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The effects of grain size refinement on the internal oxidation behavior of Alloy 617 were investigated by
exposure at 950 �C up to 2000 h in He. As-received (AR) and grain-refined (GR) Alloy 617 were oxidized
forming Cr2O3 as an external oxide scale and Al2O3 as an internal oxide. The average depth of the internal
oxide formed along the grain boundary in the GR sample was approximately half of that in the AR. The
internal oxide in the GR sample was densely stretched by grain refinement because internal oxidation
took place mainly along grain boundaries. These differences in internal oxidation behavior affected crack
propagation under tensile stress. The longer internal oxides in AR induced rapid crack propagation by a
relatively higher stress concentration resulting in larger cracks along the grain boundary, while a number
of short cracks located near the surface were observed in GR. Thus, crack propagation was restricted in GR
by the even distribution of stress and reduction of stress concentration because of the densely stretched
internal oxide.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Among Generation IV reactor concepts, high temperature gas-
cooled reactors (HTGRs) are high-efficiency systems designed for
the economical production of hydrogen and electricity. Intermedi-
ate heat exchangers (IHX) and hot gas ducts (HGD) in HTGRs are
commonly operated at pressure greater than 8 MPa and tempera-
tures higher than 950 �C. Further, the He coolant used in HTGRs
contains some impurities such as H2, H2O, CO, CO2, and CH4. All
of these factors make the choice of material for IHXs and HGDs
challenging. Alloy 617 is a solid-solution strengthening Ni-based
superalloy that shows excellent strength, creep-rupture strength,
and oxidation resistance at high temperatures [1,2]. Thus, it is a
desirable candidate for tube material of IHX and HGD in HTGRs
[3,4].

In Alloy 617, chromium (Cr) and aluminum (Al) are alloyed for
the formation of a surface layer to protect against degradation at
high temperatures [5]. There have been many studies of the oxida-
tion behavior of this alloy from the view-points of microstructural
modifications [6,7], operating atmospheres [8,9], and aging tem-
peratures [10,11]. Most reports were focused on the external oxide
scale while internal oxidation has not been discussed in detail in
spite of its importance relative to mechanical properties. Generally,
cracks under external tensile stress are initiated at defects (like
internal oxides) by stress concentration [12].
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Fine grains enhance mechanical properties at room tempera-
ture. However, at high temperatures, enlarged grain boundary
areas in fine grains promote grain boundary sliding, which causes
deterioration in mechanical properties such as creep resistance
[13]. From the same point of view, the grain size is related to inter-
nal oxidation at high temperature; specifically, smaller grains pro-
vide more diffusion paths for alloying elements and oxygen. In
addition, grain boundaries can play a role as internal oxidation
sites during high temperature aging [9,14]. Thus, the grain size of
an alloy directly affects its internal oxidation behavior.

In this study, alloys of two different grain sizes were employed
for the observation of internal oxidation behavior at high temper-
ature and its effect on mechanical properties. Internal oxidation
behavior for alloys of two different grain sizes was demonstrated
with associated changes in internal oxide depth, internal oxide
area, and Al-depleted zone. The mechanical properties of these
thermally degraded alloys were related to crack propagation at
the internal oxides.
2. Experimental procedures

The chemical composition of as-received Alloy 617 with average
grain sizes of approximately 71 lm is presented in Table 1. Speci-
mens were machined to dimensions of 50 � 30 � 10 mm3 and then
were cold-rolled up to 50% at room temperature. The cold rolling
process resulted in grain elongation to an aspect ratio of around 6.
Cold-rolled specimens were recrystallized at 1050 �C for 1 h in an
Ar atmosphere, thereby reducing the grain size to 5.2 lm. Two types
of alloys, as-received (AR) and grain-refined (GR) Alloy 617, were
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Table 1
Chemical composition of Alloy 617 (wt.%).

C Ni Fe Si Mn Co Cr Ti P S Mo Al B Cu

Max 0.08 53.16 1.49 0.06 0.11 11.58 22.16 0.35 0.003 0.001 9.8 1.12 0.002 0.08
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exposed at 950 �C up to 2000 h in a He atmosphere which included
impurities such as O2 (<0.45 vppm), N2 (<1.45 vppm), total hydro-
carbon (THC) (<0.45 vppm), and H2O (<3 vppm). Microstructures
were observed by scanning electron microscopy (SEM) equipped
with a back-scattered electron detector (BSE). In addition, each sam-
ple was analyzed via electron probe micro-analysis (EPMA). The
homogeneity of internal oxide formed by aging for 2000 h was eval-
uated by the Vickers hardness test, which was performed 100 times
for each sample. The 3-point bending test was carried out at a cross
head speed of 0.1 mm/min and a displacement of 2 mm for samples
aged at 950 �C for 120 h.

3. Results and discussion

3.1. Microstructural characterization

Fig. 1 presents cross-sectional micrographs of AR and GR after
exposure at 950 �C for 120 h and 2000 h in the He atmosphere. It
is well known that the oxide layer is composed of the external
oxide scale (Cr2O3) on the surface and the internal oxide (Al2O3)
along the grain boundaries [9,14–16]. External oxide scale is
formed by oxidation of Cr, which diffused out from the alloy ma-
trix, with oxygen supplied from the He atmosphere. The formation
of the Cr2O3 external oxide scale induced a Cr-depleted zone below
the scale.

The internal oxide spread along the grain boundaries via
branch-like growth because the internal oxidation took place
mainly along the grain boundaries, as presented in Fig. 1. In AR,
which has larger grains, the internal oxide was formed deep in
the matrix. On the other hand, the depth of internal oxides in GR,
Fig. 1. Morphologies of the AR after aging at 950 �C for: (a) 120 h and (b) 2000 h and
which has smaller grains, was relatively shallow in near surface.
The branches of the internal oxide were densely stretched because
of grain refinement, wherein branches are very close to each other.

The average depth of the internal oxide increased with pro-
longed exposure time, as plotted in Fig. 2a. The extension of the
internal oxide depth in GR was approximately half of that in AR.
Fig. 2b illustrates the change in internal oxide area calculated via
image analyzer, which is regarded as the amount of internal oxide
per unit area. In the case of GR, the internal oxide area at initial
exposure increased rapidly compared to that of AR. By prolonged
exposure, the rate of internal oxidation in GR gradually decreased,
while it was constantly maintained in AR. As a result, the area of
internal oxide in AR at 1000 h was almost the same as that of
GR, and then it became larger than that of GR.

Such an internal oxidation rate depends on diffusion of ele-
ments such as Al from the matrix and oxygen (O) from the environ-
ment. Internal oxidation rate at initial exposure was fast because of
the steady supply of elements such as Al and O. Not surprisingly,
the formation of the internal oxide as Al2O3 results in the evolution
of an Al-depleted zone in the matrix toward the depth, which is de-
fined as a region with lower Al concentration than average in the
matrix. The Al-depleted zone was expanded by the continuous
internal oxidation during the aging. Thus, the more internal oxida-
tion progressed for longer exposure, the more Al diffusion distance
from the matrix to internal oxidation region. Consequently, the
internal oxidation becomes slow and depends on diffusion kinetics.
The internal oxidation rate is directly related to the mass flux (J) of
diffusion driven by the Al concentration gradient (dc/dx). Fig. 3
presents the relative amount of Al concentration profile from the
starting point (x = 0) at the end of the internal oxidation region to-
of the GR after aging at 950 �C for: (c) 120 h and (d) 2000 h in He atmosphere.



Fig. 2. Changes of: (a) depth of internal oxide and (b) area of internal oxide after
exposure to He atmosphere at 950 �C.
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ward the matrix in the Al-depleted zone. The Al concentration
intensities were normalized to be the same value at x = 0 for appar-
ent comparison of their gradients. In the case of AR, the Al concen-
tration gradient was nearly sustained in spite of prolonged
exposure from 480 h to 2000 h, while it became much smaller in
GR. Thus, the supply of Al in AR remains almost the same for the
internal oxidation after 2000 h. However, the internal oxidation
rate became slower in GR since the Al concentration gradient be-
came smaller due to the rapid oxidation during the initial expo-
sure. Consequently, the internal oxidation in GR progressed
rapidly during the initial exposure but it became slow at the pro-
longed exposure state.

3.2. Mechanical evaluation

Table 2 presents the Vickers hardness of AR and GR after aging
at 950 �C for 2000 h. The Vickers hardness were 209 Hv for AR and
242 Hv for GR at the matrix in the middle of specimen. High hard-
ness for GR was caused by grain size refinement. The Vickers hard-
ness measured in the Cr-depleted zone below the internal
oxidation region of AR and GR decreased to 203 Hv and 234 Hv,
respectively. The depletion of the alloying elements, such as Cr
and Al, caused the decreases in the solid-solution strengthening
effect.

Also, the Vickers hardness test was applied to evaluate the de-
gree of densely stretched internal oxide by a homogeneity indexing
method. Fig. 4 demonstrates the distribution of the Vickers hard-
ness at the internal oxidation region. The Vickers hardness test
was carried out at regular intervals paralleling to external oxide
scale in the internal oxidation region, as presented in an illustra-
tion of Fig. 4. To evaluate the degree of densely stretched internal
oxide, a homogeneity index was calculated by the average Vickers
hardness and standard deviation [17]
HI ¼ S
H
� 100 ð1Þ
S2 ¼ 1
n� 1

Xn

i¼1

ðHi � HÞ2 ð2Þ
Here, HI is the homogeneity index, S is the standard deviation, and �H
is the average of hardness. The distribution of the Vickers hardness
was relatively narrow for GR comparing to that of AR. The standard
deviation of Vickers hardness in AR and GR was confirmed as 27 and
24, respectively. The homogeneity index of GR (8.7) was lower than
that of AR (11.9). As a result, it was confirmed that the internal
oxide in GR was more densely stretched along the grain boundary.

Fig. 5 presents load–displacements obtained by 3-point bending
test after exposure at 950 �C for 120 h. The input energy was calcu-
lated by the area of load–displacement curve. The total input en-
ergy of GR, 1903 mJ, was larger than that of AR, 1624 mJ,
indicating that the strength of GR was improved by grain
refinement.

Crack propagation behavior was also observed after the 3-point
bending test. Generally, under external tensile stress, voids are
generated at the interface between the matrix and the brittle inter-
nal oxide. By continuously applying stress, the generated voids can
be made to coalesce, thereby forming cracks. Cracks are initiated at
the internal oxide and propagated along the grain boundary [12].
Fig. 6 depicts crack morphologies under tensile stress after the 3-
point bending test. Before the bending test, AR and GR specimens
showed internal oxides with average depths of approximately
19 lm and 10 lm, respectively. As presented in Fig. 6, cracks over
the average depth of the internal oxide in AR and GR were gener-
ated after the bending test. The crack in AR propagated deep along
the grain boundary compared to that of GR because of a longer
internal oxide. The matrix/internal oxide interface was more easily
fractured by bending. Therefore, it is believed that the crack
formed from the matrix/internal oxide interface acts as a defect
under bending test, similar to a notch. According to Griffith [18],
stress concentration increases with increasing crack length. The
stress concentration in AR was higher than that in GR because of
a longer internal oxide. Thus, a crack was initiated at the tip of
the internal oxide via stress concentration and propagated along
the grain boundary. The crack in AR propagated to a depth of
around 150 lm due to relatively higher stress concentrations. On
the other hand, short cracks below 40 lm were observed in GR
due to comparatively lower stress concentrations. These short
cracks were also generated widely by distribution of stress at the
internal oxide because of the densely stretched internal oxide. Con-
sequently, crack propagation at the tip of the internal oxide in GR
was restricted by distribution of stress and reduction of stress
concentration.



Fig. 3. The relative amount of Al concentration profiles for: (a) AR and (b) GR after exposure for 480 h and 2000 h in He atmosphere.

Table 2
The Vickers hardness changes of AR and GR after aging at 950 �C for 2000 h in He
atmosphere.

Vickers hardness (Hv)

Matrix Cr-depleted zone Internal oxidation region

AR 209 203 227
GR 242 234 276

Fig. 4. The Vickers hardness curves of the internal oxide region after exposure to He
atmosphere at 950 �C for 2000 h.

Fig. 5. Load–displacement curves by the 3-point bending test for AR and GR aged
for 120 h in He atmosphere.
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4. Summary

The oxide layer consisted of Cr2O3 in the external oxide scale
and Al2O3 in the internal oxide was formed in AR and GR by expo-
sure to high temperature in He atmosphere with some impurities.
Internal oxides in both samples progressed along the grain bound-
ary. These in GR were densely stretched compared to those of AR
because of grain refinements. In addition, the average depth of
the internal oxide region in GR was shorter than that in AR. The
internal oxidation of GR rapidly increased during initial exposure
and then gradually decreased by prolonged exposure, while AR
showed a constant oxidation rate.

Cracks under external tensile stress were initiated at the tip of
the internal oxide and propagated along the grain boundary. In
the AR sample, larger crack were observed due to relatively higher
stress concentration related to the longer internal oxide. In con-
trast, a number of short cracks in GR were dispersed close to each
other in the near surface region due to distribution of stress and
reduction of stress concentration related to more densely
stretched, shorter internal oxides.



Fig. 6. Morphologies after 3-point bending test of: (a) AR and (b) GR aged for 120 h
in He atmosphere.
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