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EVALUATION OF HASTELLOY X FOR GAS-COOLED 
REACTOR APPLICATIONS 

H. E. McCoy and J. F. King 

ABSTRACT 

Hastelloy X Is a potential structural material for use in 
gas-cooled reactor systems. In this application data are 
necessary on the mechanical properties of base metals and weld-
ments under realistic service conditions. The test environment 
studied was helium that contained small amounts of H2, CH4. , and 
CO. We found this environment to be carburizing with the 
kinetics of this process, becoming rapid above 800°C. Suitable 
weldments of Hastelloy X were prepared by several processes; 
those weldments generally had properties similar to the base 
metal except for lower fracture strains under some conditions. 
Some samples were aged up to 20,000 h in the test gas and 
tested, and some creep tests on as-received material exceeded 
40,000 h. The predominant effect of aging was the significant 
reduction of the fracture strains at ambient temperature; the 
strains were lower when the samples were aged in HTGR helium 
than when aged in inert gas. Under some conditions aging also 
Increased the yield and ultimate tensile strength. Limited 
impact testing showed that the impact energy at 25°C was reduced 
drastically by aging at 871 and 704°C. Creep tests failed to 
show effects of environment, aging, or welding on the creep 
strength of Hastelloy X; however, the fracture strain was lower 
for base metal in HTGR helium than in air and lower for weld-
ments than for base metal. 

1. INTRODUCTION 

Although numerous alloys may be useful for specialized applications 
in gas-cooled systems, the alloy that would currently be selected as the 
predominant structural material Is Hastelloy X,* a wrought nickel-base 
solid solution alloy of Ni, Cr, Fe, and Mo. Table 1 gives both the speci-
fied chemical limits of this alloy and the specific compositions of two 
heats of material evaluated in this study. 

•Registered trademark of Cabot Corporation. 

1 
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Table 1. Hastelloy X compositions 

Alloy (vt %) 
Element 

Specified limits Heat 4936 Heat 2792 

Ni Balance Balance Balance 
Cr 20.5-23.0 21.82 21.25 
Co 0.5-2.5 1.68 1.94 
Mo 8.0-10.0 9.42 8.99 
Fe 17.0-20.0 19.09 18.96 
Si 1.0^ 0.44 0.41 
C 0.05-0.15 0.07 0.10 
Mn 1.0^ 0.58 0.57 
S 0.03a >0.005 >0.005 
W 0.2-1.0 0.63 0.56 
P 0.04<* 
Other 0.0lBa 

aMaximum. 

Hastelloy X relies mainly on molybdenum as the solution strengthener, 
although it also contains cobalt and tungsten* The alloy composition 
allows intermetallic compounds to form and reduce the room-temperature 
impact energy following long-term aging. Despite this problem, Hastelloy X 
has been used extensively in parts for jet aircraft and in the petrochemi-
cal industry. 

Several studies have been performed on Hastelloy X in gas-cooled 
reactor applications,1-5 and many results of these studies are pertinent 
to our discussion. 

1. From 538 to 871°C, Hastelloy X loses in ambient-temperature 
ductility, primarily from precipitation of cabides, but some sigma 
and mu phases are formed at the high temperatures. 

2. Internal oxidation is shallow at 900°C and t<>low, reaching 10 to 20 pm 
in 10,000 h. 

3. Carburization becomes rapid at 900°C and above so that carburization 
to a depth of about 10 mm would be predicted for 100,000 h. 
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4. Creep strength is not affected by carburization under the conditions 
studied. 

5. Test results disagree considerably at to whether or not carburization 
degrades the fracture strain below that caused by thermal aging. 
Studies at the same laboratory showed considerable heat-to-heat 
variation. 

The purpose of our study was to extend the data base for Hastelloy X, 
with particular emphasis on ductility degradation during creep and aging 
studies. Tests were conducted on base metal and weldments for aging times 
up to 20,000 h and creep test times up to 30,000 h. 

2. EXPERIMENTAL DETAILS 

2.1 MATERIALS 

The several test materials involved in this program and their chemi-
cal compositions and product forms are presented in Table 2. Heats 4936 
and 2792 of Hastelloy X base metal were studied. The three welds evalu-
ated and the material combinations are summarized in Table 3. Two welding 
processes involving the same heat 4345 of Hastelloy X weld wire were evalu-
ated. In welding by the gas tungsten arc (GTA) process, the weld wire was 
used bare; the same heat of weld wire was coated for use in making welds 
by the shielded metal arc (SMA) welding process. 

2.2 TEST SPECIMENS 

The geometry of the test specimen Is shown in Fig. 1. A good feature 
of the specimen is the absence of threads. The grips align on the 6.35-mm 
(0.250-in.) diameter and pull against the surface, inclined at 60°. The 
extensometer attaches by set screws to the two grooves, which have an 
included angle of 100°. 

Base metal specimens were oriented so that the specimen axis was 
parallel with the primary working direction. Transverse weldoent speci-
mens were taken so that the gage section of the specimen spanned the weld 
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Table 2. Characterization of Hastelloy test materials 

(All material except wire solution annealed by 
vendor, Cabot Corporation) 

Chemical analysis (%) 

Element Heat 
4936a»k 

Heat 
2792b,e 

Heat 
4284b,d 

Heat 
4345&.0 

Heat 
7180 f >9 

Ni Bal Bal Bal Bal Bal 
Cr 21.82 21.25 21.79 21.92 15.15 
Co 1.68 1.94 2.40 2.09 0.06 
Mo 9.42 8.99 8.82 8.85 14.46 
Fe 19.09 18.96 19.06 18.81 0.44 
Al 0 0 0 0 0.25 
Si 0.44 0.41 0.35 0.40 0.38 
C 0.07 0.10 0.06 0.08 0.006 
Mn 0.58 0.57 0.59 0.70 0.47 
S <0.005 <0.005 <0.005 <0.005 0.006 
W 0.63 0.56 0.63 0.42 <0.10 
La 0.019 

aPlate, 12.7 mm (1/2 in.). 
^Hastelloy X. 
«Bar, 31.8 mm (1 1/4 in.). 
^Plate, 12.7 mm (1/2 in.). 
eWire, 8 mm (5/16 in.). 
/Wire, 2 mm (1/16 in.). 
fl'Hastelloy S filler. 

Table 3. Summary of weldment designations 
and wrought material heats 

Weld designation*2 Base metal^ Weld metal^ Weld process0 

X/X/X, GTA 4284 4345 GTA 
X/X/X, SMA 4284 4345 SMA 
X/S/X, GTA 4284 7180 GTA 

aDesignatlon denotes base metal/filler m^tal/base metal in 
terms of Hastelloy designation. 

^See Table 2 for description of each heat. 
CGTA, gas tungsten arc; SMA, shielded metal arc. 
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Fig. 1. Details of creep specimens for environmental tests. To 
convert dimensions to millimeters, multiply by 25.4. 

and contained the base metal, the weld metal, and the heat-affected zone. 
All-veld metal specimens were cut so that they were parallel to the weld, 
and the gage section consisted totally of weld metal. 

2.3 TESTING EQUIPMENT 

The creep testing chambers used in this study were described in 
detail previously,5 and a typical test stand is shown in Fig. 2. Most 
test retorts are made of 51-mm (2-ln.) schedule 40 type 304L stainless 
steel pipe, but a few retorts, operated at 871°C, are made of aluminum 
oxide. The seal between the pull rods and the environment is made with 
neoprene U-cups, which are also used to seal the four extensometer rods 
that exit from the bottom of the test chamber. 

Some samples aged In inert environments at 538, 704, and 871°C were 
simply stacked in metal containers, which were later evacuated, filled 
with an inert gas, and welded shut. Specimens were aged approximately 
20,000 h in HTGR helium In the stainless steel retorts shown In Fig. 3. 
Aging is continuing in these retorts at 593 and 704°C, but the retort 
operating at 871°C was replaced with aluminum oxide and the specimens 
simply stacked in place. 



Fig. 2. Typical environmental creep test unit* Top half of the 
Instrumentation rack contains control Instruments for this machine, and 
bottom half services machine to right (not shown). 
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ORNL-DWG 79-7201 

Fig. 3. Environmental exposure chamber. 

2.4 TEST ENVIRONMENT 

The test gas, premixed by the Matheson Company, Inc., and received in 
pressurized cylinders, is fed into a manifold maintained at b3 kPa, gage 
(12 psig). The piping and valves are arranged so that parallel streams of 
gas can be passed through each test retort and either returned to a sample 
manifold or vented. The gas stream can be passed through a gas chroma-
tograph and the moisture monitored either before or after It passes 
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through the test retort. The gas flow to each retort Is maintained at 15 
Co 100 cm3/min, with the criteria being to use a high enough flow rate to 
keep the gas stream from being detectably depleted In reactants. The 
helium composition in the test chamber is [in pascals (microatmospheres)] 
34.0 (337) H2, 3.2 (32) CH^, 1.9 (19) CO, 0.2 (2) Hz0, and <0.05 (<0.5) N2. 
Oxygen is removed by reaction with the H 2 as the gas passes through a 
furnace at 500°C. 

The on-line analytical system consists of a 2110 Bendix gas chromato-
graph and a model 2100 Panametrics moisture analyzer. The chromatograph 
Is calibrated by use of a certified standard prepared by the Matheson 
Company, Inc., and weekly readings are made routinely on each machine. 
Manufacturer's calibrations for the moisture monitors were used without 
verification. On several occasions monitors were placed in series and 
agreed within a factor of 2. Equilibrating the moisture probes (and the 
remainder of the system) to read low moisture values is so difficult that 
about 24 h is required to obtain reliable values. 

The standard test start up consisted of assembling the new test speci-
men in the chamber; evacuating air from the chamber; pressurizing the 
chamber with test gas and establishing flow at 83 kPa, gage (12 psig); 
leak checking with a helium sniffer; heating to 400°C and holding for at 
least 24 h until moisture was less than 10 ppm; heating to test tempera-
ture; and applying load to start the test. We found that all impurities 
were initially high but that the outgasslng period at 400°C allowed the 
gas composition to reach the desired operating level. Some elevation in 
impurity levels (less than a factor of 2) occurred during heating to the 
test temperature, but the gas reached the desired operating levels within 
24 h. 

3. RESULTS OF TENSILE TESTS 

3.1 BASE METAL 

Tensile test results for Hastelloy X (heat 4936) aged under a variety 
of conditions are given in Table 4. The maximum aging time was 20,000 h, 
and the aging environments were flowing HTGR helium and static inert gas. 
Tests following aging generally involved a tensile test at about 25°C and 



Table 4. Tensile properties of as-received and aged Hastelloy X base metal (heat 2600-3-4936) 

Test 

Aging conditions 

Temperature 

(*C> (*F) 
Time 
(h> Environment" 

Test temperature 0.2Z Yield strength 

C O (*F> (MPa) 

Ultimate 
tensile strength 

(MPa) (ksi) 

Elongation (Z) 

Uniform Total 

Reduction 
of area 

Z 
Type 

specimen" 

14892 0 22 72 359 52.0 762 110.5 43.8 50.5 59.8 A 
14893 0 22 72 349 50.6 764 110.8 43.9 51.5 59.2 k 
14894 0 22 72 350 50.8 764 110.8 44.3 51.9 61.4 A 
17885 538 1,000 2,500 I 22 72 333 48.3 764 110.8 49.5 55.5 54.4 A 
17886 538 1,000 2,500 I 22 72 340 49.3 766 111.2 46.8 54.4 50.0 A 
17889" 704 1,300 2,500 I 22 72 482 69.9 916 132.9 7.7 7.7 8.7 A 
17890" 704 1,300 2,500 I 22 72 476 69.0 939 136.1 9.8 9.8 8.1 A 
17893 871 1,600 2,500 I 22 72 367 53.3 835 121.1 15.8 15.8 14.7 A 
17894 871 1,600 2,500 I 22 72 368 53.4 818 118.7 13.4 13.4 12.3 A 
XC7 538 1,000 10,000 I 22 72 385 55.9 777 112.7 43.1 43.2 39.7 A 
X.C25 704 1,300 10,000 I 22 72 357 51.8 854 123.8 18.2 18.2 16.1 A 
XC43 871 1,6 00 10,000 r 22 72 399 57.9 732 106.2 15.0 15.1 10.5 A 
X-100 593 1,100 10,000 H 24 75 385 55.9 770 111.7 40.2 43.4 49.5 B 
X-104 704 1,300 10,000 H 24 75 578 83.8 1,054 152.9 10.8 10.8 14.0 B 
X-108 871 1,600 10,000 H 24 75 401 58.1 846 122.7 10.0 10.0 9.3 B 
XC14 538 1,000 20,000 I 24 75 355 51.5 787 114.1 44.8 46.8 36.9 E 
XC32 704 1,300 20,000 I 24 75 350 50.7 832 120.7 9.5 9.5 8.1 B 
XC50 871 1,600 20,000 I 24 75 325 47.2 791 114.7 18.0 18.0 14.5 B 
X113 593 1,100 20,000 H 24 75 398 57.7 807 117.1 23.2 23.7 29.7 B 
XI17 704 1,300 20,000 H 24 75 540 78.3 1,098 159.3 8.2 8.2 3.5 B 
X121 871 1,600 20,000 H 24 75 325 47.2 779 113.0 10.6 10.6 13.7 B 
14807 0 538 1,000 23" 34.6 592 85.8 46.5 49.9 40.9 A 
14808 0 538 1,000 221 32.1 596 86.5 43.9 48.8 31.4 A 
17887<I 538 1,000 2,500 I 538 1,000 222 32.2 603 87.5 54.0 58.6 48.0 A 
17888"*<? 538 1,000 2,500 I 538 1.000 227 32.9 601 87.2 49.3 52.7 35.5 A 
XC8d 538 1,000 10,000 I 538 1,000 216 34.2 600 87.0 48.6 48.7 42.9 A 
XC1S 538 1,000 20,000 I 538 1,000 226 32.8 580 84.1 46.8 47.7 41.7 k 
X-101 593 1,100 10,000 H 593 1,100 176 25.5 521 75.6 62.3 65.2 44.4 B 
X-112 593 1,100 20,000 H 593 1,100 292 4 2.3 664 96.3 20.9 21.4 21.1 B 



Table 4. (Continued) 

Aging conditions Ultimate 
Test temperature 0.2Z Yield strength ten,j[JjHrength Elongation (t) Redaction ^ ^ 

Test Temperature of area 
— — Environment® ( #C) C F ) (KP«) (k»l) ( H p a ) ( k > 1 ) Uniform Total t , p® 
( C) ( F) 

14799 0 704 1,300 223 32.4 425 61.6 23.0 48.5 41.7 A 
14800 0 704 1,300 215 31.2 452 65.5 29.9 37.3 33.6 A 
14801 0 704 1,300 212 30.8 460 66.7 30.8 37.3 35.9 A 
17891 704 1,300 2,500 I 704 1,300 294 42.6 443 64.3 6.3 58.1 55.0 A 
17892 704 1,300 2,500 I 704 1,310 284 41.2 429 62.2 5.9 74.2 58.2 A 
XC26 704 1,300 10,000 I 704 1,300 230 33.3 439 63.7 11.1 36.3 37.5 A 
X-105 704 1,300 10,000 H 704 1,300 359 52.1 588 85.3 8.6 21.6 29.0 B 
XC33 704 1,300 20,000 I 704 1,300 249 36.1 420 60.9 10.4 47.3 49.1 A 
X-116 704 1,300 20,000 H 704 1,300 368 53.4 590 85.6 3.7 25.3 28.1 B 
14815 0 871 1.600 161 23.4 165 24.0 2.1 79.8 88.9 A 
14898 0 871 1,600 163 23.6 168 24.3 2.3 84.4 88.2 A 
17895 871 1,600 2,500 I 071 1,600 146 21.2 161 23.4 2.5 96.4 82.4 A 
17896 871 1,600 2,500 I 871 1,600 141 20.4 159 23.0 2.5 101.0 86.3 A 
XC43 871 1,600 10,000 I 871 1,600 151 21.9 162 23.5 5.8 78.5 94.5 A 
X-109 871 1,600 10,000 H B71 1,600 211 30.6 239 34.7 5.0 59.4 68.9 B 
XC51 871 1,600 20,000 I 071 1,600 188 27.3 232 33.7 6.4 74.4 70.2 A 
X-120 871 1,600 20,000 H 871 1,600 191 27.7 249 36.1 1.8 46.0 47.8 B 

Inert; R, HTCR helium. 
bK, 6.4 no (0.25 In.) In diameter x 3.IB ca (1.25 In.) long; B, 3.2 on (0.12S In.) In diameter x 2.54 ca (1.00 in.) long. 
^Broke at gage nark. 
^Serration occurred before 0.2Z yield. 
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one test at the aging temperature. If the samples were aged in HTGR 
helium, reaction with the test gas resulted in carburization and formation 
of a surface oxide on the Hastelloy X. The reaction rate was so high in 
the aging chamber operating at 871°C that it was not possible to maintain 
sufficient gas flow to avoid alteration of the gas composition. When the 
first samples were removed after 10,000 h, the test chamber was changed to 
an alumina tube. It was then possible to maintain the inlet and outlet 
gas streams at the same compositions. The average carbon concentrations 
of the aged samples are given in Table 5. 

Table 5. Typical average carbon concentrations 
of aged samples 

Aging conditions 
Carbon concentration*2 

Temperature Time (%) 
(°C) (h) 

593 10,000 0.084, 0.084 
704 10,000 0.093, 0.093 
871 10,000 0.083, 0.083 
593 20,000 
704 20,000 0.096, 0.097 
871 20,000 

^Carbon concentration of starting material 
was 0.07%. 

Assessment of the property changes directly from the voluminous data 
in Table 4 is quite difficult; several groups of data will therefore be 
presented to make specific points. The yield and ultimate tensile 
strengths of samples aged at elevated temperatures and tested at 25°C are 
compared with those of the unaged material In Fig. 4. Aging at 704°C had 
the greatest effect on strength. The samples aged In an inert environment 
showed increases of about 25% in both yield and ultimate stength after 
aging for 2500 h but decreased in the degree of strengthening with further 
aging. In contrast, the samples aged In HTGR helium continued to increase 
in strength after longer aging times. This Indicates that the car-
burization occurring in the HTGR helium leads to the formation of carbides 



12 

1 4 0 0 

1200 

1000 
a. 
5 

in i/i Id cc 
800 

600 

4 0 0 

200 

ORNL- DWG 8 < - 9 2 < 2 R A R 
1 1 1 1 r~ 

OPEN S Y M B O L S - A G E D IN INERT GAS 
CLOSED S Y M B O L S - A G E D IN HTGR HELIUM 
O - 2 , 5 0 0 h AGE 
A - 1 0 , 0 0 0 h AGE 
D - 2 0 , 0 0 0 h AGE • 

T 

8 
6 

9 

-Br 

-UNAGED ULTIMATE 
TENSILE STRESS 

- U N A G E D 
Y I E L D S T R E S S 

JL 

3 0 0 4 0 0 5 0 0 6 0 0 700 8 0 0 9 0 0 

AGING T E M P E R A T U R E ( °C ) 
1000 1100 

Fig. 4. Influence of aging on yield and ultimate tensile stresses of 
Hastelloy X base metal (heat 4936) at 25°C. 

having morphologies that are strengthening. The strength variations in 
samples exposed to the inert and helium environments at higher and lower 
temperatures are very small. 

The reduction of area of the same samples is shown in Fig. 5. The 
changes from aging in inert gas or helium at 538 and 593°C are quite 
small, with the lowest value being about 30% after aging 20,000 h at 593°C 
In helium. Aging at 704°C caused large decreases in the reduction of 
area. Lower values were obtained after the longest aging times and after 
aging in helium, compared with inert gas. The lowest value obtained was 
3.5% after aging 20,000 h at 704°C in helium. The same general trends 
occurred after aging at 871°C, but the property changes after 20,000 h of 
aging were less than those observed after aging at 704°C. The smallest 
value was 9.3% after aging for 10,000 h at 871°C in helium. 

The total elongations at fracture for these samples are shown in 
Fig. 6. The trend of decreasing elongation with aging is obvious, par-
ticularly at 704 and 871°C. After aging at 704 or 871°C for a few 
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thousand hours, the elongation was reduced to values of 10 to 20%; the 
lowest value obtained was 8.2% after aging 20,000 h at 704°C In helium. 
In all cases the elongation after aging in helium was less than that 
obtained after aging in inert gas. 

Several of the aged samples were tensile tested at the aging 
temperature. Detailed test results are given in Table 4, and selected 
parameters are shown graphically in Figs. 7 and 8. The yield and ultimate 
tensile strengths are shown in Fig. 7 both for samples in the as-received 
condition and for those aged for 20,000 h in inert gas or in HTGR helium. 
These tests indicate that the as-received samples and the samples aged for 
20,000 h in inert gas had identical strength properties. However, the 
samples aged for 20,000 h in helium had strengths above those of the as-
received samples, with the largest Increase at 704°C. The elongations of 
these samples at fracture are shown in Fig. 8. The values are equivalent 
for the as-received samples and the samples aged for 20,000 h in inert 
gas. However, the samples aged in HTGR helium had significantly lower 
fracture elongations, with the lowest value of 21.4% occurring after aging 
for 20,000 h at 593°C. 

1000 
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Fig. 7. Influence of aging on yield and tensile strengths of 
Hastelloy X (heat 4936) aged and tested at the same temperature. 
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Fig. 8. Influence of aging on elongation of Hastelloy X (heat 4936) 
aged and tested at the same temperature. 

3.2 WELD SAMPLES 

Three types of weldments Involving Hastelloy X base metal (heat 4284) 
were evaluated. The material and welding process combinations are sum-
marized In Table 3. In one type of weldment using Hastelloy X filler 
material and the GTA process, two types of samples were taken. Samples 
were taken along the longitudinal axis of the weld so that they consisted 
entirely of weld metal; results of these tests are given in Table 6. The 
yield and tensile strengths of these samples are compared with those of 
Hastelloy X (heat 4936) base metal In Fig. 9; the weld metal Is stronger 
over the entire test temperature range. The elongation and reduction of 
area values for these test samples are compared In Fig. 10. The elonga-
tion values at fracture are consistently lower for the weld metal than 
for the base metal over the entire range of test temperatures. The 
largest difference occurred at the highest temperature, at which the weld 
metal sample had only about one-half the elongation of the base metal 
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Fig. 9. Comparison of tensile strength parameters of Hastelloy X 
base (heat 4936) and weld (heat 4345) metal samples. 
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Fig. 10. Comparison of ductility parameters of Hastelloy X base 
(heat 4936) and weld (heat 4345) metal samples. 
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Table 6. Tensile properties of Hastelloy X welded with Hastelloy X 
by the gas tungsten arc (GTA) process 

Testa Ueld 
Test 

temperature 0.2% Yield strength Ultimate 
tensile strength F.longatton (?) Reduction 

of 
area 
(Z) 

Testa Ueld 
Test 

temperature 
(MPa) (kul) 

Ultimate 
tensile strength 

Unlform Total 

Reduction 
of 

area 
(Z) 

Testa Ueld 
C C ) ("F) (MPa) (kul) (MPn ) (ksl) Unlform Total 

Reduction 
of 

area 
(Z) 

16832 All weld'1 25 77 528 76.6 811 117.6 30.5 33.7 45.7 

16833 All weld'' 538 1000 440 63.8 634 91.9 33.0 35.7 48.9 

16834 All weld^ 649 1200 416 60.4 603 87.4 31.4 33.7 44.9 

16835 All weldb 760 1400 437 63.4 541 78.5 4.2 19.5 33.3 

16836 All weldh 871 1600 291 42.2 302 43.8 5.0 37.3 56.7 

"Tensile properties of Hastelloy X weld metal. 
bAll weld, GTA weld deposit of heat 4345. 

sample at failure. The reduction of area values (Fig. 10) exhibit the same 
trends as does the elongation at high and low temperatures. However, from 
500 to 800°C very little difference is apparent In the reduction of area 
values for the base and weld metal samples, and the reduction of area is 
slightly lower for the base metal at several temperatures. 

Transverse samples were taken from all three types of weldments so 
that they included base metal, heat-affected zone, and weld metal. They 
were tested in the as-~welded condition and after aging 2000 and 10,000 h 
in inert gas. Samples of the GTA Hastelloy X weldment were also aged 
10,000 and 20,000 h in HTGR helium. The results of tensile tests on these 
samples are summarized in Tables 7, 8, and 9, and selected properties will 
be shown graphically. 

The yield and ultimate tensile stresses of the three weldments in the 
as-welded condition are compared with those of the base metal in Fig. 11. 
All three weldments had similar strengths; yield strengths of the weld-
ments were greater than those of the base metal over the entire range of 
test temperatures. The ultimate tensile strengths of the weldments were 
similar to those of the base metal at 25°C and became progressively 
stronger than those of the base metal as the test temperature was 
increased. The elongation and reduction of area values are compared in 
Fig. 12 for the three weldments and the base metal. The base metal had 
greater elongation at failure than did the weldments over the entire range 



Table 7. Tensile properties of Hastelloy X welded with Hastelloy X 
filler metal by the gas tungsten arc (GTA) process 

Aging conditions 

Test Temperature 

(•C) (F*) 
Tins 
<h) Environment 

Test 
temperature 

C C ) C F ) 

0.2Z Yield stress 

(MPa) (Hal) 

Ultimate 
tensile stress 

(MPa) (ksl) 

Elongation (Z) 

Uniform Total 

Reduction 
in 
area 
(Z) 

Location 
of 

fracture 

Veld reduction 
In area 
(I) 

16703 25 77 456 66.2 725 105.2 38.0 40.0 44.1 44.1 
16704 593 1,100 304 44.1 548 79.5 33.0 33.5 52.2 U 44.1 
16705 b b 659 1,200 308 44.6 535 77.6 36.0 36.8 43.8 u 43.8 
16706 760 1.400 283 41.0 443 64.2 15.0 30.9 36.4 B" 33.0 
16707 871 1,600 248 35.9 262 38.0 5.0 26.0 79.7 V 79.7 

16776 593 1 ,100 2,000 I 25 77 492 71.3 855 124.0 28.8 aJ i B 30.8 
16778 649 1 200 2,000 I 25 77 720 104.4 1,112 161.3 5.1 5 V 13.5 
16780 760 1 400 2,000 I 25 77 557 80.8 996 144.4 8.6 11. i U 11.1 
16782 871 I 600 2,000 1 25 77 376 54.6 784 113.7 12.8 22.8 V 22.8 
16777 593 1 100 2,000 I 593 1,100 334 48.4 628 91.1 25.2 44.7 B 23.3 
16779 649 1 200 2,000 I 649 1,200 524 76.0 695 100.8 9.8 30.5 u 30.5 
16781 760 1 400 2,000 I 760 1,400 351 50.9 437 63.4 9.0 21.3 56.2 u 56.2 
16783 871 I 600 2,000 I 871 1,600 198 28.7 244 35.4 7.0 49.8 75.4 U 75.4 

122-9 593 1 100 10,000 X 25 77 511 74.1 820 118.9 17.8 18.5 37.5 B 3.4 
122-13 649 1 200 10,000 I 25 77 590 85.6 1.113 161.4 6.1 6.1 10.3 u 10.3 
122-17 760 1 400 10,000 I 25 77 480 69.6 859 124.6 6.5 6.5 9.2 u 9.2 
122-21 871 1 600 10,000 I 25 77 348 50.4 700 101.6 10.6 10.6 16.5 U 16.5 
122-10 593 I 100 10,000 I 593 1,100 359 52.0 666 96.6 19.6 20.4 39.8 B 5.1 
122-14 649 1 200 10,000 I 649 1,200 516 74.8 704 _0».l 6.4 12.7 36.7 u 36.7 
122-18 760 1 400 10,000 I 760 1,400 330 47.8 450 65.3 8.0 23.1 53.6 u 53.6 
122-22 871 I 600 10,000 1 871 1,600 197 28.5 228 33.1 8.0 38.5 66.7 u 66.7 

X-167 593 1 100 10,000 H 25 77 425 61.7 740 107.4 30.2 30.7 35.9 u 35.9 
X-171 704 1 300 10,000 H 25 77 678 98.3 1,060 153.7 4.1 4.1 12.1 w 12.1 
X-175 871 1 600 10,000 H 25 77 441 64.0 7/4 112.3 4.6 4.6 9.9 u 9.9 
X-168 593 1 100 10,000 H 593 1,100 259 37.6 514 74.6 29.0 29.4 33.3 w 33.3 
X-172 704 1 300 10,000 H 704 1,300 408 59.2 566 82.1 4.9 12.1 42.2 w 42.2 
X-176 871 1 600 10,000 H 871 1,600 202 29.3 232 33.6 5.0 25.6 63.3 w 63.3 

X-180 593 1 100 20,000 H 25 77 523 75.S 907 131.5 4.8 5.0 22.6 B 35.9 
X-184 704 1 300 20,000 H 25 77 589 85.4 996 144.4 1.4 1.4 7.2 V 7.2 
X-188 871 1 600 20,000 H 25 77 330 47.9 661 95.9 3.1 3.1 10.4 U 10.4 
X-179 593 1 100 20,000 H 593 1,100 434 63.0 736 106.7 4.5 5.1 22.1 B 0.6 
X-183 704 1 300 20,000 H 704 1,300 423 61.3 567 82.3 2.2 10.4 36.3 V 36.3 

veld metal. 
fcAs welded. 
"B, base metal. 



Table 8. Tensile properties of Hastelloy X welded with Hastelloy X 
by the shielded metal arc (SMAW) process 

Weld reduction 
In area 
CD 

16694 25 77 454 65.9 784 113.7 37.0 38.3 60.8 B" 21.2 
16695 593 1 100 251 36.4 580 84.1 38.0 38.3 43.8 B 30.0 
16696 b b 649 1 ,200 290 42.0 547 79.3 37.0 38.1 36.3 B 20.7 
16697 760 1 .400 308 44.6 450 65.2 14.0 19.0 30.0 W 30.0 
16698 871 1 600 253 36.7 267 38.7 5.0 18.1 36.2 U 36.2 

16768 593 1,100 2,000 25 77 466 67.6 821 117.6 .?.7 36.0 B 3.5 
16770 649 1,200 2,000 25 77 679 98.5 1,036 148.4 b.3 17.3 B 2.2 
16772 760 1,400 2,000 25 77 571 81.8 809 115.9 2.5 2.4 U 
16774 671 1,600 2,000 25 77 391 56.0 693 99.2 5.3 5.8 W 
16769 593 1,000 2,000 593 1 100 305 43.6 610 87.4 22.7 34.0 B 3.3 
16771 649 1,200 2,000 649 1 200 487 69.8 682 97.6 9.2 26.2 U 
16773 760 1,400 2,000 760 1 400 364 52.1 430 61.5 6.0 14.5 47.4 U 
16775 871 1,600 2,000 871 1 600 214 30.7 241 34.5 5.0 22.8 64.1 U 

120-9 593 1,100 10,000 25 77 520 74.5 872 124.8 16.6 17.9 36.9 B 0.0 
120-13 649 1,200 10,000 25 77 747 107.0 1,117 160.0 4.6 4.6 10.2 U 
120-17 760 1,400 10,000 25 77 478 68.5 885 126.7 5.5 5.5 7.8 U 
120-21 871 1.600 10,000 25 77 344 49.2 672 96.2 7.3 7.3 9.7 U 
120-10 593 1,100 10,000 593 1 100 386 55.3 681 97.5 9.9 10.2 29.3 B 0.0 
120-14 649 1,200 10,000 649 1 200 525 75.2 676 96.8 4.5 9.3 35.6 U 
120-18 760 1,400 10,000 760 1 400 331 47.4 420 60.2 8.0 14.8 49.1 W 
120-22 871 1,600 10,000 871 1 600 204 29.2 241 34.5 7.0 22.0 61.9 U 

Aging conditions Ultimate „ Reduction , „, 
_ 0.2* Yield stress .. Elongation (*) Location temperature tensile stress ° In , _ Temperature r of 

. . W C O C F ) <»•> <k8l> (MP.) (k.i) U n ! f o r a T B M 1 m f " c t u r e 

aB, base netal. 
&As welded. 
<M, weld metal. 



Table 9. Tensile properties of Hastelloy X welded with Hastelloy S filler 
metal by the gas tungsten arc (GTA.) process 

Aging conditions Test 0.2X Yield stress Ult luce Elongation (X) Reduction Location 
of 

Veld reduction 
In area Temperature _ Time _ . . . . Environment 

C C ) <F') ( h > 

temperature 0.2X Yield stress tensile stress Elongation (X) In Location 
of 

Veld reduction 
In area Test Temperature _ Time _ . . . . Environment 

C C ) <F') ( h > 

area 
IV) 

Location 
of 

Veld reduction 
In area Test Temperature _ Time _ . . . . Environment 

C C ) <F') ( h > co cn (MPa) (kal) (MPa) (Vail Uniform Total area 
IV) fracture w 

16712 25 77 456 66.2 725 105.2 38.0 40.0 69.9 B* 53.4 
16713 593 1 100 304 44.1 548 79.5 33.0 33.5 63.7 vb 
16714 a e 649 I 200 308 44.6 535 77.6 36.0 36.8 56.3 V 
16715 760 1 400 283 41.0 443 64.2 15.0 30.9 65.5 w 
16716 871 I 600 248 35.9 262 38.0 5.0 26.0 74.4 B 21.2 

16784 593 1,100 2,000 25 77 484 69.3 845 121.0 29.6 35.4 B 16.3 
16786 649 1,200 2,000 25 77 501 71.8 847 121.3 12.1 33.1 V 
16786 760 1,400 2,000 25 77 496 71.0 909 130.1 11.4 24.8 V 
16790 871 1,600 2,000 25 77 398 57.0 810 116.0 19.7 23.0 V 
16785 593 1,100 2,000 538 I ,000 341 48.8 643 92.0 31.1 38.7 B 20.8 
16787 649 1,200 2,000 649 1 200 351 50.2 624 89.3 16.3 39.1 u 
16789 760 1,400 2,000 760 1 400 327 46.8 474 67.8 11.0 31.2 63.7 B 11.1 
16791 871 1,600 2,000 871 I 600 225 32.2 260 37.2 6.0 44.5 73.8 B 20.0 

124-9 593 1,100 10,000 25 77 494 70.7 852 122.0 17.4 18.6 40.1 B 6.6 
124-13 649 1,200 10,000 25 77 550 78.8 946 135.5 9.5 9.5 25.1 U 
124-17 760 1,400 10,000 25 77 472 67.6 922 132.0 13.9 13.9 23.2 u 
124-21 871 1,600 10,000 25 77 360 51.6 777 111.3 22.4 22.4 26.0 HAZ^ 35.4 
124-10 593 1,100 10,000 593 I 100 356 51.0 642 91.9 18.9 20.2 42.7 B 2.5 
124-14 649 1,200 10,000 649 1 ,200 439 62.8 735 105.2 17.3 24.3 24.0 W 
124-18 760 1,400 10,000 760 1 400 313 44.8 46/ 66.8 10.0 25.5 49.0 B 15.8 
124-22 871 1,600 10,000 871 1 600 199 28.5 249 35.7 7.0 37.6 72.2 B 7.0 

aB, base metal. 
weld metal. 

eAs welded. 
heat-afEccted zone* 
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Fig. 11. Yield and tensile stresses of base metal and weldments. 
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Fig. 12. Ductility parameters of Hastelloy X base aetal and weldments. 
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of test temperatures, the difference being the greatest at the highest 
test temperature, 871°C. The two weldments made by the GTA process had 
similar elonga'-lons, but the weldment made by the SMA process had signifi-
cantly lower elongation at 760 and 871°C. The reduction of area values 
for the weldments were generally as high as or higher than those for the 
base metal. One consistent trend was that, in all elevated temperature 
tests, the SMA weldment samples had the lowest reduction of area. 

The ductility situation of the weldments is complicated by the 
variation in the location of failure in the base metal and the weld metal. 
The data in Figs. 9 and 11 Indicate that the all-weld metal samples and 
the transverse-weld samples were stronger than the base metal so that 
failure would be expected to occur consistently In the weakar base metal. 
However, failure is more often located In the weld metal than in the base 
metal (Fig. 13). Because the weld metal had lower elongation at failure 
(Fig. 10), one would expect that samples falling in the weld metal would 
exhibit less elongation than would samples failing in the base metal, but 
this is not always the case. Note In Fig. 12 that all three weldments had 
very similar elongations but that failure occurred in the weld metal in 
two weldments and In the base metal In one weldment. 

The strength properties of the three weldments are compared in 
Fig. 14 on the basis of tensile tests at about 25°C. The strength was 
essentially unchanged by aging at 593°C, decreased slightly as a result of 
aging at 871°C, and underwent significant strengthening from aging at 
650°C. The weldment with Hastelloy S filler metal exhibited the least 
response to aging, and the two weldments with Hastelloy X filler metal 
exhibited similar responses within the scatter of the data. In some 
instances the strength appeared to increase with aging time, but In other 
cases decreases were noted. 

The reduction of area measurements at 25°C are shown in Fig. 15 for 
the three weldments. The maximum effects were at an aging temperature of 
760°C. The lowest value for the X/X/X GTA* weldment was 9.2% after aging 

*X/X/X GTA denotes base metal/filler metal/base metal In terms of 
Hastelloy designation. 
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Fig. 15. Influence of aging on the reduction of area of three 
Hastelloy X weldments measured at 25°C. 

for 10,000 h at 760°C. The weldment made with Hastelloy S filler metal 
exhibited the least effects of aging, with the lowest value for reduction 
of area being 23.0% observed after 2000 h of aging at 871°C. 

Quite often the location of the fracture was changed as a result of 
aging, as can be evaluated from the data in Tables 7, 8, and 9. Samples 
of the X/X/X GTA weldment were also aged in HTGR helium for 10,000 h; 
the property changes in inert gas and helium can therefore be compared 
(Table 7). The main difference in strength was the greater strength after 
aging at 593°C in inert gas, compared with that af'.er aging in HTGR 
helium. We have no explanation for this difference. 

The elongations at facture for the samples tested at 25°C are com-
pared in Table 10. Other than the higher elongation with aging In helium 
at 593°C, the elongations observed after aging at other temperatures were 
consistently lower for samples aged In helium. Data are also shown in 
Table 7 for X/X/X GTA weldment samples aged 20,000 h in helium. Note that 
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Table 10. Comparison of the fracture strains In tensile tests 
at 25°C of transverse weld samples aged for 

10,000 h in inert gas and HTGR helium 

Elongation at rupture (%) 

Inert 
environment 

HTGR 
helium 

593 
650 
704 
760 
871 

18.5 
6.1 

30.7 

4.1 
6.5 

10.6 4.6 

the additional aging time at 593°C increased the strength considerably and 
reduced the ductility parameters. Further aging at 704 and 871°C up to 
20,000 h generally caused decreases In the strength and ductility parame-
ters compared with the samples aged for 10,000 h. The lowest ductility 
was obtained for a sample aged for 20,000 h at 704°C and tested at 25°C, 
which had an elongation of only 1.4% and a reduction of area of 7.2%. By 
comparison, the base metal aged and tested under the same conditions had 
an elongation of 8.2% and a reduction of area of 3.5% (Table 4). 

Impact samples illustrate even more effectively the reduction in 
fracture toughness of Hastelloy X with aging. As shown in Fig. 16 and 
Table 11, the fracture toughness is reduced appreciably by aging from 538 
to 871°C in an inert environment. Although the reduction occurs in much 
shorter times at 871°C, the Impact energy after aging at 704 and 871°C 
eventually gets below 13.6 J (10 ft-lb). The scanning electron micro-
graphs in Fig. 17 for Impact samples aged for 20,000 h show the transition 
of the fracture mode from ductile transgranular tearing in the as-received 
material to rather brittle lntergranular fractures in the aged samples. 
Particularly at 704 and 871°C, the fracture path seems to follow the 
grain-boundary carbide network. Elemental analysis of the fracture 

4 . RESULTS OF IMPACT TESTS 



26 

ORNL-DWG 80H0883R2 
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Fig. 16. Effect of aging on impact properties of Hastelloy X at 25°C. 

surface Indicates a high concentration of molybdenum, the major constitu-
ent in the carbide. The numerous cracks running transverse to the frac-
ture plane indicate the ease in nucleating cracks in these brittle 
samples. Unfortunately, duplicate samples were not aged in HTGR helium to 
determine if carburization would result In even lower impact values. 

Table 11. Impact properties of Hastelloy X 

Treatment _ _ t , c 0. 
Environ- I m p a c t e n e r g y a t 2 5 C 

Temperature Time menta , TS 
( ° C ) ( h ) < J ) ( f t - l b ) 

136, 137 100, 101 
538 10,000 I 39 29 
538 20,000 I 40 29.5 
704 10,000 I 15 11 
704 20,000 I 5 4 
871 100 H 14 10.5 
871 1,000 H 15 11 
871 10,000 I 7.5 5.5 
871 20,000 I 11 8 
aI, inert; H, HTGR helium. 
^As received. 
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M-10846 M-10845 

Fig. 17. Fracture surfaces 
of Hastelloy X impact samples 
aged in inert gas and fractured 
at 25°C. (a) As received. 
(b) Aged 20,000 h at 538°C. 
(c) Aged 20,000 h at 704°C. 
(d) Aged 20,000 h at 871°C. 
(e) Surface in (d) but also 
typical of (c). 

(e) 5 0 a m 
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5. RESULTS OF CREEP TESTS 

5.1 BASE METAL 

The test results of two heats of Hastelloy X tested in the as-
received condition in air and HTGR helium environments are summarized in 
Table 12. The time to 1% strain is shown as a function of stress level in 
Fig. 18. The data exhibit considerable scatter at this strain level 
because of the inherent problems (mostly variation in ambient temperature) 
in measuring small elongations. For example, 1% strain corresponds to 
only 0.025 cm (0.010 in.) of movement, so small shifts in ambient tem-
perature can lead to thermal expansions or contractions that appear as 
strains. However, the data in Fig. 18 do not show consistent effects of 
lot or test environment. Similar results are shown in Fig. 19 for the 
time to 2% strain. The scatter is considerably less than that noted in 
Fig. 18, but the results are not detectably influenced by lot or test 
environment. The stress-rupture properties are shown in Fig. 20, with rup-
ture times to 40,000 h. As noted at lower strains, lot and test environ-
ment do not have detectable effects. The only irregularity in the data 
exists at 760°C after about 20,000 h, where two tests have failed and two 
continue. Both of the failed tests fall short of the line drawn on the 
basis of the rest of the data. The two continuing tests should help to 
determine if there Is a change in the slope of the stress-rupture curve at 
760°C. 

The minimum creep rates for the various tests are shown in Fig. 21. 
These data do not indicate consistent effects of lot or test environment 
on the properties. The minimum creep rate applies over a very short por-
tion of the total test time, as shown by the creep curves at most con-
ditions, which are concave upward. At low test temperatv s (e.g., 649°C) 
a typical creep curve will display a primary creep per' in which the 
creep rate decelerates and will then change to a concave upward portion in 
which the creep rate accelerates. Thus, the so-called minimum creep rate 
is determined by constructing a tangent to the curve, which applies over a 
relatively short portion of the test. As the test temperature is 



Table 12. Results of creep tests on Hastelloy X 

Temperature S t r e e t Tl— (H) S t eedy -o to t e Elongat ion (X) U d u c t t o o 
T. .C CC) (111) 

Eovl rotiaent To I t 
c reep 

To 2X 
c reep 

To St 
creep 

To 
t . r t U r y 

Rupture 
or t e . t 

c rccp r o c . 
La.<flnB Creep 

of a r e . 
CI) 

Peat )<"Jf 

18973 871 1, ,600 69 10.0 Hi 11 24 63 65 157 78 * i<r» 60.4 
18592 871 1, ,600 48 7 .0 Hi 210 430 770 400 1,332 3 .0 0.07 28.8 45.0 
19773 871 1, ,600 7.0 Air 55 175 180 290 746 8 .0 47.9 57.0 
17850 871 I, ,600 34 5 .0 Alt 1 .050 3.000 5,771° 0.62 0 .09 1.7 

12.8 16126 871 1, ,600 14 5 .0 Hi 3,414 4,000 5, ,400 2, ,350 6,527 0 .10 0.01 14.2 12.8 
17375 816 I, ,500 69 10.0 Air 119 400 970 690 1,905 3.4 43.7 52.5 
17132 816 1, ,500 69 10.0 He 253 887 1, ,745 900 2,790 1.4 0 .15 25.7 

71.5 17330 760 1, ,400 118 20.0 Air 18 3) 95 113 297 46 52.4 71.5 
16125 760 I, ,400 111 20.0 fte 16 10 101 142 305 40 38.9 75.3 
18883 760 1, ,400 20.0 fte 12.5 25 69 140 257 71 0 .08 51.2 72.2 
18451 760 1, ,400 101 15.0 Air 65 240 830 753 2,269 4 .8 0 .14 41.7 70.6 

16490 760 1, ,400 101 15.0 He 377 1.110 I , ,180 1, ,480 2,690 1.2 0 .24 18.5 29.8 
18450 7 60 1 ,400 69 10.0 1.000 8 ,400 19 ,200 6 ,200 19,850®,'' 0 .10 5.4 

23.8 184*9 760 1, ,400 69 10.0 Air 875 5,200 13, ,100 8, ,300 17,929' ' 0 .21 0.01 15.7 23.8 
17875 760 1, ,400 69 10.0 He 2,500 11,500 21, ,200 12, ,000 26,497 0 .10 12.8 16.6 
188618 760 1, ,400 69 10.0 Air 600 6 ,900 18.000 18,640" 0 .13 5.1 
18879 704 1, ,100 20 7 10.0 He 20 35 69 38 228 46 0.22 46 .8 71.2 
15771 704 1, >300 172 25.0 He 49 104 321 510 1,007 14 0 .14 35.2 63 .3 
15058 704 1, ,100 118 20.0 He 113 344 1, ,920 1, ,950 4,045 1.7 0 . 1 0 21.4 5.8 
15792 704 1, ,300 118 20.0 He 148 500 2, ,590 2, ,000 4,588 1.1 0.02 22.9 45.7 
16268 704 1, ,300 118 20.0 Air 98 297 2, ,119 1, ,950 4,504 1.2 0 .05 18.2 23.7 
17376 704 1, ,100 101 15.0 Air 150 550 1», ,500 20, ,000 41,127 0 .15 17.5 23.2 

17328 704 1, ,100 101 15.0 He 350 5.600 15, ,750 11, ,000 21,000 0 .11 0 .11 20.8 27.3 
18878 649 1, ,200 145 50.0 He 0 .4 2 21.5 19 95.2 130 3 . 8 38.5 47.0 
17863 649 1, ,200 207 10.0 He 375 560 I, ,800 2, ,600 4,188 2.1 0 .05 22.1 53.9 
16267 649 1, ,200 172 25.0 Air 250 700 3, ,900 ,750 16,528 0 .48 0 .36 34.7 56.0 
15771 649 1, ,200 172 25.0 He 471 850 2, ,170 3, ,950 6,466 1.7 0 .15 14.7 52.8 
18150 649 1, ,200 118 20.0 81 1,260 4 ,300 35 ,248 ' 0.075 5.7 
17329 649 1, ,200 1)8 20.0 Hf 805 3 , t 6 3 4,791" 0.07 2 .3 1.3 
18*15 649 1, ,200 118 20 .0 Air 1,100 3.600 22,030" .^ 0 .10 2 .9 
18434 649 1, ,200 118 20.0 He 2,500 5.400 33,930- ' . ' 0 .13 9.2 
1843(8 (49 I, .200 138 20.0 Air 1,200 3.100 21 ,987 ' 0.067 3 .8 
18436* 649 1 ,200 101 15.0 Air 21 .987 ' 0.0048 0 .9 

Htat •>792 
16054 871 1, ,600 62 9 .0 He 93 197 327 205 554 9.5 0.07 34.7 68.5 
18454 871 1, ,600 14 5.0 H. 870 1.600 2, ,675 1 ,550 4,612 0 .93 0 .06 21.5 26.5 
19834 871 1, ,600 5.0 Air 1,108 1.704 1 ,300 2 , 1 6 3 ' 0.82 53.2 
16011 760 1, ,400 152 22.0 He 7 15 38 44 159 120 0 .09 56.6 80.5 
19353 760 1, ,400 15.0 Air 35 210 950 1, ,000 3,295 3.9 53.2 
19938 760 1, ,400 15.0 Hi 50 217 810 1, ,419 2,730 6 .0 0 . 0 3 43.7 63.2 
19606 760 1, ,400 15.0 Air 40 200 1, ,100 BOO 3,353 2.6 0.22 39.8 
19392 760 1, ,400 15.0 Air 90 240 710 1, ,000 2,775 5.8 0 .09 47 .3 83.7 
18447 760 1, ,400 69 10.0 Hi 12,0170 0.065 0 .78 1.12 
18448 760 1, ,400 69 10.0 Air 850 8 ,800 12,630* 0.12 7 .6 

"Dleeoaclaued before fracture. 
If lot iptClMB. 
®Te«t In progreit. 
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Fig. 18. Time to 1% strain as a function of stress for Hastelloy X. 

ORHL-OWG 02-429*8 
I 111inn—I 11 IIIIII—I I MINI—I 11 MINI—RRM 

200 

20 

o HEAT 4936 
4 HEAT 2792 

OPEN SYMBOLS HTGR H E L I U M 
CLOSED SYMBOLS - AIR 

8H -C 

i i i mil l i i i mil l i i i IIIIII i i m i n i I I I l l l i i 
10' 10 10* 
TIME TO 2% STRAIN |h) 

Fig. 19. Time to 2% strain as a function of stress for Hastelloy X. 
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Fig. 20. Stress-rupture properties of Hastelloy X. Arrows with data 
points indicate that tests are still in progress. 
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Fig. 21. Minimal creep rate for Hastelloy X under various experimen-
tal conditions. 
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increased, the extent of the primary creep diminishes and the creep curve 
becomes concave more quickly. Hence, the physical significance of "the 
minimum creep rate" for Hastelloy X is questionable. 

Figures 22 and 23 show two correlations that define more details 
about the shape of the creep curve for this material. Although the indi-
vidual data points in these figures are identified by lot and environment, 
neither variable had a detectable effect. The correlation in Fig. 22 
deals with the times to 1% strain and to rupture and is affected by the 
experimental data scatter in measuring the 1% strain. One of the two 
lines in Fig. 22 represents the average of the data and indicates that the 
time to 1% strain is 0.067 times the rupture life. The second curve 
represents the lower bound of the data and indicates that the time to 1% 
strain is only 0.013 times the rupture life. The correlation in Fig. 23 
shows that the time to tertiary creep is about three-tenths the time to 
rupture. 

The creep strain for each test is shown as a function of rupture time 
in Fig. 24, in which there is a definite trend for the samples run in HTGR 
helium to fail at lower strains than do those tested in air. However, the 
lowest fracture strain was still greater than 10%. Design criteria would 

ORNL-DWG 78-4420A 

TIME TO RUPTURE (h) 

Fig. 22. Time to 1% strain as a function of rupture life for 
Hastelloy X. 
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Fig. 23. Correlation of time to tertiary creep as a function of 
rupture life for Hastelloy X. 

ORNL-DWG 7»-7207fl 1 

Fig. 24. Relation of creep strain to rupture life for Hastelloy X. 
Test run at the noted Celsius temperature. 
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likely limit the design strain to 1 to 2%, and the observed reduction in 
fracture strain during creep would likely not be important. 

After testing, the creep samples were sectioned, and the entire cross 
section was analyzed for carbon. The entire sample was consumed in 
the analysis; the data in Fig. 25 therefore represent the average carbon 
concentration of the test samples as functions of test time and tempera-
ture. These data show that the kinetics of carburization become rather 
rapid above 800°C. 

ORNL-DWG 7B-4429R3 

Fig. 25. Carbon content of Hastelloy X exposed to HTGR helium. 

5.2 WELD SAMPLES 

Some of the samples prepared by the GTA process and tested were 
totally of weld metal heat 4345 (Table 3). Test results for the samples 
tested to date are given in Table 13. Comparison of these test results 
with those for Hastelloy X base metal (Figs. 18, 19, 20, 21, and 24) shows 



T a b l e 1 3 . R e s u l t s o f c r e e p t e s t s o n H a s t e l l o y X a l l - w e l d m e t a l 

( A l l t e s t s i n HTGR h e l i u m ) 

Test 
Temperature Stress Time 

creep 

(IX) 

to Indicated 
strain (h) 

<2Z) (51) 

Steady-state 
creep rate 

O H ) 

Time to 
tertiary creep 

0 0 

Rupture 
life 
G O 

Elongatl on (J) Reduction 
In area 

(X) Test 
C O <*F) (HPa) (k«i) 

Time 
creep 

(IX) 

to Indicated 
strain (h) 

<2Z) (51) 

Steady-state 
creep rate 

O H ) 

Time to 
tertiary creep 

0 0 

Rupture 
life 
G O Loading Creep 

Reduction 
In area 

(X) 

20511 593 1100 345 50 252 470 950 3.0 X lO"6 250 2097 0.07 19.1 26.0 

21592 649 1200 276 40 60 110 260 18.7 450 619 0.19 19.7 32.0 

20699 649 1200 276 40 60 110 250 21.0 380 558 0.43 20.6 42.5 

20698 760 1400 138 20 24 82 212 16.0 157 312 18.5 53.7 
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that the creep properties of the weld metal approximately equal those of 
the base metal. The significant variation is that the fracture elongation 
of the weld-metal samples is about one-half that of the base metal; 
however, the strains are still about 20%. 

Transverse samples of the three weldments listed in Table 3 were pre-
pared and subjected to creep tests. Some of the samples were also aged in 
inert gas for either 2000 or 10,000 h; the test results are given In 
Tables 14, 15, and 16. All samples were tested in HTGR helium. The times 
to 1% strain and to rupture are compared with those for base metal in 
Figs. 26 and 27, respectively, and the minimum creep rates are compared 
in Fig. 28. The results generally show that the three transverse welds 
have about the same creep strength; are as strong as, or stronger than, 
the base metal; and are affected by aging for 10,000 h only at 871°C, 
at which the creep strength is reduced slightly. 

In the transverse weld specimens In which Hastelloy X was used as the 
filler metal, fracture generally occurred In the weld metal (Tables 14 snd 
15). In the samples welded with Hastelloy S filler metal, failure 
generally occurred in the base metal, although a trend exists for failure 
to occur in the weld metal at the highest test temperature of 871°C 
(Table 16). The fracture strains of all the test samples are compared 
with those of Hastelloy X base metal In Fig. 29. Because of the large 
number of variables involved, it Is not surprising that there Is con-
siderable scatter in the test results. However, the fracture strains of 
the weldments are generally lower than those of the base metal, and almost 
one-half the test results range from 4 to 10%. Although test and aging 
temperatures are not shown in Fig. 29, the data In Tables 14, 15, and 16 
show that many of the high-fracture strains occurred in samples aged and 
tested at 760 and 871°C. Thus, postweld heat treatments would likely be 
beneficial in increasing the creep fracture strain of Hastelloy X 
weldments. In the as-welded condition, the test results show generally 
that the lowest fracture strains occurred in the weldment using Hastelloy X 
filler wire and the SMA welding process, that the highest fracture 



T a b l e 1 4 . R e s u l t s o f c r e e p t e s t s on g a s t u n g s t e n a r c (GTA) w e l d s i n H a s t e l l o y X 
w i t h H a s t e l l o y X f i l l e r m e t a l 

(Tested In HTGR helium) 

Teat 
T e a p e r a t u r e 

CC) 
S t r e s s 

(KPa) ( leal) 
C o n d i t i o n " 

T i n e t o I n d i c a t e d 
c r e e p a t r a l n (h ) 

(1*> (M> <5J) 

S t e a d y - s t a t e 
c r e e p r a t e 

( h - M 

Tine t o t e r t i a r y 
c r eep 

Rupture 
l i f e 

E longa t ion ( J ) 

Loading Creep 

Reduct ion 
In a r e a Loca t ion of 

f r a c t u r e -

19397 593 345 50.0 c 260 450 810 3 .2 * 10-4 280 1,371 1.0 15.8 51.8 W 
19421 593 345 50.0 c 330 520 1.030 2.6 300 : , 2 3 0 0 . 3 6 17.1 36.2 U 
18426 593 242 35 .0 c 2 ,100 4 4 50 23,000 0 . 1 3 26,600 29,586 0 . 3 3 7 .8 25 .5 u 
21552 593 345 50.0 2 ,000 /593 170 320 680 6 . 3 500 1,667 22.1 56.0 w 
20559 593 242 35 .0 2 ,000 /593 1 ,825 4 445 0 . 1 7 14,220 ' ' 0 . 36 4 . o i 
20505 593 3«5 50 .0 10 ,000 /593 158 310 690 6 .4 505 1,296 0 . 1 0 17.9 51.1 u 
21553 593 345 50.0 10 ,000/593 115 235 540 8 . 3 420 1,151 0 . 4 3 19.1 57.7 u 

18864 649 242 35 .0 e 125 235 880 4 .2 1,080 1,353 0 . 3 0 10.2 38.5 e 
18427 649 207 30 .0 c 190 470 4 ,250 0 . 5 3 4 ,025 4 ,404 0 .003 6 . 5 19.4 w 
21560 649 276 40 .0 2,1100/649 60 118 200 14 125 157 0 .69 22.4 62 .0 V 
21550 649 207 30 .0 2 ,000 /649 1 ,600 2 975 0 .39 2 ,700 4 ,022 0 .12 8 . 8 38.4 U 
9816 649 276 4 0 . 0 10 ,000/649 45 90 170 1 .8 100 254 0 . 1 0 18.3 53.8 V 
20509 649 207 30 .0 10,000/649 875 1 400 2 ,150 0 . 8 8 1,100 2,421 0 . 1 1 11.7 46 .5 u 

19764 760 103 15 .0 e 5,400 7 800 0 . 0 9 5 ,400 8 ,793 R.5 54. R u 
8428 760 138 20 .0 c 3 225 0 . 3 477 0 . 4 0 M 44.1 W 
20629 760 179 25 .5 2 ,000 /760 29 0 . 1 3 24 .0 61 .0 V 
22212 760 103 15.0 2 ,000 /760 980 1 650 2 ,175 0 .8 1,335 2 .193 7 .8 18.2 V 
20502 760 103 15.0 10 ,000/760 375 650 1 ,305 2 . 3 525 2 ,145 24 .5 62.2 u 
20497 760 138 20 .0 10 ,000/760 13 30 60 61 35 142 0 . 1 3 27.7 69.9 u 
8429 871 69 10.0 e 140 220 283 5.0 180 330 0 .06 16.1 30.1 u 
9794 871 35 5 .0 c 3,500 6 500 0 .16 5 ,500 1(1,867 0 .00 5 .8 4 . 7 HAZ 
21562 871 69 10 .0 2 ,000 /871 18 30 70 55 40 14B 0 .01 13.9 6 1 . 3 B 
9811 871 69 10 .0 10 ,000/871 19 33 60 40 20 95-4 0 .19 43 .0 63 .2 u 

(Mglng t i n e ( h ) / a g i n g c e o p e r a t u r e (*C) ( i n I n e r t e n v i r o n m e n t ) . 

weld n e t a l ; B, base o c t a l ; HAZ( h e a t - a f f e c t e d zone* 

"As welded . 

*In p r o g r e s s . 

U) 



T a b l e 1 5 . R e s u l t s o f c r e e p t e s t s on s h i e l d e d m e t a l a r c (SMA) w e l d s i n H a s t e l l o y X 
with Hastelloy X filler metal 

(Tested In HTGR helium) 

Temperature S t r e s s „ , , , S t e a d y - s t a t e Tine t o t e r t i a r y Rupture E longa t ion ( I ) Reduct ion ._„ , _ . ^ _ . , c r eep s t r a i n (h) . . Loca t ion of Teat C o n d i t i o n ' J_ c r e e p r a t e c r eep l i f e In a rea i 
C C ) (MPa) ( k s l ) ( 1 X ) ( 2 J ) ( 5 I ) ( h " ' ) (h) (h ) Loading Creep ( ! ) ' ' 

19411 593 345 50.0 e 220 440 950 2 . 8 x 10-4 290 1, ,435 1.4 8 .8 11.1 U 
19396 593 345 50.0 e 390 600 1,270 1 .8 320 1 .698 1.2 8 .7 12.7 u 
17564 593 242 35.0 e 2,300 6 ,200 0 .11 U , ,689^ 0 . 1 0 2 .8 
19788 593 345 50.0 2 ,000 /593 170 360 900 5.1 900 1, ,807 0 .67 13.0 17.2 u 
21367 593 242 35.0 2 .000 /593 3.100 6 ,150 0 .20 10, .853 0 . 2 0 3 .3 2 .8 u 
20498 593 345 50 .0 10,000/593 158 322 700 5 .8 519 802 0 . 2 9 8 .2 12.5 u 
21555 593 345 50.0 10 ,000/593 170 370 720 5.0 550 729 0 . 1 3 6 .1 11 u 

19409 649 276 4 0 . 0 c 7 3 135 310 17 408 418 0 .51 9 . 3 19.6 u 
18422 649 207 30.0 e 375 2 ,200 0 .35 1,600 2, ,158 0 . 0 3 3 .9 11.0 u 
19797 649 276 40 .0 2 .000 /649 51 107 17 124 151 5.1 18.9 u 
19798 649 207 30.0 2 ,000 /649 880 0 . 7 0 1,050 1, ,084 3.4 7.2 u 
20504 649 276 40 .0 10,000/649 40 71 111 22 65 116 0 .25 6 .2 20.7 u 
20506 649 207 30.0 10,000/649 880 910 64 860 915 0 .16 4 .1 12.7 u 

18424 760 138 20.0 a 155 208 1 .3 201 209 0 .06 4 .6 16.1 u 
20554 760 138 20 .0 2 ,000 /760 66 92 127 3 .0 35 136 0 .05 7 .9 25 .0 u 
22209 760 103 15.0 2 ,000 /760 30 32 29 25 33 3.4 12.1 u 
19815 760 138 20.0 10,000/760 16 31 63 54 32 102 0 .24 15.0 55.4 u 
20501 760 103 15.0 10,C00/760 1, ,787 0 .09 4 .6 22.9 u 

18425 871 69 10.0 c 155 0 . 2 0 147 157 0 . 0 3 4 .0 14.2 u 
19399 871 35 5.0 a 3,400 4 ,720 0 .17 3,250 4, , 721 0 .04 2 .9 1.3 u 
19813 871 69 10.0 2 ,000 /871 16 36 83 44 71 123 0 .12 IB.3 51.6 u 
19810 871 69 10.0 10,000/871 3 6 14 290 7.5 43.2 0 .12 28. F 62 .9 u 

"Aging time ( h ) / a g i n g t empera tu re <*C) <ln I n e r t env i ronmen t ) . 

hi, ue ld m e t a l . 
JAs welded. 

• con t i nued b e f o r e f a i l u r e . 



Table 16. Results of creep tests on gas tungsten arc (GTA) welds In Hastelloy X 
w i t h H a s t e l l o y S f i l l e r m e t a l 

(Tested in HTGR helium) 

Teat 
Teapera ture 

C O 

S t reaa 

(KPa) ( k a l ) 
Condi t ion" 

Tlae to Ind ica ted 
creep s t r a i n (b) 

(IX) (2*) (51) 

S tead j r -a ta te Tim 
creep r a t e 

« i ->) 

B to t . T L l . i y 
c.-cep 

Rupture 
l i f e 
(!•> 

Elongat ion (X) 

Loading Creep 

Reduction 
in area 

(X) 

Location of 
f racture? 1 

Reduction of 
a rea weld 

« ) 

19420 593 345 50.0 e 430 690 1,316 1.5 * l f r* 4ft" 2.833 22.0 46.8 1 
18430 593 242 35.0 c 1,900 5,600 0.12 38,431<f 0.10 4 .** 
21569 593 345 50.0 2,000/593 240 530 1,140 3 .5 900 2,651 0 .80 19.2 54.5 I 0 .8 
21559 593 345 50.0 2,000/871 45 100 300 15.0 450 1,121 1.2 23.7 55.4 B 17.0 
21561 593 242 35.0 2,000/593 2,650 6,850 0.14 12,B14<* 2 .8* 
21574 593 345 50.0 10,000/593 335 650 1,500 3 .0 1,300 2,780 0.53 20.5 64.4 B 0 
22210 593 276 40.0 10,000/593 3,456<f 2.1<f 

19425 649 276 40 .0 e 83 124 275 12.0 115 760 0.24 30 .9 58.0 S 
18431 649 207 30.0 e 375 770 2,300 2.1 4.300 5,455 0 .13 21.6 78.7 u 
21590 649 276 4 0 . 0 2,000/649 90 160 330 11.0 200 632 0.11 28.8 74.8 B 20 
21572 649 207 30.0 2,000/649 630 1,250 2,930 1.6 3,100 6,159 0.11 27.1 82.4 B 29 
21577 649 276 40.0 10,000/649 130 212 400 8 .0 190 619 24.8 72.8 B 11 
20510 649 207 30.0 10,000/649 750 1,700 3,600 1.2 2,700 6,167 27.4 70.9 8 0 .6 

18432 760 138 20.0 c 21 49 120 38 110 326 0 .18 26 .3 71.6 U 
19766 760 103 15.0 c 142 400 1,020 3.6 680 1,866 0 .02 18.1 65.3 HAZ 
20556 760 138 20 .0 2,000/760 26 52 113 38 77 26 9 0 .03 30.2 72.5 HA2 
22213 760 103 15.0 2,000/760 265 540 1,100 3.0 590 1,655 0 .03 18.5 72.5 V 
19818 760 138 20.0 10,000/760 20 40 90 48 70 256 0.57 33.7 B3.4 U 
20507 760 103 15.0 10,000/760 1,164 1,597 2,487 0.44 950 3.258 20.2 77.4 V 

18433 871 69 10.0 e 51 80 158 16 67 198 0 .20 9 .8 31.7 U 
19812 871 69 10.0 10,000/871 5 9 21 200 14 79 46.8 74.4 1 

"Aging e lae (h ) / ag lng temperature (*C). 

&W, veld o c t a l ; B, baae a e t a l ; HAZ, h e a t - a f e c t e d rone . 

«AJ welded, 

p rog reaa . 
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and three weldments. All tests were conducted in HTGR helium; the lines 
represent base metal. 
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strains occurred when Hastelloy S was the filler wire, and that inter-
mediate values occurred when Hastelloy X filler wire and the GTA welding 
process were used. 

5.3 AGED SAMPLES 

Some additional aging experiments have been run on transverse weld-
ments in HTGR helium and on base metal in inert gas and in HTGR helium; 
these test results are summarized in Tables 17 and 18. Only a few tests 
are now complete, and the results are rather spotty. These results and 
those for all-weld metal samples (Table 13) are compared with those for 
as-received base metal in Figs. 30 and 31. Differences in the minimum 
creep rate may turn out to be significant when more results became 
available, but the rupture life results in Fig. 31 agree very well for 
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Fig. 30. Comparison of the creep rate of Hastelloy X in a number of 
conditions. The lines represent as-received Hastelloy X base metal. 



Table 17. Results of creep tests on aged Hastelloy X base metal. 

(All tests run In HTGR helium) 

Teaperature Streaa _ . Steady-state Tine to tertiary Rupture Elongation (I) Reduction 
Test Condition* creep strain (nj c r M p c r M p u f e J n a r e a 

C'C) C P ) (MPa) (ksi) (h~>) (h) (h) Loading Creep (X) 

21565& 538 1,000 345 50 20,000 h/ 
538/1 

18,975 13.8 

0525 593 1,100 345 50 10,000 h/ 
593/H 

68 165 450 10.0 x io-s 490 1,389 7.2 29.7 41.9 

22195 593 1,100 276 40 10,000 h/ 
593/H 

535 1,004 2, 390 2.0 2, ,500 7,901 2.5 32.C 46.3 

22227 593 1,100 345 50 20,000 h/ 
593'C/l 

3 60 285 14.0 600 1,393 2.5 41.3 50.2 

0529 704 1,300 138 20 10,000 h / 
704/H 

1,350 2,000 2, ,970 0.52 1, ,200 3,797 0.03 17.9 41.7 

2204 704 1,300 138 20 20,000 h / 
704/H 

555 1,000 1, 895 1.7 850 2,904 0.07 18.6 39.2 

12431 704 1,300 138 20 20,000 h/ 
704/1 

88 150 390 12.0 282 1,711 0.06 59.1 74.9 

10543 871 1,600 48 7.0 20,000 h/ 
871/1 

22 40 105 33 575 718 33.' 46.3 

22193 871 1,600 35 5.0 20,000 h/ 
871/H 

515 1,750 6, ,300 0.63 ,250 11,226 0.6 15.5 15.7 

"Aging tloe (h)/aging temperature (*C)/aglng envlronaent (I, Inert; H, HTGR hellun). 
^Test In progress. 



Table 18. Results of creep tests on Hastelloy X. 

(Gas tungsten arc welds aged and tested In HTGR helium) 

Teapera ture 

C O C P ) (MPa) ( k . l ) 

Tlac Co Indica ted 
creep a t r a l n (H) 

(1*) (2X) (51) 

Sceadjr-acate Ttme to t e r t i a r y Rupture Elongation (2) deduct ion 
creep r a t e c reep l i f e — of area 

( h - 1 ) (h) (h) Loading Creep ( I ) 

Location of 
f r a c t u r e 

0523 593 1,100 3*5 50 10,000 h In 
h e l l u a a t 593*C 

2201 593 1,100 276 40 10,000 h a t 
593'C 

2230 593 1,100 345 50 20,000 h a t 
593'C 

0530 704 1,300 138 20 10,000 h a t 
704'C 

2203 704 1,300 138 20 20,000 h ac 
704*C 

0552 871 1,600 35 5.0 10,000 h ac 
871*C 

2186® 871 1,600 35 5.0 20,000 h a t 
871*C 

10.0 

127 250 580 6.6 * 10-4 

1,710 2,365 2,960 

8.0 

275 

1,500 

940 

6 , 8 1 9 

3,012 

7,126 

11.599 

2.5 14.3 

0 . 3 11.7 

0.62 14.5 

15.3 

0.22 9 .6 

0.6 

5.7 

14.8 

48.8 

39.0 

46 .8 

61.6 

44.2 

58.6 

Veld 

Held 

"Teat lo p r o g r e u . 
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Fig. 31. Comparison of stress-rupture properties of Hastelloy X in a 
number of conditions. The lines represent as-received Hastelloy X base 
metal. 

Hastelloy X under all test conditions. A scan of the fracture strains in 
Tables 17 and 18 indicates that typical values for weldments are 15% and 
that those for aged base metal are 20% and upward. Comparison with the 
data in Fig. 29 shows that these values for aged samples are not greatly 
different from those for as-received base metal and as-welded transverse 
weld samples. 

6. SUMMARY AND CONCLUSIONS 

Tensile, Impact, and creep results were presented for Hastelloy X in 
a number of metallurgical forms. These tests involved three heats of base 
metal, one heat of filler metal, and one heat of Hastelloy S filler metal. 
Because Hastelloy X is known to change properties as a result of long-term 
thermal exposure, some tests were run in which samples were heated in an 
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Inert gas before being tested. In other tests samples were heated in HTGR 
helium containing small amounts of H2, CH^, and C02 before testing. Our 
tests and those of numerous other investigators have shown that these 
impurities in helium lead to carburization of Hastelloy X. Therefore, an 
important question is whether or not the property changes from thermal 
exposure and from carburization are additive. The creep tests in HTGR 
helium address the important design question of whether or not the creep 
strength is modified by long-term exposure to the carburizing impurties. 
Tests have now been run in excess of 40,000 h and are continuing. 
Comparative creep tests are being run in air; their most important func-
tion is to establish how the creep properties of the specific heats of 
Hastelloy X being tested in HTGR helium compare with the body of data 
already available for Hastelloy X in an air environment. This test 
program is ongoing, and the answers to many of the issues being studied 
should become clearer with time. 

Our observations to date warrant at least several preliminary 
conclusions: 

• Hastelloy X base metal tensile properties at 25°C are modified by 
aging at 700°C and upward. The yield and tensile strengths are 
Increased, and the ductility is decreased. The greatest strength 
increase is about 25% at about 700°C. The fracture strain drops to 
about 10% at 700°C and remains at this level through 871°C. 

• These same trends in tensile property changes occur when the aging 
environment is HTGR helium, but the changes are larger. 

• When the tensile properties are measured at the same temperature as 
that at which the aging was carried out, changes in properties were 
not detectable for samples aged in inert gas, but strengthening and 
reductions in ductility were noted for samples aged at 593°C and 
higher in HTGR helium. 

• Impact energies were measured only on samples aged in inert gas. 
Values of less than 13.6 J (10 ft-b) were obtained after aging only a 
few hours at 871°C and after about 10,000 h at 704°C. 

• Suitable welds were made in Hastelloy X with Hastelloy X filler 
metal and either the GTA or SMA welding process. Good welds were 
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also obtained with Hastelloy S filler metal and the GTA welding 
process. Over the test temperature range of 25 to 871°C, transverse 
specimens of all weldments had higher yields and ultimate tensile 
stresses than did the base metal and had fracture strains of 20 to 
40%. 

• The tensile properties of weldments at 25°C responded to aging. 
Maximum strengthening occurred as a result of aging at 650°C, and 
optimum ductility reduction occured from aging at 760°C. Very little 
aging response was found in the samples welded with Hastelloy S. 
Some of the samples welded with Hastelloy X filler with the GTA 
welding process were aged in HTGR helium. In comparisons between 
samples aged in inert gas and HTGR helium, the fracture strain in a 
tensile test at 25°C was less for the specimens aged in HTGR helium. 

• Creep tests in excess of 40,000 h on two heats of Hastelloy X base 
metal did not show measureable differences in creep rate between the 
two heats or between test environments of air or HTGR helium. 

• The creep fracture strain was less for base metal samples tested 
in HTGR helium than for those tested in air. 

• Carbon analyses of the entire cross sections of Hastelloy X creep 
samples showed that the kinetics of carburization increased markedly 
above 800°C. 

• The creep curves for Hastelloy X are concave upward and do not 
have a long period of linear secondary or minimum creep. For 
example, only 6% of the time to rupture was required to reach 1% 
creep strain, and about 30% of the time to rupture was required to 
reach tertiary creep. 

• Creep tests on weldments showed that the creep curves were not 
detectably different for transverse weldment and base metal samples. 
The main difference was the general failure of weldments at a lower 
strain. Strains of 4 to 10% were commonly noted for SMA welds of 
Hastelloy X with Hastelloy X filler metal and of 10 to 20% for the 
other two weldments. Aged samples often exhibited higher fracture 
strains, indicating that better properties could likely be obtained 
with a postweld heat treatment. 
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• Creep tests oti a variety of samples involving base metal and 
transverse welds aged to 20,000 h in inert gas and HTGR helium showed 
very little effect on the creep response of Hastelloy X. 
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