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precracking and loading conditions for the in-reactor t e s t .  

The las t  i n  a series  of t e s t s  demonstrating the 
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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  
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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  
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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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have been preinjected iwith 90 and 200 a t .  ppm He by use of 
60-MeV (9.6-pJ) alpha par t ic les  a t  the Oak Ridge 
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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The iron-base LRO a l loys  w-ith compositions (Fe,Ni)zV 
are being developed f o r  fus ion  energy applications. The 
a l loys  have excel lent  high-temperature strength and good 
d u c t i l i t y  a d  f a b r i c a b i l i t y  i n  the ordered s ta te .  Studies 
of phase relat ions indicate that  s i g m  phase precipi tates  
from the disordered sol id solut ion ( g a m )  a t  temperatures 
above the c r i t i c a l  ordering temperature ( T c ) .  
atom ordering takes place i n  the a l loys  through the 
peri tectoid reaction y f o + y’, where y* i s  the cubic 
ordered phase (LIz-type) formed on the face-centered cubic 
( f e e )  l a t t i c e .  The s igm phase region can be reduced or 
eliminated by adding small amounts of titanium. Tensi le  
t e s t s  a6 a funct ion of temperature indicate that  the LRO 
a l loys  with base compositions show a d u c t i l i t y  minimum 
around T,. However, modifying the a l loys  with ti tanium 
s ign i f i can t l y  improves t h e i r  d u c t i l i t y  a t  elevated 
temperatures. 
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  

6.2 The E f f e c t  of &MeV Nickel  Ion I r r a d i a t i o n  on t h e  Micro- 
s t r u c t u r e  of (Fe,Ni)3V Long-Range-Ordered Al loys  (Oak Ridge 
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contains a re la t i ve ly  uniform d i s t r ibu t ion  of small 
MC-type precipi tate  par t ic les  and h r g e ,  d d e l y  scattered 
is lands of sigma phase. Essential ly  the same alloy,  except 
for a 0.4 w t  % T i  addition, contained scattered inclusions 
with E - t y p e  precipi tate  par t ic les  decorating the 
distocations a t  the inctusion-matrix in ter faces .  

I rradiat ion  of (Fe61Ni3g)~V a t  525, 570, 625, and 
68OoC with 4-MeV (0.6-pJ) nickel ions t o  70 dpa with the 
simultaneous in jec t ion  of helium rmd hydrogen produced 
cav i t i e s ,  a high density of dislocation loops, and a 
redis tr ibut ion  of E - t y p e  prec ip i ta te  par t i c l e s ,  
remined ordered throughout the i rradiat ion  except a t  
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 
densi ty  of distocations i n  the t i taniummodif ied al loy but 
only a fa ,  smzll cav i t i e s  a t  525 and 57OOC. 
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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less  Steel (Massachusetts Institute of Technology) . . . . 

Nuclear gmde 316 s ta in less  s tee l  was processed by 
rapid so l id i f i ca t ion .  Mechanical t e s t i ng  (room temperature 
and high temperature t ens i l e ,  Charpy impact, low cycle 
f a t i gue  and s t ress  rupture t e s t i n g )  showed that  the m p i d t y  
so l i d i f i ed  al loy  i n  a l l  instances e i ther  mtches  o? exceeds 
t o  an important degree the mechanical properties of ingot 
material; rational exceptions include long term creep a t  
650°C due t o  the m c h  f i n e r  grain s i z e  of the RS alloy.  

6.4 Optimization of Structure and Properties of Prime Candidate 
Alloy (PCA) by Rapid Solidification (Massachusetts 
Institute of Technology) . . . . . . . . . . . . . . . . . 183 

A high density of heterogeneous me lea t i on  s i t e s  f o r  
helium trapping ms provided by reducing the grain s ize ,  by 
increasing the TI% content and surface area and by 
controll ing the  dislocation structure by m p i d  s o l i d i f i -  
cation and subsequent themnomechanical treatments. 
Thermomechanical treatments were developed which resulted 
i n  higher strength anad elongation i n  s t ress  rupture 
t e s t i ng  a t  65OoC than i n  a 20% cold worked reference s tate .  
While m p i d  so l i d i f i ca t i on  allowed for a controlled TiC 
precipi ta te  s i ze ,  density and dis tr ibut ion,  coarsening m y  
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. 




