n g  l i t t l e  

p l a s t i c  de fo rmat ion ,  and ( 2 )  a f t e r  v i s u a l  i n s p e c t i o n  o f  t h e  specimen 

i n d i c a t e s  l i t t l e  p l a s t i c i t y .  I f  these  c r i t e r i a  a r e  f u l f i l l e d ,  t h e  v a l u e  

may be c a l l e d  KId and used t o  c a l c u l a t e  c r i t i c a l  f l a w  s i z e s  ( 7 ) .  

specimens were f r a c t u r e d  a t  temperatures  f r o m  -200" t o  300°C. The d a t a  
p l o t t e d  i n  F i g u r e  7.2.5 and i s  g i v e n  i n  Tab le  7.3.3. 

The l o a d  a t  wh ich  dynamic y i e l d  occurs  i s  used t o  c a l c u -  

which may be cons ide red  p lane  s t r a i n  9' 

The 

* 
KI d (MPa-m') 

Embri ttl ed U n e m b r i t t l e d  
I 

-200 
-60 

-30 

0 

20 

65 

100 

185 
31 0 

16.0 

35.2 

38.6 

30.9 

59.6 

85.0" 

95.4* 

125.8* 
126.7* 

I 27.6 
35.8 
66.2 
81 . 7  
96.5 

133.5 

129.1* 

145.7* 
139.6* 

The r e s u l t i n g  cu rves  have t a k e n  t h e  f a m i l i a r  S-shape a s s o c i a t e d  w i t h  t h e  

t r a n s i t i o n  f rom a d u c t i l e  t o  a b r i t t l e  f r a c t u r e  mode. The c u r v e  asso- 
c i a t e d  w i t h  temper e m b r i t t l e m e n t  i s  l o w e r  and t o  t h e  r i g h t  o f  t h e  un- 

e m b r i t t l e d  m a t e r i a l .  

i s  s h i f t e d  upward 8 0 T .  
tween t h e  upper  and l o w e r  s h e l f .  

dynamic f r a c t u r e  a r e  l o w e r  on t h e  upper  and l o w e r  she lves.  

The 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  tempera tu re  (DBTT) 

T h i s  i s  d e f i n e d  as t h e  tempera tu re  h a l f w a y  be- 
A l s o  t h e  f r a c t u r e  e n e r g i e s  t o  cause 

A t  -200°C, 

*Those va lues  denoted by  an * d i d  n o t  f a i l  i n  p lane  s t r a i n  s t r e s s  
s t a t e  and a r e  apparent  dynamic s t r e s s  i n t e n s i t y  va lues ,  Ka. 
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t h e  KId o f  u n e m b r i t t l e d  m a t e r i a l  i s  28 MPa-mi', compared t o  22 MPa-m' 

f o r  t h e  e m b r i t t l e d  case.  A t  t h e  upper s h e l f ,  t h e  m a t e r i a l  was n o t  con- 

s t r a i n e d  enough t o  p r e v e n t  genera l  y i e l d i n g  so p l a n e  s t r a i n  c o n d i t i o n s  

were n o t  met. However, on t h e  upper s h e l f  t h e  energy absorbed f o r  un- 

e m b r i t t l e d  m a t e r i a l  was 143 MPa-rn', whereas i t  was 126 MPa-m' f o r  t h e  

e m b r i t t l e d .  On t h e  l o w e r  s h e l f  where p l a n e  s t r a i n  c o n d i t i o n s  d e f i n i t e l y  
e x i s t e d ,  t h e  c r i t i c a l  f l a w  s i z e  can be c a l c u l a t e d  f r o m  

where t h e  c r i t i c a l  f l aw  s i z e  i s  a c o n s t a n t  t i m e s  t h e  square o f  t h e  r a t i o  

o f  dynamic s t r e s s  i n t e n s i t y  f a c t o r ,  KId, and dynamic y i e l d  s t r e s s  a 

The dynamic y i e l d  s t r e s s  i s  found by 
Yd' 

L a =  y d  'GY (B(W-a)L(1.21)) 

where PGy i s  t h e  l o a d  a t  genera l  y i e l d ,  B i s  t h e  specimen t h i c k n e s s ,  

(W-a) i s  r e m a i n i n g  l i g a m e n t ,  and L i s  t h e  l o a d  span l e n g t h .  

s h e l f  o f  t h e  e m b r i t t l e d  m a t e r i a l ,  t h e  v a l u e  o f  c r i t i c a l  f l a w  s i z e  ( i . e . ,  

t h e  w o r s t  case)  i s  0.226 cm (0.089 i n ) .  

depth  o f  0.07 cm on welded 304 s t a i n l e s s  s t e e l  i r r a d i a t e d  t o  2.37 dpa 
(8.18 x 
mens a t  l o w  He/dpa r a t i o s .  

f r a c t u r e  toughness w i t h  h i g h  h e l i u m  c o n t e n t s .  
worked 316 s t a i n l e s s  s t e e l  i r r a d i a t e d  t o  50 dpa and 3300 appm he l ium,  

t h e y  e s t i m a t e d  t h e  f r a c t u r e  toughness a t  350°C t o  be 9.5 MPa-m'. 

was 37% o f  t h e  p r e d i c t e d  v a l u e  f o r  u n i r r a d i a t e d  m a t e r i a l  u s i n g  t h e  same 

approach. I n  ano the r  e s t i m a t e  t h e y  d iscussed,  W o l f e r  and Conn, u s i n g  
t h e  same d a t a  and ano the r  approach, e s t i m a t e d  t h e  f r a c t u r e  toughness t o  

be 20 MPa-rn'. 

s t e e l  used i n  t h i s  s tudy ,  i r r a d i a t e d  a t  419°C t o  a f l u e n c e  o f  1.1 x 
22 2 10 n/cm (E>O.lMeV) shows a KJd, dynamic d u c t i l e  f r a c t u r e  toughness 

o f  45 MPa-m5 a t  93"C, (12 )  on t h e  l o w e r  s h e l f .  

s t u d y  a t  -200°C t h e  K I d  was 20 MPa-m'. 

On t h e  lower  

By comparison, Dufresne, e t  a l . ,  ( 1 0 )  p r e d i c t e d  a c r i t i c a l  f l a w  

n/m 1, a l t h o u g h  t h e i r  d a t a  was on subs ize  3 - p t .  bend s p e c i -  
Cramer and Dav is  ( 1 1 )  made e s t i m a t e s  o f  

2 

Us ing  d a t a  f o r  20% c o l d  

T h i s  

Recen t l y ,  d a t a  on t h e  same h e a t  o f  t h e  12Cr-1Mo-0.3V 

By comparison, i n  t h i s  
T h i s  i n f o r m a t i o n  suggests t h a t  
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a 12Cr-1Mo-0.3V s t e e l  i n  t h e  i r r a d i a t e d  c o n d i t i o n  may have s i m i l a r  tough-  
ness as i r r a d i a t e d  316 s t a i n l e s s  s t e e l .  

S tandard Charpy impact  t e s t s  were done a t  v a r i o u s  temperatures  

a c c o r d i n g  t o  ASTM Standard E23-66. The d a t a  i s  p l o t t e d  i n  F i g u r e  7.2.6. 

The r e s u l t s  show t h e  e m b r i t t l e m e n t  t i m e  used t o  be i n s u f f i c i e n t  t o  i n -  

c rease  t h e  DBTT (12) ,  a l t h o u g h  upper  and l o w e r  s h e l f  e n e r g i e s  decreased.  

T h i s  c o u l d  be due t o  t h e  r e l a t i v e  c l e a n l i n e s s  o f  t h i s  s t e e l  wh ich was 

produced by t h e  Vacuum I n d u c t i o n  Me1 t i n g / E l e c t r o s l a g  Remelt (VIM/ESR) 

processes,  o r  by an a g i n g  tempera tu re  which was n o t  optimum f o r  t h i s  

m a t e r i a l .  T h i s  s t e e l  i s  i n h e r e n t l y  r e s i s t a n t  t o  temper e m b r i t t l e m e n t  

wh ich may be due t o  s y n e r g i s t i c  e f f e c t s  o f  Mn and S i  ( 9 ) .  
w i t h  Smid ts '  d a t a  which shows t h a t  a g i n g  f o r  5000 hours  a t  427°C does 

n o t  cause an i n c r e a s e  i n  t h e  DBTT o r  decreases i n  t h e  upper  and l o w e r  

s h e l f  e n e r g i e s ,  whereas a t  538°C f o r  5000 hours  t h e r e  i s  some e m b r i t t l e -  
ment. An a n a l y s i s  o f  t h e  f r a c t u r e  s u r f a c e  i s  i n  p rog ress  which may 
g i v e  i n f o r m a t i o n  about  t h e  f r a c t u r e  mode and e m b r i t t l i n g  process.  

t h i s  t ime ,  scann ing e l e c t r o n  microscopy d a t a  i s  u n a v a i l a b l e  t o  j u d g e  

whether i n t e r g r a n u l a r  f r a c t u r e  o c c u r r e d  o r  what micromechanism was 

dominant.  

T h i s  agrees 

A t  

The two t ypes  of f r a c t u r e  t e s t s  i n  t h i s  s tudy,  K I d  and 

C V N ,  show d i f f e r e n t  tendanc ies  i n  measur ing e m b r i t t l e m e n t .  The t r a n s i -  

t i o n  cu rves  o f  t h e  p rec racked  specimens showed a d e f i n i t e  e m b r i t t l i n g  

e f f e c t ,  whereas t h e r e  was no change i n  t r a n s i t i o n  tempera tu re  as measured 

by  Charpy impact  energy.  T h i s  suggests t h a t  sharp n o t c h  t e s t i n g  may be 

a more s e n s i t i v e  measure o f  t h e  s h i f t  i n  DBTT caused by  e m b r i t t l e m e n t .  

7.2.7 Conc lus ions 

( 1 )  A u s t e n i t i z i n g  above 950°C f o r  1 hour  r e s u l t s  i n  hardnesses 

and m i c r o s t r u c t u r e  a s s o c i a t e d  w i t h  m a r t e n s i t e  and some u n d i s s o l v e d  

M23C6. 
( 2 )  A t  1000°C f o r  1 hour ,  f e r r i t e  i s  d i s s o l v e d ,  and a smal l  amount 

o f  M23C6 remains u n d i s s o l v e d .  

mains u n d i s s o l v e d  a t  1100°C. 

Hardness d a t a  suggest  a sma l l  amount r e -  
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( 3 )  Tempering a t  65OOC f o r  1 hour  produces a n e a r l y  s t a b l e  m i c r o-  

s t r u c t u r e .  A sma l l  amount o f  c a r b i d e  w i l l  p r e c i p i t a t e  a f t e r  100 hours  

a g i n g  a t  550°C. 

when measured by  Kd o b t a i n e d  on p rec racked  Charpy specimens; u p p e r s h e l f  

Kd decreased 18 14Pa-m1/2 t o  126 14Pa-m1/2; l o w e r - s h e l f  K I d  decreased 6 i4Pa- 

m1/2 due t o  e inbr i t t le rnent .  

The l o w e r - s h e l f ,  e m b r i t t l e d  c o n d i t i o n  a t  -200°C has a KId o f  

22 MPa-m1/2 which cor responds t o  a c r i t i c a l  f l a w  s i z e  o f  0.226 cm. 

may be a l o w e r  boundary on toughness f o r  t h i s  m a t e r i a l  i n  an o v e r -  

tempered c o n d i t i o n  and a reasonab le  e s t i m a t e  o f  t h e  " w o r s t  case" f r a c t u r e  

toughness. Dynamic f r a c t u r e  measurements on i r r a d i a t e d  specimens w i t h  

p e r t i n e n t  He/dpa r a t i o s  w i l l  be r e q u i r e d  t o  more c o m p l e t e l y  address t h e  

" low"  tempera tu re  f r a c t u r e  i s s u e .  
Precracked and i n s t r u m e n t e d  Charpy impac t  t e s t s  e x h i b i t e d  a 

s h i f t  i n  DBTT due t o  e m b r i t t l e m e n t ,  whereas s tandard  Charpy V-notch 

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

t e s t i n g  i s  a more s e n s i t i v e  (and perhaps more p e r t i n e n t )  measure o f  

e m b r i t t l e m e n t  t h e n  c o n v e n t i o n a l  CVN t e s t i n g .  

( 4 )  The OBTT inc reased  80°C due t o  a g i n g  a t  550°C f o r  100 hours  

( 5 )  
T h i s  

(6) 

T h i s  r e s u l t  i n d i c a t e s  t h a t  p rec racked  ins tumented dynamic 
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7 . 3  TEMPERING AND TRANSFORMATION BEHAVIOR OF HT9 WELDMENTS 
J .  C. Lippold (Sandia National Laboratories, Livermore, CA) 

7.3.1 ADIP Task 

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has 

cited the need for these data under the ADIP Program Task, Ferritic 

Alloy Development (Path E). 

7.3.2 Objective 

The objective of this phase of the investigation was t o  determine 

the solid state transformation behavior of HT9 weld and base material 

using the Gleeble dilatometer, and to evaluate the tempering response 

of various regions of t h e  fusion zone and heat-affected zone in an 

autogenous gas tungsten arc weld. 

7 .3 .3  Summary 

Dilatometric measurements of HTY weld and base material indicated 
that the on-heating transformation to austenite occurs at approximately 

840°C and that the martensite start temperature (M,) upon cooling 

from above the upper critical temperature (Ac3) occurs at 2 4 O o C .  

Postweld heat treatment of autogenous gas tungsten arc (GTA) welds 

r e s u l t s  in a variety of composite microstructures consisting basically 

of tempered martensite and secondary carbides. The tempering response 

is relatively sluggish at tempering temperatures below 60OoC. 

heat treatment at 80OOC reduced the martensitic hardness in the fusion 

zone and heat-affected zone (HAZ) to nearly base metal values. 

Tempering curves for both the fusion zone and HAZ are presented. 

A one-hour 

7 . 3 . 4  ~- Progress and Status 

The initial phases of this investigation of HTY martensitic 
stainless steel has been directed toward characterization of of the 

microstructure and properties of both the fusion zone and HAZ in the 
as-welded condition. Formation of untempered martensite in the fusion 

zone and portions of the HAZ imparts a high residual hardness to the 
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structure and usually necessitates a postweld heat treatment to 

produce reasonable toughness in the weldment. 

This study investigates the transformation behavior which takes 

place during the weld thermal cycle and the effect of subsequent 

tempering on the microstructure and hardness of the as-welded structure. 

The results will he used to direct future development of alternate 

preheat and/or tempering treatments compatible with acceptable weld 

toughness. 

7.3.4.1 Experimental Approach 

Evaluation of transformation behavior and tempering response of 

HT9 weldments utilized material originally provided by General 

Atomic Company in the form of 6 . 4 m  (0.25 in) thick pipe. For 

reference, the composition of the material is listed in Table 1. 

Table 1 

C Si Mn Cr Ni Mo w v  P S 
0.22 0.38 0.52 11.3 0.50 0.85 0.50 0 . 2 7  .019 .006 
__ __ .~ ~ __ __ ~ __ ~ 

Dilatometry--The transformation temperatures of the material were 

determined using a dilatometer in conjunction with the Model 1500 

Gleeble.* 

(0.2 in) were machined both from the as-received pipe and from a 
section which contained a circumferential weld. The location of the 

weld corresponded to the reduced section of the test sample. 

Test samples with a reduced gage section of 5.1 mm 

Samples were rapidly heated (approximately 2500C/sec) to peak 

temperatures of 1100, 1200, and 130OOC (2012, 2192, and 2372OF) and 

allowed to cool to room temperature. Dilation versus temperature data 

was collected during testing and plotted simultaneously on an X-Y 
recorder. 

*Duffers Associates, Troy, NY 
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Postweld Heat Treatment. Postweld heat treatments were performed 

on autogenous bead-on-plate welds which were made using the gas tungsten- 

arc process with a heat input of 20 kJ/in (0.79 kJ/mm). The material 

was not preheated prior to welding. Small coupons containing the 

fusion zone, HAZ, and base metal were sectioned transverse to the 

welding direction and subsequently heat treated in air at 200, 400 ,  

600, 800, and 900°C (392, 752,  1112, 1472, and 16520F) for periods 

of 30 minutes and 1 hour. Heat-treated samples were inspected 

metallographically and microhardness surveys were performed throughout 

the weld region. 

7.3.4.2 Transformation - Behavior 

Transformation temperatures upon heating and cooling were deter- 

mined for both base metal and weld metal microstructures of similar 
composition. Since a negative volume change is associated with the 

transformation of BCT (body-centered tetragonal) martensite to FCC 

(face centered cubic) austenite, a dilation, or change in dimension, 

can be measured across the diameter of the Gleeble sample gage section. 

A plot of dilation versus temperature for a base metal sample heated 

to 1200°C (2192'F) is shown in Figure 1. 

dilation increases proportionally with temperature as a consequence of 

the linear relationship between temperature and the coefficient of 

thermal expansion in this alloy. A departure from linearity indicates 

that a phase change has begun and subsequent return to linearity marks 

the completion of the transformation. 

and M temperatures have been determined from the plot in Figure 1. 

The actual transformation temperatures have been corrected slightly 

for thermocouple errors which occur as a result of localized heat- 

sinking at the thermocouple-specimen junction. 

Within single phase regions 

Consequently, the Acl, Ac3, Ms 

f 

Multiple thermal excursions indicated that the transformation 

temperatures are relatively insensitive to successive heating and 

cooling cycles. In addition, dilatometric measurements of weld metal 
samples indicated that the transformation characteristics of the fusion 
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Figure 1. Dilation v s .  Temperature Plot of a HT9 Base Metal Sample. 

zone are similar to those of the base metal. Results of the 

dilatometry measurements are summarized in Table 2. 

Table 2 

Transformation Temperatures for HT9 
960-980°C (1760-1800°F) 

830-850OC (1525-1565OF) 
Ac3 
ACl 
MS 

M f 

24OoC (465'F) 
8O-9OuC (175-195OF) 

Attempts to detect the austenite-delta ferrite transformation which 

occurs at near-solidus temperatures were unsuccessful as a result of 

the small proportion of delta ferrite which forms in this alloy. 
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7.3 .4 .3  Tempering Response 

A mic rohardness  t r a v e r s e  a c r o s s  t h e  weld r e g i o n  of a n  as-welded 

sample which w a s  n o t  s u b j e c t e d  t o  postweld  h e a t  t r e a t m e n t  i s  shown 

i n  F i g u r e  2. The r e l a t i o n s h i p  between t h e  mic rohardness  r e s u l t s  

and t h e  m i c r o s t r u c t u r a l  f e a t u r e s  h a s  been reviewed p r e v i o u s l y  . 
Note t h a t  r e g i o n s  of  maximum h a r d n e s s  i n c l u d e  the f u s i o n  zone and 

a p o r t i o n  of  t h e  HAZ a d j a c e n t  to t h e  f u s i o n  l i n e .  The d rop  i n  h a r d n e s s  

a t  t h e  f u s i o n  l i n e  was shown t o  r e s u l t  from t h e  p r e s e n c e  of a two- 

phase  m i x t u r e  of a u s t e n i t e  and f e r r i t e .  

1 

The temper ing r e s p o n s e  of  samples  which were h e a t e d  t o  400,  600, 

and 800°C (752, 1 1 1 2 ,  and 1472'F) f o r  one  hour  i s  summarized i n  

F i g u r e  3. Tempering of t h e  m a r t e n s i t e  i s  ex t remely  s l u g g i s h  a t  200 

and 4OOOC and r e s u l t s  i n  a m i c r o s t r u c t u r e  w i t h  p r o p e r t i e s  s imi lar  

t o  t h e  as-welded sample shown i n  F i g u r e  2 .  

r educes  t h e  ha rdness  un i fo rmly  i n  t h e  f u s i o n  zone and throughout  t h e  

HAZ; however, n o t e  t h a t  a p e r c e p t i b l e  re la t ive  minimum i n  h a r d n e s s  

s t i l l  e x i s t s  a t  t h e  f u s i o n  l i n e .  A f t e r  one hour  a t  800°C t h e  h a r d n e s s  

of t h e  e n t i r e  weld r e g i o n  h a s  dropped to t h e  level  of  t h e  o r i g i n a l  

b a s e  metal m i c r o s t r u c t u r e  ('b30 Rc). 

i n  a n  i n c r e a s e  i n  h a r d n e s s  i n  t h e  weld r e g i o n  re la t ive  t o  t h e  600°C 

and 800°C heat treatments. M i c r o s t r u c t u r a l  examina t ion  of t h i s  sample 

i n d i c a t e d  t h a t  p a r t i a l  r e a u s t e n i z a t i o n  o c c u r r e d  due t o  h e a t i n g  above 

t h e  lower c r i t i c a l  t e m p e r a t u r e  (A1) and t e n d s  t o  v e r i f y  t h e  d i l a -  

t o m e t r i c  measurements r e p o r t e d  p r e v i o u s l y .  

Tempering a t  6OO0C (1112'F) 

Tempering a t  9OO0C r e s u l t e d  

M e t a l l o g r a p h i c  examina t ion  of t h e  weld sample tempered a t  8OO0C 

i n d i c a t e d  t h a t  s u b s t a n t i a l  m i c r o s t r u c t u r a l  t r a n s i t i o n  o c c u r s  r e l a t i v e  

to as-welded m i c r o s t r u c t u r e s .  Micrographs  of t y p i c a l  r e g i o n s  i n  t h e  

f u s i o n  zone,  the coarse- gra ined  and f i n e- g r a i n e d  r e g i o n s  of t h e  HAZ, 

and t h e  b a s e  m e t a l  are shown i n  F i g u r e  4 .  M i c r o s t r u c t u r a l  e v o l u t i o n  

i n v o l v e s  the development of a tempered martensite which m a n i f e s t s  

i t s e l f  i n  a l a t h - l i k e  morphology. S imul taneous ly ,  p r e c i p i t a t i o n  of  

secondary  c a r b i d e s  serves t o  m a i n t a i n  adequa te  mechanical  p r o p e r t i e s  

d u r i n g  temper ing.  These c a r b i d e s  were observed b o t h  a l o n g  l a t h  

b o u n d a r i e s  and w i t h i n  the i n d i v i d u a l  l a t h s .  A more d e t a i l e d  e v a l u a t i o n  

of t h e  e f f e c t  of temper ing on m i c r o s t r u c t u r a l  e v o l u t i o n  w i l l  be  
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Figure 2. Microhardness Traverse Across the Weld Region of an As-Welded 
Sample. 

included in a future report. 

A tempering curve relating the microhardness in both the fusion 

zone and the coarse-grained region of the HA2 to the time-temperature 
parameter T ( 2 0  + log t) x is presented in Figure 5. The tempering 

response f o r  both regions is nearly identical and agrees reasonably 

well with the curve developed by Mervyn et al.’ for HT9 base metal. 

7.3.5 Conclusions 

1. Dilatometric measurements indicated that the lower critical 

temperature (Acl) is in the range of 83O-85O0C (1525-156S°F). 

The martensite start temperatures (M,) was 24OoC for both base metal 

and weld metal samples. 

2. Tempering response is relatively s l u g g i s h  below 6OO0C. After 

one hour at 800°C the hardness of the weld region is reduced to that 
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Fusion Zone 

Coarse-Grained HA2 

Figure 4. Microstructure of Sample Tempered at 8OO0C, 400X. 
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Figure 4 .  (continued) Microstructure of Sample Tempered at 8OO0C, 
400X. 
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GTA Weld in HT9.  
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7 . 4  FATIGUE CRACK GROWTH IN PATH E AND PATH B ALLOYS - D .  A .  Mervyn 

(Hanford Engineering Development Laboratory). 

7 . 4 . 1  ADIP Task 

Task Number I . B . 4  - Fatigue Crack Growth in Special and Innovative 
Materials (Path E). 

Task Number I .B .2  - Fatigue Crack Growth in High StrengthjHigh 
Temperature Fe-Ni-Cr Alloys (Path B ) .  

7 . 4 . 2  Objective 

Baseline data on unirradiated Path E (HT-9 and 9Cr-1Mo) and Path B 

alloys has been generated in order to determine their desirability in 

reactor first wall applications. 

7 . 4 . 3  Summary 

Fatigue crack growth tests on unirradiated HT-9 in helium at 150, 300, 

500 and 600°C and on 9Cr-1Mo at 25°C in air have been conducted. Room tem- 

perature air testing of solution treated and aged B 1 ,  B2, B 3 ,  B4 and B6 

alloys has been completed and is compared to the 50% cold-worked B alloys 

tested under similar conditions. Comparisons of measured fatigue crack 

growth are made with 20% cold-worked 316 stainless steel. 

7 . 4 . 4  Progress and Status 

7 . 4 . 4 . 1  Introduction 

This study was conducted to characterize the fatigue crack propagation 

behavior of unirradiated HT-9 and 9Cr-1Mo. In addition, the room temperature 

crack growth behavior of the solution treated and aged Path B alloys was 
determined. 

7.4.4.2 Experimental 

Compositions of the alloys tested and their thermomechanical treatments 

are outlined in Table 7.4 .1 .  The austenitized and tempered condition of 

HT-9 was chosen from a number of themomechanical treatments investigated 

in a previous study. 9Cr-1Mo was tested in a condition similar to that 
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of HT-9. 

F a t i g u e  c r a c k  growth tests  were conducted u s i n g  m i n i a t u r e  cen te r- cracked  
specimen technology and t h e  e l e c t r o p o t e n t i a l  t e c h n i q u e  d e s c r i b e d  p r e v i o u s l y .  ( 2 )  

A l l  specimens were c y c l e d  s i n u s o i d a l l y  u s i n g  l o a d  as t h e  c o n t r o l  parameter  

a t  a stress r a t i o  R of  0.05.  HT-9 w a s  t e s t e d  i n  hel ium a t  1 H z  a t  1 5 0 ,  300, 

500 and 6 0 O O C  and a t  a maximum l o a d  o f  475 lbs. Room t e m p e r a t u r e  t e s t i n g  of 

9Cr-1Mo and t h e  P a t h  B a l l o y s  w a s  performed i n  a i r  a t  a c y c l i c  f r equency  of 

15 Hz. 

7 .4 .4 .3  R e s u l t s  and  D i s c u s s i o n  

HT-9 tes t  r e s u l t s  between 150 and 600°C are p r e s e n t e d  i n  F i g u r e  7 . 4 . 1 .  
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FIGURE 7 . 4 . 1  Comparison of Crack Growth Between 150 and 6 O O 0 C  
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A t  a s tress i n t e n s i t y  f a c t o r  (AK)  of 1 2  MPa &, c r a c k  growth a t  500°C i s  

a f a c t o r  of 2 . 4  h i g h e r  than  a t  15OOC and a t  600°C i t  i s  a f a c t o r  of 1 2 . 3  

h i g h e r .  Crack growth a t  300°C i s  e s s e n t i a l l y  e q u i v a l e n t  t o  t h a t  a t  150°C, 

c o n s i d e r i n g  t h e  d a t a  s c a t t e r .  

A t o t a l  d a t a  scat ter  of a f a c t o r  of two, on da/dN, i s  c o n s i d e r e d  normal 

f o r  i n t r a l a b o r a t o r y  tes ts  conducted on a s i n g l e  h e a t  of material  under iden-  

t i c a l  c o n d i t i o n s .  ( 3 )  T h e r e f o r e ,  an  i n c r e a s e  i n  c r a c k  growth by a f a c t o r  of 

2.4 between 150°C and 5 0 O o C  i s  r e l a t i v e l y  i n s i g n i f i c a n t .  However, between 

500 and 600°C c r a c k  growth i n c r e a s e s  r a p i d l y .  

The a u s t e n i t i z e d  and tempered m i c r o s t r u c t u r e  of HT-9 c o n s i s t  of 

m a r t e n s i t e  l a t h s  w i t h i n  p r i o r  a u s t e n i t e  g r a i n  boundar ies .  P r e c i p i t a t e  

c a r b i d e s  l i e  w i t h i n  t h e s e  l a t h s  a s  w e l l  as a l o n g  l a t h  and g r a i n  boundar ies .  

The martensite i s  s t r e n g t h e n e d  by ca rbon  h e l d  i n  s o l u t i o n  i n  i t s  m a t r i x .  

Between 500 and 600°C t h e  ca rbon  comes o u t  of s o l u t i o n  t o  c o a r s e n  t h e  pre-  

c i p i t a t e  c a r b i d e s .  Accordingly ,  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  and y i e l d  

s t r e n g t h  d e c r e a s e s  between t h e s e  two t e m p e r a t u r e s .  The HT-9 c r e e p  

c o e f f i c i e n t  i s  a l s o  r e l a t i v e l y  i n s e n s i t i v e  t o  t e m p e r a t u r e  below 6OO0C, 

b u t  above 600°C i t  becomes ex t remely  t empera tu re  dependent .  Some of t h e s e  

m i c r o s t r u c t u r a l  and mechanical  p r o p e r t y  changes may accoun t  f o r  t h e  r a p i d  

i n c r e a s e  i n  c r a c k  growth between 500 and 600°C i n  HT-9. 

(1) 

( 4 )  

The c r a c k  growth b e h a v i o r  of 9Cr-1Mo t e s t e d  i n  a i r  a t  room tempera tu re  

i s  compared t o  t h a t  of HT-9 i n  F i g u r e  7.4.2.  The b e h a v i o r  of t h e  two 

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

T e s t  r e s u l t s  on t h e  s o l u t i o n  t r e a t e d  and aged (STA) P a t h  B a l l o y s  are 

p r e s e n t e d  i n  F i g u r e s  7 .4 .3 ,  7 . 4 . 4 ,  7 . 4 . 5 ,  7.4.6 and 7 . 4 . 7 ,  where t h e y  are 
compared t o  r e s u l t s  from t h e  50% cold-worked (CW) a l l o y  t e s t e d  under t h e  

same c o n d i t i o n s ? ? '  I n  a l l  c a s e s ,  t h e  c r a c k  growth ra te  of t h e  50% CW mater-  

i a l  w a s  h i g h e r  t h a n  t h a t  of  t h e  STA mater ia l .  The c r a c k  growth r a t e s  d i f f e r  

by as l i t t l e a s  a f a c t o r o f  2 f o r  a l l o y B 4 a n d a s m u c h a s  a f a c t o r  o f 1 8  f o r  a l l o y B 6 .  

I f  P a t h  B a l l o y  t e n s i l e  c h a r a c t e r i s t i c s  are s i m i l a r  t o  i t s  commercial 

c o u n t e r p a r t ,  t h e  d i f f e r e n c e  between c r a c k  growth i n  t h e  CW and STA condi-  

t i o n s  can b e  e x p l a i n e d .  For i n s t a n c e ,  B4  h a s  a s imi la r  composi t ion and h e a t  

t r e a t m e n t  as STA I n c o n e l  706s5) 

s t r e n g t h  of 46,000 p s i ,  w h i l e  the STA c o n d i t i o n  h a s  a y i e l d  s t r e n g t h  of 

147,000 p s i .  A s imi la r  t r e n d  i s  observed i n  I n c o n e l  X750, which i s  l i k e  

Annealed 706 h a s  a room t e m p e r a t u r e  y i e l d  
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B 6 .  

t h e  lower crack growth r a t e s  of  t h e  STA Path B a l l o y  can b e  explained i f  

t h i s  condit ion has a higher  y i e l d  s t r e n g t h  than the  CW a l loy .  Other f a c t o r s  

inf luence  the  f a t i g u e  behavior i n  these  a l l o y s ,  as  evidenced by the  f a c t  

t h a t  although STA Inconel 7 0 6 ,  o r  B 4 ,  appears t o  have a higher  room tempera- 

t u r e  y i e l d  s t r e n g t h  than STA Inconel X 7 5 0 ,  B 6 ,  i t  has  a lower crack growth 

r e s i s t a n c e .  Since t h e r e  i s  a l ack  of Path B t e n s i l e  d a t a ,  a d i r e c t  cor re la-  

t i o n  between t h e  a l l o y s ,  not  only i n  behavior ,  but  a l s o  in magnitude, cannot 

be made a t  t h e  present  time. 

Since an inc rease  i n  y i e l d  s t r eng th  inc reases  crack growth r e s i s t a n c e ,  

A comparison of the  STA group i s  presented i n  Figure 7 .4 .8 .  The crack 

growth behavior of B 1  and B 2  a r e  e s s e n t i a l l y  equiva lent ,  a s  i s  t h a t  of B 3  

and B 4 .  The crack growth r a t e  a t  AK = 11 MPa of B I  and B 2  i s  a f a c t o r  

o f  2 . 7  lower than t h a t  of B 3  and B 4 .  Crack growth i n  B 6  i s  a f a c t o r  of 1 2  

lower than B 3  or  B 4 .  Crack growth i n  B I ,  B 2  and B 6  i s  a l s o  lower than t h a t  

i n  HT-9 o r  20% CW 316 SS t e s t e d  under the  same condi t ions .  

Tested in Air at 25’C 

I ’  / 

i 

‘0- ’8 LLLd-&- 10 20 40 

Stress Intensity Range. A K ,  MPa t i?  

FIGURE 7 . 4 . 8  Comparison of Crack Growth i n  t h e  Path B Alloys,  with 
HT-9l and 20% CW 316SS‘. 
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A c o r r e l a t i o n  between crack growth r a t e  and n icke l  content  of t h e  

f i v e  a l l o y s ,  Figure 7 . 4 . 9 ,  i n d i c a t e s  t h a t  N i  content  alone does not d i c t a t e  

t h e  crack growth behavior.  The Figure does sepa ra t e  t h e  a l loys  according 

t o  t h e i r  primary s t rengthening  mechanisms. B 3  and B4 a r e  both doubly 

s trengthened,  B 3  by y' and Laves phase and B4 by y '  and y". B l  and B2 a r e  

s t rengthened s o l e l y  by y' and B6 by  t h e  presence of y' and a high percentage 

of n i cke l .  This d i f f e r e n c e  i n  crack growth behavior a s  a funct ion  of pre- 

c i p i t a t e  phases s t rengthening  i n d i c a t e s  t h a t  t h e  cont inual  add i t ion  of 

s t rengthening  phases may e f f e c t  o ther  p rope r t i e s  i n  t h e  Path B a l l o y s .  

FIGURE 7 . 4 . 9  

Percent Nickel 

Crack Growth i n  the  Path B Alloys a s  a Function of Nickel 
Content.  

Embr i t t l ing  phases such a s  t h e  Laves phase i n  B3 or  excessive hardening 

phases such a s  y" i n  B4 can decrease a l l o y  d u c t i l i t y  and the re fo re  adversely 

e f f e c t  t h e  crack growth behavior.  The high crack growth r e s i s t a n c e  of 
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alloy B6 may not only be attributed to its unembrittled y' strengthening, 

but also to the known beneficial influence of its high nickel content. 

7.4.5 Conclusions 

1. A baseline fatigue crack growth study on unirradiated HT-9 has 

been completed. Crack growth is relatively insensitive to temperatures 

between 150 and 500°C. Above this temperature crack growth increases rapidly. 

2 .  The crack growth rates of 9Cr-1Mo and HT-9 are equivalent in room 

temperature air. 

3. Crack growth in room temperature air of Path B alloys B1 and B 2  

is a factor of 2.7 lower and alloy B6 a factor of 12 lower than B3 and B4. 

The low crack growth resistance of B3 and B4 may be due to the presence of 

embrittling phases in these alloys, which may lower ductility. The higher 

nickel content of alloy B6 tends to enhance its crack growth resistance. 

7.4.6  Future Work 

A temperature dependent crack growth equation for HT-9 will be developed. 
Baseline testing of unirradiated 9Cr-1Mo at elevated temperatures will be 

completed. The STA Path B alloys will also be tested at elevated temperatures. 
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7.5 ANALYSIS OF SINGLE SPECIMEN TESTS ON HT-9 FOR J1, DETERMINATIOS 

- F. H. Huang and G. L. Wire (Hanford Engineering Development 
Laboratory) 

7.5.1 ADIP Task - ADIP Fusion 

7.5.2 Objective 

The objective of this work is to evaluate the upper shelf toughness of 

HT-9 using the electropotential technique. The ultimate goal is to charac- 

terize the fracture behavior of fusion first wall materials by single speci- 

men method. 

7.5.3 - S U m m I  

Fracture toughness tests were performed on unirradiated 2.54 mm thick 
HT-9 specimens at 25, 149, 232, 315, 427 and 539°C. The electropotential 
technique was applied to develop single specimen method for J1 
Based on experimental data, a semi-emperical expression was obtained for a 

calibration curve which was used to measure continuous crack extension. Mith 

this continuous &a measurement, it is possible to generate J versus Aa curves 
from single specimens at various temperatures successfully. Large specimens 

were also tested at 232°C to study the thickness effect on upper shelf tough- 

ness of HT-9. The upper shelf fracture toughness of HT-9 is evaluated at 

temperatures ranging from room temperature to 539°C. 

determination. 

7.5.4 Progress and Status 

7.5.4.1 Introduction 

The upper shelf ductile fracture behavior of ferritic steels, which are 

fusion first wall candidates, is studied using elastic/plastic fracture 

mechanics. For materials under small-scale yielding conditions when the 

plastic zone size is small compared to crack length, the stress intensity 

factor K is used to characterize the material resistance to crack growth. 
However, under large scale yielding conditions, J-intergral, crack- 

opening-displacement(2) and near-tip-~train'~) have been successfully used 
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to characterize the fracture of ductile materials. Because of limitations 

on irradiation space and the fact that the first wall is expected to be on 

the order of 3 mm thick, miniaturized circular compact specimens are tested, 

and single specimen techniques have been developed. 

method requires techniques capable of monitoring continuous crack extension 

during the test such as electropotential, (4) ~ompliance'~) and acoustic 
emmission(6) method. The electropotential method is one of the most accurate 

and sensitive techniques, particularly for small specimens, and has been used 

f o r  decades to study a wide range of fracture problems. The basis for crack 

extension measurement by this method is that the potential difference be- 

tween two points spanning the crack will increase as the crack propagates, 

because the resistance increases while the current applied to the specimen 

is maintained constant. A calibration curve relating the potential drop 

to crack extension is generated from different specimens tested at a variety 

of elevated temperatures. Through the use of this calibration curve, the 

continuous crack extension can be measured and the procedure for single 

specimen fracture toughness measurement established. 

The single specimen 

The material used in this experimental program is HT-9 which is ex- 

pected to undergo a ductile-to-brittle transition around room temperature. 

This transition temperature is known to be elevated by irradiation. (') 

tests in this work were carried out at upper shelf temperatures. The 

techniques for fracture toughness tests developed in this work will be 

utilized in the hot cell for tests on irradiated specimens. 

All 

7.5.4.2 Experimental Procedure 

The 2.54 mm thick test specimens were fabricated from as received 
HT-9 bar stock in mill annealed condition, hot worked at 1149°C for 1 hour, 

tempered at 740-760°C for 1 hour and air cooled. Details of the test 

apparatus and test procedures were described in Reference 8 for room 
temperature tests and Reference 9 for elevated temperature tests. The 

schematic diagram of the specimen is shown in Figure 7.5.l(a). 

tions of the current input and potential measurement leads were shown in 

Figure 7.5.l(b). 

stress intensity factor of 28 MPa 6 using a servo-hydraulic system. 

The posi- 

A l l  specimens were fatigue precracked to 1 . 3  mm below a 
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2.794 DIA 

11.938- 

(a) 

Figure 7.5.1 (a) Circular Compact Test Specimens of HT-9 

DC 
POWER 
SUPPLY 

Figure 7.5.1 (b) Schematic Drawing of Electropotential Technique 

Fracture toughness tests were performed at 25OC, 1 4 9 O C ,  2320'2, 315OC, 

4270C and 539OC. A constant DC current of 13.5 amp was applied to the 

specimen. During each test, the load and electropotential were monitored 

simultaneously. After the test was completed, each cracked specimen was 

heat tinted at 529oC for 1 hour to reveal the crack extension (Figure 7 . 5 . 2 ) ,  

which provided calibration data points f o r  potential versus crack extension 

CUNeS. 

The values of J were calculated from load versus load-line displacement 
(10) curves in the form: 

l + a  2A 
1 + a2 Bb J = -  - 
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Where: A is the area under load versus load-line displacement curve, 
B is the specimen thickness, b is unbroken ligament size, a is 

[21 a = 2 [(a/b)2 + (a/b) + 1/21 - (2  a/b + 1) 
The equation is a simplified form of J derived from Merkle-Corten ex- 
pression ('') for a/w 3 0.5. 

u 
lmm 

Figure 7.5 .2  Crack Extension as Revealed by Heat Tinting for: (a) 2.54 m 
Thick: (b) 7.62 mm Thick Specimen of HT-9. 

7.5.4.3 Results and Discussions 
J versus ha data for various temperatures were plotted in Figure 7.5.3 

through Figure 7.5.8. A Jlc value is determined by the intersection of the 

blunting line having a slope of 2of and the best fit line drawn through the 
J versus a data. 
in Table 7.5.1. 

,I,, 
can be seen in Figure 7.5.9, 
temperature from room temperature to 250°C, then increases as temperature 

is increased up to 55OoC. 

J,, values for various temperature tests were compiled 
The temperature dependence of ductile fracture toughness 

for HT-9 obtained by multispecimen method is shown in Figure 7.5.9. As 

Jlc decreases with increasing upper shelf 

The temperature dependences of critical J value corresponding to a 
crack extension of 0.2 mm and to an offset of 0.06 mm were also plotted in 
Figure 7.5.9. It is interesting to note that the trends do not differ from 
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HT-9 CIRCULAR SPECIMEN 
12m TESTTEMP. = 3lS'C 

H T ~ ~  CIRCULAR SPECIMEN 
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F i g u r e  7 .5 .5  J V e r s u s  a T e s t e d  at F i g u r e  7 . 5 . 6  J V e r s u s  a T e s t e d  a t  
232'C f o r  HT- 9. 315'C f o r  HT- 9.  

CRACK EXTENSION, In. 

TEST TEMP. = U7'C 

n 41- 

CRACK EXTENSION. in, 

1mO 

TEST TEMP. = Q O T  

1m 
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2 
i 

CRACK EXTENSION. mrn CRACK EXTENSION. mm 

F i g u r e  7 . 5 . 7  J V e r s u s  a T e s t e d  a t  F i g u r e  7 . 5 . 8  J V e r s u s  a T e s t e d  a t  
427OC f o r  HT- 9. 5 3 9 O C  f o r  I~T-C).  
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M -  

T a b l e  7 . 5 . 1  

FRACTURE TOUGHNESS TEST RESULTS AND MECHANICAL PROPERTIES 
OF HT-9 

SYMBOL J DETERMINED AT 
0 A- = 0.2mm 

0 ?.a = 0.06mm OFFSR 
- 2 m  

Nominal 5ys Nominal u u t s  5lC 

Temperature  (KSi ma) (KSi - ma) (in-lb/ in2_) KJfm2) T 
T e s t  

25 90 620.6 118 813.7 573.4 112 .4  1 2 1  

149 87 600.0 111 765.5 385.4 75.5 1 3 1  

232 84 579.3 106 731.0 287.3 5 6 . 3  146 

316 80 551.7 100 689.6 302.5 5 9 . 3  118 

427 73 503.4  89 613.7 411.6 80.7 147 

5 39 59 406.9 70 482.7 638.6 1 2 5 . 2  130 

c I 

F i g u r e  7.5.9 Temperature  Dependence of F r a c t u r e  Toughness f o r  HT-9. 



0 0.010 0.m 0 . m  0 . 0 ~ 1  0.050 0.060 0.070 

HT-9 - 
~ TESTTEMP. = m * C  

~ 

Po- - 

2 5 0 -  

n 

0 2.54mmTHlCK 

A 7.62mm THICK 

7 . 5 . 4 . 3 . 1  Calibration Curve f o r  Crack Extension. The number of speci- 

mens needed for fracture toughness tests using the above multispecimen 
method can be reduced significantly if crack extension is measured con- 

tinuously. 

single specimen. 

to measure continuous crack extension through a calibration curve which 

is essential for a successful single specimen test method. Theoretical 
calibration curves relating crack extension to electropotential measurement 

can be obtained by using conformal and finite element 
techniques ( I 4 )  to solve Laplace's equation 

The whole curve of J versus Aa can be determined from a 

In this work the electropotential techniques were used 

2Mo 

1m 

1600 

1400 

-1200 "< 

-1Mo ? 

-800 + 

._ . 

._ 

- K m  

-ea 

.ma 
0 

vz ($J) = 0 

These calculations showed that the potential distribution is sensitive to 

the notch geometry of the specimen and the location of the current leads. 

A convenient and widely used method to obtain the calibration curve 

and to determine optimum locations for the current leads and potential 

probes is simulation using an electrically conductive paper for a 
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particular specimen geometry. 
pact tension specimen are shown in Figure 7.5.11. The potential drop is 

found to be more sensitive to crack extension for the current leads located 

at A than at B. Similarly, an experimental calibration curve can be 

obtained by fatigue cracking the specimen, recording the potential change 

and measuring the crack length optically. However, certain restrictions 

must be imposed on the application of the calibration curves obtained by 

the methods mentioned above. Crack extensions calculated from these cali- 

bration curves are assumed to have straight crack fronts. 

specimen, the crack front is always curved. 

applicable only when the curved region is small in comparison with the 

total crack extension. Therefore, they can only be considered as an 

approximation for our case where the curved fracture front advance is 

counted as the crack extension. In this study, interrupted tests of a 
series of specimens were made to obtain calibration curves correlating 

potential drop to crack extensions which were measured by heat tinting. 

The test results of electropotential and crack extension for various 

temperatures were presented in Figure 7.5.12 through Figure 7.5.15. 

Calibration curves are given in the form of V f V o  versus ala0 where V is 
the potential drop across the crack length a and Vo is the initial potential 

drop across the initial crack length ao. Calibration curves plotted in this 

way are independent of specimen thickness and material properties. Because 

the test specimens are small, shear lips which form as the crack estension 

becomes large are expected to have a significant effect as the side 

ligaments begin tearing. The tearing caused the rapid increase of the potential 

and was evident by heat tinting. Only those specimens having no shear lip 

formation at the final crack extension were used for calibration purpose. 

The shear lip formation can be suppressed by side grooving the specimen to 

Side-grooving is not considered practical 12-1/2% of gross thickness. 

for this thickness ( 2 .54  mm) as the effective thickness would be reduced 

substantially . 

The results of such simulation performed on com- 

In an actual 

These calibration curves are 

(15) 

All potential ratios and crack extension ratios from various tem- 
perature tests were plotted in Figure 7.5.16. 
straight lines with the same slope of 1 satisfactorily describe the V/Vo 

versus a/ao data outside the blunting region. 

It would appear that 

This indicates that the 
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CURRENT CURRENT 
LEAD B LEAD A 
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SYMBOL TESTTEMP I'CI 

LEADS 

-CURRENT CURRENT 
LEAD B LEAD A A 

' A  HT~O CLRCULAR SPECIMEN 
TEST TEMP = W ° C  

> 
> . 

TEST TEMP = W ° C  

>.a 1.02 1.01 1.m 1.08 1.10 
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ala0 

F i g u r e  7 . 5 . 1 3  E l e c t r o p o t e n t i a l  Cali- F i g u r e  7 .5 .14  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  BT-9 b r a t i o n  Curve f o r  €IT-'3 
T e s t e d  a t  427OC. T e s t e d  a t  539OC. 
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TESTTEMP = 25-C 

1.12 I 

1.10 L 

1.m - 

. 
1.m - 

1.14 
wr-9 CIRCULAR SPECIMEN 
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Figure 7.5.15 E lec t ropo ten t i a l  
Ca l ib ra t ion  Curve 
f o r  HT-9 Tested 
a t  25°C.. 

1.w l.@L 1.m 1.W. 1.04 alao 1.06 1.08 1.10 

Figure 7 .5 .16  E l e c t r o p o t e n t i a l  Cali-  
b r a t i o n  Curve f o r  HT-9 
a t  Various Temperatures. 

p o t e n t i a l  change is s e n s i t i v e  pr imar i ly  t o  crack growth. The 

da ta  t rend  of V I V O  versus  a/ao agrees with the  simple i n t u i t i v e  not ion  t h a t  

r e s i s t a n c e  is inve r se ly  p r o p o r t i a l  t o  t h e  a rea  of unbroken ligament.  The 

l i n e a r i t y  of V I V O  versus a/ao curve i s  a good approximation f o r  a small  

range of crack extension.  

7.5.4.3.2 Experical  P o t e n t i a l  Change-Crack Extension Expression. The 

V I V O  versus a la0  ou t s ide  the  b lunt ing  region appear t o  be l i n e a r ,  and 

can be expressed by 

V I V O  = X, - 1 + E a la ,  [51 

Here X, i s  the  vol tage  r a t i o  a t  i n i t i a l  crack length ,  B i s  t h e  s lope  of the  

s t r a i g h t  l i n e  equal  to  1 f o r  HT-9 specimens t e s t e d  i n  t h i s  work. X, i s  re-  

l a t e d  t o  t h e  ex ten t  of b lun t ing  which i s  dependent on t h e  f r a c t u r e  toughness 

and t e n s i l e  s t r e n g t h  of the  m a t e r i a l ,  a s  shown i n  Figure 7.5.17. 
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1.01 1 

1.M 
0 1.0 2.0 3.0 4.0 5.0 6.0 1.0 8.0 9.0 10.0 

J l c / o f  

Figure 7.5.17 P o t e n t i a l  Rat io Xo Versus J l c / o f .  

As  discussed i n  Reference 8, the  experimental c a l i b r a t i o n  curve does 

not  ex t r apo la t e  t o  a V I V O  = 1.0  from crack extens ions .  It  was d i f f i c u l t  

t o  ob ta in  low crack extension d a t a ,  few da ta  po in t s  of crack extension 

l e s s  than 0 . 1  mm and the  e r r o r  f o r  these  i s  of order  ? 0.02 mm i n  Figure 

7.5.14 and Figure 7.5.15. However, i t  seems reasonable t o  assume t h a t  

t h e  p o t e n t i a l  change immediately a f t e r  loading can be a t t r i b u t e d  t o  t h e  

ex ten t  of b lunt ing  due t o  p l a s t i c  deformation. The p o t e n t i a l  change r a t e s  

before  and a f t e r  t h e  crack i n i t i a t i o n  are d i f f e r e n t ,  although a con t inu i ty  

between these  two regions i s  expected. A s  t h e  load is applied t o  the  

specimen, t h e  p o t e n t i a l  increases  r ap id ly  due t o  sepa ra t ion  of t h e  fa t igue-  

crack su r faces ,  ( 4 )  then inc reases  l i n e a r l y  with e l a s t i c  load.  

from l i n e a r i t y  s t a r t s  a s  soon a s  p l a s t i c  deformation and/or crack 
extension occurs .  A s  a r e s u l t  of d i s l o c a t i o n  dens i ty  inc rease  caused by 

p l a s t i c  deformation, the  e l e c t r i c a l  r e s i s t a n c e  i s  increased but  the  con- 

t r i b u t i o n  i s  n e g l i g i b l e  because of t h e  high grown-in d i s l o c a t i o n  dens i ty  

due t o  the  m a r t e n s i t i c  t ransformation.  

A depar ture  

I n  t h e  b lun t ing  process,  t h e  p o t e n t i a l  change i s  approximated t o  be 

p ropor t iona l  t o  the  degree of b lun t ing  (Figure 7.5.17) and can be expressed 

by 

V I V O  = 1 + S (a /ao  - 1) 
where S i s  t h e  s lope  of c a l i b r a t i o n  curve i n  t h e  b lun t ing  region. L e t  

t h e  b lun t ing  be  equal  t o  Aa* when t h e  a d d i t i o n a l  crack advance occurs 

from t h e  blunted crack, from Equation I51 we ob ta in  
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s is solved from Equation [ 6 1  and [ 7 ; ,  

[ a i  a, 
Aa* s = 1 +-  (X0 - 1) 

Substituting Equation [ 8 ]  into Equation ;6] it f o l l o w s  

f o r  C 5 Aa 5 Aa* 

Equation [ 9 ]  becomes Equation [5] when a = a. + Aa* at crack initiation, 
and must be abandoned beyond initiation, (Figure 7 .5 .18) .  

[ 9 1  

w.0 

Figure 7.5.18 Semi-Emperical Calibration Curve 

Experimentally, Aa* can be estimated from a widely accepted blunting 

curve which is in the form 
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Where af = (“ys + outs) / 2  

To combine Equation [5] and Equation [9] into a unified equation, the 
hyperbolic tangent function is used because of the following properties: 

0 
tanhX =. ::;: as X +  

1.00 m 

The analytical form of the calibration curve, therefore, is chosen based on 

the experimental data as 

Equation [12] offers a smooth slope change near the crack initiation 

area which is more realistic in light of plastic deformation and crack 

initiation occurring simultaneously. 

derived using this relationship to obtain a continuous plot of J versus Aa. 

It will now be shown how J ic  can be 

7.5.4.3.3 Locating Crack Initiation. The crack tip blunting increases 

with an increase in loading. 

where the first crack advance occurs beyond blunting. The crack initiation 
cannot be universally detected precisely since cracking may begin as oids in 
front of the blunted crack tip coalesce. With the electropotential tech- 

nique, the crack initiation is usually determined at the first deviation 
from linearity of the potential-load displacement curve, ( 4 )  as illustrated 

in Figure 7.5.19. 
initiation value predicted by multispecimen R-curve method (16) (Figure 7.5.3) . 
However, the calibration curves of Equation [ 1 2 ]  were not sensitive to the 

variation of ha* value as shown in Figure 7.5.15 for room temperature tests. 

In Figure 7.5.14, three 539’C calibration curves with A,* values of 0.026, 
0.075 and 0.122 mm were plotted. The one with Aa* = 0.075 mm provides the 

best fit to the experimental data. This value is calculated from Equation [lo] 

using J value corresponding to V/V, = X,. 

JlC is defined as the J value at the point 

The J l c  value, so obtained, tended to under-estimate the 

As shown in the figures, the 
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150 

c a l i b r a t i o n  curves described by Equation [12) with these  Aa>t va lues  f i t  

experimental da t a  q u i t e  wel l .  

~ 
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- 
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Figure 7.5.19 Crack I n i t i a t i o n  Predic ted  by E l e c t r o p o t e n t i a l .  

- 
4.4 - z 

> 

4.2 

I 4.0 

7.5.4.3.4 Recipe f o r  S ingle  Specimen J- In teg ra l  Measurement. To summarize, 

t h e  r ec ipe  f o r  producing J versus  Aa curves is  a s  follows: 

1. Determine X, from the  o p t i c a l l y  measured crack extension.  Experimen- 

t a l l y ,  load and vol tage  a r e  monitored simultaneously during t h e  test a t  any 

temperature. The test i s  terminated a f t e r  t h e  maximum load i s  reached. The 

specimen i s  then hea t- t in t ed  and broken t o  r evea l  crack extension.  One da ta  

poin t  of V / V o  and a l a o  i s  obtained from t h e  s i n g l e  specimen. 

termined from Equation [51: 

s lope  of 1, i s  drawn through t h e  d a t a  po in t .  The i n t e r c e p t  of a /ao  = 1 

v e r t i c a l  l i n e  gives t h e  Xo value.  A s  an example f o r  simple specimen t e s t s ,  

HT-9 specimen HR24 w a s  t e s t e d ,  t h e  t e s t  r e s u l t s  were: 

V I V O  = 1.077 and a la ,  = 1.060. 

were p l o t t e d  i n  Figure 7.5.13 and Figure 7.5.7, r e spec t ive ly .  A s t r a i g h t  

l i n e  with a s lope  of 1 was drawn through t h e  da ta  po in t  i n  Figure 7.5.13. 
X,, was found t o  be 1.017 through ex t r apo la t ion  of the  s t r a i g h t  l i n e  t o  t h e  

l i n e  alao = 1. 

2 .  Estimate Aa* from a = J/2of  using J correspondingly t o  Xo. The corre-  

sponding J value of Xo i s  55.5 K J / m 2  which g ives  Aa* = 0.04 m. 

X, can be de- 

X, = V I V O  - ala,  +1. A s t r a i g h t  l i n e  w i t h  a 

3 = 180.4 K J / m 2 ,  

The da ta  po in t s  ( V / V o ,  a l a o )  and (J ,  Aa) 
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3. 

cons t ruc t  c a l i b r a t i o n  curve. 

Use Equation [12] = V /Vo  = (Xo - 1) tanh (ao / Aa* (a/a ,  - 1) I + a /ao  t o  

The va lues  of X, and Aa* were input  i n t o  t h i s  equat ion f o r  the  ca l ib ra-  

t i o n  curve p l o t t e d  i n  Figure 7.5.13, curve .  

var ious  temperature t e s t s  were obtained following t h e  same procedure and 

presented i n  Figure 7.5.12 through Figure 7.5.15. 

4. 

t h i s  curve, we were a b l e  t o  c a l c u l a t e  t h e  continuous crack extensions from 

potential- change da ta ,  and obta in  t h e  J versus  Aa curve which w a s  p l o t t e d  i n  

Figure 7.5.7, curve a .  For o the r  temperature t e s t s ,  the  continuous J versus 

Aa curves v i a  t h e  c a l i b r a t i o n  curves a r e  presented i n  Figure 7.5.3 t o  

Figure 7.5.8. 

5. 

If t h i s  is s i g n i f i c a n t l y  d i f f e r e n t  than ca l cu la t ed  i n  s t e p  2 ,  r epea t  s t e p  3 

and 4 using t h e  new Aa*.  

t h e  b lunt ing  l i n e  a t  J = 78.4 K J / m 2  

obta in  the  new c a l i b r a t i o n  curve b i n  Figure 7.5.13, and J versus  ha curve 

i n  Figure 7.5.7, curve b .  The d i f f e r e n c e  between these  curves w a s  s u f f i-  

c i e n t l y  small so t h a t  no f a r  i t e r a t i o n  was needed. 

The c a l i b r a t i o n  curves f o r  

Construct J versus  Aa curves using da ta  and c a l i b r a t i o n  curves. Using 

Now cons t ruc t  b lun t ing  l i n e  t o  on J versus  Aa curve and f ind  new Aa*. 

I n  our example, curve a i n  Figure 7.5.5 i n t e r s e c t s  

o r  Aa* = 0.063 mm which w a s  used t o  

7.5.4.3.5 Crack Growth S t a b i l i t y .  The J- i n t e g r a l  R-curve approach has been 

used t o  cha rac te r i ze  t h e  toughness p r o p e r t i e s  of d u c t i l e  metals  i n  terms of 

crack i n i t i a t i o n .  

t o  understand crack growth i n s t a b i l i t y .  I n  genera l ,  crack i n s t a b i l i t y  occurs 

e i t h e r  i n  cleavage mode o r  t e a r i n g  mode. A m a t e r i a l ' s  s t a b l e  t ea r ing  proper- 

Attempts have a l s o  been made, based on t h e  same approach, 

t ies can be  charac ter ized  by t h e  t e a r i n g  modulus which is defined (17) as 

dJ E 
da a,, 

T = - x -  

dJ Here -& i s  t h e  s lope  of t h e  s t r a i g h t  l i n e  po r t ion  of J versus  ha curve. 

Table 7.5.1 conta ins  a compilation of T va lues  f o r  var ious  temperature 

tests. A l l  T va lues  a r e  much g r e a t e r  than 1 , i n d i c a t i n g  t h a t  the  Crack 

growth of HT-9 on upper she l f  is under J- cont ro l led  growth condit ion.  

Under t h i s  condi t ion ,  p l a s t i c  loading is predominantly propor t ional ,  and 

t h e  s i n g u l a r i t y  f i e l d ,  which is measured uniquely by J, i s  dominant a t  

t h e  crack t i p .  

(18) 
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7 .5 .5  Conclusion 

1. A semi-emperical expression is formulated to account for crack 

blunting in converting electropotential to crack extenslor, data. 

2. The single specimen J-integral measurement using electropotential 

techniques was demonstrated in detail. 

3 .  The 2.54 mm thick HT-9 specimens satisfies the thickness require- 

ment for a valid J l c  test. 
of HT-9 does not appear to be great. 

4 .  The upper-shelf toughness of HT-9 decreases with increasing temperature 

from room temperature to 250"C, but increases as temperature is increased 

from 250°C to 550°C. 

5 .  The single specimen test techniques developed on unirradiated HT-9 

specimens should be applicable for irradiated specimens since irradiation is 

expected to reduce the upper shelf toughness of HT-9. 

The thickness effect on the fracture toughness 

7.5.6 Future Work 

Single specimen method will be applied to a variety of ferritic 

composition and thermomechanical treatments. 
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7.6 ENVIRONMENTAL EFFECTS ON PROPERTIES OF FERRITIC STEELS - 0. K. Chopra 
and D. L. Smith (Argonne National Laboratory) 

7.6.1 ADIP Task 

ADIP t a s k s  a r e  not defined f o r  f e r r i t i c  s t e e l s  i n  the  1978 

program plan.  

7.6.2 Object ive 

The ob jec t ive  of t h i s  work i s  to  develop a da ta  base  on t h e  corrosion,  

compa t ib i l i t y ,  and the  inf luence  of chemical environment on t h e  mechanical 

p rope r t i e s  of f e r r i t i c  s t e e l s  under environmental condit ions proposed i n  

fus ion  r eac to r  app l i ca t ions .  Emphasis w i l l  be placed on t h e  combined e f f e c t  

o f  s t r e s s  and chemical environment on cor ros ion  and mechanical 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 .  T e s t  environments to  be inves t iga t ed  include l i th ium,  water ,  

and helium a s  wel l  as candidate  s o l i d  breeding ma te r i a l s  and neutron m u l t i -  

p l i e r s .  I n i t i a l  tests w i l l  focus on the  Sandvik Al loy HT-9 and a develop- 

mental Fe-gCr-lb a l l o y .  

7.6.3 Summary 

Ca l ib ra t ion  f a t i g u e  t e s t s  w e r e  conducted with HT-9 f e r r i t i c  s t e e l  

specimens a t  755 K i n  a flowing l i t h ium environment. The procedure f o r  

s t r a i n  con t ro l  and s t r a i n  measurement has been es tab l i shed .  Several  con- 

tinuous cyc le  f a t i g u e  t e s t s  have been performed with gauge specimens of 

HT-9 a l l o y .  The r e s u l t s  are being analyzed t o  determine t h e  s t r a i n - l i f e  

r e l a t i o n s h i p .  Exposure of cor ros ion  specimens o f  HT-9 s t e e l  with s o l i d  

L i 2 0 ,  L I M O 2 ,  and L i  S i 0  

Metallographic eva lua t ion  of t h e  cor ros ion  specimens i s  i n  progress .  

breeding ma te r i a l s  a t  873 K has been completed. 
2 3  

7.6.4 Progress and S ta tus  

7 .6 .4 .1  In t roduct ion  

F e r r i t i c  s t e e l s ,  such a s  Sandvik HT-9 and developmental 

Fe-gCr-lMo, have been proposed as candidate  ma te r i a l s  f o r  t h e  f i r s t  wal l /  

b lanket  of magnetical ly confined fus ion  r e a c t o r s .  Although these  a l l o y s  a r e  
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f e r r o m a g n e t i c ,  i n i t i a l  a n a l y s e s  i n d i c a t e  t h a t  t h e  magnet ic  e f f e c t s  of  f e r r i t i c  

s tee ls  are r e l a t i v e l y  s m a l l  and can b e  accommodated by t h e  r e a c t o r  d e s i g n .  

The pr imary 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  s teels  w a s  t h e  p r e l i m i-  

n a r y  i n d i c a t i o n  t h a t  HT-9 a l l o y  p o t e n t i a l l y  o f f e r e d  lower vo id  s w e l l i n g  and 

h i g h e r  in-reactor c r e e p  resistance t h a n  a u s t e n i t i c  s ta in less  s teels .  Also, 

t h e  b e t t e r  p h y s i c a l  p r o p e r t i e s  p r o v i d e  a reduced thermal  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 t h e  i n f l u e n c e  of t h e  

chemical environment on mechanical  p r o p e r t i e s  of f e r r i t i c  s tee ls .  There  

i s  a l s o  concern  r e g a r d i n g  t h e  combined e f f e c t s  of  stress and c o o l a n t  env i ron-  

ment on t h e  c o m p a t i b i l i t y .  

The f i r s t  w a l l  undergoes  the most severe thermal  c y c l i n g  

because  of i t s  exposure  t o  t h e  plasma. Consequent ly ,  t h e  f a t i g u e  behav io r  

o f  t h e  m a t e r i a l  i s  t h e  most impor tan t  c o n s i d e r a t i o n  re la t ive  t o  t h e  d e s i g n  

of t h e  b l a n k e t  r e g i o n .  The i n i t i a l  phase  of  t h e  p r e s e n t  program i s  des igned 

t o  p rov ide  d a t a  on (1) the  e f f e c t s  of  l i q u i d  l i t h i u m  environment on t h e  

f a t i g u e  and c r e e p- f a t i g u e  p r o p e r t i e s  of  HT-9 and Fe-9Cr-lMo a l l o y s  and (2)  

t h e  c o m p a t i b i l i t y  of c a n d i d a t e  f e r r i t i c  s teels  w i t h  l i q u i d  l i t h i u m  and 

s o l i d  t r i t i u m- b r e e d i n g  materials. 

7.6.4.2 F a t i g u e  Tests  

The f a c i l i t y  f o r  conduc t ing  f a t i g u e  tes ts  i n  a f lowing  l i t h i u m  

environment h a s  been d e s c r i b e d  i n  a n  earl ier  r e p o r t . '  

o p e r a t e d  c o n t i n u o u s l y  f o r  2.3500 h;  t h e  i n i t i a l  200 h a t  a maximum tempera- 

t u r e  of  1.630 K and t h e  remainder a t  2.750 K. The c o l d  t r a p  t empera tu re  was 

main ta ined  a t  500 K.  F i l t e r e d  l i t h i u m  d i p  samples  were t a k e n  a f t e r  f i x e d  

i n t e r v a l s  f o r  a n a l y s i s  of  n i t r o g e n  and ca rbon  i n  l i t h i u m .  The i n i t i a l  con- 

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  o b t a i n e d  a f t e r  2.150 h of o p e r a t i o n  a t  

630 K was 1.445 ppm. Recent a n a l y s e s  show n i t r o g e n  c o n c e n t r a t i o n  between 

80 and 130 ppm. Specimens of  z i rconium,  vanadium, and y t t r i u m  were exposed 

t o  l i t h i u m  t o  de te rmine  t h e  c o n c e n t r a t i o n s  of oxygen and hydrogen i n  l i t h i u m .  

The l i t h i u m  l o o p  h a s  

S e v e r a l  f a t i g u e  tests have been conducted w i t h  2.5-mm- 

d i a m e t e r  specimens  of  HT-9 a l l o y  a t  755 K i n  a f lowing  l i t h i u m  environment .  

D e t a i l e d  dimensions of  t h e  gauge- length and h o u r g l a s s  c a l i b r a t i o n  specimens 

were d e s c r i b e d  earl ier .  The f a t i g u e  tests were performed i n  a s t r o k e- c o n t r o l  
2 
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I n i t i a l  tests t o  s tudy t h e  compat ib i l i ty  of f e r r i t i c  steels 

wi th  candidate  s o l i d  breeding materials have been completed. Corrosion 

specimens of  HT-9 f e r r i t i c  s teel  were exposed with s o l i d  L i  0, LiA102, 

and L i 2 S i 0 3  a t  873 K f o r  .~2000 h. 

meta l lographica l ly  t o  eva lua te  t h e  cor ros ion  behavior.  

2 
The specimens are being examined 

7.6.5 Conclusions 

Several  continuous cyc le  f a t i g u e  tests have been conducted with 

HT-9 f e r r i t i c  steel specimens a t  755 K i n  a flowing l i t h ium environment. 

The r e s u l t s  are being analyzed to  e s t a b l i s h  t h e  s t r a i n - l i f e  behavior. 

7.6.6 References 

1. 0. K. Chopra and D. L. Smith, "Environmental E f fec t s  on P rope r t i e s  of 
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Fig. 1. Test Specimen i n  the  
F ix ture  P r i o r  t o  Testing. 
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7 . 7  SPECIMEN PREPARATION AND LOADING FOR THE AD-2 FERRITICS EXPERIMENT - 
R. J. Puigh and N .  F. Panayotou (Hanford Eng ineer ing  Development 

L a b o r a t o r y ) .  

7 . 7 . 1  ADIP  Task 

The Department of Energy ( D O E ) ,  O f f i c e  of Fus ion  Energy (OFE) h a s  c i t e d  

t h e  need f o r  t h e s e  d a t a  under t h e  ADIP Program Task,  F e r r i t i c  M a t e r i a l  

Development (Pa th  E) .  

7 . 7 . 2  O b j e c t i v e  

The o b j e c t i v e  of t h e  AD-2 exper iment  i s  t o  p r o v i d e  b a s e l i n e ,  h i g h  f l u e n c e  

d a t a  a t  s e v e r a l  t e m p e r a t u r e s  f o r  t h e  f e r r i t i c  a l l o y s  HT-9 and 9Cr-1Mo. 

Developmental 2-1/4Cr-lMo w i l l  a l s o  h e  scoped i n  t h i s  exper iment .  The AD-2 

exper iment  i s  des igned  t o  y i e l d  d a t a  concern ing  t h e  r a d i a t i o n  e f f e c t s  on 

t h e  mechan ica l  p r o p e r t i e s  of these a l l o y s  w i t h  p a r t i c u l a r  emphas i s  on 

t h e i r  f a t i g u e ,  f r a c t u r e  toughness  and weld p r o p e r t i e s .  C h a r a c t e r i z a t i o n  

of  t h e  r a d i a t i o n  e f f e c t s  on t h e  m i c r o s t r u c t u r e  of t h e s e  a l l o y s  w i l l  a l s o  

h e  performed.  

7 .7 .3  Summary 

Exper imenta l  hardware h a s  been b u i l t  and specimens have been f a b r i c a t e d  

f o r  t h e  AD-2 exper iment .  The l o a d i n g  of t h e  specimens i n t o  t h e  s i x  

unins t rumented B-7C c a p s u l e s  h a s  been completed and t h e s e  c a p s u l e s  have been 

sh ipped  t o  Idaho F a l l s  f o r  i n s e r t i o n  i n t o  EBR-11,  Cycle 109. 

7 . 7 . 4  P r o g r e s s  and S t a t u s  

7 . 7 . 4 . 1  I n t r o d u c t i o n  

The f e r r i t i c  a l l o y s ,  HT-9 and developmental  9Cr-lM0, e x h i b i t  d e s i r a b l e  

mechanical  p r o p e r t i e s  when c o n s i d e r e d  i n  a p p l i c a t i o n s  as m a t e r i a l s  f o r  t h e  

f i r s t  w a l l  o r  b l a n k e t  of a f u s i o n  power reactor! ') Except f o r  i r r a d i a t i o n  

creep!') 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  h a s  been g a t h e r e d  abou t  t h e  r a d i a-  

t i o n  e f f e c t s  a t  h i g h  f l u e n c e s  upon t h e  mechan ica l  p r o p e r t i e s  of t h e s e  f e r r i -  

t i c  a l l o y s .  

t h e s e  materials .  

Of p a r t i c u l a r  concern  a r e  t h e  f r a c t u r e  and weld p r o p e r t i e s  of 

The AD-2 exper iment  h a s  been des igned  t o  p r o v i d e  d a t a  on 
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these properties. 

specified by the Alloy Development for Near Term Applications Working Group 

Alloy selection and irradiation temperatures have been 

and approval in principle for this experiment has been granted by DOE. ( 3 )  

This report will describe the fabrication procedure for the specimens and 

will give the specimen matrix which was loaded into the six B-7c capsules 

comprising the AD-2 experiment. 

7.7.4.2 Specimen Material Processing 

The vendor certified compositions for the alloy stocks used for the 

AD-2 experiment are listed in Table 7.7.1. Overchecks of the chemical 

compositions of each alloy were also performed. The HT-9 material stock 

was manufactured by Carpenter Technology Corporation. Material used in the 

fabrication of the welded plate and the fatigue initiation specimens came 

from heat number 91353. Material used for all other specimens fabricated 

from HT-9 came from heat number 91354. These two heats of HT-9 are from 

the same melt and both have comparable chemical compositions, as seen in 

Table 7.7.1. 
Carpenter Technology Corporation and came from ESR ingot 30182. 

mental 2-1/4Cr-lMo material was taken from a section of pipe fabricated from 

Mannesman heat number 38649 material. 

The modified 9Cr-lMo material stock was also manufactured by 

The develop- 

General Atomic Corporation was responsible for the welding of the 6.35 

mm thick HT-9 and 9Cr-lMo plates. Thyssen Specialty Steels, Inc. supplied 

the 1.2 mm diameter weld wire for the HT-9 plates and San Diego Welders 
Supply, Inc. supplied the 4.8 mm diameter weld wire for the 9Cr-lMo plates. 

The chemical compositions of these weld wires are given in Table 7.7.2. 

The chemical compositions of HT-9 and its associated weld wire are similar. 

From a comparison of the chemical compositions of the developmental 9Cr-lMo 
and its associated weld wire one finds that the weld wire has more sulphur 

and silicon alloying elements than are found in the plate metal. 

cal compositions of modified 9Cr-1Mo and its associated weld wire are 

similar for the other alloying elements. The 9Cr-lMo weld wire meets ASME 

SFA 5.9 specifications. 

The chemi- 
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0.011 

0.015 

0.32 

0.046 

8.93 

0.98 

TABLE 7 . 1 . 2  
CHEMICAL COMPOSITIONS OF WELD WIRES 

ELEMENT 

C 

Mn 

P 

S 

S i  

N i  

C r  

Mo 

V 

Nb 

T i  

co 

cu 

Al 
N 

Ta 

LJ 

Pe 

HT-9' 

0.26 

0.50 

0.011 

0.005 

0.26 

0.62 

1 1 . 6  

0.95 

0.29 

co.01 

<o. 01 

0.03 

0.04 

0.011 

0.024 

CO.01 

0.49 

B a l .  

9 C r  - 1M02 ======I 

0.020 

B a l  . 
A l l  numbers a r e  weight percents .  

'Thyssen Specia l ty  S t e e l s ,  Inc. 

2San Diego Welders Supply, Inc. 

The HT-9 f r a c t u r e  toughness and minia ture  Charpy base metal specimens 

were machined d i r e c t l y  from the 33.3 mm diameter ,  h e a t  number 91354, bar 

stock.  

of one hour,  tempered a t  750'C f o r  one hour,  and followed by an a i r  Cool. 

This  thermomechanical t reatment  i s  r e f e r r e d  t o  as  t h e  " m i l l  annealed" 

condi t ion  f o r  HT-9 i n  t h i s  r epor t .  

T h i s  ba r  s tock  was hot  worked a f t e r  soaking a t  1149°C f o r  a minimum 

Figure  7 . 7 . 1  o u t l i n e s  t h e  processing s t e p s  HEDL used t o  obta in  the HT-9 
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HT-9 HEAT NUMBER 91354 

HAMMER FORGE 
AT 1038T 

HOT ROLL 
AT 1038°C 

07.6 m m  

GRIND SURFACES 
COLD ROLL 147%) 

I * 4.04 mm 

HEAT'TREAT 

COLD ROLL A 148%) COLD ROLL 169%1 

HEAT TREAT 
COLD ROLL 140%) 

HEATTREAT 
COLD ROLL 140%) 

0.762 mm 

ri 1.68 m m  

HEAT TREAT 
COLD ROLL 140%l 

HEAT TREAT 
COLD ROLL 140%) 

FIGITRE 7.7.1 Mechanical Processing of HT-9 Sheet Alloy Stock. 

stock, from which the Grodzinski fatigue, fatigue crack growth and tensile 

specimens were fabricated. 

was hammer forged at 1038OC to a thickness of 12.7 mm and then hot rolled 

at 1038°C to a thickness of 7.6 mm. The surfaces of the bar were then 

The 33.3 mm diameter bar, heat number 91354, 
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ground and grit-blasted to remove any decarburized layer formed during this 

process. Micrographs were taken of cross sections from the material stock 

to ensure no decarburized layer remained on the bar. The material was then 

cut and cold rolled to a thickness of 4 . 0 4  mm (47% cold-work (CW)). The 

material w a s  then encapsulated in quartz with 1 / 4  atmosphere of argon and 

given the following heat treatment: 

At this point the material stock was cut and divided into two approximately 

equal quantities. 
0.762 mm and the other half would be processed to a thickness of 0.610 mm. 
This was done to ensure that the last two reductions in thickness f o r  both 

lots resulted in cold work levels of 40%. The material stock then went 

through a series of thickness reductions in the following sequence: 1) cold 
roll; 2) cut into shorter lengths; 3) encapsulate in quartz with 1 / 4  atmos- 

phere argon; and 4 )  heat treatment. Since two conditions of HT-9 are to be 

investigated in the AD-2 experiment, two different intermediate heat treat- 
ments were given to the material stock for the rest of the processing. 

Approximately 40% of the material stock received intermediate heat treatments 

of 1038°C/30 min/AC + 76OoC/2.5 hr/AC. The remaining 60% of the material 
stock received intermediate heat treatments of 1038"C/8 min/AC + 760"C/30 
min/AC. 

1038"C/30 min/AC + 760°C/2.5 hr/AC. 

Half the material would be processed to a thickness of 

Microhardness measurements were performed upon the 40% CW material. 

The sheet stock receiving the intermediate heat treatments, 1038'C/8 min/ 

AC + 760"C/30 min/AC, was found to have a hardness of 326 DPH (500 gm). 
T h i s  corresponds to a R hardness value of 3 3 .  Similarly, the sheet stock 

receiving the intermediate heat treatments, 1038°C/30 min/AC + 760°C/2 .5  hr/ 

AC was found to have a hardness of 303 DPH (500 gm). This corresponds to a 

R hardness value of 30.5. To improve the machinability of this material, 

the sheet stock was given its final heat treatments prior to specimen 
fabrication. 

C 

C 

A recent study of the effects of different thermomechanical treatments 

(TMTs) on HT-9(4) has indicated that for a given TMT involving relatively 

short austenitizing times, the grain size is dependent upon the thickness 

of the material. Since we wished to investigate grain size effects on the 

properties of HT-9, the final heat treatments chosen for the 0.610 and 

0.762 mm HT-9 sheet stock were: a) 1038°C/30 min/AC + 76OOC12.5 hr/AC, 
and b) 1038'C/4 min/AC + 76OoC/30 min/AC. These TMTs resulted in prior 
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a u s t e n i t i c  g r a i n  s i z e s  of  ASTM 5 and ASTM 7 ,  r e s p e c t i v e l y ,  f o r  t h i s  HT-9 

s h e e t  s t o c k .  

F i g u r e  7.7.2 o u t l i n e s  t h e  p r o c e s s i n g  s t e p s  ORNL used t o  o b t a i n  t h e  

6 . 3 5  mm t h i c k  HT-9 p l a t e ,  which w a s  welded by Genera l  A t o m i c  Corpora t ion .  

The 79.4 mm d iamete r  b a r ,  h e a t  number 91353, a f t e r  machining w a s  e x t r u d e d  a t  

l l O O ° C  th rough  a 2 2 . 3  x 50.8 mm2 s h e e t  d i e  b a r .  E x t r u s i o n  l o a d s  v a r i e d  

from 2 . 6 7  to 3 .11  x l o 6  N t .  and r e s u l t e d  i n  a r e d u c t i o n  of 12.25 t o  1. The 

p i e c e s  were t h e n  wrapped i n  s t a i n l e s s  s t e e l  f o i l  and h e a t  t r e a t e d :  950OC 

f o r  one hour ,  f u r n a c e  coo led  t o  7 O O 0 C ,  h e l d  a t  700°C f o r  s i x t e e n  h o u r s ,  t h e n  

a i r  coo led .  The h a r d n e s s  of  t h e  m a t e r i a l  a t  t h i s  p o i n t  v a r i e d  from R 4 2  

t o  RC 4 8 .  

up to 3 .18  mm p e r  p a s s  b e i n g  t aken .  The m a t e r i a l  w a s  f i r s t  c r o s s  r o l l e d  

w i t h  r e s p e c t  t o  t h e  e x t r u s i o n  d i r e c t i o n  u n t i l  t h e  d e s i r e d  w i d t h  of 10.16 cm 

w a s  o b t a i n e d ,  and t h e n  t h e  material  was s t r a i g h t  r o l l e d  u n t i l  t h e  p l a t e  had 

a t h i c k n e s s  of 6 .60  to 6.86  mm. Observable  edge,  l e a d  and t a i l  c r a c k i n g  

o c c u r r e d  d u r i n g  t h e  f a b r i c a t i o n  p r o c e s s .  A l s o ,  h a r d n e s s  and t h i c k n e s s  

v a r i a t i o n s  were measured i n  t h e  same p i e c e .  

C 
The mater ia l  was t h e n  h o t  r o l l e d  a t  lO0OoC w i t h  heavy p a s s e s  of 

Genera l  Atomic C o r p o r a t i o n  used  t h i s  material  i n  t h e  f a b r i c a t i o n  of 

welded p l a t e  m a t e r i a l  f o r  specimens.  They gave t h e  6 .60 t o  6.86 mm t h i c k  

p l a t e s  t h e  f o l l o w i n g  h e a t  t r e a t m e n t :  105OoC/30 min/AC + 760°C/2.5 hr/AC. 

F rom a n  i n v e s t i g a t i o n  of a number of  welding p rocedures  f o r  ~ r - 9 : ~ )  t h e  

p r o c e s s  u s i n g  a gas- tungs ten  arc was chosen f o r  f a b r i c a t i o n  of t h e  welded 

p l a t e  material  s t o c k .  

t e m p e r a t u r e s  between 93°C and 143°C were used d u r i n g  welding.  

temper ing t r e a t m e n t  f o r  t h e  weld material  w a s  780°C f o r  one hour .  Each 

p l a t e ,  which measured 12.7 x 30.5 c m ,  w a s  then  i n s p e c t e d  u s i n g  dye p e n e t r a n t  

and rad iography  t o  e n s u r e  t h e  q u a l i t y  of t h e  weld. 

The HT-9 p l a t e  i s  p r e h e a t e d  t o  93°C and i n t e r p a s s  

The post-weld 

F i g u r e  7 .7 .3  o u t l i n e s  t h e  p r o c e s s i n g  s t e p s  ORNL used t o  o b t a i n  t h e  
modi f i ed  9Cr-1Mo material  s t o c k  from which specimens were f a b r i c a t e d .  

59.9 cm d iamete r  b a r  was f i r s t  machined i n t o  e x t r u s i o n  b i l l e t s  and t h e n  s i d e  
fo rged  a t  1200°C t o  a s l a b  t h i c k n e s s  of 31.8 mm. 

The 

These s l a b s  were g iven  a 
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HT-9 HEAT NUMBER 91353 

79.4 mm DIAM.  BAR 

MACHINE 

I 
1 

74.9 mm D I A M .  x 1 4 . 3  cm 
EXTRUSION BILLETS 

1 1  00.c 
EXTRUDE 

I 
r-7 22.3 x 50.8 mm 

HEATTREAT 

HOT ROLL (lOOO°C) 

6.35 mm x 1 0 . 1 6  cm I 
FIGURE 7.7.2 Mechanica l  P r o c e s s i n g  of HT-9 P l a t e  f o r  Weld Material 
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MODIFIED 9Cr - 1Mo AODIESR Ingot 30182 

58.9 cm lODl x 2 3 . 7  cm 

MACHINE 

10.0 om (OD1 x 3J.6 cm 

SIDE FORGE 
AT 12m°C 

31.8 mm slab 

7oo'C/16 min/AC 
SANDBLAST 
COLD ROLL 180%) 

6.48.6.E mm 

7oo'C/16 min/AC 
SANOBIAST 
COLD ROLL 148%) 

4.08 mm 

I 
COLD ROLL 167%) 

2.79 mm 

7oo°C/16 min/AC 
SANDBLAST 

COLD ROLL (73%) COLD ROLL ID%) r5 0.762 mm 2 J  0.m mm 

FIGURE 7.7.3 Mechanical Processing of Modified 90-1Mo Alloy Stock 
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s o f t e n i n g  t r e a t m e n t  of 700°C f o r  f i f t e e n  minu tes  fo l lowed  by an a i r  cool  

and s a n d b l a s t e d  t o  remove t h e  s e a l i n g .  The m a t e r i a l  was c o l d  r o l l e d  t o  a 

t h i c k n e s s  of approx imate ly  6.5 nun. A p o r t i o n  of t h i s  material was then  

used i n  t h e  f a b r i c a t i o n  of  weld p l a t e  m a t e r i a l  and t h e  f a b r i c a t i o n  of minia-  

t u r e  Charpy specimens.  

t r e a t m e n t  of  700°C f o r  f i f t e e n  minutes  and s a n d b l a s t e d .  
w a s  c o l d  r o l l e d  t o  a t h i c k n e s s  of 4 .06  mm. Some of t h i s  mater ia l  s t o c k  was 

used t o  f a b r i c a t e  t h e  f r a c t u r e  toughness  specimens and t h e  remainder of  t h e  

s t o c k  was c o l d  r o l l e d  t o  a t h i c k n e s s  of 2.79 mm. 
a g a i n  g i v e n  a s o f t e n i n g  t r e a t m e n t  of 700°C f o r  f i f t e e n  minu tes  fo l lowed by 

a n  a i r  c o o l ,  s a n d b l a s t e d  and t h e n  c o l d  r o l l e d  down t o  t h i c k n e s s e s  of 0 .762  
and 0.635 nun. A l l  t h e  material s t o c k  w a s  g i v e n  a h e a t  t r e a t m e n t  of 1038"C/ 
l hr/AC + 76OoC/1 hr/AC b e f o r e  t h e  f a b r i c a t i o n  of 9Cr-lMo specimens and of 

t h e  welded p l a t e  material s t o c k .  

The rest of t h e  material  w a s  t h e n  g iven  a s o f t e n i n g  

The m a t e r i a l  s t o c k  

The material s t o c k  w a s  

Genera l  Atomic Corpora t ion  welded some of t h e  modi f i ed  9Cr-lMo 6.35 nun 

t h i c k  p l a t e  t o  p r o v i d e  weld material  f o r  AD-2 specimens.  

p rocedure  used f o r  HT-9 w a s  a l s o  used f o r  9Cr-lMo. 

temper ing t r e a t m e n t  of 780°C f o r  one hour  w a s  a l s o  used.  

i n s p e c t e d  u s i n g  dye p e n e t r a n t  and rad iography  t o  e n s u r e  t h e  q u a l i t y  of t h e  

weld.  

The same welding 

The same post-weld 

Each p l a t e  w a s  

F i g u r e  7.7.4 o u t l i n e s  t h e  p r o c e s s i n g  s t e p s  HEDL used t o  o b t a i n  the 

2-1/4Cr-lMo s h e e t  s t o c k  from which the f a t i g u e  c r a c k  growth,  C r o d z i n s k i  

f a t i g u e  and t e n s i l e  s t r e n g t h  specimens  were f a b r i c a t e d .  Material came from 

a s e c t i o n  of p i p e  and w a s  c u t  and d i v i d e d  i n t o  t w o  approx imate ly  e q u a l  l o t s .  

Half of t h e  material was p rocessed  t o  a t h i c k n e s s  of 0 . 7 1 1  t o  0.762 nun and 

t h e  o t h e r  h a l f  w a s  p rocessed  t o  a t h i c k n e s s  of 0.559 t o  0.610 mm. 

t r e a t m e n t s  were g iven  w i t h  t h e  material  e n c a p s u l a t e d  i n  q u a r t z  a t  114 a t m o s -  

phere  argon.  

The material  s t o c k  t h e n  went th rough  a series of t h i c k n e s s  r e d u c t i o n s  u s i n g  

the f o l l o w i n g  sequence:  

s u l a t e ;  and 4)  h e a t  treatment. 

work material  and t h e  f i n a l  heat treatment f o r  2-1/4Cr-lMo material  was 

chosen t o  be  9OO0C/30 m i n / A C  + 7 O O 0 C / 1  h r / A C .  

A l l  h e a t  

I n i t i a l l y ,  b o t h  l o t s  were g iven  an annea l :  125OoC/5 hr/FC. 

1) c o l d  r o l l ;  2 )  c u t  i n t o  s h o r t e r  l e n g t h s ;  3) encap- 

The specimens were f a b r i c a t e d  from t h e  c o l d  
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2'/4 Cr - 1 Mo MANNESMANN HEAT NUMBER 38649 

WALL SECTION 

I 
ANNEAL 

llZ50DC/5 hr/FCl 

COLD RDL'L 153% CWI COLD ROtL (66% CW) 

I 
5.21 mm 

ANNEAL 
l75O0C/1 hr/AC) 

COLD ROLL 160% CWI 

ANNEAL 
(75OoC/1 hr/AC) 

COLD ROLL (40% CW) 

1 
1.27  m m  

ANNEAL 
(9GU°C/r) minlAC 
+700°C/l hr/AC 

COLD ROLL 14044%1 

0.71 1- 0.762 mm U 

1 
3.81 mm 

ANNEAL 
(750"C/1 hr/AC) 

COLD ROLL (67% CW) 

ANNEAL 
l9OO0C/30 min/AC 
+7OO0C/1 hr/AC) 
COLD ROLL (16%) 

1.07 mm 

ANNEAL 
19OO0C/30 min/AC 
+7OODC/1 hr/AC) 

COLD ROLL 140.47%) 

0.559- 0.610 mm 

FIGURE 7 . 7 . 4  Mechanical Processing of 2-1/4Cr-lMo Alloy Stock 

7 . 7 . 4 . 3  Metallographic Charac ter iza t ion  of Specimen Mater ia l s  

A micrographof t h e  m i l l  annealed 3 3 . 3  mm diameter HT-9 bar  from which 

f r a c t u r e  toughness and minia ture  Charpy specimens were f ab r i ca t ed  i s  

shown i n  F i g u r e  7 . 7 . 5 .  This t r ansve r se  view a t  400x showsthe m a r t e n s i t i c  
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FIGURE 7.7.5 Micrograph at 400x of Transverse Section from 33 .3  mm 
Diameter HT-9 Bar Stock 

structure in HT-9. An estimate of the prior austenitic grain size for this 
material is between AS" 8 and ASTM 9. The microhardness of this material 
was found to be 270 DPH (500 gm). 

Micrographs of the transverse sections of the 0.610 m HT-9 sheet stock 
are shown in Figure 7.7.6. There was no evidence of any decarburized layer 
on this material. For the material receiving the final heat treatment, 
1038"C/30 min/AC + 76OOCj2.5 hr/AC, the prior austenitic grain size was 
estimated to be between ASTM 4 and ASTM 6. Microhardness measurements for 
this material yielded values of 266 f 4 DPH (500 gm) for the 0.610 mm thick 
material and 271 f 7 DPH (500 gm) for the 0.672 mm thick material. For the 
material receiving the final heat treatment, 1038°C/4min/AC+7600C/30min/AC, 
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TABLE 7.7.3 

MICROHARDNESS GRAIN SIZE 
TMT NUMBER PRIOR HISTORY 500 gm DPH ASTM 

II 1 40% CW + 1038'C/4 min/AC + 270 
760°C/30 min/AC 

6-8 

/I 2 40% CW + 1038°C/0.5 hr/AC + 268 4-6 
760°C/2.5 hr/AC 

# 3 Mill Annealed1 270 8-9 

II 4 Mill Annealed'+ 1050°C/0.5 hr/ 
AC + 780°C/2.5 hr/AC 2 44 3-4 

lSee page 4 of this report. 

The aim of TMT #l and #3 was to obtain a structure with a grain size of 
ASTM 7 or smaller. 
austenitic grain size to ASTM 5. TMTs !I1 and #3 resulted in comparable 

microhardness and grain size, while TMT #2 and #4 have comparable grain 

size, but differ in microhardness. 
are indicative of tensile properties and that both microhardness and grain 

size will affect fracture toughness. Therefore, it appears that while valid 

correlations can be obtained for data generated from specimens with TMT #1 
and #3, data correlations between specimens with TMTs #2 and #4 may not be 

valid. Actual fracture toughness tests will be performed on control speci- 

mens in each of the four TMTs to verify these assumptions. The results will 
be reported in the next quarterly report. 

The aim of TMT /I2 and #4 was to increase the prior 

It is known that microhardness values 

Micrographs of the modified 9Cr-lMo 6.35 and 0.635 mm thick sheet stock 

are shown in Figure 7.7.7. 

material from the final heat treatment, no evidence of any decarburized 

layer was found in any of the material stock. An estimate of the prior 
austenitic grain size for this material is between ASTM 8 and ASTM 10. 
Microhardness measurements on this material indicate that the material 

has a hardness of 226 DPH (500 gm). 

Although there was significant scaling of the 

A micrograph at 400x of the transverse section of the 2-1/4Cr-lMo 
material is shown in Figure 7.7.8. 

grain size is between ASTM 8 and ASTM 9. 
the hardness of the material to be 207 DPH (500 gm). 

An estimate of the prior austenitic 

Microhardness measurements indicate 
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FIGURE 7.7.7 Micrograph at 400x of Transverse Section of Modified 
9Cr-1Mo Alloy Stock Thickness: (a) 0.635 m; (b) 6 . 3 5  mm. 
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FIGURE 7.7.8 Micrograph at 400x of Transverse Section of 2-114Cr-lMo 
Alloy Stock 

Metallography and hardness measurements were performed on the HT-9 

and modified 9Cr-1Mo butt welded plate materials. 
were cut from the centers of various plates. Figure 7.7.9 shows a 5xmacro- 

graph of a transverse section for HT-9 welded plate. 
left hand side from the weld appear to have a different structure from the 

middle of the plate. Also, this structure is not apparent on the surfaces 
of the righthand side from the weld. 
grain size in the center of the plates is between ASTM 4 and ASTM 5. 

hardness measurements across the width of the left hand side from the weld 

gave a variance in hardness for the plate from 247 f 6 DPH (500 gm) in the 
center of the plate to 160 f 8 DPH (500 gm) at the surfaces of the plate. 

Representative samples 

The surfaces on the 

An estimate of the prior austenitic 
Micro- 
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Microhardness measurements were also performed across the weld region. The 

post-weld temper produced hardness values of 263 f. 7 DPH (500 gm) in the 
weld metal, 250 f. 9 DPH (500 gm) in the heat affected zone (HAZ), and 247 f. 

6 DPH (500 gm) in the base metal. The welds themselves in the HT-9 material 
appear to be very good. 

A macrograph of the modified 9Cr-1Mo welded plate is shown in Figure 
7.7.10. 
fied 9Cr-lMo plates. 

209 ? 7 DPH (500 gm) in the base material to 226 ? 16 DPH (500 gm) in the 

HA2 to 266 ? 11 DPH (500 gm) in the weld metal. 

There was no evidence for a decarburized layer on any of the modi- 

Microhardness measurements across the weld varied from 

FlbUKL I .  I .  IU Macrogra 
Weld Mat 

isverse Section of Modified 9Cr-1Mo 



1 F 
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FRACTURE TOUGHNESS IFTI 

2.79 DlA 

ol 

MINIATURE CHARPY IC1 

ALL DIMENSIONS IN mm 

FIGURE 7 . 7 . 1 2  Nominal Dimensions of Specimens i n  AD-2 Experiment 

TABLE 7.7 .4  

SPECIMEN TYPE 

Charpy Specimen - C 

F r a c t u r e  Toughness Specimen - FT 

T e n s i l e  Specimen - T 

F a t i g u e  I n i t i a t i o n  Specimen - F I  

F a t i g u e  Specimen - GF 

Crack Growth Blank - CG 

TEM Disc  - D 

DRAWING NUMBER 

H-3-46299 (HEDL) 

H-3-46752 (HEDL) 

H-3-37395 (HEDL) 

M-11950-EM-003C (Union C a r b i d e )  

00E057069 (McDonnell-Douglas) 

H-3-46018 ( P a r t  A) (HEDL) 

H-3-39231 (P/N 5)  (HEDL) 
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The Grodz insk i  f a t i g u e  specimens were f a b r i c a t e d  from 0.762 mm t h i c k  

material  s t o c k  and specimens were o r i e n t e d  b o t h  p a r a l l e l  and p e r p e n d i c u l a r  

t o  t h e  r o l l i n g  d i r e c t i o n .  The HT-9 f a t i g u e  i n i t i a t i o n  specimens were f a b r i -  

c a t e d  from 6.35 mm d i a m e t e r  m i l l  annea led  rod s t o c k  and t h e  modi f i ed  9Cr-lMo 

f a t i g u e  i n i t i a t i o n  specimens were f a b r i c a t e d  from t h e  6 .35 mm t h i c k  p l a t e  

and o r i e n t e d  s o  t h a t  t h e  specimen a x i s  w a s  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 .  

A l l  HT-9 and modi f i ed  9Cr-lMo t e n s i l e  s t r e n g t h  specimens were o r i e n t e d  w i t h  

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

of  t h e  f i n a l  d imensions  of t h e  2-1/4Cr-lMo 0.762 mm t h i c k  material s t o c k ,  

t h e  t e n s i l e  o r  specimens f o r  t h i s  a l l o y  were  a l l  o r i e n t e d  to 

t h e  r o l l i n g  d i r e c t i o n .  

specimens ,  were f a b r i c a t e d  from s h e e t  s t o c k  0.559 t o  0.610 mm t h i c k  and were 

o r i e n t e d  w i t h  t h e  n o t c h  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 .  

A l l  t h e  f a t i g u e  c r a c k  growth specimens ,  e x p e c t  weld 

The dimensions  of the f r a c t u r e  toughness  and m i n i a t u r e  Charpy specimens 

a r e  shown i n  F i g u r e  7 . 7 . 1 2 .  The d e t a i l s  of t h e  f r a c t u r e  toughness  specimen 

have been r e p o r t e d  elsewhere!‘) The m i n i a t u r e  Charpy specimen h a s  t h e  same 

c r o s s  s e c t i o n a l  d imensions  as a h a l f - s i z e  s t a n d a r d  Charpy specimen b u t  

d i f f e r s  i n  l e n g t h  and n o t c h  dimensions .  The o v e r a l l  specimen l e n g t h  was 

l i m i t e d  by t h e  i r r a d i a t i o n  c a p s u l e  hardware r e s t r i c t i o n s .  However, the 

l e n g t h  i s  s u f f i c i e n t  t o  pe rmi t  t h e  use of t h e  s t a n d a r d  span dimension 4W 

(W = 5.00 mm) f o r  b o t h  p r e c r a c k i n g  and Charpy t y p e  t e s t i n g .  

The o r i e n t a t i o n  i n  which t h e  c i r c u l a r  f r a c t u r e  toughness  and Charpy 

specimens were machined from t h e  HT-9 and 9Cr-1Mo a l l o y  s t o c k  i s  shown i n  

F i g u r e  7 .7 .13.  HT-9 f r a c t u r e  toughness  and Charpy specimens were machined 

from 33.3  mm d iamete r  m i l l  annea led  b a r  s t o c k ,  heat number 91354. The 

f r a c t u r e  toughness  of t h i s  m i l l  annea led  b a r  s t o c k  h a s  been s t u d i e d  and t h e  

r e s u l t s  have been r e p o r t e d  elsewhere!6) The 9Cr-1Mo f r a c t u r e  toughness  and 

m i n i a t u r e  Charpy specimens were machined from 4 . 1  mm and 6.4 mm t h i c k  

p l a t e s ,  r e s p e c t i v e l y .  

E-399 S 7 ’  
(MTS) l o a d  frame and a model 436-406 c o n t r o l l e r .  The c r a c k  e x t e n s i o n  w a s  

measured u s i n g  a t r a v e l i n g  microscope which w a s  a c c u r a t e  t o  2.54 um. The 

p r e c r a c k i n g  w a s  done i n  t h r e e  p o i n t  bending u s i n g  a f i x t u r e  des igned  t o  

t h e  s p e c i f i c a t i o n s  of  ASTM E-399. P r e c r a c k i n g  w a s  performed u s i n g  a 

Charpy specimens  were prec racked  i n  accordance  w i t h  ASTM s p e c i f i c a t i o n  

P r e c r a c k i n g  was accomplished u s i n g  an 89kN M a t e r i a l s  T e s t  System 
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HT-9 MILL ANNEALED BAR STOCK 9Cr-1 MO 6.35 mm THICK PLATE STOCK 

3.3 cm DIA 

FIGURE 7 .7 .13  O r i e n t a t i o n  of F r a c t u r e  Toughness and Charpy Specimens w i t h  
Respect  t o  Material S tock  

s i n o s o d i a l  30 Hz l o a d i n g  waveform. 

v a l u e  of abou t  0 . 1  f o r  t h e  r a t i o  of minimum t o  maximum l o a d .  

The l o a d i n g  w a s  a d j u s t e d  t o  o b t a i n  a 

Using s t a n d a r d  p r o c e d u r e s ,  t h e  p r e c r a c k i n g  l o a d ,  P ,  w a s  c a l c u l a t e d  a s  

f o l l o w s ,  

were K i s  a stress i n t e n s i t y  f a c t o r ,  B and w are t h e  c r o s s  s e c t i o n a l  dimen- 

s i o n s  of  t h e  m i n i a t u r e  Charpy specimen, S i s  t h e  d i s t a n c e  between t h e  two 

s p e c i m e n  s u p p o r t  p o i n t s  and f ( a / w )  is c a l c u l a t e d  from the  s t a n d a r d  formula-  

t i o n  f o r  bend specimens:  

[ 2 1  
3(a/w)’/’ [1.99 - (a /w)(2 .15 - 3.93 a / w  + 2 . 7  a2/w2)]  

2 ( 1  + 2 a/w) (1 - a/w) 3 7 2  f ( a / w )  = 

where a i s  t h e  l e n g t h  of t h e  machined n o t c h  p l u s  t h e  f a t i g u e  p r e c r a c k .  

t h i s  exper iment ,  B = w = 5.00 mm, S = 20.00 mm and specimens  were p rec racked  

u n t i l  a = 2 .41  ?: 0 . 3  mm, t h a t  i s  u n t i l  t h e  l e n g t h  of t h e  f a t i g u e  c r a c k  w a s  

1 . 7  ? 3 mm. T h i s  r e s u l t e d  i n  an a / w  r a t i o  of 0.48.  

I n  

In o r d e r  t o  produce a t r u e  f a t i g u e  p r e c r a c k ,  a maximum stress i n t e n s i t y  

f a c t o r ,  K ,  of 16  MPa 

e x t e n s i o n .  According t o  Equat ion [l], i f  a maximum v a l u e  i s  s p e c i f i e d  f o r  K ,  

m l / *  was s p e c i f i e d  for t h e  f i n a l  0.25 mm of c r a c k  
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t h e  maximum v a l u e  o f  t h e  p r e c r a c k i n g  l o a d ,  P ,  as a f u n c t i o n  of c r a c k  exten-  

s i o n ,  i s  a l s o  s p e c i f i e d .  The c a l c u l a t e d  p r e c r a c k i n g  r e q u i r e d  t o  o b t a i n  a 

maximum K of 1 6  MPa * m l / ’  f o r  t h e  m i n i a t u r e  Charpy specimens i s  p l o t t e d  a s  

a f u n c t i o n  of c r a c k  l e n g t h  i n  F i g u r e  7 . 7 . 1 4 .  

2.0 I I I I I I I I I I I 

L LO DING 

\ 

OO 2 .4 FATIGUE .8 CRACK 1.2 LENGTH (mm) 1.6 2.0 

FIGURE 7 . 7 . 1 4  C a l c u l a t e d  and A c t u a l  Maximum Load F a t i g u e  P r e c r a c k i n g  
Loading Schedules .  
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A typical  maximum load his tory is also plotted.  Loads i n  excess of the 

calculated value were employed i n  the early stages of crack growth i n  

order to  ensure prompt crack i n i t i a t i o n  and propagation. After about 1.275 

mm of crack extension the magnitude of the loading was controlled so  tha t  

the specified maximum s t r e s s  in tens i ty  value would not be exceeded. The 

r a t e  of crack growth during the f i n a l  0.25 mm of crack extension was also 

maintained below 2.54 x 
was specified for  the precracking of HT-9 specif ical ly ,  i t  was judged t o  

be a suf f ic ien t ly  conservative value for  9Cr-lMo as  well, based on a compari- 

son of the r e l a t i ve  yield strengths of these alloys.  

record was maintained for  each precracked specimen. 

face crack was monitored continuously while the length of the second surface 

crack was checked periodically. 

determined the termination of the precracking procedure. The precracking of 

a l l  9Cr-1Mo and HT-9 Charpy specimens was accomplished without any deviation 

from loading, crack length or  growth r a t e  specif icat ions .  

mm/cycle. Although the value of 16  MPa - m 1 l 2  

A fat igue cracking 

The length of one sur-  

The longer of the two surface cracks 

The general orientation of the Charpy, f racture  toughness and fatigue 

crack growth specimens, with respect to  the  welded p l a t e  stock, i s  shown i n  

Figure 7.7.15. 

the fusion metal and the heat affected zone (HAZ) would be sampled for  the 

HT-9 weld material. The location of the notch within the weld region was 

ver i f ied  for  each specimen loaded in to  AD-2 by visual  examination following 

an oxalic acid e lec t ro ly t ic  etch. Typical examples of the Charpy notch 

locations a r e  shown i n  Figure 7.7.16. 

and weld/HAZ Charpy specimens i s  located within the weld, f a t i g u e  cracks 

were produced i n  each en, which, i n  the case of the  

weld/HAZ specimen,ex' 

The Charpy specimens were machined s o  tha t  properties of 

Although the notch i n  both weld 

toughness specimens were machined s o  that  properties of 

nd the HA7 would be investigated for  the HT-9 welded 

ch was oriented s o  that  the  crack would propagate along 

fusion metal and pa ra l l e l  t o  the fusion l ine for  those 

specimens macninea t o  invest igate  the f rac ture  properties of the fusion 

metal. For those specimens machined t o  invest igate  the f racture  properties 

of the  HAZ, the  notch was oriented i n  the c e n t e r o f t h e  HAZ s o  that  the 

crack would propogate pa ra l l e l  t o  the fusion l i n e  and i n  the HAZ. The 

The f rac ture  

the  fusion metal a 

material. The not 

the middle of the . .  . 

I miniature Charpy speciml 

tendedinto the HAZ. 
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l o c a t i o n  of t h e  notch with respec t  t o  t h e  weld material w a s  v i s u a l l y  

v e r i f i e d  a f t e r  each specimen was e l e c t r o l y t i c a l l y  etched i n  o x a l i c  ac id .  

For t h e  f a t i g u e  crack growth specimens f ab r i ca t ed  from t h e  HT-9 welded 

p l a t e  t h e  o r i e n t a t i o n  of t h e  specimen wi th in  t h e  material s tock  was chosen 

s o  t h a t  t h e  f a t i g u e  p rope r t i e s  of t h e  weld metal, t h e  hea t  a f f ec t ed  zone, 

and t h e  fus ion  l i n e  between t h e  weld m a t e r i a l  and HA2 could be explored. A 

s p e c i f i c  example of a f a t i g u e  crack growth specimen wi th  i ts  notch loca ted  

along t h e  fus ion  l ine  i s  shown i n  Figure 7.7.17. 

of a specimen which has  been etched t o  b r ing  out  t h e  p e r t i n e n t  weld micro- 

s t r u c t u r e s  wi th in  t h e  specimen. On t h e  f r o n t  s i d e  t h e  notch appears t o  be 

i n  t h e  weld metal and on t h e  o the r  s i d e  t h e  specimen's notch appears t o  be 

completely wi th in  t h e  HAZ. Because of t h e  geometry of t h e  weld and t h e  f a c t  

t h a t  we wished t o  s t a y  away from t h e  decarburized l a y e r s  on these  p l a t e s ,  

it w a s  d i f f i c u l t  to place  the  notch p r e c i s e l y  on t h e  fus ion  l ine .  
each specimen of t h i s  type  is unique. Eachspecimenwas e t c h e d i n a n o x a l i c a c i d  

The f i g u r e  shows both  s i d e s  

Therefore, 

FIGURE 7.7.17 Fa t igue  Crack Growth Specimen with Notch Along Fusion Line: 
(a )  Front Side;  (b) Back Side. 
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and photographs of both sides of each specimen were taken to characterize 

them individually. 
visually after each specimen had been etched. 
specimens fabricated from the 9Cr-1Mo welded plate were oriented with the 

notch in the center of the fusion metal. 

The placement of the notch in each specimen was checked 
All the fatigue crack growth 

Upon receipt of the specimens for the AD-2 specimen at HEDL, each 

specimen was checked by HEDL Quality Assurance to determine compliance of 
the as-machined specimens with the drawing specifications. Specimens were 
then engraved using a laser engraving technique. 

Table 7.7.5 lists the TEM specimen matrix for the AD-2 experiment and 

the multiplictp for each thermomechanical treatment that is being investi- 
gated. In addition to the primary alloys being investigated in this experi- 
ment, the TEM matrix also contains alloys which are part of the DAFS program 

and specimens provided by MIT. 
which hold approximately 60 TEM discs each. 

The TEM discs are loaded into disc packets 

TABLE 7.7.5 

AD-2 SPECIMEN MATRIX . 
Alloy 

HT-9 

HT-9 

HT-9 

HT-9 

HT-9 

HT-9 

9Cr-lMo 

9Cr-1Mo 

9Cr-lMo 

Thermomechanical Treatment Multiplicity 

40% CW + 1038OC/5 min/AC 
+ 760°C/0.5 hr/AC 

40% CW + 1038OC/O.5 hr/AC 
i 760°C/2.5 hr/AC 

40% CW + 1038"C/5 min/AC 
i 675OCI2.5 hr/AC 

40% CW + 1050°C/0.5 hr/AC 
+ 780°C/2.5 hr/AC 

1038'C/5 min/AC + 76OoC/0.5 hr/AC 
+ 20% cw 

1038'C/5 min/AC + 760°C/0.5 hr/AC 
+ 30% CW 

40% CW + 1038"C/1 hr/AC 
+ 760°C/1hr/AC 

40% CW + 1038OC/5 min/AC 
+ 760°C/1 hr/AC 

40% CW + 1038"C/5 min/AC 
+ 675OCI2.5 hr/AC 

11 - 12 

11 - 12 

4 

4 

4 

4 

11 - 12 

4 

4 
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TABLE 7.7.5 
(cont ' d )  

9 Cr- 1Mo 

Alloy Thermomechanical Treatment 

1038"C/1 hr/AC + 76OoC/1 hr/AC 
+ 20% cw 

9Cr-1Mo 

2- 1/ 4Cr- 1Mo 
2-1/4Cr-lMo 
2-1/4Cr-lMo 

2-1/4Cr-lMo 40% CW + 75OoC/1 hr/AC 
Amorphous N i- N b  

1038"C/1 hr/AC + 760°C/1 hr/AC 

9OOoC/0.5 hr/AC + 7OOoC/1 hr/AC 
90OoC/0.5 hr/AC + 650°C/l hr/AC 
92O0C/1O min/WQ + 72OoC/1 hr/AC 

+ 30% CW 

Fe-Be0 

Fe-Be0 

316-Al203 

316 ~ 1 ~ 0 ~  

AISI 316 + 1000 appm 
]OB + Zr 

AISI 316 + 5000 appm 
B + Zr 

A I S I  316 (N-Lot) 

AISI 316 (MFE Heat) 
A508 (Class 3) 
A533-B (Class 1) 

B2 

B3 

B4 

D57-B 

10Cr-2Mo-V-Nb 

AISI 316 (N-Lot) 

AISI 316 (MFE Heat) 

IBelgian forging steel 
'See Reference 8 

Annealed 

cw 
Annealed 

cw 
S50°C/l hr/WQ 

98OoC/0.5 hr/AC 

1O5O0C/2 min/AC + 20% CW 

1O5O0C/2 min/AC + 20% CW 

A s  received' 
A s  received2 

1025OC/5 min/AC + 800°C/8 hr/AC 

1025'C/5 min/AC + 75OoC/8 hr/AC 
1025OC/5 min/AC + 850°C/3 hr/AC 

+ 720°C/8 hr/FC to 
62OoC/18 total/AC 

1025'C/5 min/AC + 25% CW 
105OoC/0.5 hr/AC + 8OO0C/1 hr/AC 
1O5O0C/2 min/AC + 20% CW 
1050°C/2 min/AC + 20% CW 

Multiplicity 

4 

1 

11 - 12 
4 

4 

4 
4 

4 
4 
4 

4 

7 - 8  

7 - 8  

7 - 8  

7 - 8  

7 - 8  
7 - 8  

7 - 8  
7 - 8  

7 - 8  

7 - 8  

7 - 8  

7 - 8  

7 - 8  
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7 .7 .4 .5  Specimen Loading 

The specimens  were l o a d e d  i n t o  two B-7c weeper c a p s u l e s ,  which were 

d e s i g n e d  t o  m a i n t a i n  t h e  specimen t e m p e r a t u r e  a t  39OoC, and i n t o  f o u r  B-7c 

s u b c a p s u l e s  d e s i g n e d  t o  m a i n t a i n  t h e  specimen t e m p e r a t u r e s  a t  450°C, 500°C 

(two s u b c a p s u l e s ) ,  and  550°C d u r i n g  i r r a d i a t i o n .  The s p e c i f i c  l eve l  

l o a d i n g  f o r  each  c a p s u l e  i s  g i v e n  i n  T a b l e s  7 .7 .6  t h r o u g h  7 .7 .9 .  

l e v e l  measured a p p r o x i m a t e l y  50 mm i n  l e n g t h .  

specimens  were s t a c k e d  v e r t i c a l l y  w i t h i n  a l eve l  w i t h  w i r e  s p a c e r s  s e p a r a t i n g  

each  specimen.  

Each 

The f r a c t u r e  toughness  

7 .7 .5  Conc lus ions  and F u t u r e  Work 

The f a b r i c a t i o n  of  specimens  and e x p e r i m e n t a l  ha rdware  f o r  t h e  AD-2 

expe r imen t  h a s  been  comple ted .  

t o  EBR-11. I r r a d i a t i o n  of  specimens  w i l l  b e g i n  i n  EBR-11, Cyc le  109 ,  

August 11, 1980.  

i s :  

The expe r imen t  h a s  been  assembled and s h i p p e d  

The s c h e d u l e  of f u t u r e  work e x p e c t e d  i n  t h i s  expe r imen t  

S h i p  t o  E B R - I 1  J u n e  25,  1980 

Begin I r r a d i a t i o n  August 11, 1980 

Remove f o r  I n t e r i m  
Examinat ion  J u n e  7 ,  1981 

Con t inue  I r r a d i a t i o n  October  6 ,  1 9 8 1  

End I r r a d i a t i o n  August 1982 

Work is now i n  p r o g r e s s  on b a s e l i n e  tes ts  on t h e  a l l o y s  b e i n g  i n v e s t i g a t e d  

i n  t h e  AD-2 exper imen t .  
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i n  Long L i f e t i m e  F u s i o n  Wall/Blankets," J .  Nuel. h t ,  85 & 86, (1979) ,  

pp. 177-182. 
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TABLE 7 .7 .6  

SPECIMEN MATRIX FOR INSERTION I N T O  EBR-I1  SUBASSEMBLY X-344a 

Tempera tu re s  - 390°C (743'F) and  500°C (932'F) 

3 F I  
8 T  
1 TED 

6 FT 
6 FT(W) 

2 3  CG(W) 
2 D  

26 CG 
1 TED 

8C 
5T 
2 D  

4 c  

7 GF 
3 T  

4 C ( W )  

3 F I  
8 T  
1 TED 

D i s t a n c e  From 
C e n t e r  of L e v e l  t o  

L e v e l  No. Core Midplane  (mm) S p e c i f i c  A l l o y  L o a d i n g +  

3 

5 

6 

7 

-54 

-102 

3 F I  HT-9 (84)  
158 5 T HT-9 (112) 

3 T 2-1/4Cr-lMo 

6 FT HT-9 (114) 
6 FT(W) HT-9 

7 CG(W/HAZ) HT-9 
10  CG(W) HT-9 

108  

6 CG(W) 9cr-1Mo 
2 D Discs P a c k e t s  

11 CG HT-9 (il l)  
5 CG HT-9 (112) 
5 CG 9Cr-1MO 
5 CG 2-1/4Cr-lMo 

56 

0.0 

4 C(W/HAZ) HT-9 
4 C HT-9 (113) 
5 T HT-9 ( i l l )  
2 D Disk P a c k e t s  

1 C(W/HAZ) HT-9 
4 C 9Cr-1Mo 
3 C ( W )  HT-9 
5 GF HT-9 (#l) 
2 GF 9Cr-1Mo 
3 T 9Cr-1Mo 

3 F I  9Cr-1Mo 

3 T 9Cr-1Mo 
5 T HT-9 ( i l l )  -152 

4- 
See  T a b l e  7 .7 .3  f o r  s p e c i f i c  thermornechanica l  h e a t  t r e a t m e n t s  u s e d  f o r  HT-9 
spec imens .  See  T a b l e  7 .7 .4  f o r  spec imen name a b b r e v i a t i o n s  u s e d  in t h i s  
t a b l e .  
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TABLE 7 .7 .7  

SPECIMEN MATRIX FOR INSERTION INTO E B R - I 1  SUBASSEMBLY X-344a 

Tempera tu re  - 550°C (1022°F)  

D i s t a n c e  From 
C e n t e r  of L e v e l  t o  

L e v e l  No. Core Midp lane  (nun) S p e c i f i c  A l l o y  Load ing+  

H 6 FT(W) 

2 3  CG(W) 
2 D  

158  

108  

56 

26 CG 
1 TED ri 2 D  

6 

0.0 

-54 

-102 

3 F I  
8 T  
1 TED 

7 -152 

3 F I  HT-9 (#4 )  
5 T HT-9 ( # 2 )  
3 T 2-1/4Cr-lMo 
6 FT HT-9 (113) 
3 FT(W/HAZ) HT-9 
3 FT(W) HT-9 

7 CG(W/HAZ) HT-9 
10 CG(W) HT-9 
6 CG(W) 9Cr-1Mo 
2 D Discs P a c k e t s  

11 CG HT-9 (#I) 
5 CG HT-9 ( # 2 )  
5 CG 9Cr-1Mo 
5 CG 2-1/4Cr-lMo 

8 C HT-9 (1\3) 
5 T HT-9 (//I) 
2 D D i s c  P a c k e r s  

4 C 9Cr-1Mo 
4 C(W) HT-9 
5 GF HT-9 (1/1) 
2 GF 9Cr-1Mo 
3 T 9Cr-1Mo 

3 F I  9Cr-1Mo 

3 T 9Cr-1Mo 
5 T HT-9 (111) 

+ 
See  T a b l e  7 . 7 . 3  f o r  s p e c i f i c  t he rmomechan ica l  h e a t  t r e a t m e n t s  u s e d  f o r  HT-9 
spec imens .  S e e  T a b l e  7 .7 .4  f o r  spec imen name a b b r e v i a t i o n s  u s e d  i n  t h i s  
t a b l e .  
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TABLE 7 . 7 . 8  

SPECIMEN MATRIX FOR INSERTION I N T O  E B R - I 1  SUBASSEMBLY X-359 

Tempera tu res  - 390°C (743°F) and 500°C (932'F) 

3 F I  
8 T  
1 TED 

4 FT 
8 FT(W) 

1 2  FT 

26 C G  
1 TED 

8 C  
5 T  
2 D  

4 c  

5 GF 
2 D  

4 C(W) 

3 F I  
8 T  
1 TED 

L e v e l  N o .  

D i s t a n c e  From 
C e n t e r  of L e v e l  t o  
Core Midplane ( m m ) .  S p e c i f i c  A l l o y  Load ing  + 

158 

10 8 

56 

0 . 0  

-54 

-102 

-152 

3 F I  HT-9 (#4) 
5 T HT-9 (112) 
3 T 2-1/4Cr-lMo 

4 FT 9Cr-1Mo 
7 FT(W) HT-9 
1 FT(W/HAZ) HT-9 

10 FT HT-9 (w3) 
2 FT 9Cr-1Mo 

11 CG HT-9 (#1)  
5 CG HT-9 (112) 
5 CG 9Cr-1Mo 
5 CG 2-1/4Cr-lMo 

2 C(W/HAz) HT-9 
6 C HT-9 (#3) 
5 T HT-9 ( i l l )  
2 D D i s c  P a c k e t s  

4 C 9Cr-1Mo 
4 C(W) HT-9 
5 GF HT-9 ( / / I )  
2 D D i s c  Packe t s  

3 F I  9Cr-1Mo 

3 T 9Cr-1Mo 
5 T HT-9 ( # l )  

'See T a b l e  7 . 7 . 3  f o r  s p e c i f i c  thermomechanica l  h e a t  t r e a t m e n t s  u s e d  f o r  HT-9 
specimens .  See  Tab le  7.7.4 f o r  specimen name a b b r e v i a t i o n s  u s e d  i n  t h i s  
t a b l e .  
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TABLE 7 . 7 . 9  

SPECIMEN MATRIX FOR INSERTION INTO EBR-I1 SUBASSEMBLY X-359 

Temperature - 450OC (842°F) 

12 FT(W: 

26 CG 

4 C(W) 

3 FI 

1 TED 

Level No. 

1 

2 

3 

4 

5 

6 

7 

Distance from 
Center of Level to 
Core Midplane (mm) Specific A l l o y  Loading + 

158 

108 

56 

0.0 

-54 

-102 

-152 

3 FI HT-9 (114) 
5 T HT-9 ( / /2 )  
3 T 2-1/4Cr-lMo 

6 FT(W) HT-9 
6 FT(W/HAZ) HT-9 

6 FT HT-9 (113) 
6 FT 9Cr-1Mo 

11 CG HT-9 (111) 
5 CG HT-9 (112) 
5 CG 9Cr-1Mo 
5 CG 2-1/4Cr-lMo 

8 C HT-9 (113) 
5 T HT-9 ( i l l )  
2 D Disc Packets 

4 C 9Cr-1Mo 
4 C(W) HT-9 
5 GF HT-9 (#I) 
2 GF 9Cr-1Mo 
2 D Disc Packets 

3 FI 9Cr-1Mo 
5 T HT-9 ( # I )  
3 T 9Cr-1Mo 

+ 
See Table 7 . 7 . 3  for specific thermomechanical heat treatments used for HT-9 
specimens. See Table 7 . 7 . 4  for specimen name abbreviations used in this 
table. 
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7.8 CHARACTEKLZATION OF F E R R I T I C  STEELS FOR H F I R  IRRADIATION - R. L. Klueh 
and J. M. Vitek (OWL)  

7.8.1 ADIP Task 

A D I P  'Casks a r e  not defined for  Path E f e r r i t i c  s t e e l s  i n  the  1978 

program plan. 

7.8.2 Objective 

The goal  of t h i s  p ro jec t  is to  prepare f e r r i t i c  s t e e l s  f o r  i r r a d i a t i o n  

experiments t h a t  w i l l  produce both displacement damage and transmutation 

helium a t  l e v e l s  re levant  to  fus ion  r eac to r  serv ice .  

7.8.3 Summary 

Small hea ts  of f e r r i t i c  (mar t ens i t i c )  s teels  based on 12% Cr-1% Mo 
and  9% Cr-1% Mo w e r e  p repa red  containing about 0, 1, and 2% N i .  Additional 

hea t s  were made with 2% N i ,  i n  which the content  of the fe r r i te- forming 

elements was adjus ted  to  r e s t o r e  the net  chromium equivalent  t o  a value 

near  t h a t  of the unmodified a l loy .  During i r r a d i a t i o n  i n  the  High Flux 

Isotope Reactor (HFIK) ,  t ransmutat ion of the  5 8 N i  w i l l  give helium 

concent ra t ions  approximating those produced i n  such s t e e l s  i n  fusion 

r e a c t o r  serv ice .  Because the  add i t ion  of n icke l  can a f f e c t  the response 

t o  heat t reatment ,  the  micros t ruc tures  of the a l l o y s  a re  being 

charac ter ized .  

After normalizing, the a l l o y s  without n i cke l  and those containing 

1 and 2% N i  (but with no chromium equivalent  adjustments)  had micro- 

s t r u c t u r e s  t h a t  were e n t i r e l y  mar tens i te .  The 2% N i  add i t ion  lowered the 

Acl temperature, making i t  necessary to  temper these  a l l o y s  a t  tempera- 

t u r e s  no g r e a t e r  than 7 O O O C .  The normalized micros t ruc ture  of the  2% N i  

a l l o y s  with ad jus ted  chromium equivalent  contained l a rge  amounts of a 

phase i n  add i t ion  t o  the predominant mar tens i te .  Work is i n  progress  t o  

determine i f  t h i s  phase i s  & f e r r i t e  or r e t a ined  aus t en i t e .  
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7.8.4 Progress and S ta tus  

7.8.4.1 In t roduct ion  

The i r r a d i a t i o n- r e s i s t a n t  p rope r t i e s  of f e r r i t i c  (mar t ens i t i c )  

s t e e l s ,  such as  those based on 12% Cr-1% Mo and 9% Cr-1% Mo, have led  t o  

these  a l l o y s  being considered fo r  use  a s  fusion r eac to r  blanket s t r u c t u r a l  

components. Since an adequate source of deuterium- tritium fus ion  

neutrons is not a v a i l a b l e ,  an a l t e r n a t i v e  method f o r  s imulat ing 14-)lev 

(2.2-pJ) neutron i r r a d i a t i o n  must be used. For 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 ,  s u f f i c i e n t  n i cke l  i s  present  i n  the  a l l o y  t h a t  i r r a d i a t i o n  i n  

some mixed spectrum f i s s i o n  r eac to r s  produces the required helium by 

thermal neutron captures .  However, the  commercial s t e e l s  based on 

1 2  Cr-1 Mo and 9 Cr -1  )lo genera l ly  conta in  l e s s  than 0.5% N i ,  which i s  

not  adequate f o r  t h i s  helium simulation. If these a l l o y s  contained 

approximately 2% N i ,  they could be i r r a d i a t e d  i n  the  H F I R  t o  obta in  

approximately the same helium production r a t e  a s  the  o r i g i n a l  a l l o y s  would 

develop during fus ion  r eac to r  s e rv ice  f o r  a neut ronic  w a l l  loading near 

3 ?W/m2. 

condi t ions  is  a l s o  appropr i a t e  fo r  t h i s  w a l l  loading. 

The r a t e  of displacement damage production under these  

Seven electroslag- remelted hea ts  of f e r r i t i c  s t e e l  with varying 

fou r  n i c k e l  contents  were prepared by Combustion Engineering (CE) :l 

h e a t s  were based on 12 Cr-1 Mo and th ree  on 9 C r - 1  Mo ( t h e  base a l l o y s  

a l s o  conta in  strong carbide formers). Because n i cke l  can a f f e c t  the 

micros t ruc ture  and s t r eng th  of a mar t ens i t i c  s t e e l ,  we began a s e r i e s  of 

hea t  treatment s t u d i e s  to  determine the  proper heat  t r e a t i n g  procedures 

t o  use for  these  materials. 

7.8.4.2 Resuits 

The compositions of the 12 Cr-1 Mo a l l o y s  prepared f o r  the present  

s t u d i e s  were based on the  commercial Sandvik a l l o y  designated HT9. This 

a l l o y  with about 0.2% C a l s o  conta ins  the  carbide- forming elements 

vanadium (- 0.3%) and tungsten (-0.5%). It conta ins  nominally 0.5% N i .  

Ln add i t ion  t o  preparing th is  bas i c  HT9 a l l o y ,  a l l o y s  were prepared with 

t h e  bas i c  HT9 composition but with 1 and 2% N i  addi t ions .  F ina l ly ,  an 
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HT9-type alloy with 2% Ni was prepared in which the ferrite-forming 
element concentrations were increased to increase the net chromium 

equivalent to a value similar to that of the unmodified HT9 a1loy.l 

net chromium equivalent was calculated by the following equation:2 

The 

Net C r  Equiv = % C r  + 6 ( %  Si) + 4 ( %  Mo) + 1.5(% W) 

+ 11(% V) + 5(% Nb) - 40(% C) - 2(% Mn) (1) 

- 4 (% Ni) - 2(% Co) - 30(% N )  . 

This is essentially the difference between the chromium equivalent 

(positive terms) and nickel equivalent (negative terms) for the alloy. 

To adjust the net chromium equivalent to account for the nickel additions, 
the ferrite-forming elements C r ,  Mo, and W were added in amounts to keep 
within the HT9 composition range specified for these elements. For ease 

of discussion, these alloys will hereafter be referred to as 1 2  Cr-1  Mo, 

1 2  C r - 1  Mo-1 Ni, 12 Cr-1  Mo-2 Ni, and 12 Cr -1  Mo-2 Ni (adjusted). The 

actual chemical compositions were presented previously. Table 7.8 .1  gives 

the chemical compositions f o r  elements important to this discussion. 

Table 7.8.1.  Chemical Composition of Major Elements in 
1 2  Cr -1  Mo and 9 C r - 1  Mo Steels 

C o n t e n t ,  W t  % 

C r  MO N i  V Nb W C N 
Alloy Heat 

1 2  C r - 1  Mo XAA-3587 11.99 0.93 0.43 0.27 0.018 0.54 0.21 0.020 

12 Cr-1 Mo-1 N i  XAA-3588 11.97 1.04 1.14 0.31 0.015 0.53 0.20 0.01b 

12 Cr-1 Mo-2 N i  XAA-3589 11.71 1.02 2.27 0.31 0.015 0.54 0.20 0.017 

12 Cr-1 Mo-2 N i  XAA-3592 13.60 1.59 2.30 0.30 0.016 0.64 0.15 0.014 
(Adjusted) 

9 Cr -1  Mo XAA-3590 8.62 0.98 0.11 0.21 0.063 0.01 0.09 0.050 

9 Cr-1 Mo-2 N i  XAA-3591 8.57 0.98 2.17 0.22 0.066 0.01 0.064 0.053 

9 Cr-1 Ma-2 Ni XAA-3593 12.30 1.70 2.24 0.29 0.074 0.01 0.067 0.059 
(Adjusted) 
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The commercial 9 CK-1 Mo steel with about 0.1% C (without carbide 
formers) has been modified by CE and OWL3 by the addition of the carbide- 
forming elements V (-0.2%), Nb (-O.l%), and N (-0.06%; HT9 contains 
-0.02% N). This alloy contains nominally 0.2% Ni. A basic modified 
9 Cr-1 Mo alloy was prepared along with an alloy that contained 2% Ni. 
Another alloy with 2% Ni was adjusted by Cr and Mo additions to get a net 
chromium equivalent similar to that for the modified 9 Cr-1 Mo steel 
without a Ni addition. The result was a steel with about 12.3% Cr and 

1.7% Mo; all remaining elements were present in amounts similar to those 
in the basic modified 9 Cr-1 Mo alloy. For the present discussion we will 

refer to these three alloys as 9 Cr-1 Mo, 9 Cr-1 Mo-2 Ni, and 9 Cr-1 Mo- 
2 Ni (adjusted). The chemical compositions of the elements that are 
important for the present discussion are also given in Table 7.8.1. 

These steels are to be used in the normalized-and-tempered condition. 
In normal steelmaking practice, normalizing consists of heating the steel 

above the Ac3 temperature to transform the steel to austenite 

(austenization) and then air cooling. For the present study, where 
0.254- and 0.762-mm sheet are being used, we austenitized in a tube 
furnace containing dynamic helium, after which the specimens were pulled 

into the cold zone and cooled in the flowing helium. The four 12 Cr-1 Mo 

alloys and the 9 Cr-1 Mo alloys were austenitized for 0.5 h at 1050 and 
1O4O0C, respectively. The tempering treatments were carried out in the 
same helium-atmosphere furnace by using the same cooling procedure. 

After normalizing, the microstructures of the 12 Cr-1 Mo (Fig. 7.8.1) 
and the 9 Cr-1 Mo (Fig. 7.8.2) were entirely martensite. Similarly, all- 
martensitic structures were observe e normalized 12 Cr-1 Mo-1 Ni, 
12 Cr-1 Mo-2 Ni, and 9 Cr-1 Mo-2 Nj When the 12 Cr-1 Mo-2 Ni 
fn.- l&.a+nrl\  m n r l  +hn 0 P I - 1  Mn-3 Ni t-rl4s.aeodb 2llnys were no-lized, the 

major constituent was 

alloy (Fig. 7.8.3) 

conrainea more or Lne xeco~ia ~OUXCLCU~LLL L I L ~ L I  ~iir 9 Cr-1 Mo-2 Ni (adjusted) 
alloy (Fig. 7.8.4). 

A series of specimens from each of the alloys was normalized and then 

tempered for 1 h at 650, 700, 730, 760, and 78OoC; specimens were also 
tempered 2.5 h at 650 and 78OOC. 

!d for thi 
i alloys. 

\-uJ.Ao.-cu, e.. u L.. c I "L A ..., L.A \'..J..---.., I--- 
microstructures contained two constituents. The 
again martensite. The 12 Cr-1 Mo-2 Ni (adjusted) 
.._L. a_.. _._. -c .._ _.___ > &I___ ,.L- 
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- - 
20 pm 10 pm 

Fig. 7.8.1. Microstructure of Normalized 12 Cr-1 Mo Steel. 

- - 
20 pm 10 pm 

Fig. 7.8.2. Microstructure of Normalized 9 Cr-1 Mo Steel. 
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- 
20 urn 

- 
10 urn 

Fig. 7.8.3. Microstructure of Normalized 12 Cr-1  Mo-2 Ni (Adjusted) Steel. 

- 
10 pm 

L A 5 .  CIALLVDCIYLLYLS L.VLUYILIfi.SU Cr-1 Mo-2 Ni (Adjusted) Steel. 
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Table 7.8.2. Hardnesses of 12 Cr-1 Mo Steels After 
Normalizing-and-Tempering Treatments 

H a r d n e s s ,  Rockwell F (OPH)  
N o m a l i z i n g Q a n d -  

Tempering Trea tment  12 Cr-1 Mo-2 N i  
( A d j u s t e d )  12 Cr-1 Mo 12 Cr-1 MD-1 N i  12 Cr-2 Mo-2 N i  

N 

N + 1 h 650'C 

N + 2.5 h 650'C 

N + 1 h 700'C 

N + 1 h 730'C 

N + 1 h 760'C 

N + 1 h 780'C 

N + 2.5 h 780'C 

25.5 (545)  25.4 (511)  

19.1 (309)  18.0 (313)  

17.9 (307)  18.5 (300) 

15.9 (304)  15.6 (301)  

16.2 (276)  13.7 ( 2 6 8 )  

14.8 (263)  12.8 (266)  

10.7 (249)  11.8 (254)  

10.3 (225)  11.3 (254)  

25.3 (568)  

18.6 (313) 

17.4 (303) 

16.0 (300) 

16.4 (293)  

17.0 (317)  

18.2 (330) 

17.7 (333)  

24.1 (494)  

18.3 (295)  

18.6 (293)  

16.0 (300) 

15.7 (300) 

14.9 ( 3 0 2 )  

15.5 (302)  

15 .3  (302)  

aNormalizing (N) t r e a t m e n t  was 0.5 h a t  1050'C f o l l o w e d  by r a p i d  c o o l i n g .  

Table 7.8.3. Hardnesses of 9 Cr-1 Mo Steels After 
Normalizingand-Tempering Treatments 

Hardness, Rockwell F (DPH) 
Normalizinga-and- 

Tempering Treatment 9 Cr-1 Mo-2 Ni 9 Cr-1 Mo 9 Cr -1  Mo-2 Ni (Adjusted) 

N 22.4 (388) 22.7 (384) 23.5 (412)  
N + 1 h 650°C 18.6 (313) 19.1 (315) 19.6 (326) 
N + 2.5 h 650°C 18.1 (295) 18.8 (305) 19.0 (313) 

N + 1 h 700'C 14.2 (286) 14.9 (300) 16.9 (315) 
N + 1 h 730°C 12.0 (257) 15.0 (290) 16.0 (308) 

N + 1 h 760°C 8.8 (222) 16.2 (317) 16.3 (305) 
N + 1 h 780°C 6.6 (197) 18.4 (351) 16.0 (308) 

N + 2.5 h 78OoC 5 : 4  (196) 18.7 (358) 16.2 (310) 
~~ 

uNormalizing (N) treatment was 0.5 h at 1040°C followed by 
rapid cooling. 
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12 Cr-1 Mo Steels (0.76-mm Sheet) Normalized and Then Tempered 1 h at 
Temperatures in the Range 650 to 780°C. 
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f o r  t h e  12 Cr-1  Mo. The 9 C r - 1  Mo-2 N i  and 9 C r - 1  Mo-2 N i  ( a d j u s t e d )  

a l l o y s  d i s p l a y e d  ha rdness  t r e n d s  similar  t o  t h o s e  of t h e  12 C r - 1  Xo-2 N i  

and 12 C r - 1  Mo-2 N i  ( a d j u s t e d )  a l l o y s ,  r e s p e c t i v e l y .  I n  f a c t ,  when t h e  

ha rdness  c u r v e s  f o r  t h e  r e s p e c t i v e  a l l o y s  are superimposed,  t h e  a b s o l u t e  

h a r d n e s s  v a l u e s  d i f f e r  v e r y  l i t t l e .  

The changes i n  ha rdness  f o r  t h e  12 Cr -1  240, 12 C r - 1  Mo-1 N i ,  and 

9 C r - 1  :lo steels  are e a s i l y  unders tood.  In t h e  normal ized c o n d i t i o n ,  

t h e  m i c r o s t r u c t u r e s  a r e  e n t i r e l y  m a r t e n s i t e .  When tempered, c a r b i d e  

p a r t i c l e s  p r e c i p i t a t e  from t h e  s u p e r s a t u r a t e d  s o l u t i o n  of carbon t h a t  

g i v e s  untempered m a r t e n s i t e  i t s  h i g h  ha rdness .  The h i g h e r  t h e  temper ing 

t e m p e r a t u r e ,  t h e  more r a p i d l y  t h i s  p r e c i p i t a t i o n  p r o c e s s  occurs .  For 

a l l o y  s tee ls ,  t h e  p r e c i p i t a t i o n  sequence is  o f t e n  q u i t e  compl icated and 

w i l l  n o t  be d i s c u s s e d  for any of t h e s e  a l l o y s  u n t i l  a f t e r  t h e  e l e c t r o n  

microscopy s t u d i e s  a r e  complete.  For the p r e s e n t  d i s c u s s i o n  s u f f i c e  i t  

t o  s a y  t h a t  t h e  con t inuous  d e c r e a s e  i n  ha rdness  f o r  t h e  t h r e e  a l l o y s  i n  

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

Nicke l  can a f f e c t  a f e r r i t i c  s teel  c o n t a i n i n g  9 t o  12% C r  i n  two 

ways.4 

s t ee l  is subsequen t ly  tempered above t h e  Acl t e m p e r a t u r e ,  p a r t  of t h e  

s t e e l  is r e a u s t e n i t i z e d .  On c o o l i n g ,  m a r t e n s i t e  forms,  and t h e  r e s u l t i n g  

m i c r o s t r u c t u r e  w i l l  c o n t a i n  tempered and untempered m a r t e n s i t e .  The 

second e f f e c t  of a N i  a d d i t i o n ,  as w e l l  as a d d i t i o n s  of C K ,  Mo, and W ,  is 

t h e  lower ing of t h e  m a r t e n s i t e  s t a r t  (M,) and f i n i s h  (Mf) t empera tu res .  

I f  t h e  M i s  below room tempera tu re ,  t h e  normal ized m i c r o s t r u c t u r e  w i l l  

c o n t a i n  r e t a i n e d  a u s t e n i t e .  When a s tee l  w i t h  r e t a i n e d  a u s t e n i t e  is 

tempered,  ca rbon  p r e c i p i t a t e s ,  which i n  t u r n  i n c r e a s e s  t h e  M, and Mp 
The a u s t e n i t e  can subsequen t ly  t r a n s f o r m  t o  m a r t e n s i t e  when t h e  s tee l  i s  

coo led  from the tempering t empera tu re .  

F i r s t ,  i t  can  l e a d  t o  a lower ing of t h e  Acl t empera tu re .  I f  t h e  

f 

The e f f e c t  of tempering t empera tu re  on t h e  ha rdness  of t h e  12 CK- 

1 Mo-2 N i  and 9 Cr-1  Mo-2 N i  can  be e x p l a i n e d  by t h e  lower ing of t h e  

Acl t empera tu re .  Judging from Figs .  7.8.5 and 7.8.6, we would estimate 

tha t  the Acl f o r  t h e s e  a l l o y s  i s  somewhere above 700°C. When t h e s e  a l l o y s  

a r e  tempered above t h i s  t empera tu re ,  a u s t e n i t e  forms,  which then  

t r a n s f o r m s  t o  m a r t e n s i t e  on c o o l i n g .  Although i t  i s  n o t  p o s s i b l e  t o  
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d i sce rn  the  untempered mar tens i te  meta l lographica l ly ,  the  micros t ruc tures  

of these  a l l o y s  must conta in  both tempered and untempered martensi te .  As 

t h e  tempering temperature is r a i sed ,  the  amount of untempered mar tens i te  

increases .  The increase  i n  hardness w i t h  increased tempering temperature 

i n d i c a t e s  t h a t  the  hardness increase r e s u l t s  from the  formation of 

untempered martensi te .  This increase  mus t  exceed the  hardness decrease 

accompanying the  tempering of the  mar tens i te  t h a t  does not transform t o  

a u s t e n i t e  during tempering. 

I f  the  Acl temperature is above about 7 O O 0 C ,  then we should be ab le  

t o  temper a t  700°C. This happened when the 12 Cr-1 Mo-2 N i  and 9 C r -  

1 Mo-2 N i  s t e e l s  were tempered f o r  up to  10 h a t  700°C (Fig. 7.8.7). The 

decrease i n  hardness of the 9 Cr-1 Mo-2 N i  s t e e l  was s l i g h t l y  g rea t e r  than 

t h a t  f o r  12 Cr-1 Mo-2 N i  s t e e l .  This r e l a t i v e  d i f f e rence  is comparable 

with the tempering behavior of 12 C r - 1  Mo and 9 Cr-1 Mo (Figs. 7.8.5 and 

7.8.6). The decrease i n  hardness with tempering a t  700'C agrees with our 

conclusion t h a t  Acl i s  a t  l e a s t  700°C. 

ORNL~DWG 80-12036 

30 I 

A12 Cr - 1 Mo - 2 Ni 
9 C r  - 1 Mo - 2  Ni 

0 
0 2 4 6 8 

TEMPERING TIME Ih) 

Fig. 7.8.7. Change i n  Rockwell F Hardness f o r  12 Cr-1 Mo-2 N i  and 
9 Or-1 Mo-2 N i  Alloys with Tempering Time at  7OOOC. 
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Without further study we are not presently able to adequately explain 

the observations on the 12 Cr -1  Mo-2 Ni (adjusted) and 9 C r - 1  Mo-2 Ni 

(adjusted) steels. When these alloys were tempered €or up to 10 h at 

700°C, the hardness decreased with most of the decrease occurring in the 

first 2.5 h (Fig. 7.8.8). Essentially, neither the hardness nor hardness 

changes of the 12 Cr-1  Mo-2 Ni (adjusted) and the 9 Cr -1  Mo-2 Ni (adjusted) 

steels differed. This is not unexpected, since the chemical compositions 

of the two alloys differ little (Table 7.8.1); most of the chromium 

equivalent adjustment for the 9 C r - 1  Mo-2 Ni (adjusted) alloy was made by 

adding chromium. 

We can attempt to understand these alloys by examining the effect of 

ferrite-forming elements (Cr ,  No, Si, V, Al, Nb, Ti, and W) and austenite- 
forming elements (Ni, Co, Mn, Cu, N, and C) on microstructure. 

Figure 7.8.9 shows the Schaeffler diagram as modified by Schneider4 
where the chromium equivalent is plotted against the nickel equivalent. 
This diagram gives the microstructure expected when the alloy is quite 

rapidly cooled from the austenitizing temperature. The equations used to 

calculate the chromium and nickel equivalents are: 

Chromium Equivalent = (% C r )  + 2(% Si) + 1.5(% Mo) 

+ 5(% V )  + 5.5(% Al) + 1.75(% Nb) ( 2 )  

+ 1.5(% Ti) + 0.75(% W) . 

Nickel Equivalent = (% Ni) + (% Co) + 0.5(% Mn) 

( 3 )  

+ 0.3(% Cu) + 25(% N) + 30(% C) . 

By using Eqs. (2 )  and ( 3 )  we calculated the 12 Cr-1  Mo-2 Ni (adjusted) 

alloy chromium and nickel equivalents to be approximately 18.2 and 7.3, 
respectively. For the 9 Cr-1 Ma-2 Ni (adjusted) alloy, the values are 

approximately 16.7 and 5.9, respectively. According t o  Fig. 7.8.9 this 

would place both alloys in the austenite plus martensite plus &-ferrite 
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Fig. 7.8.8. Change in Rockwell F Hardness for 12 Cr-1 Mo-2 Ni 
(Adjusted) and 9 Cr-1 io-2 Ni (Adjusted) Alloys  with Tempering Time 
at 700°C. 
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Fig. 7.8.9. Schaeffler Diagram as Modified by Schneider, Showing 
Expected Phases for Chromium-Equivalent and Nickel-Equivalent Compositions. 
Source : H. Schneider, "Investment Casting of High-Hot-Strength 12-Percent 
Chrome Steel," Foundry Trade J .  108: 5 6 2 4 3  (1960). 
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reg ion .  The & f e r r i t e  would be p r e s e n t  because  the s tee l  w a s  hea ted  i n t o  

t h e  two-phase 6 + y r e g i o n  d u r i n g  a u s t e n i z a t i o n  t r e a t m e n t .  The r e t a i n e d  

a u s t e n i t e  would be caused by an My below room tempera tu re .  

I t  should  be noted that  a diagram such as Fig.  7.8.9 is  q u a l i t a t i v e  

a t  b e s t .  S e v e r a l  d i f f e r e n t  e q u a t i o n s  f o r  chromium and n i c k e l  e q u i v a l e n t s  

have been d e r i v e d .  Indeed,  t h e  n e t  chromium e q u i v a l e n t  g iven  by Eq. (1) 

d i f f e r s  from Eqs. ( 2 )  and (3 ) .  I n  our m i c r o s t r u c t u r a l  s t u d i e s  on t h e  two 

n i c k e l  ( a d j u s t e d )  a l l o y s ,  we were on ly  a b l e  t o  d i s t i n g u i s h  two 

c o n s t i t u e n t s ,  one of which was m a r t e n s i t e .  Thus, i f  b o t h  + f e r r i t e  and 

r e t a i n e d  a u s t e n i t e  are p r e s e n t ,  one must be p r e s e n t  i n  v e r y  small amounts. 

We are p r e s e n t l y  conduc t ing  f u r t h e r  heat t r e a t m e n t  exper iments  a long  wi th  

e l e c t r o n  microscopy s t u d i e s  t o  de te rmine  the n a t u r e  of the second phase i n  

t h e s e  a l l o y s .  
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8.1 IRRADIATION EXPEKIHENT STATUS AND SCHEUULE 

The following bar cha r t s  show the  schedule fo r  a l l  ADIP r eac to r  

i r r a d i a t i o n  experiments. Experiments a r e  present ly  under way i n  the  

Oak Ridge Research Reactor (ORR) and the High Flux Isotope Reactor (HFIR), 

which a re  mixed spectrum reac to r s ,  and i n  the Fxperimental Breeder Reactor 

(EBK-II), which is  a f a s t  reactor .  

During the repor t ing  period i r r a d i a t i o n  was begun f o r  two i r r a d i a t i o n  

experiments: ORR-tIFE-4A i n  the ORR and HFIK-CTK-33 i n  the  HFIK. 

The ORR s p e c t r a l  t a i l o r i n g  experiment, OFX-HFE-4A, operates  a t  300 

and 400°C and w i l l  achieve the fusion r eac to r  He/dpa r a t i o  i n  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 .  It w i l l  serve as a major i r r a d i a t i o n  vehic le  f o r  the  

A D I P  program over the next f i v e  years .  It provides f o r  specimen discharge 

and reencapsulat ion.  The second capsule,  ORR->IFE-4B, w i l l  operate  a t  

500 and 600°C. It w i l l  begin i r r a d i a t i o n  i n  e a r l y  FY 1981. 

The HFIK-CTK-33 experiment includes specimens fo r  the  eva lua t ion  of 

t e n s i l e ,  swell ing,  and mic ros t ruc tu ra l  p rope r t i e s  i n  f e r r i t i c  a l l o y s  

i r r a d i a t e d  a t  50"C, a temperature re levant  t o  Engineering Test F a c i l i t y  

(ETF) operat ion.  

An EBR-I1  experiment, AD-2, was constructed f o r  i n s e r t i o n  i n  

August 1980. It w a s  designed t o  supplement the  EBR-I1  i r r a d i a t i o n  da ta  

generated by the Fast Breeder Reactor (FBR) program with f r a c t u r e  

toughness, f a t i g u e ,  and crack growth da ta  on f e r r i t i c  a l loys .  
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8.2 ETM RESEARCH MATEKIALS INVENTORY - F. W. Wiffen, T. K. Roche (ORNL) 
and J. W. Davis (McDonnell Douglas) 

8.2.1 ADIP Task 

A D I P  Task I . D . l ,  Mater ia l s  Stockpile  f o r  MFE Programs. 

8.2.2 Objective 

The Office of Fusion Energy has assigned program r e s p o n s i b i l i t y  to  

ORNL fo r  the establ ishment  and operat ion of a c e n t r a l  inventory of research 

m a t e r i a l s  t o  be used i n  the  Fusion Reactor Mater ia l s  research and develop- 

ment programs. The ob jec t ive  is 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  va r i ab le s  and provide f o r  economy i n  procurement and f o r  centra-  

l i z e d  recordkeeping. I n i t i a l l y  t h i s  inventory is  t o  focus on mater ia 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  various s p e c i a l  purpose mater ia l s  may be added i n  t h e  fu ture .  

The use of ma te r i a l s  from t h i s  inventory f o r  research t h a t  is  coor- 

dina ted  w i t h  or  otherwise r e l a t ed  t echn ica l ly  t o  the Fusion Reactor 

Mater ia l s  Program of DOE, but which is not an i n t e g r a l  or  d i r e c t l y  funded 

p a r t  of i t ,  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 Materials  

Inventory a t  ORNL (Attent ion:  F. W. Wiffen). Materials w i l l  be released 

d i r e c t l y  i f :  

( a )  The ma te r i a l  is t o  be used fo r  programs funded by the Office of 

Fusion Energy, with goals  cons i s t en t  with the  approved Mater ia l s  Program 

Plans  of the  Mater ia l s  and Radiation Ef fec 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 ther  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 Radiation Ef fec t s  Branch, 

Off ice  of Fusion Energy, fo r  agreement on ac t ion .  
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8 .2 .4  Records 

Chemistry and m a t e r i a l s  p r e p a r a t i o n  r e c o r d s  are mainta ined f o r  a l l  

i n v e n t o r y  material. A l l  m a t e r i a l s  s u p p l i e d  t o  program uses  w i l l  be 

accompanied by summary c h a r a c t e r i z a t i o n  in fo rmat ion .  

8.2.5 Summary of Cur ren t  I n v e n t o r y  and M a t e r i a l  Movement i n  Per iod  
Apr. 1 t o  June 30, 1980 

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  of materials i n  

t h e  ETM Research M a t e r i a l s  Inven to ry  i s  g iven  i n  Table 8.2.1. This t a b l e  

i n d i c a t e s  t h e  nominal d iamete r  of rod o r  t h i c k n e s s  of s h e e t  f o r  product  

forms of 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 z e s  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  product  forms 

as  needed by the program. Table  8.2.2 l is ts  m a t e r i a l s  r e c e i v e d  i n t o  t h e  

i n v e n t o r y  i n  t h e  q u a r t e r  covered.  Materials d i s t r i b u t e d  from the inven-  

t o r y  are l i s t e d  i n  T a b l e  8.2.3. 

Al loy compos i t ions  and more d e t a i l  on the a l l o y s  and on a l l o y  

procurement and /o r  f a b r i c a t i o n  are g iven  i n  ear l ie r  ADIP q u a r t e r l y  

p r o g r e s s  r e p o r t s .  



Table 8.2.1. Summary Sta tus  of Material  Ava i l ab i l i t y  
i n  the ETM Kesearch Mater ia l s  Inventory 

Produc t  Form 

Al loy  
Thin-Wall 

Sheet  , I n g o t  o r  Rod,b 

Weight Wall Th ickness  
Bar,a Tubing, 

( k a )  

Diameter ' l b ickness  

(mm) (mm) (mm) 

316 SS 
P CA 
USSR - Cr-Mn S t e e l d  

PE-16 
B- 1 
B-2 
B-3 
8-4 
8-6 

Ti-64 
Ti-62425 
Ti- 5621s 

Ti-38644 
N b l %  Z r  

Pa th  A A l l o y s  

900 16 and 7.2 
490 1 2  

0 10.5 

P a t h  B A l l o y s  

140 16 and 7.1 
180 0 
180 0 
180 0 
180 0 
180 0 

Pa th  C A l l o y s  

0 0 
0 0 
0 0 

13 and 7.9 
13 

2.6 

13 and 1.6 
0 
0 
0 
0 
0 

0.76 
0.76 

6.3. 2.5. 
and 0.76 

0 0 0.76 
0 6.3  2.5, 1 .5 ,  

and 0.76 
N&5% Mw1% 7.r 0 6.3  2.5. 1.5. 

and 0.76 
V-2oZ Ti 0 6.3 2.5. 1.5. 

and 0.76 

and 0.76 

and 0.76 

v-15% Cr-S% T i  0 6.3 2.5, 1.5, 

Vanstar-7 0 6.3  2.5, 1.5. 

Path D A l l o y s  - No f l a t e r i a l  in I n v e n t o r y  

Pa th  E A l l o y s  

HT9 0 0 4.5 and 18 
"I9 + 1% N i  0 0 4.5 and 18 
HT9 + 2% N i  0 0 4.5 and 18 
H T 9  + ZZ N i  0 0 4 .5  and 18 

T-9 modi f i ed  0 0 4.5 and 18 
T-9 modi f i ed  + 2% N i  0 0 4.5 and 18 
T-9 modi f i ed  + 2% N i  0 0 4.5 and 18 

2 114 Cr -1  Ma 0 0 e 

+ CK a d j u s t e d  

+ C r  a d j u s t e d  

0.25 
0.25 
0 

0.25 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 
0 

aGrea te r  t h a n  25 m, minimum dimension.  

h e s s  t h a n  25 mn i n  d iamete r .  

CLess t h a n  15 m t h i c k .  

&od and s h e e t  of a USSR s t a i n l e s s  s t e e l  s u p p l i e d  under  t h e  U.S.-USSR 

%ceria1 i s  th ick- wal l  P ipe ,  r e r o l l e d  as n e c e s s a r y  t o  produce s h e e t  

Some Path A and Pa th  P a l l o y s  a r e  
a v a i l a b l e  i n  two d i f f e r e n t  d i a m e t e r s .  

Some Pa th  A, Path  8, and Pa th  C a l l o y s  are 
a v a i l a b l e  in two or t h r e e  d i f f e r e n t  t h i c k n e s s e s .  

F u s i o n  Reactor  M a t e r i a l s  Exchange Program. 

o r  rad .  
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9 . 1  HYDROGEN DISSOLUTION AND PERMEATION STUDIES OF ADIP PROGRAM 
ALLOYS - E . H .  Van Deventer and V .  A .  Maroni 
(Argonne N a t i o n a l  L a b o r a t o r y ) .  

9.1.1 ADIP Task 

I . A . 4  Hydrogen D i s s o l u t i o n  and Permea t ion  E f f e c t s .  The r e s u l t s  

p r e s e n t e d  i n  t h i s  s e c t i o n  c o n t r i b u t e  t o  Sub task  1 . A . 4 . ,  M i l e s t o n e s  1 . A . a  

through 1.A.d. 

9 .1 .2  - O b j e c t i v e s  

The o b j e c t i v e  of  t h e  work r e p o r t e d  i n  t h i s  s e c t i o n  is t o  p r o v i d e  

b a s e- l i n e  hydrogen d i s s o l u t i o n  and permeat ion d a t a  f o r  a l l o y s  c u r r e n t l y  

under s t u d y  i n  t h e  ADIP Program. The hydrogen d i s s o l u t i o n ,  o u t g a s s i n g  

and permeat ion c h a r a c t e r i s t i c s  of t h e s e  materials a r e  v i t a l  t o  a n  under-  

s t a n d i n g  of t h e i r  performance as f i r s t - w a l l  and b l a n k e t  s t r u c t u r a l  

mater ia ls  f o r  f u s i o n  d e v i c e s .  A f u r t h e r  o b j e c t i v e  of t h i s  work i s  t o  

examine methods f o r  overcoming any s e r i o u s  hydrogen i s o t o p e  up take  and 

m i g r a t i o n  problems a s s o c i a t e d  w i t h  t h e  r a t h e r  s t r o n g  hydr ide- forming 

n a t u r e  of some c l a s s e s  o f  a l l o w .  

9 . 1 . 3  - -  S u m m m  

No r e p o r t  f o r  t h i s  p e r i o d .  The n e x t  r e p o r t i n g  o f  p r o g r e s s  on 

t h i s  t a s k  w i l l  be  a t  t h e  end of  t h e  f o u r t h  q u a r t e r  of FY-1980. 
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9.2 VANADIUM ALLOY/LITHIUM PUMPED-LOOP STUDIES - D.  L .  Smith ,  
R.  H .  Lee, and R .  M. Yonco (Argonne N a t i o n a l  Labora to ry )  

9 . 2 . 1  ADIP Task 

I .A.3 .  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  A n a l y s i s .  The 

r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  c o n t r i b u t e  t o  Sub task  I .A.3 .4 ,  Mile-  

s t o n e s  I .A.3 .c  and I .A.3 .d .  

9.2.2 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 i s  t o  deve lop  p r e l i m i n a r y  d a t a  on t h e  

c o m p a t i b i l i t y  of  c a n d i d a t e  P a t h  C a l l o y s  exposed t o  a f lowing  l i t h i u m  

environment .  The major e f f o r t  i n v o l v e s  i n v e s t i g a t i o n s  of n o n m e t a l l i c  

element i n t e r a c t i o n s  i n  r e a c t i v e j r e f r a c t o r y  m e t a l- l i t h i u m  systems and 

t h e  e f f e c t s  o f  l i t h i u m  exposure  on t h e  mechanical  p r o p e r t i e s  o f  r e f r a c-  

t o r y  metal a l l o y s .  I n f o r m a t i o n  r e l a t i n g  t o  a tmospher ic  con tamina t ion  

o f  r e a c t i v e / r e f r a c t o r y  metal a l l o y s  w i l l  a l s o  be  g e n e r a t e d .  S p e c i f i c  

near- term exper iments  i n c l u d e  measurements o f  t h e  d i s t r i b u t i o n  of non- 

metall ic elements between s e l e c t e d  r e f r a c t o r y  metals and l i t h i u m .  The 

r e s u l t s  of t h i s  work w i l l  c o n t r i b u t e  t o  t h e  d a t a  b a s e  t h a t  relates 

c o m p a t i b i l i t y  and c o r r o s i o n  phenomena t o  o t h e r  a l l o y  development act ivi-  

t ies  and w i l l  p r o v i d e  a b a s i s  f o r  s e l e c t i n g  c a n d i d a t e  P a t h  C a l l o y s  f o r  

f u r t h e r  development.  

9 . 2 . 3  Summary 

No r e p o r t  f o r  t h i s  p e r i o d .  The next r e p o r t i n g  of  p r o g r e s s  on 

t h i s  t a s k  w i l l  be  a t  t h e  end of t h e  f o u r t h  q u a r t e r  of  FY-1980. 
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9.3 COMPAT1811,ZTY OF STATIC L I T H I U M  WITH A LONG-RANGE-ORDERED Fe-Ni-V 
ALLOY AND 2 114 Cr-1 Mo STEEL - P. F. T o r t o r e l l i  , J. H. DeVan, and 
C.  T. Liu (ORNL) 

9.3.1 ADIP Task 

A D I P  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.  

9.3.2 O b j e c t i v e  

The purpose  of t h i s  program is t o  de te rmine  the chemical  c o m p a t i 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  meta l l ic  l i t h i u m .  Specimens 

a re  exposed t o  s t a t i c  l i t h i u m  c o n t a i n i n g  s e l e c t e d  s o l u t e  a d d i t i o n s  t o  

i d e n t i € 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  by l i t h i u m .  

S p e c i f i c  program o b j e c t i v e s  are: (1) t o  de te rmine  t h e  e f f e c t s  of 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 ;  ( 2 )  t o  determine t h e  

C and N p a r t i t i o n i n g  c o e f f i c i e n t s  between a l l o y s  and L i ;  ( 3 )  t o  de te rmine  

t h e  e f f e c t s  of s o l u b l e  ( C a ,  41) and s o l i d  (Y, Zr, 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 ;  and ( 4 )  t o  de te rmine  t h e  t e n d e n c i e s  f o r  

d i s s i m i l a r- m e t a l  IMSS t r a n s f e r .  

9.3.3 Summary 

Tests of 2 114 Cr-1 Mo s tee l  i n  s t a t i c  l i t h i u m  a t  400, 500, and 600°C 

f o r  exposures  up t o  3000 h have been completed. Ana lys i s  of the p o s t- t e s t  

l i t h i u m  from t h e  500- and 1000-h exper iments  a t  500°C i n d i c a t e d  a decar-  

b u r i z a t i o n  of t h e  2 114 Cr-1  Mo s t ee l ,  which probably  caused t h e  observed 

d e c r e a s e s  i n  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  of the s tee l  when 

exposed t o  l i t h i u m  at  600°C f o r  3000 h. A long- range- ordered (LRO) 

F e 3 1 . 8  Ni-22.5 W . 4  T i  (wt %) a l l o y  wi th  a c r i t i c a l  o r d e r i n g  t empera tu re  

(T,) of 680°C was compat ib le  wi th  s t a t i c  l i t h i u m  a f t e r  2000 h a t  650 and 

7 10°C. 

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

Tests of 2 114 Cr -1  Mo steel i n  s t a t i c  mol ten  l i t h i u m  were i n i t i a t e d  

a t  t h e  f i r s t  s t a g e  i n  a s t u d y  of the c o m p a t i b i l i t y  of f e r r i t i c  s tee ls  w i t h  

t h i s  e lement .  These p r e l i m i n a r y  exper iments  will be used t o  e s t a b l i s h  
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baseline data on carbon transfer and its effects on mechanical properties 
as an aid in determining the optimum alloy composition and microstructure 

for lithium compatibility. 
Specimens of 2 114 Cr-1 Mo steel were given two different heat treat- 

ments before testing in lithium. The first heat treatment, HT1, involved 

austenitizing for 1 h at 93OoC in flowing argon followed by furnace 
cooling to room temperature at about 60°C/h. The resulting microstructure 
is shown in Fig. 9.3.l(a). The second heat treatment, HT2, consisted of a 

similar austenitizing procedure followed by rapid cooling to room tempera- 

ture in argon and tempering at 700'C for 1 h. This produced the micro- 

structure shown in Fig. 9.3.l(b). 

Purified lithium and tensile specimens of 2 1/4 Cr-1 Mo steels with 
gage lengths of 12.7 mm and 3.2- by 0.6-m gage sections were sealed 

inside 22.1-mm-ID by 1.6-mm-wall capsules. The capsules were of the same 
composition and heat treatment as the internal test specimens. One 

control sample from each heat treatment was placed in an argon-filled 

capsule for each test temperature. The capsules were then placed in tube 

furnaces at 400, 500, and 6OO0C for various exposure times. 
In the preceding quarterly1 we reported some results from static 

tests of 2 114 Cr-1 Mo steel exposed for 500 and 1000 h to 500'C lithium 

and argon. Weight changes were negligible, although the yield and 

ultimate tensile strengths decreased 4 to 10% for the lithium-exposed 
specimens. Exposures of 3000 h have now been completed, and the results 
from these experiments are summarized in Table 9.3.1. While the weight 
losses were not large and did not vary greatly between the two heat 

treatments, they did increase with increasing temperature. Relative to 

the tests in argon, yield and ultimate tensile strengths of 2 1/4 Cr-1 Mo 
steel exposed to lithium decreased at 600°C (Table 9.3.2). 

The partitioning of the carbon between the 2 114 Cr-1 Mo steel and 
the lithium is of concern since the mechanical properties of the steel are 

sensitive to its carbon concentration. The analytical results for both 

the 500- and 1000-h tests are given in Table 9.3.3. We previously 

reported1 that carbon transfer from the steel to the lithium was less 
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Table 9.3.1. Weight Change and T e n s i l e  P r o p e r t i e s n  of 2 1 /4  Cr-1  Mo 
S t e e l  Exposed t o  S t a t i c  Argon and Li th ium f o r  3000 h 

S t r e n g t h ,  MPa 
Heat Environ-  Temperature ____ Elonga t ion  Weight 

(g/m ) Yield Tensile Treatment  ment ("0 ChanY U 1  t i m a  t e (%)  

H T l  

HT2 
HT2 
HT1 

HT2 
HT2 
HT1 

HT2 
HT2 

H T L ~  

H T I ~  

~ ~ i b  

AK 
L i  
AK 
L i  
A K  
L i  
Ar 
L i  
Ar 
L i  
AK 
L i  

400 
400 
400 
400 
500 
500 
500 
500 
600 
600 
600 
600 

f0.5 251 480 
4 . 5  232 494 
+0.5 452 607 
- 3 . 6  459 602 
4 . 9  265 521 
-1.4 219 478 
4 . 5  485 620 
-1.0 484 616 
4 . 5  212 452 
-2.5 161 356 
4 . 2  323 499 
-2.6 153 338 

14.9 
17.2 
11.2 

9.3 
16.4 
15.1 
8.6 
8.7 

19.2 
23.2 
17.1 
21.7 

%oom tempera tu re  t e n s i l e  tests wi th  a s t r a in  rate of 3.33 x 

bAverage of two specimens.  

Table  9.3.2. R e l a t i v e  Changes i n  Yie ld  S t r e n g t h ,  
U l t i m a t e  T e n s i l e  S t r e n g t h ,  and E longa t ion  of 

2 1 /4  C r - 1  Mo Exposed t o  S t a t i c  
Li th ium f o r  3000 h 

R e l a t i v e  Change, a % 

U l t  i m a  t e 

S t r e n g t h  

Temperature Heat 

("C) Treatment T e n s i l e  E longa t ion  S t r e n g t h  

400 HT 1 -a +3 +15 
HT2 +2 0 -1 7 

500 HT 1 -1 7 -8 -8 
HT2 0 0 0 

600 HT 1 -2 4 -2 1 +2 1 
HT2 -5 3 -3 2 +27 

% l a t i v e  t o  2 114 Cr-1  Mo specimens exposed t o  a rgon  
under  t h e  same c o n d i t i o n s .  
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Table 9.3.3. Carbon Concen t ra t ions  
o f  Post- Test  Li th ium Used i n  

2 114 C r - 1  Mo Experimentsa 

___-__ 
Carbon C o n c e n t r a t i o n s ,  u t  ppm 

From 500°C HT1 F r o m  500°C HT2 
~_____I__-______- 

Test 
Time 

(h) Capsules  Capsules  ____ __-______--__-___- 
5 00 243 103 

1000 238 136 

a h a l y s e s  were performed by 
R. M. Yonco of Argonne N a t i o n a l  
Labora to ry  u s i n g  t h e  a c e t y l e n e- e v o l u t i o n  
method. This  method is d e s c r i b e d  i n  
E.  M. Hobart and R. G. Bjork ,  " V a l i d i t y  
of Determining Carbon i n  Li th ium by 
Measurement oE Acetylene Evolved on 
H y d r o l y s i s , "  A n a t .  &em. 39: 202 (1967).  
A c o n t r o l  l i t h i u m  sample was found t o  
have a c o n c e n t r a t i o n  of 3 w t  ppm. 

t a k e n  a t  500OC. 
b i l t e r e d  l i t h i u m  samples were 

a f t e r  500 h f o r  the specimens t h a t  were normal ized and tempered (HT2) than  

f o r  t h o s e  that  were s imply annea led  (HT1).  The 1000-h exper iments  showed 

t h e  same t r e n d  (Table  9.3.3): t h e  carbon l o s s  from t h e  HT1 s tee l  w a s  

g r e a t e r  t h a n  that  from t h e  HT2 steel. Note t h a t  t h e  amounts of carbon 

g a i n e d  by t h e  l i t h i u m  i n  the HT1 exper iments  were t h e  same a t  500 and 

1000 h, whi le  t h e  ca rbon  t r a n s f e r  between the HT2 s teel  and l i t h i u m  w a s  

s l i g h t l y  g r e a t e r  a f t e r  1000 than  a f t e r  500 h. 

2 114 Cr-1 Mo s tee l  when exposed t o  molten l i t h i u m  may e x p l a i n  t h e  reduc-  

t i o n  i n  the y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  and t h e  i n c r e a s e  i n  

e l o n g a t i o n  no ted  above. 

t i o n  between the r e d i s t r i b u t i o n  of carbon and t h e  changes i n  t e n s i l e  

p r o p e r t i e s  when the ca rbon  a n a l y s e s  of t h e  l i t h i u m  from t h e  3000-h tests 

a re  completed.  

The d e c a r b u r i z a t i o n  of 

We w i l l  be a b l e  t o  make a more d e f i n i t e  c o r r e l a-  

The above r e s u l t s  are c o n s i s t e n t  wi th  d e c a r b u r i z a t i o n  s t u d i e s  of 

2 114 Cr-1  Mo s tee l  i n  mol ten  ~ o d i u m . ~ , ~  D e c a r b u r i z a t i o n  was found t o  
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depend on the  p r i o r  me ta l lu rg ica l  s t r u c t u r e  such t h a t  carbon l o s s  i n  

sodium w a s  l e s s  rapid fo r  normalized and tempered specimens than fo r  

specimens t h a t  were j u s t  normalized. This d i f f e rence  i n  the amount of 

carbon t r ans fe r r ed  has been a t t r i b u t e d  t o  the r e l a t i v e l y  slow decompo- 

s i t i o n  of carb ides  i n  the  normalized and tempered s t e e l . 2  

Duct i le  LRO a l l o y s  have been developed a t  OWL f o r  high- temperature 

 application^.^ 
Fe-31.8 Ni-22.5 W . 4  T i  (wt %) was found t o  be compatible with s t a t i c  

l i t h ium a t  500 and 600°C. This was i n  con t ra s t  to  a l l o y  800 [46  Fe-32 Ni -  

21 C r  (wt % ) I ,  which, l i k e  o ther  higher n i cke l  a l l 0 y s , ~ 9 ~  suf fered  

s i g n i f i c a n t  a t t a c k  by s t a t i c  l i t h i ~ m . ~  

r e s i s t a n c e  of the  LRO a l l o y  could be a t t r i b u t e d  t o  i t s  ordered s t r u c t u r e  

( f o r  example, a s  a r e s u l t  of reduced n icke l  a c t i v i t y  and mobil i ty  i n  the 

LRO l a t t i c e ) ,  s imi l a r  experiments were conducted at  temperatures s l i g h t l y  

above and below the  c r i t i c a l  ordering temperature of 680°C. The weight 

change r e s u l t s  of Fe-31.8 Ni-22.5 M . 4  T i  (wt %) LRO exposed t o  s t a t i c  

l i t h ium f o r  2000 h a r e  shown below. 

In  previous corrosion t e s t s 5  an LRO a l l o y  composed of 

To determine i f  the cor ros ion  

Test 
Temperature 

("0 
5 00 
6 00 
6 SO 
7 10 

Weight Change 
(g/m2) 

-0.2, 4.5, -0.5 
-0.2, 4.5, -0.5 

0.0, 0.0, 4 . 2  
f0.2, 0.0, -0.2 

These r e s u l t s  include data  from previous tests  a t  500 and 600°C. Three 

weight change values a r e  indica ted  f o r  each temperature s ince  three  

specimens were t e s t e d  i n  a s i n g l e  capsule at  t h a t  temperature. Note t h a t  

t h e  specimens i n  t h e  disordered s t a t e  ( those  held a t  710°C i n  s t a t i c  

l i t h ium)  did not s u f f e r  g r a t e r  weight l o s ses  than the  specimens at  650°C. 

On the  other  hand, the  specimens exposed a t  710°C did  show marked 

inc reases  i n  y i e ld  s t r eng th  and decreases i n  e longat ion  when compared 

w i t h  the  con t ro l  specimens, while the same prope r t i e s  of those exposed 

below T ,  did  not change s u b s t a n t i a l l y  (Table 9.3.4). Metallographic 
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Table 9.3.4. T e n s i l e  P r o p e r t i e s  of Long-Range- 
Ordered [Fe-31.8 Ni-22.5 W . 4  T i  (wt % ) I  

Specimens Exposed t o  S t a t i c  Lithium 
f o r  2000 h 

Temperature ,  "C  S t r e n g t h ,  Wa 
- Elonga t ion  

L i th ium T e n s  i l e  U l t i m a t e  (2) 
Exposure Test T e n s i l e  

Unexposed 25 270 1124 42.1 
6 50 25 270 1034 44.5 
7 10 25 701 1 1 2 2  5.1 

Unexposed 650 391 027 33.6 
6 50 650 367 7 26 30.2 
7 10 650 507 791 15.3 

examina t ion  of the specimens r e v e a l e d  d i s t i n c t l y  d i f f e r e n t  p o s t - t e s t  

m i c r o s t r u c t u r e s  (F ig .  9.3.2). The micrograph i n  Fig. 9.3.2(b) and t h e  

c h a r a c t e r i s t i c s  of the s t r e s s - s t r a i n  curves  s u g g e s t  that  sigma phase 

formed d u r i n g  t h e  710°C exposure.  Subsequent x- ray d i f f r a c t i o n  conf i rmed 

t h e  p resence  of t h i s  phase which would then  account  f o r  t h e  reduced 

d u c t i l i t y  of t h e  specimens h e l d  above T,. 

i n c r e a s e s  i n  y i e l d  s t r e n g t h  and d e c r e a s e s  in e l o n g a t i o n  can  be a s c r i b e d  

s t r i c t l y  t o  the rmal  e f f ec t s  and probably  no t  t o  any i n f l u e n c e  of t h e  

l i t h i u m .  

It t h e r e f o r e  a p p e a r s  t h a t  the 

9.3.5 Conclus ions  

1. R e l a t i v e  t o  tests i n  a rgon ,  t h e  room tempera tu re  y i e l d  and 

u l t i m a t e  t e n s i l e  s t r e n g t h s  of 2 1 /4  Cr-1  Mo steel  exposed t o  600°C l i t h i u m  

f o r  3000 h dec reased  s i g n i f i c a n t l y .  This can probably  be a s c r i b e d  t o  

d e c a r b u r i z a t i o n .  Carbon was t r a n s f e r r e d  from 2 114 Cr-1 Mo s tee l  t o  

l i t h i u m  a t  500°C a f t e r  1000-h exposures  w i t h  t h e  amount of ca rbon  l o s s  

b e i n g  g r e a t e r  f o r  t h e  annea led  s teel  than  f o r  t h e  a l l o y  i n  a normalized 

and tempered c o n d i t i o n .  
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I 50 urn I 

Fig. 9.3.2. Long-Range-Ordered [Fe31.8 Ni-22.5 W . 4  Ti ( w t  X ) ]  
Alloy Exposed to Static Lithium for 2000 h. (a) 65OOC. (b) 710°C. 
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2. The LRO Fe-31.8 Ni-22.5 W . 4  T i  (wt %) a l l o y  i s  compatible with 

s ta t ic  l i t h ium up t o  71OoC (2000 h) ,  which is 30°C above the  c r i t i ca l  

o rde r ing  temperature. The reduced d u c t i l i t y  of t he  a l l o y  after  exposure 

a t  710'C r e s u l t e d  from the  formation of sigma phase by thermal aging and 

thus  is  not a r e s u l t  of the presence of l i thium. 
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9 . 4  MASS TKANSFEK OF TYPE 316 STAINLESS STEEL I N  LITHIUM THEKMAL- 
CONVECTION LOOPS - P. F. Tortorelli and J. H. DeVan (ORNL) 

9 . 4 . 1  ADIP Task 
ADIP Task I.A.3, Perform Chemical and Metallurgical Compatibility 

Analyses. 

9.4.2 Objective 

The purpose of this task is to evaluate the corrosion resistance of 

candidate first-wall materials to flowing lithium in the presence of a 

temperature gradient. Corrosion rates (in both dissolution and deposition) 

are measured as functions of time, temperature, additions to the lithium, 

and flow conditions. These measurements are combined with chemical and 

metallographic examinations of specimen surfaces to establish the 

mechanisms and rate-controlling processes for dissolution and deposition 

reactions. 

9 . 4 . 3  Summary 

The possible effects of nitrogen in lithium-type 316 stainless steel 

thermal-convection systems are &iscussed. Variations in the normally low 

nitrogen concentrations of the lithium did not significantly alter the 

short-time dissolution rate. However, the presence of nitrogen in lithium 

may influence the distribution of the dissolved elements around the loops 
through nitrogen interactions with other elements (especially chromium) in 
the lithium. 

9 . 4 . 4  Progress and Status 

We have continued our study of the mass transfer of type 316 stain- 

less steel in flowing lithium using previously describedl thermal- 

convection loops (TCLS) with accessible specimens. These loops are 

designed so that lithium samples can be taken and corrosion coupons can 

be withdrawn and inserted without altering the loop operating conditions. 

Each of three such loops have been operating for several thousand hours 
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and have y i e l d e d  d a t a  on d i s s o l u t i o n  and d e p o s i t i o n  p r o c e s s e s  as a 

f u n c t i o n  of P l u g g i n g  from mass t r a n s f e r  d e p o s i t s  has n e c e s s i t a t e d  

e v e n t u a l  r ep lacemen t  of t h e  c o l d  l e g s  i n  a l l  t h r e e  loops .  

While enhanced l e v e l s  of n i t r o g e n  i n  s t a t i c  l i t h i u m  (>I000 w t  ppm) 

have  been shown4 t o  promote t h e  c o r r o s i o n  of s t a i n l e s s  s teel ,  t h e  e f f e c t  

h a s  been much less pronounced i n  o u r  t he rma l- convec t ion  s y s t e m s ,  which 

h a v e  o p e r a t e d  a t  a maxiinurn t e m p e r a t u r e  of  600°C. 

c a n t  i n c r e a s e  i n  mass t r a n s f e r  i n  l o o p s  o p e r a t e d  a t  800'C when t h e  

n i t r o g e n  c o n t e n t  of t h e  l i t h i u m  was i n c r e a s e d  from 125 t o  370 w t  ppm. On 

t h e  o t h e r  hand,  o t h e r   experiment^^*^ have  shown t h a t  n i t r o g e n  a d d i t i o n s  

t o  f l o w i n g  l i t h i u m  have  a n e g l i g i b l e  e f f e c t  on t h e  o v e r a l l  mass t r a n s f e r  

ra te .  Recent  r e s u l t s  from o u r  long- term TCLs o p e r a t i n g  a t  a maximum 

t e m p e r a t u r e  of  600OC w i t h  a AT o f  150°C have shown t h a t  v a r i a t i o n s  of  no 

more t h a n  100 w t  ppm i n  t h e  b a s e l i n e  n i t r o g e n  and oxygen c o n c e n t r a t i o n s  of 

l i t h i u m  have  no e f f e c t  on d i s s o l u t i o n .  This c a n  be s e e n  from the d a t a  i n  

T a b l e  9.4.1, which l i s t s  t h e  a v e r a g e  we igh t  losses a f t e r  i n i t i a l  500-h 

McKee5 found a s i g n i f i -  

T a b l e  9.4.1. The 500-h Average Weight 
L o s s e sa  f o r  Type 316 S t a i n l e s s  S t e e l  

Exposed t o  Flowing L i th ium i n  
Thermal- Convection Loops 

30 90 

4 4  1 2  

124 86 

128 134 

11.5 

7.3d 

10.0 

9.1  

a h  average of f i v e  coupons s i t u a t e d  

h i t r o g e n  concent ra t ion  determined by 
micro-Kjedahl method. 

COxygen concent ra t ion  determined by 
neutron a c t i v a t i o n  analys is .  

dResults from a f r e sh  t y p e  316 s t a in-  
less s t e e l  loop with f r e sh  coupons; i n  t he  
o the r  t h ree  cases, f r e sh  coupons were i n  
l o o p s  t h a t  had a l r e a d y  c i r c u l a t e d  l i th ium 
f o r  s eve ra l  thousand hours. 

between 520 and 600'C. 
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e x p o s u r e s  of t h e  spec imens  i n  t h e  d i s s o l u t i o n  r z g i o n s  (H3 t h r o u g h  Hh, 

F i g .  9.4.1) of t h e  t h r e e  TCLs d e s c r i b e d  above  and t h e  c o r r e s p o n d i n g  

s t a r t i n g  n i t r o g e n  and oxygen c o n c e n t r a t i o n s .  No c o r r e l a t i o n  between t h e  

i i n p u r i t y  l e v e l s  of t h e  l i t h i u m  and t h e  a v e r a g e  weight  l o s s e s  is a p p a r e n t .  

T h i s  ’nay r e s u l t  froiu t h e s e  c o n c e n t r a t i o n s  h e i n g  less t h a n  t h r e s h o l d  Levels  

€ o r  o b s e r v i n g  a n  e f f e c t .  However, i t  does  a p p e a r  t h a t ,  a t  l eas t  f o r  f l ow 

v e l o c i t i e s  t y p i c a l  of t h i s  s t u d y  (-30 i i u n / s ) ,  n i t r o g e n  c o n c e n t r a t i o n s  i n  

l i t h i u m  may he a l l o w e d  t o  v a r y  ove r  a n  o r d e r  oE 1 t o  130 w t  ppm o r  g r e a t e r  

w i t h o u t  s i g n i E i c a n t l y  a f f e c t i n g  c o l n p a t i h i l i t y .  By a n a l o g y  w i t h  oxygen 

e f f e c t s  i n  sodium,* i t  i s  p o s s i b l e  t h a t  a t  h i z h e r  l i t h i u m  v e l o c i t i e s  even 

t h e s e  r e l a t i v e l y  low n i t r o g e n  l e v e l s  may have a d e t r i m e n t a l  e f f e c t  o n  t h e  

c o r r o s i o n  r e s i s t a n c e  of s t a i n l e s s  steels.  

ORNL-DUG 78-15746 

H5 c5 

C6 

H7 c7 

F ig .  9.4.1. Schemat ic  of Coupons i n  
T h e i r  P o s i t i o n s  i n  a Thermal- Convection 
Loop. 
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The p resence  of n i t r o g e n  i n  l i t h i u m  may i n f l u e n c e  mass t r a n s f e r  of 

s t a i n l e s s  s t e e l  i n  ways o t h e r  than  t h o s e  p o s s i b l y  a f f e c t i n g  t h e  d i s s o l u t i o n  

r a t e .  

a t  l e v e l s  of 500 and 1700 w t  ppm i n  l i t h i u m  may change t h e  d i s s o l u t i o n  and 

d e p o s i t i o n  p a t t e r n  around t h e  loop wi thou t  c a u s i n g  a d r a s t i c  change i n  t h e  

r a t e  of material lo s s .  Fur thermore ,  recent d a t a  on Cr-Li3N i n t e r a c t i o n s  

i n  l i t h i u m 9  may h e l p  e x p l a i n  t h e  d e p o s i t i o n  of pure chromium i n  t h e  c o l d  

l e g s  of type  316 s t a i n l e s s  s t e e l - l i t h i u m  TCLs  d u r i n g  t h e  i n i t i a l  pe r iod  of 

o p e r a t i o n .  S p e c i f i c a l l y ,  Calaway9 has  r e p o r t e d  t h a t  chromium r e a c t s  wi th  

n i t r o g e n  i n  s o l u t i o n  i n  l i t h i u m  above 500°C and has proposed t h e  e x i s t e n c e  

of  a Li -Cr -N  t e r n a r y  compound. l t  is p o s s i b l e  t h a t  t h i s  type  compound 

formed i n  t h e  h o t t e r  r e g i o n s  of our  TCLs  (50U400"C) hu t  decomposed i n  t h e  

c o o l e r  areas (450-500°C), where e l e m e n t a l  chromium was t h e n  d e p o s i t e d .  

S ince  n i t r o g e n  would react e v e n t u a l l y  wi th  t h e  o t h e r  e l ements  i n  t h e  

l i t h i u m  and w i t h  t h o s e  of the loop w a l l ,  t h i s  p r o c e s s  would he  a t r a n s i e n t  

one. This proposed mechanism would e x p l a i n  t h e  observed i n i t i a l  d e p o s i t i o n  

c h a r a c t e r i s t i c s ;  however, t h e  r e p o r t e d  r e a c t i o n  of chromium w i t h  Li3N i n  

l i t h i u m  occur red  a t  n i t r o g e n  l e v e l s  i n  l i t h i u m  down t o  c o n c e n t r a t i o n s  of 

abou t  1000 w t  ppm, which were s t i l l  much g r e a t e r  t h a n  t h e  normal concen- 

t r a t i o n s  i n  OUK loops .  F u r t h e r  work on t h e  e f f e c t  of n i t r o g e n  i n  l i t h i u m  

on mass t r a n s f e r  is  t h u s  r e q u i r e d .  We are p lann ing  t o  more d e f i n i t i v e l y  

s t u d y  t h i s  e f f e c t  by modifying one of our  type  316 s t a i n l e s s  s t ee l  TCLs 

t o  a l l o w  d i r e c t  a d d i t i o n s  of n i t r o g e n  i n t o  t h e  f lowing l i t h i u m .  

For example, there are i n d i c a t i o n s '  that  t h e  p resence  of n i t r o g e n  

9.4.5 Conclus ions  

1. V a r i a t i o n s  i n  t h e  r e s i d u a l  n i t r o g e n  and oxygen c o n c e n t r a t i o n s  of 

n a t u r a l l y  c o n v e c t i v e  f lowing  l i t h i u m  from 30 t o  135 w t  ppm d i d  no t  s i g n i -  

f i c a n t l y  a l t e r  t h e  shor t- t ime  d i s s o l u t i o n  rate of type  316 s t a i n l e s s  s t e e l .  

2.  The p resence  of n i t r o g e n  i n  l i t h i u m  m y  i n f l u e n c e  t h e  d i s t r i b u t i o n  

of  the d i s s o l v e d  e l e m e n t s  around the loop  c i r c u i t s  th rough  n i t r o g e n  

i n t e r a c t i o n s  w i t h  o t h e r  e l ements  i n  t h e  l i t h i u m .  
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