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ABSTRACT 

This work was undertaken to investigate the elevated temperature tensile 
properties of a new age-hardened iron-based superalloy. EPRI-T (Fe-
34.SNi-SCr-3Ti-3Ta-1Mo-O.OlB). that was designed to combine high 
strength and good fracture toughness at room temperature. The alloy 
retained high strength when tested at 6S0 0 C in air. However. samples 
that were aged from the annealed condition were brittle at 6S00 C. Frac
tographic analyses of the embrittled specimens showed that they failed 
in an intergranular mode that initiated at the sample surface. Samples 
cut longitudinally from material that was aged directly from the as
forged condition were ductile in tension at 6S0 0 C. The intergranular 
surface cracks could not penetrate the elongated grains parallel to the 
tensile axis. The weakness of the grain boundaries was found to be due 
to cellular precipitation of the Fe2Ta Laves phase. An alternate heat 
treatment was designed to suppress cellular precipitation. Samples 
given this heat treatment had improved room temperature ductility and 
remained ductile when tested at 6S00 C in vacuum. but were brittle when 
tested in 6S0 0 C air. The high temperature brittleness is caused by 
subsurface oxidation, which induces precipitation of the Laves phase 
along the grain boundaries ahead of the growing oxide. Hence the alloy 
embrittles itself when tested at a low strain rate in high temperature 
air. A parallel investigation studied the influence of mechanical 
twinning on the high temperature deformation of the alloy. Twinning 
occurs, but appears to be a consequence of the embrittling mechanism 
rather than a cause of embrittlement. 

*Present Address: Jaio-Tong University, Shanghai, People's Republic of 
China 
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INTRODUcrION 

Many austenitic steels and nickel-based alloys exhibit a rapid drop 
in tensile ductility when tested in air in the intermediate temperature 
range 60o-7S00 C [1-4]. The decrease in ductility is assoc iated with a 
change in the fracture mode from transgranular to intergranular failure. 
The intergranular fracture was originally suggested [3.4] to result from 
cavitation due to restrictions on grain boundary sliding. However. more 
recent work [S-ll] has shown that the embrittlement usually disappears 
when the testing is carried out in inert environments. which implicates 
oxygen as the embrittling species. Oxygen diffuses along the grain 
boundar ies and may plaus ib ly lead to embr i t tl ement by gra in boundary 
pinning [8] or. in superalloys. by interaction with a grain boundary [6] 
or matrix [S] precipitate phase. The experiments that document the 
oxygen effect were. however. done on specimens that had been exposed to 
high temperature air for extensive periods prior to testing. It is not 
clear whether oxygen embrittlement also influences the high temperature 
ductility of fresh specimens. 

An alternate theory [12] attributes the ductility minimum to me
chanical twinning during elevated temperature tests. In this interpre
tation the impingement of twins on the grain boundary causes high stress 
concentrations that are relieved by grain boundary cracking. But the 
researchers who proposed this mechanism obtained different results with 
another superalloy; in this case they suggested that twin nucleation 
relieved stress concentrations at the grain boundaries. The role of 
twinning needs further clarification. 

The present research was undertaken to study the high temperature 
tensile behavior of a high strength iron-based superalloy. designated 
EPRI-T [13-lS]. which was developed for potential use near room tempera
ture in the retaining rings of large electrical generators. The alloy 
has a nominal composition. in wt.%. Fe-34.SNi-3Ti-3Ta-O.SAl-lMo-O.3V
O.OlB. and employs Ti and Ta as major y' precipitation strengtheners. 
It develops a room temperature yield strength above J380 MPa (200 kti) 
with a fracture toughness in excess of 110 MPa·m 1 2 (100 ksi·in1 2) 
after double aging from as-forged condition. and also has good proper
ties. with slightly lower strength. when aged after an intermediate 
solution anneal. Because of its exceptional combination of strength and 
toughness at room temperature. the elevated temperature properties of 
the alloy were of interest. The experiments reported below show that 
the alloy retains excellent strength at temperatures up to 6S0 0 C. but is 
susceptible to high temperature embrittlement when tested in air. The 
mechanism of high temperature embrittlement was studied in some detail 
to clarify the behavior of this particular alloy. to identify metallur
gical techniques for controlling high temperature embrittlement. and to 
gain further insight into the mechanisms of high temperature embrittle
ment in iron-based superalloys. 

EXPERIMENTAL PROCEDURE 

The nominal chemical composition of EPRI-T and the analyzed compo
sition of the alloy used for these tests are given in Table 1. The 
experimental specimens were cut from 30mm thick by 70mm wide forged 
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barstock. They were heat treated before machining. The 'as-rolled' 
condition was established by rolling square sections cut from the forged 
billet from 30mm to lSmm thickness at 11000 C and water quenching. 

Tensile tests were performed at room temperature and at elevated 
temperature. The elevated temperature tests were done in two different 
environments. The first was low pressure air maintained by evacuating 
the heating tube with a mechanical pump to about 70-100 ~m Hg. The 
specimen surfaces inevitably turned dark after testing at 6S00 C, indi
cating surface oxidation. A second series of tests were conducted in a 
vacuum of 1 x 10-4 torr. In this case the specimen surfaces remained 
bright after the test. The tensile specimens tested at room temperature 
and at elevated temperature in air had a gage diameter of 6.3Smm and a 
reduced section of 31.7mm. The specimens tested in vacuum had a 4.06mm 
gage diameter and a 26mm reduced section. A crosshead speed of 
O.Smm/min was used for all tensile tests, yielding a nominal strain rate 
of about 0.017 min-I. 

Optical and scanning electron microscopy (SEM) were used to examine 
metallographic samples, including the fracture surfaces of the failed 
tensile specimens. Transmission electron microscopic (TEM) studies were 
done on thin foil specimens cut from heat treated samples or from the 
gage length of tested tension specimens. Chemical microanalysis was 
done with energy dispersive spectrometry (EDS) in the SEM or scanning 
transmission electron microscope (STEM) and by Auger Electron Spectro
scopy (AES). The etchant used for metallographic samples contained of 
ISml KN03 , Sml HF and 200ml H20. The jet polishing solution for prepar
ing thin foils was made from 7Sg Cr03' 400ml CH300H, and 21ml H20. 

RESULTS AND DISCUSSION 

1. Tensile Tests in Air. 

The temperature 6S0 0 C was chosen for the elevated temperature 
tensile tests for two reasons. First, the alloy overages in a relative
ly short time at temperatures above 6S00 C, so this is its maximum work
ing temperature. Second, iron-based superalloys typically exhibit a 
severe embrittlement when tested in air at 6S0 0 C, so this is a useful 
temperature at which to test its propensity to embrittle. The first set 
of tensile tests was done at room temperature and at 650°C, using sam
ples in two heat treatment conditions [15]: (1) 'as-rolled' + 750oC/4H + 
670oC/6H ('as-rolled' samples);. (2) 970oc/l.5H. water quench. + 7S0oC/4H 
+ 670o C/6H ('solution treated' samples). The results are the first two 
data sets listed in Table 2. 

Both sets of specimens maintained high strength when tested at 
650°C in air. However. the two sets differed dramatically in ductility 
and fracture behavior. The 'as-rolled' specimens fractured in a ductile 
mode, and had higher elongation and reduction in area at 650°C than they 
had at room temperature (Fig. la). The 'solution treated' specimens, on 
the other hand, embrittled seriously at 650°C and had prominent surface 
cracks after testing (Fig. Ib). Fractographic analyses revealed a band 
of intergranular fracture around the specimen surface which extended 
inward to a depth of about one-third of the sample radius (Fig. 2a). 

.. ' 
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The fracture then changed to a predominantly transgranular mode in the 
sample center (Fig. 2b). This observa Hon, coupled with the extensive 
surface cracking observed on the remainder of the specimen surface, 
showed that fracture began at grain boundaries on the exposed surface 
and propagated inward along the grain boundaries until reaching critical 
size. 

2. Microstructural Interpretation of the Test Results. 

A microstructural analysis was performed to determine the metallur
gical source of the different behavior of these specimens. 

a. The 'Solution-Treated' Specimens. Metallographic studies of the 
'solution-treated' samples revealed a fine, cellular precipitation along 
the grain boundaries. The cellular precipitates appear in suitably 
etched metallographic samples (Fig. 3a) and are evident in thin foil 
samples examined by TEM (Figs. 3b, 3c). The detrimental effect of 
cellular precipitation on the ductility of superalloys is well known 
[16-18]. The cellular precipitates have two negative effects: they 
inhibit slip deformation and they crack, initiating fracture. 

The metallographic data show that cellular precipitates are present 
in the initial specimens, and that further precipitation occurs dynami
cally during testing. Specimens cut from the fractured samples have a 
perceptibly higher density of cellular precipitates than is present 
before testing. The strain-induced precipitation is illustrated in 
Figure 4. In this micrograph, which was taken from near the center of a 
tension specimen~ cellular precipitates decorate both the grain bounda
ries and the slip bands in the grain interior. The micrograph also 
illustrates intergranular cracking in the specimen interior, and sug
gests its mechanism. The internal cracks apparently begin as cavities 
or microcracks at weak interfaces, and grow or propagate until they link 
together. The specific association of cellular precipitation and inter
granular fracture is also apparent from SEM micrographs of the material 
near the fracture surface, such as that presented in Fig. S. 

The metallographic data also suggest that oxidation contributes to 
the high temperature brittleness of the alloy. In contrast to normal 
tensile behavior, in which fracture originates from the center of the 
sample, the critical intergranular cracks begin from the sample surface. 
Intergranular surface cracks were even occasionally found at the curved 
fillet of the failed specimen (Fig. 6) where the applied stress was less 
than in the gage section. There is an oxidized layer of about 1-2 ~m 
thickness on the specimen surface; the depth of oxygen penetration along 
the grain boundaries must be much greater. It hence appears that the 
intergranular embrittlement is due to the combined effects of cellular 
precipitation and oxygen. 

b. The 'As-rolled' Specimens. The microstructure of a longitudinal 
section of the the as-rolled and double-aged specimen is illustrated in 
Figure 7. The grains are elongated in the rolling direction, showing 
that the alloy did not recrystallize during rolling. Transmission 
electron microscopy reveals a polygonized substructure. Grain boundary 
precipitates are also present when the alloy is in this condition (Fig. 
8), but they are smaller than in the 'solution-treated' specimens and 
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are blocky in shape. The change in precipitate morphology is presumably 
due to the substructure. which introduces a high density of nucleation 
sites within the grains. 

The excellent high temperature ductility of the 'as-rolled' speci
mens is apparently due to their orientation. which places the long axes 
of the elongated grains parallel to the sample axis. As shown in Figure 
9. surface cracks develop along the grain boundaries that are normal to 
the tensile axis. but propagate only a short distance before being 
stopped at pcrpend.icular grain boundaries. Hence the specimens fail in 
a ductile mode. 

The ductility of the 'as-rolled' alloy is metallurgically interes
ting. and may be useful in certain applications, but is limited to load 
geometries in which the tensile axis is nearly parallel to the long axis 
of the grains. 

3. Design of a Heat Treatment to Suppress Cellular Precipitation. 

There appear to be two factors that contribute to high temperature 
embrittlement: cellular precipitation and oxygen attack. One of these, 
cellular precipitation, is a metallurgical phenomenon that may plausibly 
be eliminated by proper processing. 

a. Characteristics of the Cellular Precipitation. To eliminate the 
intergranular precipitate it is necessary to identify it. A number of 
intermetallic phases precipitate from iron-based superalloys. including 
the ~(Ni3Ti), o(Ni3Nb), Laves. a, and ~ phases. The composition of this 
particular alloy permits either the ~ phase. Ni3Ti. or the Laves phase. 
Fe 2Ta, of type MgZn2. Because both of these phases have hexagonal 
structures. they are difficult to distinguish by x-ray or electron 
diffraction. But they are significantly different in chemical composi
tion. The ~ phase is nearly stoichiometric [19,20] and does not readily 
accept substitutional impurities. The MgZn2-type Laves phase, on the 
other hand, has the general formula (Fe. Mn. Cr,Si)2(Mo,Ti,Nb,Ta) [18]. 
It contains little or no nickel, and should, therefore, be distinguish
able from the ~-phase on the basis of its composition. 

Energy dispersive x-ray microanalysis (EDS) was performed in a 
scanning transmission electron microscope (STEM) to determine the compo
sition of the cellular precipitate. A typical result is given in Figure 
10. The x-ray spec tra show tha t the prec ip ita te is rich in Ta, Mo and 
Ti relative to the r matrix, but is much lower in Ni. It appears to be 
the Laves phase. This identification is consistent with the thermodyna
mics of the alloy. The solubility of Ta in iron is very low [21], 
approximately 0.5 atom percent at 1293 0 C and 0.3 at 974 oC. The Laves 
phase forms at higher Ta contents. Moreover, Ti and Mo are Laves
forming elements. It is, hence, reasonable that the Laves phase should 
form in preference to the ~ phase. 

The temperature range of cellular precipitation was studied by 
isothermally aging solution-treated samples in the range 6S0oC to 9S0oC 
at SOOC intervals. Cellular precipitation was not observed until the 
aging temperature reached 7S0 oC. The kinetics of precipitation then 
increased with the aging temperature. Cellular precipitation was most 
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pronounced in the range 8S0-9000 C, but persisted at 9S00 C before disap
pearing at 10000 C. 

The precipitate morphology is illustrated in Figure 11. The cellu
lar grain boundary precipitates can be seen clearly, and grow from one 
grain into another. It is interesting that the precipitate morphology 
does not change significantly with the reaction temperature. Figure 12, 
for example, shows cellular precipitates formed at 9S0°c. they closely 
resemble the precipitates in samples aged at lower temperatures. This 
behavior contrasts with that typical of the cellular precipitation of 
the ~ or carbide phases, which tend to change to a Widmanstatten pattern 
within the grains [18,21] or a globular form in the grain boundaries 
[16] at higher temperature. 

b. Suppression of the Cellular Precipitation. The heat treatment 
originally given this alloy, double-aging at 7S00 C and 6700 C, was inten
ded [13-15] to establish a dense distribution of fine intragranular y' 
precipitates in a reasonable aging time, so that the alloy would have a 
good combination of room temperature mechanical properties. The observa
tions reported above show that cellular precipitation inevitably occurs 
during the 7S0 0 C step. However, the principal purpose of the 7S0 0 C 
aging was to increase the initial precipitation rate so that the total 
aging time would not be excessive. The alloy properties do not depend 
on starting the heat treatment at 7S00 C. 

We therefore attempted to suppress cellular precipitation by adding 
a preliminary aging treatment at a temperature below 7000 C. The purpose 
of the preliminary aging was to initiate intragranular precipitation of 
the y' phase and decrease the Ta supersaturation, hence lowering the 
driving force for cellular precipitation during subsequent aging at 
7S00 C. A preliminary age at 680 0 C for 16 hours appears to be suffi
cient. If the alloy is subsequently given the usual double aging treat
ment it achieves the same high strength level (Table 2), but no cellular 
precipitates are found. 

Alloy specimens that were double-aged with and without the prelim
inary aging treatment were tested in tension at room temperature and at 
6S0 0 C in air. The results are presented in Table 2. The triply-aged 
specimens were somewhat more ductile at room temperature, and seemed to 
offer a slight improvement at 6S0 0 C. But they were still brittle at 
6S0 0 C, and still fractured in an intergranular mode. Post-failure 
analysis of the triply-aged specimens showed the expected surface oxida
tion (Fig. 13), but also revealed cellular precipitates along the grain 
boundaries ahead of the intergranular cracks that had propagated in from 
the specimen surface (indicated by arrows in Figure 13). lbese inter
granular precipitates were not present in the sample before testing, and 
hence must have formed during the test. It was not clear whether they 
were caused by the stress at high temperature or by the exposure to 
oxygen. 

4. Tensile Tests in Vacuum. 

To separate the influence of stress at high temperature from the 
effect of the oxygen environment triply-aged specimens were tested in a 
vacuum of 10-4 torr. Examples of the results are presented in Figure 14 
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and in Table 3. and are compared to the results of similar tests in air. 

The triply-aged specimens were ductile at high temperature in 
vacuum. The specimen tested at 6S0oC in vacuum had a reduction in area 
at fracture that was twice the value of a similar specimen tested in air 
at 6S0 oC. and was almost equal to the room temperature value (Fig. 3). 
The ductility of the specimens in vacuum decreased slightly with temper
ature (quite possibly because of the residual partial pressure of oxygen 
in the chamber [S]). but the decrease was minor compared to that in 
similar specimens tested in air. The specimens that were tested in 
vacuum invariably broke in a normal cup-and-cone fracture. The failure 
initiated in the center of the specimen and propagated in a transgranu
lar. ductile mode (Fig. IS). The specimens necked appreciably prior to 
fracture. No intergranular surface cracks were found. 

These results led us to conclude that the high temperature embrit
tlement of the alloy is primarily due to oxygen. 

S. The Mechanism of Oxygen Embrittlement. 

Sever~l mechanisms have been proposed to explain high temperature 
oxygen embrittlement. These include oxide wedging due to accelerated 
grain boundary oxidation in the applied stress field [22], dynamic 
interaction between oxygen and the y' precipitates on the grain boundary 
[6]. and grain boundary pinning by oxygen [S.10]. But the most striking 
feature of the embrittled specimens tested in this work was the associa
tion between the oxide-induced surface cracking and the cellular preci
pitation. We were particularly struck by the appearance of cellular 
precipitates on and ahead of the intergranular surface cracks in triply
aged specimens that had no detectable cellular network prior to testing. 
We therefore designed and conducted experiments to test for mechanistic 
connections between oxidation. surface cracking. and dynamic cellular 
prec ip ita t ion. 

Samples of the alloy were heated in air at 11000 C for two hours. 
water quenched. and then aged at 7S0 oC for S hours. An external oxide 
scale formed during initial heating at 1100oC. but spalled away on 
cooling. leaving the gross internal oxide layer shown in Figure 16a. 
During the subsequent aging at 7S0oC a zone of extensive cellular preci
pitation formed beneath the oxide layer. as shown in Figure 16b. This 
subsurface cellular precipitation was evidently an environmental effect 
since cellular precipitates were rarely found in the interior of the 
specimen. 

To identify the cause of the subsurface cellular precipitation 
Auger electron spectroscopy (AES) was used to map the composition of the 
surface region. Typical Auger spectra of the internal oxide layer. the 
cellular precipitate zone. and the y + y' matrix are given in Figure 17. 
and the semiquantitative analysis of the data is presented in Table 4. 
The Auger analysis showed that the internal oxide layer is relatively 
rich in titanium and nickel and lean in iron and tantalum. while the 
cellular precipitate zone is rich in Fe and Ta and depleted of Ni and 
Ti. It hence appears that Ni and Ti migrate preferentially to the 
oxide. leaving a subsurface layer that is rich in Fe and Ta and causing 
the cellular precipitation of the Laves phase. 
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These results. taken together with the results of the high tempera
ture tensile tests. suggest that the present alloy is self-embrittling 
when tested at high temperature in air. The apparent mechanism of 
embrittlement is the following. 

When the alloy is strained at high temperature in air oxygen at
tacks the grain boundaries that impinge on the external surface of the 
sample. forming an oxide that is rich in Ni and Ti and increasing the 
concentration of Ta in the subsurface layer ahead of the oxide. The 
combination of high temperature. applied stress. and Ta enrichment 
causes a rapid intergranular cellular precipitation of the Fe2Ta Laves 
phase that locally embrittles the grain boundaries. The embrittlement 
leads to intergranular fracture. which facilitates oxygen penetration 
along the grain boundary and promotes further precipitation ahead of the 
crack tip. l~e process is repeated until the surface flaws reach criti
cal size and the sample breaks. 

This mechanism clearly operates in the particular superalloy stu
died here and contributes to its high temperature embrittlement. The 
mechanism may be more generally applicable. Most commercial superalloys 
are complex alloys that contain several phases and are liable to form 
deleterious grain boundary precipitates under appropriate conditions. 
If surface oxidation promotes the precipitation of a brittle grain 
boundary phase. of whatever specific composition. then the alloy will be 
self-embrittling at high temperature in air. 

6. The Influence of High Temperature Twinning on Ductility. 

A subsidiary issue that was also addressed in this research is the 
influence of mechanical twinning on high temperature embrittlement. 
Recent investigations have demonstrated that mechanical twinning occurs 
during high temperature tensile deformation [12.23.24] or fatigue 
[25.26] in a number of superalloys. It has been suggested [12] that the 
high temperature ductility minimum is due to twinning. in that the 
impingement of twins on the grain boundaries cause stress concentrations 
that are relieved by grain boundary cracking. 

To clarify the influence of mechanical twinning on the ductility of 
the present alloy longitudinal sections were cut from tensile specimens 
that had been tested to failure at 6500 C. Metallographic analysis 
showed that the dominant mechanism of high temperature deformation was 
planar slip. l~e transmission electron micrograph presented in Figure 
18. for example. shows planar dislocation arrays on the {Ill) slip 
planes that impinge on an annealing twin. Arrays of slip dislocations 
can also be seen on the other side of the twin on the plane that is the 
mirror image of the incident slip plane. Mechanical twins are also 
found~ examples are given in Figs. 19 and 20. The latter micrograph 
shows a slip band crossed by a deformation twin. However. the deforma
tion twins were comparatively rare. 

An analysis of the distribution of the deformation twins indicates 
that these are most common where microstructural obstacles such as 
cellular precipitates impede dislocation slip. Figure 21. for example. 
shows deformation twins near a grain boundary that is decorated by 
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cellular precipitates. Grain boundary cracks were occasionally found in 
association with mechanical twins. but only when the twin impinged on a 
decorated boundary. An example is given in Figure 22. 

This evidence suggests that mechanical twinning is primarily a 
consequence of embrittlement rather than its cause. ihe twins form 
predominantly in regions of the specimen where precipitation largely 
prevents slip. There is some associated grain boundary cracking. but it 
occurs on grain boundaries that are liable to intergranular fracture in 
any case. 

I CONCLUSIONS 

1. The iron-based superalloy EPRl-T has excellent high temperature 
strength. but is brittle when tested at temperatures above 6S00 C in air. 
The brittle mode is intergranular fracture that initiates from the 
sample surface during tensile tests. 

2. The embrittlement is due to a combination of surface oxidation 
and intergranular cellular precipitation of the Fe2Ta Laves phase. The 
two phenomena are coupled. Oxidation depletes the alloy surface of Ni 
and Ti. causing an enrichment in Ta and promoting cellular precipitation 
along the grain boundaries. The alloy is hence self-embrittling when 
exposed to oxygen at high temperature under stress. 

3. A three-step heat treatment. developed in the course of the 
research. suppresses intergranular cellular precipitation during aging 
of the alloy. Specimens given this heat treatment have good high tem
perature ductility when tested in vacuum. but self-embrittle when tested 
in air. 

4. Samples that are aged directly from an as-rolled condition and 
tested in the longitudinal direction have good high temperature ductili
ty in air. The ductility is a consequence of the grain shape in the 
sample. Elongated grains. oriented along the tensile axis. prevent the 
propagation of the intergranular fractures that initiate on the sample 
surface. 

S. The dominant mechanism of high temperature deformation is slip. 
Mechanical twinning also occurs, but is largely confined to regions of 
the alloy that are decorated by cellular precipitates. Mechanical 
twinning is a consequence rather than a cause of embrittlement. 
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Table 1. 

Material 

C 
Fe 
Ni 
Cr 
Ti 
Ta 
Al 
Mo 
V 
B 
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Nominal and Analyzed Composition of the Research 
Alloy (in weight percent). 

EPRI-T Nominal Composition 

Bal. 
34.50 
5.00 
3.0 
3.0 
0.5 
1.0 
0.30 
0.01 

Analysis of Alloy 

0.007 
Bal. 

35.26 
4.94 
3.2 
3.06 
0.49 
0.97 
0.39 
0.008 
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Table 2. Tensile Properties of Specimens Tested at Room 
Temperature and at 650°C in Air. 

0.2 Y.S. (MPa) U.T.S. (MPa) Pet. Elong. 
Treatment 20°C 650°C 20°C 650°C 20°C 650°C 

As-rolled 1420 1096 1502 1227 14 18 
+750oC/4h + 670oC/6h 1344 1061 1517 1151 13 14 

970oC/1. Sh W. Q. 1096 910 1448 1075 17 10 
+750oC/4h + 670oC/6h 1068 931 1420 1020 20 10 

1000oC/1.Sh W.Q. + 1138 951 1455 1124 23 14 
680oC/16h + 
750oC/4h + 670oC/8h 938 1082 14 

Pet. R.A. 
20°C 650°C 

48 57 
39 46 

38 15 
44 14 

51 24 

20 

... 
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Table 3. Tensile Properties of Specimens Tested at 6S0oC in Vacuum 
and in Air (Treatment: 1000oC/1.Sh W.Q + 680oC/16h A.C. 
+ 7S0oC/4h A.C. + 670oC/8h A.C.). 

Environment 0.2 Y.S. (MPa) U.T.S. (MPa) Pet. Elong. Pet. R.A. 

Vacuum 984 11S2 16 47 
962 1120 16 4S 

Air 9S1 1124 14 24 
938 1082 14 20 
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Table 4. AES Semiquantitative Data of Different Zones in a Surface 
Oxidized Sample (atomic pet). 

Fe Ni .Cr Ti Ta 

Internal oxide layer 17.8 64.3 6.3 10.0 1.6 

Precipitation zone S9.9 26.7 6.6 3.1 3.7 

1 + l' matrix S3.6 32.8 S.S S.8 2.3 
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FIGURE CAPTIONS 

1. Optical macrographs of tensile specimens fractured at 6S0oC. (a) 
'As-rolled' specimen tested in air. (b) 'solution-treated' specimen 
tested in air. (c) triply-aged specimen tested in vacuum. 

2. Scanning electron fractographs of the fracture surface of a 'solu
tion-treated' specimen that was broken in tension at 6S0oC in air 
(a) Intergranular fracture near the outer surface. (b) change in 
the fracture mode near the sample center. 

3. Examples of cellular precipitation in a 'solution-treated' speci
men. (a) Scanning electron micrograph. (b) and (c) transmission 
electron micrographs. 

4. An optical micrograph illustrating the initiation of intergranular 
fracture from cavities formed at grain boundaries that are deco
rated by cellular precipitates. 

S. Scanning electron fractograph showing cellular precipitates in the 
intergranular fracture surface. 

6. Optical micrograph showing intergranular surface cracks in the 
curved fillet region of a 'solution-treated' specimen tested at 
6S0 oC in air. 

7. Optical micrograph of a longitudinal section of the 'as-rolled' 
specimen. 

8. Transmission electron micrograph of a grain boundary in an 'as
rolled' specimen showing intergranular precipitates. 

9. Optical micrograph of a longitudinal section through an 'as-rolled' 
specimen that was broken in tension at 6S0oC in air. Intergranular 
surface cracks are present, but are blunted at the grain boundaries 
of the elongated grains and remain shallow. 

10. STEM-EDS spectra of the intergranular precipitate phase (solid 
line) and the matrix (dotted line) showing that the precipitate in 
enriched in Ta and is lean in Ni relative to the matrix. 

11. Scanning electron micrograph of cellular precipitates in the boun
dary of a specimen that was aged at 8000 C for 16 hours. 

12. Optical micrograph showing cellular precipitates in a specimen that 
was aged at 9400 C for 2 hours. 

13. Surface oxidation (bottom) and subsurface intergranular cracks in a 
s p e c i men t hat was t est e din ten s ion a t 650 0 C ina i r • Th ear row s 
point to intergranular cellular precipitates ahead of the crack 
tip. 
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14. 14e variation of the reduction in area at fracture in tension with 
testing temperature for triply-aged specimens tested in vacuum 
(open circles) and air (filled circles). 

1S. Scanning electron fractograph of the broken surface of a triply
aged specimen that was broken in tension in vacuum at 6S0oC. 

16. Optical micrographs of sections through samples that were oxidized 
by heating in air at 10000 C for 2 hour so (a) After quenching to 
room temperature. (b) after subsequent aging at 7S0oC for 8 hours. 
showing extensive cellular precipitation through the subsurface 
region. 

17. Auger electron spectra of material near the oxidized surface. (a) 
The internally oxidized layer. (b) the zone of extensive cellular 
precipitation; (c) the r + y' matrix. 

18. Transmission electron micrograph showing planar dislocation arrays 
formed during tensile deformation at 6S0oC. 

19. Transmission electron micrograph of a mechanical twin that formed 
during tensile deformation at 6S0 o C: (a) bright field view; (b) 
corresponding dark field view. 

20. Transmission electron micrograph showing a twin crossing a slip 
band in a specimen deformed in tension at 6S0 oC: (a) bright field 
view. (b) corresponding dark field view. 

21. Transmission electron micrograph showing twins impinging on a grain 
boundary that is decorated by cellular precipitates. 

22. Optical micrograph showing the initiation of intergranular fracture 
in a region containing both intergranular cellular precipitates and 
twins that impinge on the decorated grain boundaries. The latter 
are indicated by arrows in the figure. 
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Figure 2 XBB 827-6441 
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Figure 3a XBB 827-6440 



- 20 -

Figure 3b Figure 3c 

XBB 827-6445 
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Figure 4 XBB 827-6444 
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Figure 5 XBB 827-6443 
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Figure 6 XBB 827-6442 
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Figure 7 XBB 827-6452 
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Figure 8 XBB 827-6451 
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Figure 9 XBB 827-6450 
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Figure 11 XBB 827-6449 
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Figure 12 XBB 827-6448 
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Figure 13 XBB 827-6447 
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Figure 15 XBB 827-6446 
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Figure 18 XBB 827-6457 
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Figure 19a 
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Figure 19b XBB 827-6456 
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Figure 20a 

Figure 20b XBB 827-6455 
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Figure 21 XBB 827-6454 
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Figure 22 
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