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fluence of 4.05 X 
1.21 x 
type 316 stainless steel  of 3.07 dpa and 21.01 a t .  ppm He 
(not  including 2.0 a t .  p p m  He from 'OB). Using these d a t a  
and previous calculations, real time projections have been 
mde  t o  e s t i m t e  the dates that core pieces should be 
changed and the f i r s t  samples removed. 

The calculations required t o  validate the reduction of 
g a m  heating rates within the ORR-MFE-4A experimental 
capsule due t o  the use of thermal f l u x  reducing core pieces 
have been completed. These calculations predict substan- 
tial decreases i n  the heating m t e s  that are unavoidable 
since they are mused by the thermal f l u x  reductions that 
are required t o  rmintain the desired rat io  of helium 
production t o  displacement darmge over the l i f e t ime  of the 
experiment. 

mutrons/m2, a to tal  fluence of 
neutrons/m2, and a calculated response i n  
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43OOC. 
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(380 a t .  p m  He). The microstructural development is 
s igni f icant ly  d i f f eren t  in the two alloys; however, the 
cavity behavior is intimately related t o  the complex 
precipitation and dislocation behavior i n  both alloys. 
Total cavity w e l l i n g  i n  CW 316 at  375 and 475%' is 
f i r s t  observed to  increase and then decrease before 
increasing mnotonicatly with increasing fluence. 
increases steadily with fluence f o r  CW 316 a t  5 6 5 T  and 
above. 
nearly temperature independent at  a w l u e  of about 
O.l%/dpa, with a minimum swelling rate of about O.O?%/dpa 
a t  4 7 5 T .  By comparison, steady-state swelling m t e s  f o r  
the same mrterial irradiated i n  the Experimental Breeder 
ReactoFII are quite sensit ive t o  temperature and have a 
nnximum m t e  of about 0 . 5 % / d p  a t  5OM5OaC. 
up t o  16 dpa, the me l t i ng  of CW 316 + T i  appears t o  
increase with increasing ftuence a t  m t e s  that wry from 
about O.OOB%/dpa at  375oC t o  about O.OOZ%/dpa a t  56SaC, 
10 t o  40 times lower than CW 31 6 irradiated a t  the same 
conditions. 
feature f o r  both alloys a t  temperatures above 5 5 0 T  and 
fluences of about 8 or greater. The grain-boundary 
cavi t ies  are about a factor of 2 m l l e r  i n  CW 316 + T i  
than in  CW 316. In CW 316 irradiated t o  higher fluences 
a t  temperatures above 6OO0C, the grain-boundary cavit ies 
contribute signif icantly t o  the to tal  mel t ing .  

Swelling 

The steady-state m e l t i n g  rate of CW 316 appears 

A t  fluences 

Cavities are the dominant grain-boundary 
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3.9 x neutrons/m2 (>O.l MeV); t h i s  fluence resulted i n  
displacement &mge levels up t o  29 dpa and helium con- 
centrations up t o  1900 at .  ppm. Tensile t e s t s  were at  tem- 
peratures near the irradiation temperatures (300, 350, 450, 
575, and 60O0C). 
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Imers ion density resul ts  indicated that swelling 
increased with increasing irradiation temperature. A 
maximum swelling of 1.2% was observed a f t e r  the 62OoC 
irradiation. Irradiation a t  the lowest temperature (284OCl 
increased the strength. A t  370°C the strength went through 
a mx im with increasing neutron fluence. A t  the higher 
i rmdia t ion  temperatures (470, 575, and 620OCl the strength 
decreased with increasing fluence. Ducti l i ty  (both to ta l  
and uniform elongation) genemlly reflected the strength 
behavior: an increase i n  strength resulted in  a decrease 
i n  duct i l i ty .  
that LxI6 noted i n  a previous experiment was not found i n  
the  present work. 

The large decrease in  duc t i l i t y  a t  575%' 
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m t e s  on microstructural evolution of type 316 s tainless  
s t ee l  i s  &ned by comparing samples of a single heat, 
i rmdiated  i n  HFIR and i n  EBR-11 a t  similar tempemtures 
and dispkcement darmge levels.  The e f f e c t  of di f ferent  
i n i t i a l  helium concentmtions i s  examined by comparing 
samples with 0 and 110 a t .  ppm preinjected helium irm- 
diated in  EBR-II. 
o f  helium on the microstructure developed during 
i rmdiat ion .  I n  solution-annealed type 316 stainless 
s tee l ,  increased helium favors f i n e  bubble forrmtion, 
instead of coarse void fomration and increased 
precipitation. In the 20%-cold-worked t y p e  316 s tainless  
s t ee l  the helium resul ts  i n  similar e f f e c t s  and a h 0  con- 
siderable dislocation recovery. High-rmgnification exad- 
nation of samples irradiated i n  EBR-11 shows that  helium 
bubbles a t  disZocations or precipitate interfaces precede 
void forrmtion a t  these same s i t e s .  Helium preinjection 
amplifies the bubble nucleation e f f e c t  during EBR-11 
i rmdiat ion ,  reduces void swelling, and increases 
precipitation, analogous t o  the e f f e c t  observed during 
continuous, high-mte helium generation. The increased 
helium generation m t e  at60 causes m r e  grain-boundary 
cavity fomration. 

The e f f e c t s  of d i f ferent  continuous helium generation 

Both comparisons show important e f f e c t s  

4. PATH B ALLOY DEVELOPMENT - HIGHER STRENGTH Fe-Ni-Cr ALLOYS . . . 93 

No contributions. 
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values reported previously i n  the l i t emture  f o r  other 
heats of these allOy6. A series of creep/stress-rupture 
t e s t s  has been ini t ia ted.  To date, a single specimen of 
each alloy i s  undergoing tes t ing at  650OC i n  ultmhigh 
vacuum (pressure c 10-8 t o r r ) .  
produce rupture i n  approximtety 1000 hours; these stresses 
are 148, 276, and 414 MPa f o r  the alloys V-ZOTi, VANSTAR-7, 
and V-lSCr-5Ti ,  respectively. A t  the time of t h i s  report 
to ta l  t e s t  times of 680, 1170, and 550 hours, respectively, 
have been accumulated f o r  these i n i t i a l  t es t s .  

s tresses were selected t o  
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designed f o r  irmdiat ion temperatures of 394oC, 45OOC and 
55OOC and have been irradiated i n  EBR-11 unt i l  fluences 
greater than 4 x n/cm2 (E > 0.11 MeV) were attained. 
Corrosion LIZS observed on several titanium alloy specimens 
contained in  the subcapsule designed f o r  an i rmdia t ion  
tempemture of 55O0C, and evidence has been obtained f o r  
indicating t h i s  corrosion i s  due t o  the NaK and m t e r  
reaction which occurred during the cleaning of the 
specimens. 
new cleaning technique and M evidence f o r  corrosion has 
been observed. 

The other two capsules have been opened using a 
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Fatigue cmck growth rate t e s t s  are being conducted a t  
room and elevated temperatures A t h  environment hydrogen 
pressures from 0 t o  400 Pa on Ti-6242s samples containing 
50 and 530 q p m  internal hydrogen. Based on these t e s t s  
the following conclusions have been nude: 
environment hgdrogen at  pressures less  than 400 Pa has no 
e f f e c t  on the fatigue cmck growth m t e  i n  Ti- 6242s wi th  50 
or 530 wppm H; internal hydrogen a t  a concentmtion of 
530 q p m  increases the cmck growth m t e  a t  intermediate 
and high stress in tensi ty  factor levels;  the crack growth 
m t e  in  Ti-6242s with 530 q p m  H progressively diminishes 
as the temperature increases from mom temperature; and the 
cmck grmth rate i n  hydrogen charged Ti- 6242s increases 
with decreasing cyclic load frequency. 

External 
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and 55OoC, t o  a fluence producing 3.8 dpa and 19 t o  
29 at .  p m  He. The irradiation increased the yield 
s trength  or “hardened” the rmterial while the ultirmte 
strength LxLs decreased at  a11 temperatures except 350OC. 
The duc t i l i t y  atso decreased at  a l l  t e s t  temperatures, as 
evidenced by the raduction i n  uniform elongation and the 
appearance of areas of intergranular fracture in  scanning 
electron microscopy fractographs. The reason f o r  the rela- 
t i v e l y  high duc t i l i t y  of the specimens that were irmdiated 
and tested at  350OC compared to  those a t  e i ther  250 or 
550°C iS not clear. 

6 . 2  Mechanical Proper t i es  of Iron-Base Long-Range-Ordered 
Alloys (Oak Ridge National Laboratory and Rensselaer 
Polytechnic I n s t i t u t e )  . . . . . . . . . . . . . . . . . .  125 

Creep behavior and fat igue properties of several iron- 
base LRO alloys were characterized as functions of stress, 
temperature, and alloy composition. The LRO altoys showed 
a very rapid change i n  creep rate near the i r  cr i t ical  
ordering tempemture, T,. Porrmtion of long-range order 
lowers the steady-state creep m t e  by m r e  than 3 orders of 
magnitude. The alloys exhibited a rupture duc t i l i t y  of 3.7 
t o  5.6% a t  temperatures below Tc. 
of fracture surfaces wvealed that  the low duc t i l i t y  i s  
associated With nucleation, growth, and coalescence of 
cav i t i es  along grain boundaries. 
cate that  preparation of LRO-37 I F e 2 2 %  V 4 0 %  N&!7.4% Til  
from commercial-grade ferrovanadium does not degrade the 
creep properties of the alloy, compared t o  rmterial pro- 
duced from high-purity wlt stock. 
t e s t s  of attoy LRO-37 showed a m t t  decrease i n  fat igue 
resistance With increasing tempemture. 
fa t igue d a t a  among commercial at toys has demonstrated 
that  LRO-37 iS superior t o  type 316 stainless s teel ,  
Inconel 617, and HastelZoy X near 6OO0C, and superior t o  
Inconel 617 near 400OC and at  25OC. Fmctogmphic d n a -  
t i o n  of fat igue fa i lure  surfaces i n  alloy LRO-37 revealed a 
very faceted appearance, which i s  pzrtiaZZy due t o  cracking 
along annealing twin boundaries. 

PreZiminary d n a t i o n  

Limited creep d a t u  indi- 

High-frequency fatigue 

Comparison of 
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Fe-39.S N 7 2 2 . 4  V 4 . 4  Ti ( w t  %). Three thicknesses of 
sheet, and ingot rmteriul f o r  kzter processing, oil1 be 
produced. 
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7.1 The Effec t  of Austeni t iz ing  Time and Temperature on t h e  

Micros t ruc ture  of a 12 Cr-1  Mo-0.3 V S t e e l  (HT-9) 
(General Atomic Company) . . . . . . . . . . . . . . . . .  

To be reported i n  the next quarterly report. 

7.2 Tensi le  Proper t ies  of F e r r i t i c  S tee l s  a f t e r  Low-Temperature 
HFIR I r r a d i a t i o n  (Oak Ridge National Laboratory) . . . . .  

Tensile specimens from m Z Z  heats of f e r r i t i c  
(martensit ic) s teels  based on 12 Cr-1 Mom, 9 Cr-1 MoVnrb, 
and the low-alloy f e r r i t i c  2 1/4 Cr-1 Mo steel  have been 
irmdiated a t  coolant temuemture i n  HFIR to  dis~tacement- 
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139 

damge levels  of up t o  9.; +a and helium conten'ts of 10 t o  
82 a t .  ppm. The Ease compositions and similar alloys t o  
which nickel had been added f o r  helium production are 
included i n  the irmdiat ions.  

mens from a heat of 9 Cr-1 MoVNb and  two heats of 
9 Cr-1 MoVNb with 2% N i  were tens i le  tested a t  mom tern 
pemture and 3OO0C. Yield strength and ultirmte tens i le  
strength of the irmdiated samples displayed considerable 
hardening over the unirradiated condition. The increased 
strength L I Z ~  accompanied by a decreased d u c t i z i t y .  
Indications are that the hardening resuZted only from the 
displacement darmge and ms  not af fected by the transmutu- 
t i on  hetiwn formed during irmdiat ion.  These results are 
similar t o  those f o r  the 12 Cr-1 Mom-base alloys, which 
were previously reported. 

During the present reporting period, irradiated speci- 

7.3 Preparat ion of Alloy HT-9 and Modified Alloy 9Cr-1Mo 
Reference P l a t e s  f o r  Unirradiated and I r r a d i a t e d  Condition 
Frac ture  Resistance Studies  (Naval Research Laboratory) . . 148 

A l l o y  HT-9 and modified Alloy 9Cr-1Mo are being 
evaluated f o r  potential applications as f i r s t  mll 
m t e r i a l s  i n  rmgnetic fusion reactors. One objective of 
the current investigations i s  the assessment of nnteriat 
notch duct i l i t y  and s ta t ic  fracture toughness i n  the 
preirmdiation and postirmdiation conditions. 
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Two sections of 1.7 mn thick plate from the HT-9 
reference mlt were heat treated by normtizing at  1O5O0C 
f o r  0.5 hours and tempering at  780OC f o r  2.5  hours. Good 
agreement of tensi le  t e s t  mtues  with prior results  f o r  
other plate sections from the melt t111s observed. Yield 
strength, t ens i le  strength and Charpy-V IC,) upper shelf 
energy levels, however, are tower than those f o r  m t e r i u t  
( r o d )  from the A l l o y  HT-9 reference mlt of the 
CZadding/Duct A l l o y  Development Program. 

f rom the modified A l l o y  9Cr-1Mo melt are a h 0  reported. 
Tensile and CV t e s t  resul ts  f o r  a 1.3 mn thick plate 

7.4 Microstructural Examination of a Series of Commercial 
Ferritic Alloys Irradiated to Moderate Fluence (Hanford 
Engineering Development Laboratory) . . . . . . . . . . . .  157 

1 Mo, H-11, @d-12, 416 and 430F have been examined by 
tmnsmission electron microscopy following irradiation a t  
425OC to  5.05 X n/cm2 ( E  > 0.1 MeV) i n  order t o  
provide e s t i m t e s  f o r  precipitation k inet ics  i n  t h i s  class 
of at toys based a comparison with earlier work a similar 
specimens irmdiuted to  higher ftuence. 
demonstrate that Mo2C i n  2 1/4 Cr-1 Mo and H-11 and an as 
yet  unidentified phase i n  416 develop very rnpidly. 
phase i n  EM-12 and uc phase i n  430F develop more 
shggiahly.  Therefore postirradiation mechanical property 
changes my be e ected t o  satumte  i n  2 1/4 C r l  Mo, H-11, 
and 416 by 5 x 1F2 n/cm2 a t  425OC but changes can be 
expected to  continue beyond 5 x 
and 430F. 

A series of f i v e  comercia1 f e r r i t i c  attoys 2 1/4 CF 

ResUtt6 

C h i  

n/cm2 i n  EM-12 

7.5 Microstructural Examination of Postirradiation Deformation 
in 2 114 Cr-1 Mo (Hanford Engineering Development 
Laboratory) . . . . . . . . . . . . . . . . . . . . . . . .  165 

Microstructumt examinations using tmnsmission 
electron microscopy have been performed a a tens i le  
specimen of 2 1 / 4  Cr-1 Mo i n  the t h e m 1  annealed condition 
irmdiated to  6.1 X n/cm2 (E > 0.1 MeV) a t  400oC 
following postirmdiation d e f o m t i o n .  
large increases i n  yield strength and ultimate tens i le  
strength are a result  of extensive precipitation of Mo2C in  
weak f e r r i t e  grains and that e f f e c t s  of precipitation 
sa tumte  by 1022 n/crn2 or 5 dpa. 

Temper-Embrittled 12 Cr-1 Mo-0.3 V Steel (HT-9) . . . . . .  174 

I t  i s  found that  

7.6 Evidence of Segregation to Martensite Lath Boundaries in a 

To be reported i n  the next quarterly report. 
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7 . 7  Environmental Effects on Properties of Ferr i t ic  Steels 
(Argonne National Laboratory) . . . . . . . . . . . . . . .  175 

ducted on Type 304 stainless steel  a t  755 K i n  lithium wn- 
taining -700 wppm nitrogen. 
secondary cmcks along the entire gauge length. 
behavior ms observed f o r  HT-9 alloy tested i n  lithium con- 
taining -1400 wppm nitrogen. 
genemlly not observed i n  f e r r i t i c  and stainless s tee l s  
tested i n  a low-oxygen sodium environment. 
indicate that the concentration of nitrogen i n  lithium has 
a strong e f f e c t  on the fat igue behavior of f e r r i t i c  as well 
as austenit ic steels .  A 3.646 (1000-h) exposure of an 
HT-9 specimen under constant stress i n  lithium a t  755 K 
has been completed. 
metattogmphically t o  evaluate the combined e f f e c t s  of 
constant stress and lithium environment a the corrosion 
behavior of HT-9 alloy. 
out t o  investigate the reactivi ty of candidate solid 
breeding mte r ia l s ,  L e . ,  L i 2 0 ,  L i A l 0 2 ,  Li2SiO3, 
L i 2 Z r O 3 ,  and Li2TiO3, with HT-9 alloy and Type 316 
s tainless  s teel .  
mens i s  i n  progress. 

The Effect of Internal Hydrogen on the Mechanical Proper- 
t ies  of HT-9: Room Temperature (Sandia National 
Laboratories, Livermore, CA) . . . . . . . . . . . . . . .  180 

0.10 MPa (15 p s i )  external hydrogen a t  room temperature has 
previously been shown t o  cause a reduction i n  duc t i l i t y  and 
change i n  fmc ture  mode compared t o  t e s t s  i n  air .  
report s u m r i z e s  preliminary resul ts  a the e f f e c t  of 
internal hydrogen, introduced by cathodic charging, on the  
t ens i l e  properties of both as-quenched and quench and 
tempered HT-9. 
a t  (0.003 A /cG)  and (0.006 A/cm2) f o r  up t o  150 minutes, 
immediately copper plated, and tested a t  mom tempemture. 
There m s  no appreciable e f f e c t  of internal hydrogen on the 
t ens i l e  properties of quench and tempered HT-9. 
hydrogen levels were believed t o  be greater than 30 ppm 
compared t o  1-5 ppm i n  the previous gas phase test ing.  For 
the higher strength, quenched microstr~cture,  the same 
charging conditions resulted i n  f m c t u r e  mode from cupcone 
centerline cracking and void coalescence to  more b r i t t l e  
surface cmck in i t ia t ion .  These resul ts  support the 
earl ier  gzs phase t e s t  resul ts  that hydrogen embrittlement 
of quench and tempered HT-9 i s  not a serious concern. 
However, a t  strength levels above 700 Mpn (produced here by 
eliminating the temper treatment) large hydrogen e f f e c t s  
are m n i f e s t .  
t e s t ing  of i rmdiat ion hardened samples. 

Several continuous-cycle fat igue t e s t s  have been con- 

The t e s t  specimens shm 
Similar 

Secondary cmcks are 

These resul ts  

The specimen i s  being examined 

Compatibility t e s t s  were mrried 

Metallogmphic evaluation of the speci- 

7.8 

Tensile tes t ing of quench and tempered HT-9 i n  

This 

Tensile specimens were mthodically charged 

The 

The &ta reconfirm the need f o r  hydrogen 
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7.9 Tespering Behavior of Laser Welds i n  HT9 (Sandia National 
Labora tor ies ,  Livermore, CA) . . . . . . . . . . . . . . .  

The e f f e c t  of postueZd heat treatment 011 both the 
microstructure and properties of laser welds i n  HT9 ms  
evaluated. High depth-to-width rat io laser welds nude a t  a 
power level of 6 kw and a t m v e l  T e e d  of 2.96 m/sec  
(70 in/minl were heat treated f o r  1 and 2 hours a t  400, 
600, and 8OO0C (750, 1100, and 1470°F) .  Heat treated weld-  
ments tempered a t  4 O O O C  exhibited l i t t l e  variation i n  
ei ther mkrohardness or microstructure relat ive t o  the 
as-welded properties. 
the  hardness i n  both the fusion zone and HAZ.  
i n  hardness m s  associated with the i n i t i a l  stages of 
m r t e n s i t e  tempering and the simultaneous precipitation of 
alloy carbides. 
a l l  regions of the weldment t o  the level of the base metal. 
Comparison of the tempering response of the laser welds 
with the previously reported behavior of gas tungsten-arc 
welds indicated that the postweld heat treatment necessary 
t o  restore adequate mechanical properties t o  the weld 
region i s  relat ively  insensi t ive t o  the welding process 
which i s  employed. 

Tempering a t  6OO0C nurkedty reduced 
The decrease 

Heating t o  80OoC reduced the hardness in  

7.10 An Auger Spectrascopic Analysis of an HT-9 Superheater Tube 
In-Service a t  bOO°C for  80,000 Hours (General Atomic 
Company) . . . . . . . . . . . . . . . . . . . . . . . . .  

To be reported i n  the next quarterly report. 

8. STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . . .  
8.1 

8.2 

I r r a d i a t i o n  Experiment S ta tus  and Schedule (Oak Ridge 
National  Laboratory) . . . . . . . . . . . . . . . . . . .  
ments are tabulated. 
recent, current, and planned experiments. Experiments are 
presently under m y  i n  the Oak Ridge Research Reactor and 
the High Flux Isotope Reactor, which are mixed spectrum 
reactors, and i n  the Experimental Breeder Reactor, which i s  
a f a s t  reactor. 

ETM Research Mater ia l s  Inventory (Oak Ridge National 
Laboratory and McDonnell Douglas) . . . . . . . . . . . . .  

Principal features of mny ADIP i rmdiat ion  experi- 
Bar charts show the schedule f o r  

The Of f ice  of Fusion Energy has assigned progmm 
responsibili ty t o  ORNL f o r  the establishment and opemtion 
of a centml  inventory of research m t e r i a l s  to be used i n  
the Fusion Reactor Materials research and development 
progmms. 
material f o r  the Fusion Reactor Materials Progmm.  

The objective i s  t o  provide a connnon supply of 
This 

191 

208 

209 

210 

217 



w i l l  minimize unintended m t e r i a t s  uariables and provide 
f o r  economy i n  procurement and f o r  centmtized 
recordkeeping. 
m t e r i a t s  related t o  first-wall and s tructumt  applications 
and related research, but mrious special purpose m t e r i a t s  
m y  be added i n  the future.  

I n i t i a l l y  t h i s  inventory will focus on 

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES . . . . 221 

9.1 Compatibi l i ty  Studies  of F e r r i t i c  S t e e l s  Exposed t o  S t a t i c  
Lithium and Type 316 S t a i n l e s s  Steel  Exposed t o  S t a t i c  
Pb-17 a t .  % L i  (Oak Ridge National Laboratory) . . . . . . 222 

The thermodynamic tendency f o r  mrbon t m n s f e r  between 
f e r r i t i c  s teels  and l i t h i u m  i s  described. 
predicts a much greater driving force f o r  decarburization 
o f  2 1/4 Cr-1 Mo steel  than f o r  Sandvik HT9 exposed t o  
lithium, which i s  consistent with our experimental 
f indings.  However, the amount of carbon toss from the 
2 1/4 C F ~  Mo steel  exposed t o  lithium would probably not 
be severe in  the temperature range of 2 1/4 Cr-1 Mo steel  
applicaion. Furthermore, decarbuPization by l i t h i u m  m n  be 
minimized by use of a stabilized 2 1/4 Cr-1 Mo s teel .  
Preliminary results  from exposures of type 316 stainless 
steeZ t o  Pb-17 a t .  % L i  a t  300, 400, and 50OOC indicated a 
signif icant corrosion rate a t  500°C but no detrimental 
e f f e c t s  a the tens i le  properties of the s teel .  

9.2 Corrosion of an Iron-Base Long-Range-Ordered Alloy i n  

The treatment 

Flowing Lithium (Oak Ridge National Laboratory) . . . . . . 229 

ordered alloy Fe- 31 .8  Ni-22.5 V-0.4 T i  ( w t  %I exposed to  
lithium i n  type 316 stainless s teel  thernnt-convection 
loops at  600 and 57OOC f o r  up t o  1500 h. 
tha t  include a contribution f r o m  dissimiZar-metal transfer 
of nickel from the alloy t o  the stainless s teel  are notch 
greater than those of type 316 stainless steel  previously 
exposed in  these loops. A loosely adherent layer ~x1s 
observed a the LRO coupons i n  m e  of the two LOOP6 and 
m y  indicate addit ional  complicating e f f e c t s  due to  the 
dissimilar loop nuteriat. 

Data are reported on the corrosion of the long-mnge- 

Corrosion m t e s  




