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ABSTRACT 

The influence of a simulated advanced-reactor helium environment, 

containing 500 patm H2/50 patm CH4/50 patm CO/y1 patm H20, on the 

mechanical properties of two heats of Hastelloy Alloy X is discussed. 

Simultaneous exposures in air and controlled-impurity helium at tempera- 

tures in the range of 650" to 1000°C for times of.3000 h or more were 

perfdrmed. A combination of tensile testing, Charpy- V-notch impact tough- 

ness testing, and creep testing was used to study the e,ffects of reactor 

helium/metal interactions on the.mechanica1 behavior of' this alloy. 

Carburization was identified as the primary corrosion phenomenon. ." 

Increasing exposure time and temperature were observed to increase the 

depth of carburization. The increase in carbon concentration in the car- 

burized zone suppressed the additional formation of MgC, which is observed 

in 'air-aged specimens, and resulted in the precipitation of M23C6, a 

chromium-rich carbide variant. The precipitation of M23C6 in the car- 

burized zone occurred primarily along grain 'and twin boundaries; however, 

matrix precipitation was also observed, the degree of which depended on 

exposure temperature. 

Strength and impact toughness properties were found to be controlled 

primarily by thermal aging reactions, with only a small effect related to 

the carbkrization. Although tensile and creep ductilities were decreased 

as a result of carburization, substantial ductility remained. Variation 

was .observed between the two heats, the finer-grained IleaL c l y y a i i ~ i ~ g  to be 

weaker in the high-temperature creep tests end also possibly more suscep- 

tible to a loss of creep strength as a result of carburization. 

iii 
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1. INTRODUCTION I- . 

Hastel loy Alloy X* is being considered a s  one of the  major high- 

temperature a l l o y s  f o r  s t r u c t u r a l  component app l i ca t ions  i n  an advanced- 

design, gas-turbine high-temperature gas-cooled reac to r  (GT-HTGR). This 

a l l o y  is  cur ren t ly  being employed i n  an operat ing steam-cycle HTGR 

designed and constructed by Genera1,Atomic Company (GA). The steam-cycle.. 

HTGR i s  a uranium-thorium-fueled, graphite-moderated reac to r  system i n .  

which the  f i s s i o n  heat  generated i n  the  r eac to r  core is t r ans fe r red  by . 

high-pressure helium coolant gas t o  steam genera tors  where superheated 

steam is produced f o r  e l e c t r i c  power generat ion.  I n  the  d i rec t -cycle  

GT-HTGR c u r r e n t l y  under design, the  helium coolant  is t r ans fe r red  d i r e c t l y  

t o  a gas turbine  f o r  power conversion, thus circumventing the need f o r  

intermediate heat  exchangers o r  steam generators .  

Mater ia ls  s e l e c t i o n  f o r  many of the  p lan t  (non-core) components of . 

these , reac tors  is s t rongly  influenced by the  high temperatures and long 

l i f e  (40 years)  required by the reactor .  design. Thus, it  is  necessary t o  

develop a high degree of understanding concerning the  long-time thermal 

response of a l l o y  s t r u c t u r e s  and subsequent e f f e c t s  on mechanical 

propercies.  

 he chemical ine r tness  of the  helium primary coolant gas allows the  

HTGR system t o  take advantage of the  exce l l en t  e levated  temperature prop- 

e r t i e s  of a ma te r i a l  such as graphite .  However, although helium is i n e r t ,  

t he re  a r e  p r a c t i c a l  l i m i t s a t 0  the  primary coolant  pur i ty  l e v e l s  obta inable  

i n  an a c t u a l  opera t ing  HTGR. The unavoidable presence of small q u a n t i t i e s  

of impur i t ies  i n  the  helium coolant requi res  t h a t  an understanding of the  

i n t e r a c t i o n  of s t r u c t u r a l  ma te r i a l s  with these  impur i t ies  be obtained. 

*Hastelloy Alloy X is a r eg i s t e red  trademark of Cabot Corporation. 
Material  of the  same speci f ied  composition supplied by o ther  producers. is 
normally i d e n t i f i e d  a s  Alloy X. 

1 



The principal HTGR primary coolant impurities which are potentially impor- 

tant with respect to.materials compatibility'include H2, H20, CO, C02, and 

; CHq. These impurities may arise from a variety of sources, such as steam 

ingress and proton diffusion through steam tubes (in steam cycle systems), 

outgassing of reactor components, oil ingress, and reaction of these pri- , 

mary source impurities with the core graphite. 

The potential interaction of structbral met,als kith primary. coolant 

impurities is of prime concern in reactor design since. degradation of prop-. 

erties may result from gaslmetal reactions such as internal oxidation. br 

interstitial transport (carburization or decarburization, for example).. 

Recent experiments such as those on the long-term exposure.of several com- 

ponent materials to a simulated GT-HTGR helium environment have shown sig- 

nificant carburization of both wrought and.cast alloys (Refs. 1-3). Exten- . 

sive experimental programs are currently in progress at GA to investigate, 

the HTGR helium corrosion behavior .and its influence.on the mechanical. . . 

properties of candidate alloys. This paper.reports the experimental 

results of 3000-h tests of Hastelloy X exposed to a simulated GT-HTGR 

environment and to air at temperatures from 650° to 1000°C. 
. . 

' . I  



2. EXPERIMENTAL PROCEDURES 

Two a l l o y  hea t s ,  obtained from d i f f e r e n t  vendors,  were employed i n  

t h i s  s tudy.  I n  t h i s  and subsequent s e c t i o n s  'o f  t h i s  r e p o r t ,  both' h e a t s  a r e  

r e f e r r e d  t o  as HasteLloy X f o r  convenience. Both a l l d y s  were rece ived  i n  

t h e  form of 12.7 mm (0.5 i n . )  diameter  bars .  The two hea ts ;  i d e n t i f i e d  

he re in  a s  081 and 086, were s o l u t i o n  annealed a t  1177°C [2150°F) f o r  20 and , 

45 min, r e s p e c t i v e l y ,  and then water quenched. The g r a i n  s i z e  and chemical 

composition of the  two hea t s  a r e  l i s t e d  i n  Table 1. 

Tens i l e  and creep  specimens, 6.35 mm (0.250 i n .  ) 'diameter x 31.75 mm 
! ' 8  * 

(1.25 in . )  gage length ,  and ASTM s tandard  Charpy V-notch impact specimens, 

55.0 mm (2.165 i n . )  x 10.0 mm (0.394 i n . )  x 10.0 mm (0.394 i n . ) ,  were 

machined from the  solution-annealed bars .  Specimens were then i so thermal ly  

exposed uns t ressed  and/or s t r e s s e d  i n  c r e e p  f o r  3000 h a t  650°, 800°,  900°, 

and 1000°C i n  a s imulated GT-HTGR helium environment c o n t a i n h g  c o n t r o l l e d  

amounts of H2,  CH4, CO, and H20. Companion t e n s i l e ,  c reep ,  and impact 

specimens were exposed/s t ressed  i n  air  f o r  one o r  both h e a t s  a t  650" ( c reep  

o n l y ) ,  800°, 900°, and 1000°C (creep  only) .  

2 1 ENVIRONMENTAL EXPOSURES 

The creep  t e s t s  were conducted a t  t he  Cent ra l  I n s t i t u t e  f o r  I n d u s t r i a l  

Research (CIIR) i n  Oslo, Norway, us ing  an uninstrumented, multiple-specimen 

s t r i n g  technique i n  which t h e  creep tests a r e  i n t e r r u p t e d  and creep s t r a i n s  

a r e  measured on unloaded specimens i n i t i a l l y  a t  500-h and t h e r e a f t e r  a t  

'1000-h i n t e r v a l s .  The s t r e s s  l e v e l s  employed, shown i n  Table 2 ,  were 

s e l e c t e d  f o r  each temperature t o  approximate two-thirds the  es t imated  

s t ress - for - rupture  i n  100,000 t o  200,000 h ,  based on vendor a i r  d a t a .  

The control led-impuri ty  helium exposure system u t i l i z e d  f o r  the  c reep  

tests a t  C I I R  has been f u l l y  descr ibed i n  Ref. 1. The system is d iv ided  



TABLE 1 
GRAIN SIZE AND CHEMICAL COMPOSITION OF HASTELLOY X 

.. ( SOLUTION-ANNEALED) 

Average grain size, mm . 

'ASTM NO 

Chemical composition, wt % 

Carbon 

Manganese 

Silicon 

~hos~horus 

Sulfur 

Boron 

Nickel 

Chromium 

Molybdenum 

Cobalt ' 

- Tungsten 

Iron 

Aluminum 

Titanium 

Copper 

. Vanadium 

' Niobium ' 
Tantalum 

Yttrium 

Zirconium 

Heat 081 . 

0.090 

3-5 

0.092 

0.58 

0.96 

0 .018 

0.005 

0.003 

46.7 

21.9 

9 .O 

1.65 

0.44 

17.9 

50.10 

<0.10 

0.05 . 

,<0.10 

cO.10 , 

<0.10 

CO. 10 

0.03 

Heat086 

0.160 

2-4 . . 

. . 

0.080 

0.48 

0.49 

0.023.' . 

0.005 

,<O 002 

45.3 

20.5. 

8.6 

2.1 

0.5 

20.9 . 

<0.10 ' . 

, <O. 10 . ,. . . 

0.20 

<O. 10 

.0.25 

cO.10 . , 

CO.10 
. , 

<O .10 



TABLE 2 
SUMMARY CaF RESULTS OF CARBURIZATION DEPTH AND BULK CARBON CONTENT MEASUREMENTS 

FOR HELIUM-EXPOSED HASTELLOY X 

( a ) ~ h e  f i r s t  t h r e e  d i g i t s  of the specimen number r k f e r  t o  the hea t  number. 
( b ) ~ e p t h  of c a r b u r i z a t i o n  i s  determined by the  DIC.method. 

. . - ( ~ l ~ e a s u r e d  i n  s t r e s s e d  a r ea  (gage s e c t i o n ) .  

( d ) ~ e a s u r e d  i n  uns t r e s sed  a r ea  ( shoulder  s e c t i o n ) .  
( e ) ~ u p t u r e d  a f t e r  3170 h .  

Specimen 
NO.  ( a )  

08182 

08683 

08684 

08 184 

08115 

08116 

08607 

08125 

08126 

08602 

08604 

08105 

08605 

08104 

08609 

08611 

Type of 
specimen 

Impact 

Impact 

Impact 

Impact 

Tens i l e  

TensLle 

Tens i l e  

T e n s i l e  

Tens i le  

Tens i l e  

Tens i l e  

Creep 

'Creep 

~ r e e  p(e) 

Creep 

Creep 

Exposure 
Temp 
("C) 

800 

800 

800 

900 

800 

800 

800 

900 

900 

900 

900 

650 

80 0 

900 

900 

1000 

S t r e s s  Applied 
During Exposure 

(MPa) 

-- 
-- 
-- 
-- 
-- 
-- 

- -- 
-- 
-- 
-- 
-- 

103 

3 1 - 
12.8 

12.8 

4.8 

Bulk Carbon 
Content 
(wt % )  

0.12 

0.097 

0.095 

0.16 

0.11 

0.11 

0.097 

0.17 

0.16 

0.13 

0.18 

0.10 

0.11 
-- 

0.15 

0 .'I6 

Re la t i ve  
Percentage 

Carbon 
Increase  

30.4 

21.3 

18.8 

73.9 

19.6 

19.6 

21.4 

84.8 

73.9 

62.5 

125 

8.7 

37.5 
-- 
87.5 

100 

Carburized 
Depth 

(pm) (b )  

114 

167 

122 

232 

105 

77 

109 

267 

2 84 

236 

59 2 

0 

2 7 3 ( ~ )  (325)(d)  

2 8 1 ( ~ )  (267) (d)  

5 1 3 ( ~ )  (498) 

1123!-~) (738) 



into a gas loop, which provides the test helium at prescribed controlled- 

impurity levels, and a furnace loop, which receives the controlled- 

impurity helium and exposes specimens under controlled temperatures and 

loading conditions. The gas circuit consists of two main parts, a purifi- 

cation loop and a helium loop with a large manifold supplying gas to the 

test furnaces. In the purification loop, commercially pure helium is puri- 

fied to very low partial pressures of the impurities CO, C02, Hz, H20, 02, 

and N2. The Hz, CO, and H20 content of the controlled-impurity test 

helium is regulated by varying the amount of Hz0 injected into the loop as 

well as the temperature and gas flow through a graphite furnace, where Hz0 

is converted to CO and Hz. Methane (CH4) is injected into the loop inde- 

, pendently. The helium flow rate in each furnace is maintained at 1000 

I cclmin. The instrument circuit monitors and controls the impurity content 

of the test gas. Hydrogen is monitored by converting it to H20 in a CuO 
< 

furnace and employing a P2O5 Meeco Model W electrolytic H20 analyzer (to 

10 patm). Water is monitored with a Goldsmith P205 cell with extra-fine 

~latinum electrodes. A detection limit of 0.2 f 0.04 patm H20 is 

obtained., The overall loop and the ~ u t l e t  gases frnm each w t  n f  furnaces 

are monitored. A Carle Model 8000 gas chromatograph monitors CH4 and CO. 
. . 

The helium impurity histograms for the first 3000 h of creep testing 

at CIIR are shown in Fig. 1. The levels of CH4 and CO were initially . 

lower than the target values of 50 patm. By the end of ,3000 h, the CH4 

partial pressure was brought up to 50 patm but the CO partial pres$ure 

could not be increased much above 30 patm. The Hz and H20 partial pres- 

sures were at or near the target values of 500 patm and 1.5 patm, respec- 

tively, during the first 3000 h of testing. For test'exposure times 

greater than 3000 h, impurity levels were maintained within *20% of the 

values established after 3000 h of exposure. 

The unstressed aging tests on tensile and impact specimens were 

conducted at GA for temperatures of 800° and 900°C employing the same 

alloy heats and nominal helium impurity levels as those at CIIR. Unlike 
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the controlled-impurity helium . loop . . . . utilized . . . . . -. . at . . CIIR, . . . a once-through sys- . < 

tem was employed at GA. This system has also been fully described :(~ef. 
. .' . , ' . ' 6 ,  - ... .,... 

1). In this system, the contrblled-impurity hel'ium environment is pre- 
pared by first purifying commercial atomic-grade helium (99.995% purity) 

by passing the gas through a 5 1 molecular . .sieve/activated . charcoal trap 

maintained at liquid nitrogen temperature (-196O~). Controlled quantities 

of research-purity Hz, CH4, and CO are added through special micrometering 

vacuum valves' to a mixing manifold, and the .mi-xture is supplied to. the 

aging furnace retort at 470 cc/min and 1.05 atm pressure. No ~ 2 O ' i s  delib- 

erately introduced into the controlled-impurity helium. The Hz, CO, and 
"' " . .' ( 

CH4 concentrations in the helium are measured. using a,Carle Model lllH gas 

chromatograph, while an EG&G Model 440 hygrometer with auxiliary cooling 

and extended range capabilities is employed to continuously monitor 

moisture levels. 

The helium impurity histograms representative of the conditions for 

the GA once-through system during the 3000-h exposures are shown in Fig. 
. . 

2. The Hz0 levels were below 1 patm (the detection limit of the hygro- 

meter) throughout mb8c b f  the rest period and' were suluewllat 10.wei tl.iai~ tlie 

1.5 patm maintained for the creep tests at CIIR. The CH4 and CO partial' 

pressures were within -10% of the 50 patm target value during most of the 

3000-h test time. The H2 level was consistently within-10% during the 

total 'test interval. 

2.2. MECHANICAL PROPERTY AND METALLURGICAL EVALUATIONS 

After 3000 h of exposure, tensile and impact specimens exposed in 

helium and air at GA, and selected creep specimens exposed in helium and 

air at CIIR, were removed and subsequently fractured in' tension or impact 

at room temperature. Tension tests were conducted at GA using an MTS 

(Materials Testing Systems) universal test machine employing a constant 

loading rate of 2.22 x 105.N/min. (5000 lblmin).' Impact tests were con- 

ducted using an instrumented Tinius-Olsen impact machine. Several creep 

specimens of one of the Hastelloy X heats (heat 081) ruptured prior to 
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reaching 3000 h of t e s t i n g ;  the re fo re ,  n o  t e n s i l e  da ta  were obtained from 

t h e s e  specimens. A number of helium and. a i r  creep t e s t s  . .for .both . .heats  

a r e  being continued a t  C I I R .  

F,ractured specimens were subjected t o  d e t a i l e d  meta l lu rg ica l  analyses 

inc lud ing  o p t i c a l  and scanning e lec t ron  microscopy ' ( SEM), SEM energy d i s -  

p e r s i v e  x-ray (EDX) a n a l y s i s ,  bulk carbon content  determination, and x-ray 

d i f  f rac t i .on  phase ana lys i s .  . Carburipat ion,  -where obseryed, w i t s .  measured 
. .. 

by a d i f f e r e n t i a l  in t e r fe rence '  con t ras t  method using an o p t i c a l  microscope 

with polar ized  l i g h t .  E l e c t r o l y t i c  surface  ex t rac t ions  of p rec ip i t a t ed  

phases. and surface s c a l e s  from se lec ted  specimens were conducted a t  room , .  

temperature using an e l e c t r o l y t e  conta in ing 10% HC1 i n  methanol. X-ray. 

d i f f r a c t i o n  analyses of e x t r a c t i o n s  were performed using a Nonius ~ u i n i e r  . . 

de Wolff quadrupole-focusing camera.iri conjunction with Cu K a  r ad ia t ion .  



3. RESULTS 

3 -1. CREEP TESTS 

The controlled-impurity'  helium and a i r  creep t e s t  r e s u l t s  f o r  both 

heats  of Hastel loy X a r e  summarized i n  Table 3. Data from t e s t s ' a t  650°, 

800°, 900°, and 1000°C a r e  shown. The t a b l e  ind ica tes  the t o t a l  creep 

s t r a i n  a t  1000-h i n t e r v a l s  ( o r  5000-h i n t e r v a l s  a f t e r  10,000 h of t e s t i n g )  

f o r  a l l  continuing and terminated tests, and f i n a l  creep s t r a i n s  fo r  

specimens t h a t  ruptured during t e s t i n g .  

P l o t s  comparing creep s t r a i n  a s  a function of time i n  control led-  

impurity helium and i n  a i r  f o r  one or  both heats  a r e  shown i n  Fig. 3 a t  

650°C, Fig. 4 a t  800°C, Figs. .5 and 6 a t  900°C;and Fig. 7 a t  1000°C. Com- 

parison of the creep curves i n  controlled-impurity helium and a i r  a t  650°, 

800°, and .900°C ind ica tes  s imi la r  creep .behavior i n  both environments a t  

these th ree  temperatures. It should be mentioned t h a t  the 'inherent s c a t t e r  

i n  creep t e s t i n g ,  p a r t i c u l a r l y  i n  comparing data  from s ing le  specimens, has 

shown t h a t  d i f f e rences  i n  creep s t r a i n s  on the order  of seve ra l  t en ths  of a 

percent a r e  probably not s i g n i f i c a n t  a t  these  r e l a t i v e l y  low s t r e s s e s ,  

where s c a t t e r  is amplif ied,  .especia l ly  during the  e a r l y  (primary and 

secondary) s t a g e s  of high-temperature creep. Within experimental s c a t t e r ,  

therefore ,  the  creep behavior of Haste l loy  X a t  650° and 800°C and of heat  

086 a t  9 0 0 " ~  appears t o  be s imi la r  i n  helium and a i r ,  the  maximum 

d i f fe rence  i n  creep s t r a i n  between a i r -  and helium-tested specimens a t  any 

temperature being l e s s  than -0.4%. 

Comparison of the  helium and a i r  creep curves f o r  heat  081 a t  900°C 

ind ica tes  what appear. t o  be s i g n i f i c a n t  d i f ferences  i n  creep behavior 

between two of the  helium-tested specimens and the  a i r - t e s t ed  specimen, 

while one helium-tested specimen exhibi ted  creep behavior near ly  i d e n t i c a l  



TABLE 3 
COMPARISON OF CREEP DATA FOR HASTELLOY X EXPOSED IN CONTROLLED-IMPURITY HELIUM AND AIR 

Heat 
No. 

08 1 

08 1 

081 

081 

08 6 

08 1 

08 6 

08 1 

086 

08 1 

08 1 

08 1 

08 6. 

086 

086 

086 

. . 
Exposure 
Environ- 
ment 

. Air 

He 

He 

Air 

Air 

He 

He 

Air " 

Air 

He 

He 

He 

He , 

He 

He 

He 

Exposure 
Temp 
(OC) 

650 

650 

. 650 

800 

800 

800 

800 

900 

900 

900 

900 

900 

900 

900 

1000 

1000 

. 
500 H 

0.18 

0.01 

0.26 
. -- 
0.16 

0.00 

0.16 

0.00 

0.06 

0.02 

0.02 

0.00 

0.02 

0.12 

0.02 

0.10. 

Applied 
Stress 
(MPa) 

105.4 

106.3 

106.0 

31.8 

32.0 

31.9 

31.9 

13.0 

13.0 

13.0 

13.0 

13.0 

13.1 

13.0 

4.9 

4.8 

Strain Measured After Exposure (%) 

8000 H 

0.60 

0.21 

0.36 

0.14 

0.43 

1000 H 

0.29 

-- 
-- 
0.21 

-- 
0.17 

0.00 

0.22 

2760 h at 5.02%) 

(Ruptured at 3170 h at 4.85%) 

2.02 1 2.40 1 (Ruptured at 5290 h ai'4.401) 

(Terminated) 

0.41 1 0.591 0.701 0.77 1'0.901 0.96 1 1.13 1 
. . 

I 

(Ruptured at 7945 h at 22.82%) 

I 0.81 1 1.16 1 1.68 1 

9000 H 

0.64 

0.28 

0.36 

.0.17 

0.42 

0.19 

0.10 

0.06 

0.07 

0.18 

0.18 

1500 H 

0.10 

0.26 
-- 
-- 
-- 
-- 
-- 
-- 

4000 H 

0.49 

.0.17 

0.24 

0.07 

0.18 

1.94 

0.41 

5000 H 

0.57 

0.17 

0.23 

0.07 

0.23 

2.97 

0.58 

6000 H 

0.57 

0.17 

.0.26 

0.07 

0.38 

5.60 

0.61 

0.18 

1.51 

0.82 

. 0.33 

0.22 

0 2 6  

0.57 

2000 B 

' .  0.40 

0.21 

-- 
- 0.14 
0.22 

0.00 

0.17 

0.60 

0.24 

7000 H 

0.58 

0.21. 

0.25 

0.07 

0.39 

14.05 
-- 

10,000 H 

0.64 

0.23 

0.36 

0.19 

0.47 

(~uptured-at 

2.85 

0.36 

., 0.41 

0.36 

(Terminated) 

2500 H 3000 H 

0.40 

-- 0.22 

-- -- 
-- 0.14 

-- 0.24 

-- 0.07 

-- 0.15 

-- 1.10 

-- ' 0.36 

0.33 

15,000 H 

0.69 

0.27 

0.39 

0.51 
-- 

20,000 H 

0.73 

0.36 . 

0.67 
-- 

. 2.49 3.72 4.61 4.73, 1.87 1.93 2.23 2.37 
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Fig. 3.  , Creep curves for Hastelloy X (heat 081) i n  a i r  and controlled- 
impurity helium a t  650°C . (T = terminated) 
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Fig. 4.  c i eee  curves f o r  Hastelloy X (hehts 0.81 and 086)  in: a i r  and con- 
trolled-impurity helium at  800°C . . .  



Fig. 5. Creep curves for ~ a s t e l l d ~  X (heat 081) i n  a i r  and controlled- 
impurity helium a t  900°C (R = ruptured) 
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F i g .  6. Creep curves .for Hastelloy X (heat 086) i n  a i r  and controlled- 
impurity helium at 900°C '(T =. terminated) .. . 



Fig. 7 .  Creep curves for Hastelloy X (heat 086) i n  controlled-impurity 
helium a t  1000°C (T = terminated) 



t o  t h e  a i r - t e s t e d  specimen f o r  times up t o  -5000 hr .  The creep behavior i n  

heiium and ' a i r  f o r  hea t  081 a t  900°c appears t o  be s imi la r  during the  e a r l y  

s t a g e s  of creep ( u p ' t o  -2000 h r )  but devia tes  s i g n i f i c a n t l y  a t  longer 

times. However, the  creep da ta  f o r  both environments suggest tha t  a l l  of 

t h e  test specimens experienced acce le ra t ing  increases  i n  s t r a i n  a t  l a t e r  
. . 

t imes,  which is c h a r a c t e r i s t i c  of t e r t i a r y  creep ( a  s t age  of high- 

temperature creep genera l ly  associa ted  with complex phenomena, including 

creep deformation under increas ing complex s t r e s s e s ,  in t e rg ranu la r  void 

format ion ,  crack nuclea t ion ,  and crack growth). It is not uncommon fo r  

creep curves f o r  mul t ip le  specimens t e s t e d  under i d e n t i c a l  condit ions t o  

' d i f f e r  markedly during th i rd-s tage  creep because of the  r a the r  inhomo- 

geneous nature  of the  complex processes t h a t  can occur. The low-ducti l i ty 

r u p t u r e  of the  th ree  specimens t e s t ed  i n  helium should be noted, however. 

The t h r e e  specimens ruptured w'ith 4.4 t o  5.0% f i n a l  p l a s t i c  s t r a i n ,  while 

t h e  same mate r i a l  t e s t e d  i n  a i r  a t  900°C ruptured with -23% f i n a l  p l a s t i c  
, . .  ,. 

s t r a i n .  This heat  of Haste l loy  X appe.ars t o  be below average i n  creep 

s t r e n g t h ,  but the  da ta  c l e a r l y  show a s i g n i f i c a n t l y  lower rupture duc t i l -  

i t y  i n  control led-impuri ty helium. The reason f o r  t h e  ,apparent low . ' 

s t r e n g t h  of t h i s  heat  i n  comparison with the  o ther  heat  'of ~ a s t e l i o ~  'X is 

n o t .  c l e a r ,  but it is  suspected t h a t  the  smaller g ra in  s i$e  .of the  former 

may be a contr ibu ' t ing '  f a c t o r ,  s ince  fine-grained' ma te r i a l s  'are g&ndral ly  

weaker i n  high-temperature creep than coarse-grained mate r i a l s  (Ref. 4 ) .  

3.2. ROOM-TEMPERATURE TENSILE AND IMPACT PROPERTIES 

3.2.1.   ensile P r o p e r t i e s  

The room-temperature t e n s i l e  tes , t  r e s u l t s  f o r  specimens exposed 

uns t resed  and/or s t r e s s e d  ( i n  creep) f o r  3000 h i n  impure helium and a i r  

are presented i n  Table 4. A comparison of da ta  f o r  helium- and air-aged 

specimens is presented i n  Fig.  8. Resul ts  obtained f o r  solution-annealed 

specimens a r e  a l s o  included. The room-temperature t e n s i l e  proper t ies  pre- 

sented inc lude  0.2% o f f s e t  y ie ld  s t r eng th ,  u l t ima te  t e n s i l e  s t r eng th ,  and 

p l a s t i c  s t r a i n  t o  f a i l u r e  (percent  t o t a l  elongation).  



TABLE 4 
ROOM-TEMPERATURE TENSILE TEST RESULTS FOR HELIUM- AND AIR-EXPOSED HASTELLOY X 

TENSILE AND CREEP SPECIMENS . . .  

08 1 
(Solution 
annealed) 

08 6 
( Solution 
annealed) 

08 1 

Type of 
Specimen 

Tensile 

Tensile 

Tensile 

Tensile 

Tensile 

Tensile 

Tensile 

Tensile 

Tensile 

Tensile 

Creep 

Creep 

Creep 

Creep 

Creep 

Exposure 
Temp 
("C)  

-- 

-- 

800 

800 

800 

800 

900 

900 

900 

900 

650 

650 

' 800 

900 

1000 

~xposure 
Environ- 
ment 

-- 

- 

He 

Air 

He 

.Air 

He 

Air 

He 

Air 

He 

Air 

He 

H e  
He 

Strength Elongation 
( X  in 25.4 mm) 
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I n  t h e  as-received (solut ion-annealed)  cond i t i on ,  both h e a t s  

exh ib i t ed  i n t e rmed ia t e  y i e l d  s t r e n g t h ,  high u l t i m a t e  s t r e n g t h ,  and substan- 

t i a l  p l a s t i c  s t r a i n  t o  f a i l u r e  ( d u c t i l i t y ) .  The u l t i m a t e  s t r e n g t h s  and 
. . 

d u c t i l i t i e s  f o r  . both . h e a t s  were similar, wh i l e  t h e  y i e l d  s t r e n g t h  was . s ig-  . 

n i f i c a n t l y  h igher  f o r  t h e  f ine-grained heat. of m a t e r i a l  (081). uns t r e s sed  
. * 

aging  i n  helium o r  a i r  a t  800°C r c s u l t e d  i n  only s l i g h t  changes i n  . y i e l d  . . . ., . c . 

s t r e n g t h s  f o r  both h e a t s ,  compared t o  as-received va lues ,  s i g n i f i c a n t  (10 , 

. . .  . . . .  
t o  16%) i n c r e a s e s  i n  u l t i m a t e  s t r e n g t h ,  and l a r g e , d e c r e a s e s  i n  d u c t i l i t i e s  

(50 t o  70% reduc t ion  r e l a t i v e  t o  i n i t i a l  va lues ) .  Yie ld  and u l t i m a t e  

s t r e n g t h s  and d u c t i l i t i e s  f o r  both h e a t s  decreased below as-received 
. . 

values  a f t e r  uns t r e s sed  aging i n  helium o r  a i r  a t  900°C. D u c t i l i t i e s  . , 

obta ined  a f t e r  uns t r e s sed  ag ing  a t  900°C were s i m i l a r  t o  o r  s l i g h t l y  lower 
I . .  ( 

than va lues  ob ta ined  a f t e r  800°C aging. 
. . 

St reng th  va lues  f o r  800°C a i r -  and helium-aged specimens were com- 

parab le  f o r  both h e a t s ,  while p l a s t i c  s t r a i n s  t o  f a i l u r e  were s l i g h t l y  

lower a f t e r  ag ing  i n  helium than i n  a i r .  Yie ld  s t r e n g t h s  f o r  b o t h . h e a t s  
'\ aged uns t regsed  a t  90U0C were comparable i n  a i r  and helium, whi le  u l t i m a t e  

s t r e n g t h  and ' d u c t i l i t y  va lues  were lower a f t e r  ag ing  i n  helium than i n  

a i r .  

Creep t e s t i n g  i n  helium of hea t  086 a t  800" and 900°C r e s u l t e d  i n .  

s i g n i f i c a n t  d i f f e r e n c e s  i n  r e s i d u a l  t e n s i l e  p r o p e r t i e s  r e l a t i v e  t o  va lues  

f o r  uns t r e s sed  specimens only a t  800°C. Although y i e l d  s t r e n g t h  va lues  

f o r  both uns t r e s sed  and s t r e s s e d  ( c r e p t ) ' s p e c i n e n s  were nea r iy  t he  same, 

u l t i m a t e  s t r e n g t h s  and d u c t i l i t i e s  were app rec i ab ly  lower f o r  specimens 

c r e p t  i n  helium a t  800°C compared t o  t h e i r  u n s t r e s s e d  and helium-aged 

coun te rpa r t s .  T e n s i l e  p r o p e r t i e s  ob ta ined  a f t e r  900°C ag ing  were com- 

parab le  f o r . u n o t r e s s e d  a n d . s t r e s s e d  specimens. A t  650°C, no s i g n i f i c a n t  

d i f f e r e n c e s  i n  t e n s i l e  p r o p e r t i e s  were observed between specimens c r e p t  i n  

helium and a i r .  Residual  p r o p e r t i e s  of 1000°C-crept specimens were com- 

parab le  t o  those  obtained a f t e r  900°C creep .  



3.2.2. Impact P r o p e r t i e s  
.. ' 

The room-temperature i m p a c t . t e s t  r e s u l t s  f o r  specimens exposed 3000 h 
.I . '. 

i n  heliuin and a i r  a r e  presented i n  Table f .  Resul ts  a r e  a l s o  included f o r  

as-received (solut ion-annealed) specimens. I n  the  solution-annealed condi- 

t i o n ,  hea t  086, by v i r t u e  of i ts  coarser  g ra in  s t r u c t u r e ,  e x h i b i t e d - a  much 

h igher  'impact energy (187.4 J )  than the  f iner-grained heat  081 specimen 

(62.4 J ) .  Helium and/or air  aging a t  800" and 900°C s u b s t a n t i a l l y  reduced 

t h e  impact. energies  of both heats .  Impact energies  a f t e r  helium aging ' a t  

800°C w e r e  lower f o r  the  fine-grained heat  (081) compared t o  the coarse- 

gra ined mate r i a l ,  while values f o r b o t h  hea t s  were comparable afte,r helium 

aging a t  9 0 0 " ~ .  Impact values f o r  hea t  086 a f t e r  aging a t  800° arid.900°C 

were comparable f o r  helium- and air-aged specimens. 

3 3. SURFACE AND INTERNAL MICROSTRUCTURAL CHANGES . . 

' . . .  .. . , 

s i g n i f i c a n t  changes occurred i n  the  surface  and i n t e r n a l  micro- 'J 

' ~ " t r u c t u r e s  of both h e a t s  a f t e r  exposure t o  control led-impuri ty . helium a t  

650' t o  1 0 0 b " ~ .  The changes were manifestat ions of both thermal aging 

phenomena and i n t e r a c t i o n s  of the ma te r i a l s  with the  gaseous impurities i n  

t h e  helium environments. 

3.3.1. Thermal Aging E f f e c t s  

I n t e r n a l  mic ros t ruc tu ra l  changes, independent of the  helium impurity/ 

metal  i n t e r a c t i o n s  which occurred, were observed i n  a l l  of the h e l l u b  

exposed specimens and were the  r e s u l t  of well-known thermal aging phenom- 

ena. These same mic ros t ruc tu ra l  changes were a l s o  observed in ' a i r - aged '  
. . . .  specimens. 

The i n t e r n a l  micros t ructures  of both Haste l loy  X hea t s  p r i o r  t o  expo- 

s u r e  a r e  shown i n  Fig. 9. Heat 086 exh ib i t ed  a r e l a t i v e l y  l a rge  g r a i n  

s i z e  (0.160 mm g r a i n  diameter)  and contained a high dens i ty  of annealing . 



TABLE 5 
ROOM-TEMPERATURE IMPACT TEST RESULTS FOR HELIUM- AND AIR-EXPOSED 

HASTELLOY X GHILRPY V-NOTCH SPECIMENS 

Heat 
No . 

08 1 
(Solution 
annealed) 

086 
( Selution 
annealed) 

08 1 

086 

086 

086 

08 1 

086 

086 

Exposure 
Environment 

-- 

- 

He 

He 

He 

Air 

He 

He 

Air 

Exposure 
Temp 
("C) 

- 

800 

800 

800 

800 

900 

900 

900 

Energy 
Abeorbed 

(J) 

62.4 

187.4 

5.3 

9.7 

10.6 

9.3 

17 .O 

19.2 

15 .O 



Heat 081 

Heat 086 

Fig. 9. Optical photomicrographs showing etched internal microstructures 
of Hastelloy X i n  solution-annealed condition. Typical phases 
present include coarse and fine MgC-type carbides. Electrolytic 
oxalic acid etch 
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twins, while heat 081 exhibited a smaller grain s i z e  (0.090 mm grain  diam- 

e te r ) ,  a lower annealing twin density, and more d i s t i n c t  grain boundaries 

than observed fo r  heat 086. Both solution-annealed heats contained a mix- 

ture  of f i n e  and coarse carbides dispersed i n  a nickel-rich aus ten i te  (Y)  

matrix. Large and small globular o r  roughly spher ical  carbides appeared 

both in t ra -  and intergranular ly  throughout the microstructures. Finer and 

much less extensive carbides appeared within the microstructures, both 

intergranular ly  and surrounding the la rge  globular carbides. The mor- 

phology and d i s t r ibu t ion  of these carbides a re  charac te r i s t i c  of the pri- 

mary molybdenum-rich %C-type carbides generally found i n  solution- 

annealed Hastelloy X (Refs. 5-7). Small in t ra -  and intergranular cubic 

p rec ip i ta tes  ( typ ica l  of carbonitr ides) were a l so  observed occasionally i n  

the microstructures. 

Except f o r  spme differences associated with twin boundaries i n  the' 

two heats, thermal aging produced s imilar  microstructural  changes f o r  both 

mater ia ls  during exposure. Photomicrographs shown i n  Figs. 10 through 13 

a r e  representative of the in te rna l  (center of specimen) microstructures of 

both heats a f t e r  a 3000-h exposure t o  controlled-impurity helium or a i r  a t  

650' (heat 081 only), 800°, 900°, and 1000°C (heat 086 only). 

The e f f ec t  of thermal aging at a l l  temperatures was t o  produce addi- 

t i ona l  carbide precipitat ion.  The s ize ,  density, and locations of the  

prec ip i ta tes  r e l a t i ve  t o  other mlcrostructural  features  (i.e., g ra in  and 

twin boundaries, etc.) i n  the mater ia ls  varied with the exposure 

temperature. 

Aging a t  650° and 800°C generally produced precipi ta t ion of f ine ,  

d i sc re te  carbides, in t ra-  and intergranularly,  on twin boundaries, and 

around the much coarser primary qC-type carbides. A t  650°C, the precipi- 

ta ted carbides were very f i n e  and t h e i r  density was grea tes t  near grain  

boundaries and primary carbides, while at 800°C, the precipi ta ted carbides 

were more uniformly d i s t r ibu ted  throughout the microstructure and were 



Heat 081 (a) I 

- 
Heat 081 10 p m  

Fig. 10, Optical photo@crogrephs showing etched internal microetructure of Hastelloy X (heat 081) 
after 3000 h of thermal aging at  650mC. Eliccrolytic oxalic acid etch. 



Heat 081 (a) 

Heat 086 (c) 

Fig. 1 1 .  Optical photomicrographs showing etched internal microstructure 
of Hastelloy X after 3000 h of thermal aging a t  800°C. Electro- 
l y t i c  oxalic acid etch. 



I 

Heat 081 (a) 40pm 
I 

Heat 081 (b) 10 ym 

u 
Heat 086 (c) $O Pm 

Fig. 12. Optical photomicrographs showing etched internal microstructures 
of Hastelloy X after 3000 h of thermal'aging at 900°C. Electro- 
lyt ic  oxalic acid etch. 



Fig. 13. Optical photodcrographs showing etched internal microstructure of Hastelloy X (heat 
0.86) after 3000 h of t&rmal aging at  1000°C. Electrolytic oxalic acid etch. 



s l i g h t l y  coarser i n  appearance. Twin boundary precipi ta t ion appeared to  

be more pronounced i n  the smaller-grained heat (081) of material. In  addi- 

t i on ,  carbide denuded zones adjacent t o  grain and twin boundaries were 

observed a f t e r  800°C aging of both heats. 

The e f f ec t  of thermal aging a t  900° and 1000°C w a s  t o  produce a 

coarser d i s t r i bu t ion  of precipi ta ted carbides than tha t  observed a t  the 

lower temperatures. An increased number of large,  globular int ra-  and 

intergranular  carbides, s imilar  t o  the %C-type carbides found i n  the 

solution-annealed materials,  were observed a f t e r  aging a t  both tempera- 

tures.  I n  addit ion,  a d is t r ibu t ion  of intermediate and f ine  precipitated 

carbides w a s  observed at grain  and twin boundaries and within the grains 

of both materials.  A s  observed a t  800°C, more pronounced twin boundary 

prec ip i ta t ion  w a s  noted f o r  heat 081 a f t e r  900°C exposure compared t o  heat 

086. I n  general, the carbides precipi ta ted a t  1000°C appeared to  be 

coarser and l e s s  dense than those observed a t  900°C. 

Based on the r e su l t s  of previous Hastelloy X thermal aging studies 

(Refs. 6,7), the carbides observed i n  both of the aged &ate can be tenta- 

t i v e l y  iden t i f ied  a s  mixtures of predominantly two MgC-type carbides. 

Analyses of residues extracted from solution-annealed and aged Hastelloy X 

have indicated tha t  a s ing le  MgC-type carbide is predominant i n  solution- 

annealed material ,  while two carbides, M6C and M6C', a r e  predominant i n  

material aged at temperatures >538OC. These analyses have a l so  indicated 

t h a t  %C' i s  the major phase precipitated during thermal aging a t  such 

temperatures, but the presence of a and 1~ phases, especial ly  a t  higher 

temperatures and f o r  longer aging times, was a l so  confirmed. 

H e l i u m  Impurity/Metal Interact ions  

Interact ions  between the specimens and impurit ies i n  the controlled- 

impurity helium environment occurred a t  a l l  exposure temperatures, 

r e su l t i ng  i n  surface oxide and carbide formation, in te rna l  oxidation, 



al loying element depletion, and high-density carbide prec ip i ta t ion  (car- 

burization) extending in to  the matrix. Because of these environmentally 

induced reactions,  both materials  exhibited varying degrees of surface 

discolorat ion and sca le  formation, a s  well  ae increases i n  carbon content. 

The materials  progressed from uniform black scales  ( a t  650°C) t o  uniform 

gray scales  with increasing temperature. 

The scale  morphologies of the specimens exposed to  controlled- 

impurity helium f o r  300 h a t  temperatures from 650' t o  1000°C a r e  shown i n  

Fig. 14. A t  each temperature, the scale  morphologies observed f o r  both 

heats were similar.  

A t  650°C, the  surface scale  observed w a s  a very th in  (-1 pm) con- 

tinuous layer  which was determined by SEM energy dispersive x-ray analysis  

(EDX) t o  be predominantly chromium-rich oxide. Below t h i s  th in  scale,  a 

very shallow (-10 v m )  chromium-depleted region was observed. 

A t  exposure temperatures of 800°C and higher, duplex-layered surface 

scales  were observed consist ing of an outer light-etching (white) sca le  

and a dark appearing (gray) inner scale.  A t  800°C, the outer white layer  

appeared discontinuous and thin,  while a t  900°C, t h i s  white layer  was gen- 

e r a l l y  thicker and more continuous. A t  1000°C, the outer white scale  was 

r e l a t i ve ly  thick but exhibited a tendency to  spa l l .  The outer white layer  

a t  a l l  three  temperatures w a s  found to  be a chromium-rich carbide con- 

ta ining small amounts of Mo, N i ,  Fe, and Si,  while the inner gray layer 

w a s  iden t i f i ed  a s  a chromium-rich oxide a t  800°C and a chromium- and 

manganese-rich oxide (possibly spinel)  a t  900° and 1000°C. Beneath the 

duplex surface scales  on the specimens exposed a t  800°, 900°, and 1000°C, 

a denuded region appeared, depleted i n  those elements present i n  the sur- 

face  scales.  Within t h i s  alloy-depleted region, f i ne  par t i cu la te  in ternal  

oxides, primarily aluminum- and silicon-rich, were observed. In  general, 

t h e  thickness of the alloy-depleted region and the depth of in te rna l  oxi- 

dation increased with increasing exposure temperature. No in t e rna l  

oxidation was observed fo r  the 650°C-exposed specimen. 



Heat 0811086 (b) , 10 pm 

Heat 0811086 (c) 10 pm Heat 0811086 10 pm 

Fig. 14. .Opt ica l  photomfcrographs showing surface condition and unetched 
subsurface microstructure of Hastelloy X a f t e r  3000-h expoeure i n  
controlled-impurity helium a t  (a) 650°C, (b) 800°C, (c) 900°C, 
and (d) 1 OOO°C. Scale morphologies and subsurface microstructures 
shown a r e  typical  of both heats  of material  employed i n  study. 
White layer  shown above sca l e  i n  (c) and (d) is electrodeposited 
nickel. 
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Carburization was observed fo r  both of the Hastelloy X heats a t  

temperatures greater  than 650°C. The carburization appeared as  a near- 

surface zone of high-density precipi ta ted carbides and resulted i n  

increases i n  the bulk carbon content of the materials .  The precipi ta ted 

carbides were observed int ra-  and intergranularly,  and often a t  twin 

boundaries. The grain  boundary and twin boundary precipi ta ted carbides 

a l so  appeared thicker and more continuous nearest the surface. Optical 

photomicrographs which a re  representative of the carburization observed 

f o r  both heats a t  each temperature are  shown i n  Figs. 15 and 16. These 

photomicrographs were obtained by the d i f f e r e n t i a l  in terference contrast  

(DIC) method using an op t ica l  microscope with polarized l i gh t .  Under 

these conditions, the precipi ta ted carbides resu l t ing  from carburization 

appeared t o  stand i n  r e l i e f  r e l a t i ve  t o  the other caribdes present i n  the 

microstructure, possibly because of t he i r  d i f fe ren t  hardnesses. Because 

of t h i s  e f f ec t ,  these precipi ta ted carbides were r e l a t i ve ly  easy t o  locate 

during subsequent scanning e lectron microscopy examinations and were 

readi ly  iden t i f i ed  a s  chromium-rich carbides by EDX analysis.  Other car- 

bides (not i n  r e l i e f )  present i n  the microstructures were found t o  be 

primarily molybdenum-rich (presumably MgC-type). 

Depths of carburization f o r  each specimen cross sect ion were deter- 

mined op t ica l ly  using the D I C  method. The carburization depths fo r  each. 

specimen exposed i n  controlled-impurity helium are  presented i n  Table 2 

and a re  plot ted a s  a function of exposure temperature i n  Fig. 17. The 

values indicated represent the average of eight measurements around the 

cross sect ion of each specimen. A t  650°C, no evidence of carburization 

was observed. For higher temperatures, carburization depths increased 

with increasing exposure temperature. 

In  general, within experimental s ca t t e r ,  specimens from d i f f e r ec t  

heats exhibited s imilar  depths of carburization a t  each exposure tempera- 

ture,  although la rger  var ia t ions  i n  carburization depth were observed f o r  

the large-grained heat (086), especial ly  a t  900°C. A t  800° and 900°C, the 

creep specimens, which were exposed t o  controlled-impurity helium under an 



Heat 081 

Heat 0811088 (cl 

.g. 15. Optical  photomicrographs showing unetched near-surface microstruc- 
ture  of Hastelloy X a f t e r  3000-h exposure i n  controlled-impurity 
helium a t  (a) 650°C, (b) 800°C, and (c) 900°C. Microstructures i n  
(b) and (c) show increased carbide prec ip i ta t ion  (carburization) near  
surface and a r e  t yp i ca l  of both heats  of mater ia l  used i n  study. 
White l ayer  above surface s ca l e  i s  electrodeposited nickel.  
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Fig. 16. Optical photomicrograph showing unetched near-surface microstruc- 
ture of Hastelloy X (heat 086) a f ter  3000-h exposure i n  controlled- 
impurity helium at 1000°C. Microstructure shows increased carbide 
precipitation (carburization) near surface. White layer above 
vurfacc ecale is elactrodeposited nickel.  



HASTELLOY X 
EXPOSURE TIME: 3000 H 
ENVIRONMENT: He + 500 / 50 I 5 0  10.5 patm H2 / CO / CH4 / H20 

I 
V HEAT NO. 081, TENSILE /IMPACT 
0 HEAT NO. 086, TENSILE / IMPACT 

A HEAT NO. 081, CREEP (SHOULDER) 
A HEAT NO. 081, CREEP (GAGE) 

HEAT NO. 086, CREEP (SHOULDER) 

1200 
HEAT NO. 086, CREEP (GAGE) 

'I- 

EXPOSURE TEMPERATURE (OC) 

Fig. 17 .  Carburization depth as a function of exposure temperature for 
Hastelloy X exposed unstressed and stressed (creep) for 3000 h 
i n  controlled-impurity helium 



applied stress, exhibited carbur iza t ion depths s imi la r  t o  those obtained 

f o r  unstressed t e n s i l e  and impact specimens. No s i g n i f i c a n t  d i f ferences  

i n  carbur iza t ion depth were observed between values obtained i n  s t r e s s e d  

(gage sect ion)  and unstressed (shoulder sec t ion)  regions of the creep 

specimens at  800° and 900°C. A t  1000°C, however, s t r e ssed  areas  of the  

creep specimen exhibited s u b s t a n t i a l l y  g rea te r  depths of carbur iza t ion 

than unstressed areas .  

Bulk carbon analyses were a l s o  performed on cross-sect ional  s l i c e s  of 

the  3000-h helium-exposed specimens. The values obtained f o r  each speci- 

men are a l s o  presented i n  Table 2. The 650°C-exposed (creep) specimen 

exhibi ted  only a s l i g h t  increase  i n  bulk carbon content,  from 0.092 w t  % 

i n  the solution-annealed condition t o  0.10 w t  % a f t e r  exposure, a r e l a t i v e  

increase  of 8.7%. S ign i f i can t  d i f ferences  i n  carbon content between as- 

received and exposed specimens were observed a t  800°, 900°, and 1000°C. 

Carbon l e v e l s  genera l ly  tended t o  increase  with increas ing exposure tem- 

perature f o r  both heats  and were somewhat g rea te r  a t  each exposure tempera- 

t u r e  f o r  the  finer-grained heat  (081). Values of bulk carbon content 

obtained were s l i g h t l y  l a r g e r  f o r  s t r essed  (creep) specimens of heat 086 

a t  800°C compared t o  unstressed specimens but were wi th in  the range of 

values obtained on unstressed specimens a t  900°C. 

3.3.3. X-Ray Phase Analysis 

E l e c t r o l y t i c  ext rac t ions  f o r  x-ray d i f f r a c t i o n  phase ana lys i s  were 

ca r r i ed  out  at  room temperature f o r  specimens exposed i n  helium and air at 

90~"C.  Four successive ext rac t ions  were conducted, corresponding t o  mate- 

rial removal a t  d i f f e r e n t  depths from the  specimen surface.  I n  each 

ex t rac t ion ,  a l a y e r  approximately 50 pm t h i c k  was  removed from the  speci- 

men surface.  The p r e c i p i t a t e  phases ext rac ted  at  d i f f e r e n t  depths from 

t h e  helium- and air-exposed specimens were i d e n t i f i e d  by x-ray d i f f r a c t i o n  

and a r e  l i s t e d  i n  Table 6 along with the  r e l a t i v e  amounts obtained. The 

f i r s t  l aye r  ex t rac t ions  from the helium-exposed specimen contained oxide, 

oxide sp ine l ,  and MgC- and M2gC6-type carbides,  while the  air-exposed 



TABLE 6 
X-RAY DIFFRACTION ANALYSIS RESULTS OF PRECIPITATE PHASES EXTRACTED 

FROM HASTELLOY X AFTER 3000-H EXPOSURE TO CONTROLLED-IMPURITY 
HELIUM AND AIR AT 900°C 

Phases 
Present  

Cr203 

Oxide s p i n e l  

M6 
a, = 10.96 
and 10.94 1 

MgC ' 
a. = 10.87 1 

M23C6 
a, = 10.69 1 

p phase 
a, = 4.747 1 
C, = 25.64 A 

Approximate Depth of Extract ion From Surface (pm) 

H e l i u m  Exposure 
2 00 

-- 
-- 

Major 

Major 

- 

Medium 

A i r  Exposure 
200 

-- 
-- 

Major 

Minor 

Medium 

Minor 

5 0 

Major 

Medium 

Minor 

-- 

Minor 

-- 

150 

Minor 

-- 
Medium 

Major 

- 

Minor 

5 0 

Major 

Minor 

-- 

Minor 

- 

- 

100 

Minor 

Minor 

Major 

-- 

Minor 

-- 

100 

Medium 

Minor 

Minor 

Major 

- 

Minor 

150 

-- 
-- 

Major 

Minor 

Medium 

Minor 



specimen contained oxide, oxide spinel ,  and M6C-type carbides. No M23C6 
carbide phase w a s  observed i n  the air-exposed specimen. Ins ide the speci- 

mens ( t h i rd  and four th  extractions),  oxide and oxide spinel  were not 

observed f o r  e i t he r  helium- or air-exposed conditions. The air-aged speci- 

men primarily contained two MgC-type carbides and a small amount of 

phase, while the helium-exposed specimen contained la rge  f rac t ions  of QC 

(ao - 10.96 1) and M23C6 carbides and minor amounts of p phase and another 

M6C carbide ( a  = 10.87 1) 

I n  helium-exposed specimens, the increase i n  carbon concentration 

near the exposed surface, i.e., carbon a v a i l a b i l i t y  f o r  p rec ip i ta t ion  

reactions,  r e s u l t s  i n  the prec ip i ta t ion  of M23C6 carbides r e l a t i v e  t o  M6C- 

type carbides. The M23C6 carbides a re  chromium-rich and presumably 

chromium is readi ly  avai lable  i n  air-aged as w e l l  as  helium-aged speci- 

mens- Therefore, a s  the bulk carbon concentration increases, the favored 

carbide prec ip i ta t ion  reaction becomes the formation of M23C6. The pre- 

c i p i t a t i o n  of M2gC6-type carbides has a l so  been observed i n  air-aged 

specimens exposed a t  5 3 8 ' ~  a f t e r  long exposure t i m e s  i n  a d i f f e r en t  exper- 

iment (Ref .  8). In  t h i s  latter case, the sluggish nature of molybdenum 

diffusion a t  538'C k ine t ica l ly  i nh ib i t s  MgC' prec ip i ta t ion  whereby the 

formation of chromium-rich M23C6 is possible. 



4. DISCUSSION 

To accurately take into account the effects of oxidation and carburi- 

zation in simulated HTGR helium environments on the mechanical properties 

of Hastelloy Alloy X, it is necessary to be familiar with microstructural 

changes which accompany thermal exposure at elevated temperatures. Assess- 

ments of thermal instability and associated mechanical property evalu- 

ations for Hastelloy X have been reported (Refs. 6-91. Long-term thermal 

aging studies have shown that precipitation reactions have a marked effect 

on the mechanical properties, particularly the higher strain rate tests, 

e.g., Charpy Vnotch impact properties (~efs. 6,7). 

The predominant thermal aging reaction for Hastelloy X is the precipi- 

tation of a MgC carbide variant, for which the specific lattice parameter 

changes with temperature, presumably related to changes in elemental con- 

stituent mobilities (Refs. 6,7). At lower exposure temperatures, M23C6 

has been observed (Refs. 9,10). At higher temperatures, p and o phases 

can precipitate; however, their characteristic morphologies are such that 

they have little effect on the mechanical properties (Refs. 6,7). Carbide 

precipitation reactions leading to the formation of MgC along grain 

boundaries and in some cases twin boundaries are believed to control the 

impact properties of thermally aged specimens. In cases where a continu- 

ous grain-boundary network of carbides can be formed, fracture modes 

change from ductile rupture to a mixed mode consisting of ductile micro- 

void coalescence combined with inter- and transgranular cleavage. This 

type of behavior is associated with lower temperature exposures. At 

higher temperatures, the carbides tend to coalesce, resulting in a much 

coarser distribution and only a marginal effect on mechanical behavior. 

In the two heats studied in the present investigation, similar micro- 

structural changes occurred with thermal aging, as mentioned previously. 



The primary difference observed in the aging response/microstructure of 

the two heats was the increase i n  twin-boundary carbide precipi ta t ion i n  

the  fine-grained heat (081). For t h i s  heat, the t w i n s  appeared to  be 

decorated t o  a greater extent than those of the larger-grained heat, 

despite the f ac t  that  the twin density was higher i n  the l a t t e r  heat of 

material. 

Exposure i n  the simulated reactor helium environment containing 500 

Vatm Hz150 Vatm CHq/50 Vatm CO/-1 patm Hz0 produced carburization a t  tem- 

peratures of 800° t o  1000°C. This carburization was manifested not only 

i n  an increase i n  bulk carbon concentration but a l so  an increase i n  car- 

bide precipitation.  As  the carbon concentration increased, M23C6 carbides 

formed with increasing ease, and the enhanced precipi ta t ion of M23C6 along 

grain  and twin boundaries and  matrix interfaces  dominated any other 

microstructural changes occurring v i a  the carburization. 

A t  650°C, no carburization was observed; theref ore,  very l i t t l e  

change was noted between properties of air-exposed and helium-exposed 

specimens. A l l  property changes between the as-received and exposed speci- 

mens resulted primarily from the thermal aging reactions and were not 

re la ted  to  the exposure i n  controlled-impurity helium. 

The impact toughness properties (presented i n  Table 5) indicate  a 

marked e f f ec t  of grain s i z e  on the as-received Charpy V-notch impact tough- 

ness value. An increase i n  grain s i ze  from 0.090 mn t o  0.160 mn resulted 

i n  a t r i p l ing  of the impact toughness. Aging i n  controlled-impurity 

helium and a i r  a t  800' and 900°C resulted i n  decreases i n  impact toughness 

but showed v i r tua l ly  no var ia t ion between helium and a i r  exposures. A t  

800°C, where carbide precipi ta t ion was f iner ,  and where more continuous 

networks of carbides along grain and twin boundaries were formed, impact 

toughness was lowered t o  approximately 10 J. A t  900°C, agglomeration of 

carbides occurred and impact toughness values following exposure were some- 

what higher, i.e., 15 t o  20 J. Figure 18 shows the f rac ture  surfaces a t  

the base of the notch i n  the Charpy V-notch specimens. For both heats,  
L 4 - , 

- .  I 
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Heat 081 (a) 
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?00 Ccm Notch 

. 
Heat 086 
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(b) 200 pm Notch 

- 
Heat 081 (c) 200 prn 

- 
Heat 081 (dl 20 pm 

Fig. 18. SEM fractographs showing fracture surfaces near V-notch of 
Hastelloy X impact toughness specimens tested after exposure in 
controlled-impurity helium: (a) heat 081, 800°C; (b) heat 086, 
800°C; (c) and (d) heat 081, 900°C 



the  f a i l u r e  mechanism indicated a f t e r  exposure a t  800°C [Fig. 18(a),(b)]  

was a combination of inter-  and transgranular cleavage. After 900°C expo- 

sure,  the crack propagation mode was predominantly intergranular,  where 

grain boundaries have separated with evidence of some microvoid coales- 

cence [Fig. 18(c)], thus accounting for  the increase i n  toughness above 

tha t  f o r  800°C exposures. A higher magnification f ractograph [Fig. 18(d)] 

shows the tendency for  intergranular carbides to  cleave. Also shown are 

regions of duc t i le  material  adjacent t o  the carbides which p l a s t i ca l ly  

deform and therefore increase energy absorption capabil i ty.  The fracture  

behavior can be explained i n  terms of the thermal aging e f f ec t s  (Refs. 6, 

7,9) with l i t t l e  e f f ec t  of exposure to  simulated reactor helium observed. 

The grain s ize  difference a l so  explains t)re yield strength var ia t ion 

observed i n  the as-received condition. Heat 081, with the smaller grain 

s ize ,  had the higher yield strength, a s  would be expected. The decreases 

i n  both ult imate t ens i l e  strength and t o t a l  elongation values following 

exposures i n  helium or a i r  a t  800' and 900°C were similar fo r  both heats * 
and can again be associated with the carbide precipi ta t ion morphologies. 

The interfaces  between carbides and matrix or grain (twin) boundary mate- 

r i a l  are inherently weak and can separate, forming voids. I n  addit ion,  i f  

the applied stress becomes high enough, the carbides can cleave, which 

a l so  forms a void. The e f fec t  of helium exposure, compared to  thermal 

aging i n  a i r ,  on the mechanical properties of both heats w a s  more pro- 

nounced for  those specimens exposed under stress. A t  800°C, i n  helium, 

the values of ult imate t ens i l e  strength and t o t a l  elongation were s l i g h t l y  

lower for  the specimen that was s t ressed during exposure. 
i 

There w a s  a dramatic difference i n  t ens i l e  f tacture  mode, however, 

between the two heats of material. Figure 19 shows the f rac ture  surfaces 

observed fo r  the t ens i l e  tests. Comparison of the fracture  behavior for  

heat 081 [Fig. 19(a),(b),(c)] with that  for  heat 086 [Fig. 19(d) , (e) , ( f ) ]  

points out the major differences. I n  heat 081, where twin-boundary car- 

bide precipi ta t ion seemed t o  be accentuated, there was a tendency toward 





Heat 086 

Heat 086 286 pm 

Heat a86 (f 

Fig. 19. SEM fractographs showing typical fracture surfaces of heat 086 
Hastelloy X specimens tensile tested after exposure i n  controlled- 
impurity helium at (d) 800°C, (e) 900°C, and ( f )  1000°C (page 2 
of 2) 



transgranular cleavage. This is shown most clearly in Fig. 19(b), repre- 

sentative of a specimen exposed at 800°C. The transgranular cleavage is 

presumably a result of continuous carbide networks along twin boundaries. 

In Fig. 19(d), (el, and ( f), the fracture mode for heat 086 was microvoid 

coalescence regardless of test temperatures in the range of 800' to 

1000°C. At 800°C, there is an indication that some cleavage occurred but 

only to a limited extent. 

For heat 081, Fig. 19(c) shows a change in fracture mode from micro- 

void coalescence near the surface (in the carburized zone) to more cleav- 

age in the thermally aged portion. Although not a strong effect, the 

increased density of coarser carbides in the carburized zone may have 

promoted void formation. At 650' and 800°C, no transition could be 

observed [Fig. 19(a) and (b)]. 

Figure 20 shows longitudinal cross sections near the fracture surfaces 

for specimens of both heats which were tensile tested after being exposed 

to controlled-impurity helium. For heat 081, where twin-boundary carbide 

precipitation occurred to a greater extent, Fig. 20(a), (b), and (c) 

clearly show that crack propagation occurred primarily along grain 

boundaries and twin boundaries. Several grains show cleavage facets along 

these decorated twin boundaries. Figure 20(d), (el, and ( f ) ,  for lieat 

086, show that propagation tended to be confined to intergranular paths 

for this heat. 

Figure 21 shows higher magnification fractographs of the 1000°C helium- 

exposed teniile-tested specimen. From Fig. 21, cleaved carbides and void 

coalescence are apparent. 

Longitudinal cross sections of tensile-tested helium-exposed specimens 

for both heats clearly showed that for 900°C exposure, crack initiation 

was associated with the carburized zone of the specimen. Figure 22 shows 

that cracks tended to nucleate in the carburized zone and then propagate 

primarily along grain boundaries. Although not shown in this figure, 

crack propagation along twin boundaries was also common for heat 081. 



Fig, 

Heat 081 (a) 50 pm 

20. Optica1.photomicrographs showing etched microstructures adjacent 
to fracture surfaces of heat 081 Hastelloy X specimens tensile 
tested after exposure in controlled-impurity helium at (a) 650°C, 
(b) 80Q0C, and (c) 900°C. Electrolytic oxalic acid etch (page 1 
of 2) 



I 

Heat 086 60 am 

Fig. 20. Optical photomicrographs showing etched microstructures adjacent 
to fracture surfaces of heat 086 (Hastelloy X specimens tensile 
tested after exposure in controlled-impurity helium at (d) 800°C, 
(e) 900°C, and (f) 1000°C. Electrolytic oxalic acid etch (page 2 
of 2). 



Heat 086 

Heat 086 

Fig. 21. SEM fractographs showing fracture surface of heat 086 Hastelloy X 
specimen tens i le  tested after controlled-impurity helium exposure 
a t  1000"~.  Fractographs i l lustrate  microvoid coalescence and 
carbide cleavage resulting in  void format ion. 



Heat 081 (a) 

Ftg. 22. Optical photomicrographs showing unetched microstructure near 
outside surface of Hastelloy X specimens tensile tested after 
controlled-impurity helium exposure at 900°C for (a) heat 081 
and (b) heat 086. Photomicrographs show crack formation within 
carburized surface zone. DIC method. 



Table 7 ,summarizes the  mic ros t ruc tu ra l  observa t ions  and corresponding 

t e n s i l e  f r a c t u r e  behavior f o r  h e a t s  081 and 086. The primary e f f e c t  of 

long-term exposures was t o  decrease 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 the  

t o t a l  e longat ion  while  having l i t t l e  in f luence  on y i e l d  s t r eng th .  It is 

important t o  note  t h a t  i n  the  worst cases  observed t h e r e  was s t i l l  substan- 

t i a l  d u c t i l i t y  remaining, i . e . ,  t o t a l  e longat ion  va lues  of -8%. The car- 

burized zones found i n  helium-exposed . . specimens apparent ly  a c t  a s  a r e a s  of 

p re fe r r ed  crack nuc lea t ion ;  however, t he  impact of . t h i s  behavior does not  

s i g n i f i c a n t l y  degrade t h e  o v e r a l l  t e n s i l e ' p r o p e r t i e s  as compared t o  ther-  

mally aged m a t e r i a l .  

There is an i n d i c a t i o n  from t h e  creep t e s t s  t h a t  hea t  081 may be a 

weak hea t  of ma te r i a l .  Severa l  f a i l u r e s  ( a t  900°C) occurred at app l i ed  

s t r e s s  l e v e l s  where s i g n i f i c a n t l y  longer  rup tu re  l i f e t i m e s  would have been 

expected. Of the  four  f a i l e d  specimens, t h ree  were t e s t e d  i n  helium whi le  

one w a s  t e s t e d  i n  a i r .  A comparison of t he  rup tu re  d u c t i l i t i e s  ( t o t a l  

creep s t r a i n  i n  t h i s  ca se )  shows t h a t  t he  specimens t e s t e d  i n  helium had 

e longat ion  va lues  about one-fourth t h a t  of t h e  air  specimen, i . e . ,  4 t o  5% 

a s  compared t o  23%. The weakness of h e a t  081. compared t o  h e a t  086 is most 

probably r e l a t e d  t o  t h e  smaller  .grain s i z e  and,, t h e r e f o r e ,  g r e a t e r  con t r i -  

bu t ion  of grain-boundary s l i d i n g  t o  c rack  and void .nucleation: This  va r i -  

a t i o n  can be a t t r i b u t e d  t o  heat-to-heat d i f f e r e n c e s  i n  a l l o y  chemistry and 

processing h i s t o r y  ( i . e .  f a b r i c a t i o n  and anneal ing t rea tments )  and t h e i r  

subsequent e f f e c t s  on t h e  aging response of t he  m a t e r i a l s .  

T o t a l  creep s t r a i n s  of 4 t o  5% f o r  helium-tested specimens a s  com- 

pared t o  23% f o r  t h e  a i r - t e s t e d  specimen must be considered low and may be 

the  r e s u l t  of t he  a d d i t i o n a l  carb ide  p r e c i p i t a t i o n  i n  t he  carbur ized  zone 

of t h e  specimens. The a d d i t i o n a l  p r e c i p i t a t e s  may t end  t o  l i m i t  p l a s t i c  

flow, thereby making the  carbur ized  zone a c t  as a c o n s t r a i n t  wi th  r e spec t  

t o  t h e  e longat ion  and p l a s t i c  flow of t h e  test specimen. From Fig.  6 ,  it 

is apparent  tha t ,  f o r  t he  air-aged specimen, t he  p l a s t i c  flow which . , occurs  

i n  th i rd-s tage  creep ( t e r t i a r y  creep)  f a r  exceeds t h a t  of any of t he  

control led-impuri ty  helium specimens t e s t e d  under t h e  same cond i t i ons .  



TABLE 7 
SUMMARY OF MICROSTRUCTUUL AND ROOM-TEMPERATURE TENSILE TEST 'FRACTURE OBSERVATIONS FOR HASTELLOY x EXPOSED I N  A 

SIMULATED REACTOR HELIUM ENVIRONMEm I N  TtIE TEMPERATURE RANGE 650' TO 1000°C 

Exposure 
Temp 
("C) 

650 
(081 only)  

800 
(081 and 
086) 

900 
(081 and 
086) 

1000 
(086 only)  

Frac ture /Fractography 

Carburi  zed 
Zone 

F rac tu re  c h a r a c t e r i s t i c s  
s i m i l a r  t o  those observed i n  
thermal ly  aged cond i t i on ;  no 
carbur ized zone 

F rac tu re  c h a r a c t e r i s t i c s  
s i m i l a r  t o  those observed i n  
thermal ly  aged cond i t i on ,  
both hea t s  

Heat 081: predominantly 
microvoid coalescence;  hea t  
086: microvoid coalescence ,  
i n t e r g r a n u l a r  propagation 

F rac tu re  c h a r a c t e r i s t i c s ,  
s i m i l a r  t o  those  observed i n  
thermal ly  aged cond i t i on  

Mic ros t ruc tu ra l  

Carburized 
Zone' 

No enhanced ca rb ide  
formation 

Surface  denuded zone; f i n e  
matr ix  and g r a i n  boundary 
ca rb ides  with continuous 
networks observed a t  some 
boundaries 

Surface  denuded zone; gen- 
e r a l l y  d i s c r e t e  ca rb ide  
formation a t  g r a i n  boundaries 
and i n  ma t r ix ;  f a i r l y  con- 
t inuous  networks near su r f ace  
i n  carbur ized region 

Extens ive  ca rb ide  prec ip i -  
t a t  ion  a t  g r a i n  boundaries 
with decreas ing tendency t o  
form continuous networks with 
i nc reas ing  d i s t ance  from 
exposed su r f ace ;  ca rb ides  
coa r se r  near  su r f ace  

Observations 

Thermal1 y  
Aged 

Mixed mode: microvoid 
coalescence and i n t e r g r a n u l a r 1  
t r ansg ranu la r  cleavage 

Heat 081: mixed mode, microvoid 
coalescence,  and i n t e r g r a n u l a r 1  
t r ansg ranu la r  c leavage;  hea t  
086: predominantly microvoid 
coalescence 

Heat 081: mixed mode, microvoid 
coalescence,  and i n t e r g r a n u l a r 1  
t r ansg ranu la r  c leavage;  hea t  
086: microvoid coalescence ,  
i n t e rg ranu la r  propagation 

Duc t i l e  rupture ;  microvoid 
coalescence; cleavage of l a r g e  
ca rb ides ;  voids  formed a t  car-  
b idelmatr ix ,  c a r b i d e l g r a i n  
boundary i n t e r f a c e s  

Observations 

Thermally 
Aged 

Extens ive  g r a i n  and twin 
boundary ca rb ide  prec ip i -  
t a t i o n ;  f i n e  d i s p e r s i o n  of 
matr ix  ca rb ides ;  ca rb ides  
very f i n e  throughout 

F a i r l y  continu3us network of 
d i s c r e t e  g r a i n  and twin 
boundary ca rb ides  (081) ; 
Widmanstatten ma t r ix  prec ip i -  
t a t e s ;  denuded zones along 
g r a i n  boundaries 

Large d i s c r e t e  ca rb ide  pre- 
c i p i t a t e s  along g r a i n  and 
twin boundaries (081) and 
throughout ma t r ix ;  even 
d i s t r i b u t i o n  

Very l a r g e ,  d i s c r e t e  ca rb ides ;  
f a i r l y  continuous networks 
along some g r a i n  boundaries 



Another p o s s i b i l i t y  is t h a t  the  carburized zone a c t s  a s  a prefer red  area 

f o r  crack and void nucleat ion,  a s  it does i n  the  t e n s i l e  t e s t s .  .Th i s  

would explain why s imi la r  behavior could be observed i n  the  e a r l y  stages 

of the  creep t e s t ,  where environmental,  i n t e rac t ions  might have minimal 

e f f e c t s ,  whereas i n  l a t e r  s t ages ,  cracks nucleated i n  the  carburized zone 

of the  helium-exposed specimens, thus l imi t ing  t h e i r  t o t a l  creep 

elongations.  . . I . 

. , 

. Longitudinal  c ross  sec t ions  of the  f a i l e d  specimens showed. a high 

dens i ty  of voids formed.uniformly . . . .  across  the  a i r - t e s t ed  specimen,. A s i m i -  

l a r  examination of the  helium-tested specimens seemed to ,  ind ica te  tha t  

cracks were concentrated i n  the a reas  of the specimen e i t h e r  wi th in  o r  

adjacent  t o  the  carburized zone. It is important t o  note t h a t  the  poor 

performance i n  controlled-impurity . . helium tests was l imi ted  t o  the  one 

heat  of ma te r i a l  (081) and t h a t  the'  other  heat behaved s a t , i s f a c t o r i l y .  

, A t  650° and 800°C, the  creep behavior of helium- and a i r - t e s t ed  

specimens, was q u i t e  s imi la r ,  i nd ica t ing  tha t  f o r  the  exposure t i m e , s  . . 

considered there  w a s  no strong e f f e c t  of the  controlled-impurity helium 

environment. The creep behavior of heat 086 a t  1000°C .may have been 

influenced by carbur iza t ion ,  but without companion a i r  da ta  no d e f i n i t i v e  

conclusions can be drawn concerning impure helium e f f e c t s  a t  t h i s  

temperature. 



. . 

. . 5.. CONCLUSIONS 
. . 

1. ~ a r b u r $ z a t i o n  h a s  been i d e n t i f i e d  a s  t he  primary co r ros ion  . 

phenomenon, wi th  r e spec t '  t o  degrading mechanical p r o p e r t i e s ,  . for  

Has t e l loy  Al loy  X exposed t o  a  s imulated r e a c t o r  helium environ- 

ment (He/500 patm d2/50 patm C0/50 patm CH4/-1 hatm HiO) a t  tem- 

p e r a t u r e s  of 8000 t o  100O9C. No c a r b u r i z a t i o n  was obse rved -a t  

a n  exposure temperature of 650°C w i t h i n  the  3000 h  exposure 

per iod .  

. . . .  . 

2.' Enhanced c a r b i d e  . p r e c i p i t a t i o n  .w i th in  the  carbur ized  zone occurs  . 

: by t h e  ma t r ix ,  grain-boundary, and twin-boundary p r e c i p i t a t i o n  7 

of M23C6'type carb ides .  The MgC v a r i a n t ,  o r d i n a r i l y  observed a s  

p r e c i p i t a t i n g  i n  thermally aged .mater ia1 ,  does not r e a d i l y  form 

i n  t h e .  ca rbu r i zed  zone; on ly  primary MgC ca rb ides  a r e  p re sen t .  
. . ,  . .  . . . .  . . . . 

3. ' The degree of ca rbu r i za t ion ,  i n  terms .of t he  depth .of ca rbu r i -  

z a t i o n  and i n c r e a s e  i n  bulk carbon concen t r a t ion ,  . i nc reases  

dramaticalSy a t  temperatures  2900°C. -. 

4. The m i c r o s t r u c t u r a l  changes which, occur  with thermal aging a t  

t he  v a r i o u s  temperatures  a r e  shown t o  c o n t r o l  the mechanical 

behavior .  S t r e n g t h  'and impact toughness p r o p e r t i e s  a r e  r e l a -  

t i v e l y  una f fec t ed  by c a r b u r i z a t i o n  f o r  t imes up t o  3000 h. 

Creep and t e n s i l e  d u c t i l i t i e s  a r e  decreased a s  a  r e s u l t  of 

c a r b u r i z a t i o n ,  a l though s u b s t a n t i a l  d u c t i l i t y  remains i n  both 

cases .  Enhanced crack  and void nuc lea t ion  i n  the  carbur ized  

zone is  be l ieved  r e spons ib l e  f o r  t he  decrease  i n  d u c t i l i t L e s .  
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