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The effects of high temperature environmental damage on low temperature embrittlement of wrought
nickel-base superalloys, Alloy 617 and Haynes 230 were evaluated. They were aged in an impure helium
environment at 1000 �C for up to 500 h before tensile tested at room temperature. The tensile test results
showed that the loss of ductility was associated with the increase in the inter-granular fracture with
aging time. For Alloy 617, inter-granular oxidation and coarsening of grain boundary carbides contributed
to the embrittlement. The significant loss of ductility in Haynes 230 was only observed after 500 h of
aging when the globular intermetallic precipitates were extensively formed and brittle inter-granular
cracking began to occur.
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1. Introduction

Wrought nickel-base superalloys, such as Alloy 617 and Haynes
230 are the materials considered for the intermediate heat exchan-
ger (IHX) applications in a very high temperature gas cooled reactor
(VHTR) with an outlet gas temperature of 900 �C and above [1,2].
Based on the operating experience of the earlier high temperature
gas cooled reactors, the helium coolant in the primary circuit is
likely to contain small amounts of gaseous impurities such as CO,
CO2, CH4, H2O and H2 in operating condition [3,4]. It has been
known that the high temperature environmental degradations such
as oxidation, decarburization and carburization in the impure he-
lium environment could be extensive depending on temperature
and the levels of impurities [5–8]. Such environmental damage
can significantly degrade the mechanical properties of the materials
for the IHX applications [9], and eventually the life and perfor-
mance of the components. Especially, carburization and decarburi-
zation can result in the low temperature embrittlement and the
reduction in creep or creep-fatigue strength [10]. In this study,
the low temperature embrittlement behaviors of Alloy 617 and
Haynes 230 were investigated to understand the relationship be-
tween environment and microstructure, and their effects on the
mechanical properties. Specimens were aged in an impure helium
environment and subsequently tensile tested at room temperature.
The microstructure evolution such as internal oxide growth along
grain boundary and coarsening of inter- and intra-granular carbides
was discussed in view of their effects on the embrittlement.
ll rights reserved.
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2. Experimental

Two commercial grade wrought nickel-base superalloys, Alloy
617 and Haynes 230 were used in this study. Chemical composi-
tions of the materials are listed in Table 1 and typical microstruc-
tures are shown in Fig. 1. As shown in the figures, the as-received
microstructures contain twins, well-distributed primary carbides
and grain boundary carbides. Grain boundary carbides were pri-
marily M23C6 type carbides precipitated during solution anneal
heat treatment. The small-size plate-type tensile specimens with
0.5 mm in thickness, shown in Fig. 2, were machined and aged at
1000 �C in the impure helium containing 5.0 Pa CO, 1.0 Pa CO2,
<0.1 Pa CH4, and 0.07 Pa H2O up to 500 h. During the aging treat-
ment, gas flow rate was maintained at 500 cc/min. Aged specimens
were tensile tested at room temperature. For the tested specimens,
metallographic analyses were carried out using transmission
electron microscopy (TEM), scanning electron microscopy (SEM),
and energy dispersive X-ray spectroscopy (EDS).
3. Results and discussion

3.1. Microstructure evolution

Fig. 3 shows the cross-sectional area of Alloy 617 and Haynes
230 aged for 500 h at 1000 �C in the impure helium environments.
It is clear from the figures that there are three distinct zones such
as an oxidation region, narrow band of the carbide-free zone, and a
matrix in which an increased volume fraction of carbides, grain
boundary carbides in particular, were observed. Overall, the micro-
structure evolution during the aging treatment in the impure
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Table 1
Chemical composition of Alloy 617 and Haynes 230 (wt.%).

Cr Al C Co Fe Mn Mo Ni Si Ti W

Alloy 617 21.6 1.5 .1 11.8 1.14 .05 8.92 Bal. .5 .35 –
Haynes 230 21.5 .29 .1 .36 2.94 .46 1.09 Bal. .38 – 13.8

Fig. 1. Typical microstructure of as-received specimens: (a) Alloy 617 and (b) Haynes 230.

Fig. 2. Geometry of the small-size plate-type tensile specimen.
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helium environments seems quite similar to that in air and helium
environments [11].

Both alloys were known to be oxidized by CO2 and H2O con-
tained in the helium gas by the following reactions [12]:

xMþ y=2CO2 ! MxOy þ y=2Csolution ð1Þ
xMþ yH2O ! MxOy þ y=2H2 ð2Þ

In high temperature helium environments containing small
amount of oxidizing impurities, it was reported that the oxide lay-
ers were mostly Cr2O3 for Alloy 617, and Cr2O3 and MnCr2O4 for
Haynes 230 based on the thin-film XRD and SEM/EDS analysis
[13]. Below the surface oxide layer, carbides were almost decom-
posed and the carbide-free zone was formed by the following
decarburization reactions [7].

2Cr2O3 þ 6H2 ! 6H2Oþ 4Cr ð3Þ
Cr23C6 ! 6Csolution þ 23Cr ð4Þ
6Csolution þH2O ! 6COþ 6H2 ð5Þ

The significant coarsening of carbides was observed below the
carbide-free zone while oxidation and decarburization happened
near the surface. Carbides became more continuous and thicker
on grain boundaries for both alloys. Especially for Haynes 230, lots
of fine carbides were dispersed within grains and globular carbides
were grown as intra- and inter-granular carbides. The supply of
carbon for the coarsening of carbides can be induced by several
mechanisms. First is the inward diffusion of carbon produced by
the dissociation of CO and CH4 in metal or oxide surface. Second
is the inward diffusion of carbon produced during the decarburiza-
tion process (Eq. (4)). Third is the carbon in the matrix, or 0.1 wt.%
for the alloys used.

In this study, very low CH4 and low CO contents in impure he-
lium would induce the decarburizing condition for Alloy 617 and
Haynes 230 and carbon in metal or oxide surface rapidly react with
H2O in impure helium. Therefore, the inward diffusion of carbon
into matrix would be very limited [14]. Moreover, carbon produced
by the decomposition of carbides during decarburization reacts
with H2O within the matrix (Eq. (5)) and produce CO gas. CO with-
in the matrix was thought to diffuse outward rather than inward
based on the study that a carbon concentration decreases as func-
tion of time when nickel-base superalloys are decarburized in the
simulated VHTR environments [15]. Therefore, the decarburization
and the oxidation by CO2 would not affect the growth of carbides
below the carbide-free zone. Nevertheless, the coarsening of car-



Fig. 3. Comparison of the carbide distribution in as-received condition: (a) Alloy 617, (b) Haynes 230, and after 500 h exposure in impure helium, (c) Alloy 617 and (d) Haynes
230.
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bides was extensive below the carbide-free zone, which suggested
that the carbon dissolved in the matrix could have contributed to
the thermodynamic growth of carbides during high temperature
exposure.
3.2. Tensile behaviors

Fig. 4 shows tensile test results of Alloy 617 and Haynes 230
aged at 1000 �C in impure helium environment. A significant
decrease in the elongation was observed as the aging progressed.
For Alloy 617, elongation continuously decreased after short expo-
sure time. On the other hand, for Haynes 230, elongation remained
Fig. 4. Tensile property changes after being aged at 1000 �C in the i
largely unchanged until 100 h of exposure, and then sharply
decreased for the specimens aged for 500 h. The causes of the dif-
ferent behaviors will be discussed in the following section in view
of the microstructural features. Compared to the reduction in elon-
gation, the changes in yield strength and tensile strength were
relatively small.
3.3. Fracture behavior of aged Alloy 617

Alloy 617 contains 1.1 wt.% Al, as shown in Table 1, to improve
the oxidation resistance at high temperature. However, Al was not
partitioned into the surface oxide layer when Alloy 617 was
mpure helium environment: (a) Alloy 617 and (b) Haynes 230.
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exposed in oxidizing environment at VHTR relevant temperatures.
Instead, internal oxides were extensively developed as the finger-
shaped Al2O3 islands along grain boundary under the chrome rich
oxide layer, thus called as inter-granular oxidation [13]. The
growth of inter-granular oxide islands were observed at very early
stage of aging for Alloy 617. During tensile creep test of Alloy 617
in high temperature air, inter-granular oxide islands were devel-
oped and acted as preferential sites for surface cracks [16]. Similar
behavior was observed in room temperature tensile test of aged
specimen as shown in Fig. 5. In the figure, the inter-granular
Al2O3 internal oxides were connected to the tip of the surface crack
indicating that they were participating in cracking of aged Alloy
617 specimens.

As shown in Fig. 3a, there are wide region where thick and con-
tinuous carbides were formed on grain boundary below the car-
bide-free zone in the specimen aged for 500 h at 1000 �C. Some
of those grain boundary carbides were cracked during the tensile
test as shown in Fig. 6a. From the fracture surface shown in
Fig. 6b, it is evident that grain boundaries are completely detached
and the inter-granular cracking is extensive below the carbide-free
zone. The inter-granular carbides were characterized using TEM.
From the TEM diffraction patterns and corresponding EDS analysis
results shown in Fig. 6c, grain boundary carbides of Alloy 617 were
identified as M23C6 type, with M being Cr, Mo. Therefore, the loss of
Fig. 5. Cracking along Al2O3 inter-granular oxides of Alloy 617 aged for 500 h in the impu
sectional area at high magnification, (c) EDS mapping result.
ductility for the aged Alloy 617 could be attributed to the inter-
granular oxides and grain boundary carbides which are associated
with inter-granular fracture.

3.4. Fracture behavior of aged Haynes 230

For aged Haynes 230, the internal oxidation was not extensive
as shown in Fig. 7a and b, in part because of small amount of Al
and protective oxide layer like MnCr2O4 on the surface [14]. In-
stead, large globular precipitates were dominantly formed near
the carbide-free zone and in occasionally the environmentally
not affected matrix as shown in the same figure after 500 h expo-
sure at 1000 �C. It should be noted that they were not observed in
the specimens aged for 100 h or less.

During tensile test, the localized brittle fracture occurred in the
globular precipitates, but it was apart from the crack in the surface
oxide layer as shown in Fig. 7a and b. In Fig. 7c, or the fracture sur-
face near the surface, the fracture mode was a mixture of ductile
and brittle, and faceted surface was mostly covered with fractured
pieces of globular precipitates. The nature of the globular precipi-
tates was characterized using TEM. As shown in Fig. 7d, TEM dif-
fraction patterns well matched to Cr0.8Ni0.2 intermetallic with
BCC structure, instead of MxCy type carbides which are common
in superalloys like Haynes 230. Some papers have mentioned that
re helium environment at 1000 �C: (a) area away from the fracture region, (b) cross-



Fig. 6. Cracking along grain boundary carbides of Alloy 617 aged for 500 h in the impure helium environment at 1000 �C: (a) cross-sectional area, (b) fracture surface, (c)
diffraction pattern and EDS peaks.
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the globular precipitates are brittle and Cr-rich phases or carbides
[17,18], but no carbon was detected by quantitative EDS analysis as
shown in Fig. 7d. Therefore, it was thought that once the globular
intermetallic precipitates were formed after long aging time, they
contributed to cracking in the near surface region of aged Haynes
230 specimens during tensile test. This resulted in a significant loss
of ductility after 500 h aging for Haynes 230.

Along with the large globular intermetallic precipitates, the
medium-sized globular intra- and inter-granular carbides were
grown during the aging treatment as shown in Fig. 3d. During ten-
sile test, those globular carbides were preferentially fractured and
it led to the localized brittle fracture as shown in Fig. 8a and b.
Fracture surface is covered with a mixture of ductile dimples, iso-
lated brittle facets, a local inter-granular crack surface, and fracture
mode was also a mixture of inter-granular and intra-granular,
which indicates that crack path was largely determined by the
fracture of the globular and grain boundary carbides. From the
TEM diffraction patterns and corresponding EDS analysis results
shown in Fig. 8c and 8d, it was indicated that globular carbides
with faceted morphology were identified as M6C type, with M
being W, Cr, and Ni. Grain boundary carbide was identified as
M23C6, with M being mainly Cr. Despite the fracture of globular
carbides during tensile test, its contribution to the loss of ductility
was not so significant, as shown in Fig. 4b.
4. Conclusions

The effects of high temperature environmental damage on low
temperature embrittlement of wrought nickel-base superalloys,
such as Alloy 617 and Haynes 230 were evaluated. They were aged
at 1000 �C in the impure helium containing 5.0 Pa CO, 1.0 Pa CO2,
<0.1 Pa CH4, and 0.07 Pa H2O up to 500 h. The effects of the in-
ter-granular oxide and the coarsening of carbides on room temper-
ature tensile properties were also examined. Based on the tensile
test and analysis, the following conclusions were drawn:

(1) In both alloys, an oxidation region and a narrow carbide-free
zone were formed after aged for 500 h as expected in helium
environment with low CH4 content. However, extensive
growth of carbides was observed below the carbide-free
zone.

(2) Loss of room temperature ductility was gradually increased
for Alloy 617, while steep decrease in ductility was observed
for Haynes 230 specimen aged for 500 h.

(3) For Alloy 617, Al2O3 inter-granular oxides below the surface
oxide layer and the coarsening of carbides on the grain
boundaries caused the gradual loss of ductility. For the same
reason, the fracture mode was predominantly inter-
granular.



Fig. 7. Cracking along intermetallic precipitates of Haynes 230 aged for 500 h in the impure helium environment at 1000 �C: (a) area away from the fracture region, (b) cross-
sectioned area at low and high magnification, (c) fracture surface, (d) diffraction pattern and EDS peaks.
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(4) The significant loss of ductility in Haynes 230 was only
observed after 500 h of aging when the large intermetallic
precipitates were extensively formed and brittle inter-gran-
ular cracking began to occur.
(5) Fracture mode of Haynes 230 was influenced by the fracture
of globular carbides in grains and grain boundaries as well as
brittle intermetallic precipitates, resulting in the mixed
mode of inter-granular and intra-granular fracture.



Fig. 8. Inter-granular cracking and micro-cracking in large globular carbides of Haynes 230 aged in the impure helium environment after 500 h exposure at 1000 �C: (a) cross-
sectioned area, (b) fracture surface, (c) diffraction pattern and EDS peaks of particle 1 in (a), and (d) diffraction pattern and EDS peaks of particle 2 in (a).
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