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Creep was studied in Haynes 230, a material candidate for the very high temperature reactor’s interme-
diate heat exchanger, at 800 °C and 900 °C. This study focused on the differences between the behavior at
the two elevated temperature, and using the microstructure, grain boundary serrations and triple junc-
tion strain concentrations were quantitatively identified. There was significant damage in the 900 °C
samples and the creep was almost entirely tertiary. In contrast, the 800 °C sample exhibited secondary
creep. Using an Arrhenius equation, the minimum creep rate exponents were found to be n~3 and
n=5 for 900 °C and 800 °C, respectively. The creep mechanisms were identified as solute drag for
n ~ 3 and dislocation climb for n = 5. Strain concentrations were identified at triple junctions and grain
boundary serrations using high resolution digital image correlation overlaid on the microstructure. The
grain boundary serrations restrict grain boundary sliding which may reduce the creep damage at triple

junctions and extend the creep life of Haynes 230 at elevated temperatures.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The very high temperature reactors (VHTR) currently being
developed will boost their economic efficiency over current reac-
tors by elevating operating temperatures. This will allow for both
the production of electricity and helium [1]. The intermediate heat
exchangers in the system must be able to operate at temperatures
of 900 °C, putting a huge demand on the materials employed. One
of the proposed materials is Haynes 230, developed by Haynes
International, Inc. A great amount of knowledge is still needed to
understand how Haynes 230 creeps before it can be implemented
to operate at these high temperatures. Of particular interest is the
deterioration of properties between 800 °C and 900 °C.

Voids were first identified in crept materials over a half century
ago [2,3]. Further studies by Greenwood found these cavities,
based on the sliding of the grain boundaries, led to the failure of
the material [4,5]. Using a comprehensive collection of data,
isothermal fracture maps separating intergranular and transgranu-
lar fracture based on temperature and loading were constructed
[6]. These maps were also able to indicate what creep mechanism
was most likely to be dominant. In the present study, the creep
damage created voids, which subsequently led to large localized
deformation in the material, and thus the material exhibited
mostly intergranular failure, as predicted due to the temperatures
and stresses the samples were subjected to.
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Two main areas of focus for failure along grain boundaries are
triple junctions and precipitates. Both of these can lead to stress
concentrations caused by grain boundary sliding during creep con-
ditions [7]. Argon, Chen, and Lau modeled these two forms of grain
boundary decohesion which had been previously experimentally
observed [8]. Precipitates on the grain boundaries restrict the slid-
ing of the grain boundaries during transient loading, while triple
junctions tend to dominate as stress concentrations once the load
supported by these precipitates reaches a critical limit. Using stress
functions and power-law creep, singularities around the triple
junctions and precipitates were modeled [9]. This was also imple-
mented in a finite element model study [10]. The presence of
carbides in nickel-based superalloys, in particular Haynes 230, on
grain boundaries can cause serrations of grain boundaries [11],
acting as particles restricting grain boundary sliding.

Haynes 230 has been the focus of many studies and its deforma-
tion behavior is still being characterized. Since the material will be
used at elevated temperatures, oxidation rates were studied and
Haynes 230 was found to have a high oxidation resistance
[12,13]. Fatigue crack growth behavior has been studied at room
temperature and elevated temperatures, showing a decrease in
the crack growth resistance as temperature rises [14-16]. The
creep-fatigue behavior was recently discussed by Chen et al. and
Haynes 230 exhibited greater fatigue-creep life than Alloy 617
[17]. Atincreased hold times during the creep-fatigue cycle, the life
was observed to decrease in Haynes 230. The creep behavior was
recently investigated and compared to that of Haynes 282 up to
815 °C [18]. Haynes 282 showed significantly greater creep resis-
tance than Haynes 230.
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The current study advances our understanding of the creep
behavior that Haynes 230 exhibits by comparing experimental re-
sults at 800 °C and 900 °C. The minimum creep rates were used to
contrast the two temperatures in terms of deformation mecha-
nisms. To better understand how the microstructure deforms, high
resolution digital image correlation, along with optical images of
the microstructure, was utilized to identify the areas of the micro-
structure prone to developing strain concentrations during defor-
mation. Other studies have shown that grain boundary serrations
lead to a lower creep rate in nickel-based superalloys [19,20].
The present study has found a concentration of strain at these ser-
rations, which may impede grain boundary sliding. Strain concen-
trations were also identified at triple junctions. The current study
quantifies these strain concentrations and discusses the large
difference in the creep behavior between 800 °C and 900 °C.

2. Materials and experimental procedure
2.1. Materials

This study used commercially available Haynes 230. Haynes
230 is a solid-solution strengthened alloy, and the additions of
chromium, tungsten, and molybdenum contribute to the high
temperature properties. The chemical composition of the sheet is
provided in Table 1. A wide range of grain sizes, 30-250 um, were
observed in the microstructure, with the grains being equiaxed.
The received sheet was 2.38 mm (3/32"”) thick. Sheet thick “dog-
bone” specimens with a gauge length of 25.00 mm and a width
of 4.00 mm were electrical discharge machined (EDM). A sche-
matic of the specimen geometry is given in Fig. 1.

2.2. Experimental procedure

Since digital image correlation (DIC) was used to capture the
displacements of the deformed specimens, the specimen surfaces
had to be prepared with a speckle pattern. Two separate proce-
dures were used since this study included both in situ and ex situ
experiments. For the in situ samples, due to the glowing of the
material at 800 °C and 900 °C, a thin layer of white paint was ap-
plied prior to the application of the speckle pattern. Before apply-
ing the white paint, each sample was mechanically polished with
grit paper up to P2400 to create a flat surface, and then they were
subsequently roughened with P320 paper to help the white paint
adhere to the surface. The white paint used was VHT Flame-
Proof flat white ceramic coating (SP101) with a temperature rating
up to 1093 °C. This prevented the images from being oversaturated
and prevented the speckle pattern from being changed by oxida-
tion. The white paint required a three-step curing process as
indicated by the manufacturer, but the curing temperature did
not exceed 315°C. On top of the white paint, black paint was
airbrushed creating the random pattern for DIC. The black paint
was VHT FlameProof flat black ceramic coating (SP102).

For the ex situ, high resolution DIC samples, the surface was
mechanically polished to a mirror finish using abrasive paper and
a final step of 0.3 pum silica powder. The sample was then heated
in an oven at 900 °C for 7 min and water quenched. The small layer
of oxidation that formed allowed for the grain boundaries to be

Table 1

Chemical composition (wt%) of Haynes 230 studied.
Al B C Co Cr Cu Fe La Mn
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Fig. 1. Schematic of the dog-bone specimen geometry. The red box represents the
area imaged during testing. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

visible under an optical microscope. An area was marked off, and
optical images were taken using the microscope at a magnification
of 10x to provide insight into the microstructure. The sample was
then prepared using the in situ procedure. Another set of optical
images at 10x were captured as the reference images for DIC. This
type of sample will be referred to as the ex situ sample.

A servo-hydraulic load frame with a 7.5 kN load cell was used
during the experiments and the specimens were heated using
induction heating. A type-K thermocouple was welded in the mid-
dle of the back of the gauge section. All experiments were per-
formed in air. The temperature of the specimens was raised from
room temperature to either 800 °C or 900 °C at a rate of 75 °C
per minute. The temperate was kept within a tolerance of +3 °C
for the duration of the tests using a temperature controller con-
nected to the induction heater. The specimen surface was illumi-
nated using white light. An IMI 202FT digital camera was used to
record the images during the experiments, capturing an image
every 30s. The camera resolution was 1600 pixels x 1200 pixels
and a field of view of 4.00 mm by 3.00 mm was imaged for the
in situ experiments. For the in situ tests, images were captured
throughout the entire experiment until failure or the test was sus-
pended. A photograph of the experimental setup is shown in Fig. 2.
The ex situ tests were halted after a predetermined time in order to
capture images using the optical microscope. These images were
captured in the same area as the pre-test images. The entire visible
area of the deformed images was correlated back to the original,
undeformed reference images using a commercially available im-
age correlation program. The horizontal and vertical displacements
were differentiated using a small strain assumption in order to find
the strain fields. The average measure of noise in the strain was
5 x 10~* with a maximum local nose value of 0.002. For more

Fig. 2. An example of the experimental setup. (A) Specimen in the load frame, (B)
Induction coils, (C) Type-K thermocouple, (D) [llumination and (E) Lens and Camera.
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Fig. 3. Stress-strain data for Haynes 230 at room temperature (RT), 800 °C, and
900 °C. DIC strain fields at approximately 15% strain show localization in the two
high temperature cases in contrast to the homogeneous field at RT.

information about the DIC technique, see Refs. [21,22]. For more
information on the high resolution ex situ DIC, see Ref. [23].

For transmission electron microscopy (TEM) 1 mm thick disks
were sectioned with a low-speed diamond saw parallel to the load-
ing axis from the failed specimens, and then mechanically ground
and polished down to 0.15 mm foil thickness. Large electron trans-
parent areas were obtained in these foils by conventional twin jet
polishing using a solution consisting of 5% perchloric acid in etha-
nol at —20 °C and 15 V. The TEM was operated at a nominal voltage
of 200 kV and a double-tilt specimen holder was employed for
imaging under two-beam conditions.

3. Results
3.1. Tensile tests

Uniaxial tension tests were performed at a strain rate of
10~*s~! on Haynes 230 at three temperatures: room temperature,
800 °C, and 900 °C. These tests were performed to determine the
baseline data for the mechanical properties. As expected, the yield
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stress decreased with increasing temperature. Using a 0.2% offset,
the yield stresses were found to be 415 MPa at room temperature,
197 MPa at 800 °C, and 123 MPa at 900 °C. These results are shown
in Fig. 3. There are distinct differences between the two high tem-
perature samples and the room temperature sample; the room
temperature sample exhibits hardening throughout the test while
both high temperature cases show slight softening behavior, which
is more distinct in the 900 °C experiment.

The specimens fractured at 50% strain at room temperature, 51%
at 800 °C, and 32% at 900 °C. There is a significant difference in the
fracture strains for the two high temperature results. A possible
explanation for this is the large voids and necking, visible to the
eye, present in the 900 °C sample. In contrast, the 800 °C sample
only exhibited necking. The difference in damage behavior during
the tensile tests was a precursor for what was observed in the
creep tests.

3.2. Creep results

The creep tests were conducted at relatively high stresses for
the temperatures considered in order to produce creep strains in
a reasonable time period. The results of these creep tests are pre-
sented in Fig. 4. The strains in this figure are the averaged DIC axial
strains found in the area imaged during the experiments. There is a
noticeable difference in behavior between the two high tempera-
tures. In the 900 °C experiments (Fig. 4a), the secondary creep lasts
for a few minutes in each of the tests. Almost the entire creep curve
consists of tertiary creep. Surface damage and voids were visible
early on in the experiments, consistent with the damage expected.
Contrary to these results, the 800 °C experiments (Fig. 4b) had pro-
longed periods of secondary creep. The tests performed at loads of
50 and 75 MPa were halted before the samples failed. The visible
surface damage that was present in the 900 °C experiments was
not present in the 800 °C experiments.

Further information concerning the strains developed during
creep was found using high resolution ex situ DIC. Two samples
of Haynes 230 were crept at 900 °C with a stress of 50 MPa for
2h and 10h each. After the test was suspended, the material
was unloaded and cooled to room temperature leaving residual
plastic strains to be measured with DIC. The average strain was
0.26% for the 2 h sample and 0.88% for the 10 h sample. The two
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Fig. 4. Strain versus time data for creep tests of Haynes 230 at 800 °C and 900 °C at several load levels. Steady state creep is more readily observed in the 800 °C samples while

both tests show localized strains greater than 30%.
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Fig. 5. Strain magnitudes as a function of distance found at serrated grain boundaries and triple junctions. The red dot in the schematics shows the 0 pum measurement point
for (a) triple junction and (b) to serrated grain boundaries. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 6. The minimum creep rate plotted as a function of the stress applied loading for creep of Haynes 230. The creep at 800 °C corresponds to a creep exponent of n ~ 5
(dislocation climb mechanism) and the 900 °C results produce a creep exponent of n ~ 3 (solute drag mechanism).

Table 2
Creep constants summary of Haynes 230 [s™!].

Temp. (°C) Creep coefficient (A) Creep exponent (n)
800 6.38E-17 5.19
900 1.89E-09 3.40

main areas of strain concentration were focused around serrated
grain boundaries and triple junctions. The sample suspended at
2 h showed less strain concentration than the 10 h sample, consis-
tent with the increasing average strain. DIC was used to quantita-
tively obtain the trend of strain distribution at these two points,
and showed a peak at the serrated grain boundary and triple junc-
tion, as indicated in Fig. 5. The strains measured were tensile
strains aligned with the loading direction and were found to be
orders of magnitude higher than the average strain of the area.
These results showed that there was a trend of increasing strain
concentration at magnitudes much higher than the average strain

as time progresses, with the peak remaining at the serrated grain
boundary or triple junction. Further discussion of this will be given
in Section 4.1.

The minimum secondary creep rates, &smin, Were assumed to
follow the fundamental Arrhenius equation:

éss,min = A(O-)n (1 )

where A is the creep constant, ¢ is the nominal stress, and n is the
creep exponent. In order to better distinguish which mechanisms of
creep was active, the minimum strain rates for each experiment
were plotted against the nominal stress the sample was loaded at
in Fig. 6. The constants fitted are given in Table 2. Consistent with
the creep results, the strain rates also show a difference in behavior
between the two high temperatures. At 900 °C, the creep exponent
was found to be n=3.4. This can be approximated to n =3 where
the rate limiting mechanism is dislocation glide, also known as
solute drag [24]. At 800 °C, the creep exponent was found to be
n=>5.17, which is representative of dislocation climb (n =5) being
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Fig. 7. SEM micrographs of the fracture surface from samples crept at 900 °C. (a) Intergranular cracking and voids are evident. (b) A cracked triple junction on the fracture

surface.
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Fig. 8. SEM micrographs of the fracture surface and a secondary crack from a sample crept at 800 °C. (a) The fracture surface of the sample showing high levels of ductility and
a mixture of intergranular and transgranular cracking. (b) A secondary crack below the failed section showing intergranular cracking.
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Fig. 9. DIC axial strain field (average strain of 0.26%) after 2 h of creep at 900 °C
with a load of 50 MPa overlaid on an optical micrograph of the microstructure at a
magnification of 10x. Two areas of localized strain were observed: on a serrated
grain boundary and at the triple junction of a twin and two grain boundaries.

the rate limiting creep mechanism [25]. More discussion of this
result will be presented in Section 4.1.

3.3. SEM of crept material

After the samples of Haynes 230 had been crept, scanning elec-
tron microscopy (SEM) was performed to analyze the fracture
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Strain (%)
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Air, 900 °C
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t=10h

Fig. 10. DIC axial strain field (average strain of 0.88%) after 10 h of creep at 900 °C
with a load of 50 MPa overlaid on an optical micrograph of the microstructure at
10x. High levels of localized strain were found at a triple junction and a serrated
grain boundary.

surfaces. First analyzing the micrographs in Fig. 7 from samples
experimented at 900 °C, it is evident that the samples show inter-
granular failure. In Fig. 7a, despite the oxidation, the cracking can
be observed along the grain boundaries and several large voids
are depicted. In Fig. 7b, cracking at a triple junction is apparent.
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500 nm

Fig. 11. A TEM micrograph from a sample crept at 900 °C at a stress of 100 MPa
showing dislocation-carbide interactions with carbides present in the boundary.
The carbides in the grain boundary are the cause of serrated grain boundaries.

Cracking along grain boundaries is also visible in the upper right
portion of the micrograph. This result was to be expected due to
the temperature and stresses the sample was subjected to.

The samples crept at 800 °C showed mainly intergranular frac-
ture, but there was also evidence of transgranular failure along the
fracture surface, shown in Fig. 8a. Fig. 8b depicts a secondary, inter-
granular crack that formed below the area of failure. This sample
had much more ductility than the 900 °C sample, which could con-
tribute to the longer observed creep life. There was also less dam-
age, explicitly a lack of large voids, found along the fracture plane
in this specimen.

4. Discussion
4.1. Grain boundary serrations and triple junctions

The strain heterogeneity at the microscale was investigated for
areas of strain concentrations. This was performed using high res-
olution digital image correlation and observing the strain fields
overlaid on the microstructure. The advantage of DIC is that as
the magnification is increased, the spatial resolution improves
allowing for strain measurements on the microscale [21,23].

As indicated in the Introduction, precipitates in the grain
boundaries and triple junctions are known to be sources of failure
during creeping conditions. In Haynes 230, these are MgC and
M,3Cs carbides. In order to investigate these as potential points
of failure, high resolution DIC had to be performed on the sample
using the ex situ procedure described in Section 2.2 and prelimin-
ary results given in Section 3.2. The samples of interest were used
in a creep test performed at 900 °C with a nominal stress of 50 MPa
and were arrested after 2 h and 10 h. DIC was performed and the
strain fields were overlaid on the microstructure and strain con-
centrations were investigated. The axial strains were investigated
as shear strain concentration was present in the same locations,
but with lower magnitude.

The resulting axial strain fields are presented for 2 h and 10 h in
Figs. 9 and 10, respectively. Both figures show strain concentra-
tions on serrated grain boundaries and at triple junctions. This

result is consistent with the review presented by Argon [7]. As
the grain boundaries slide during creep, the pinning of the serrated
grain boundaries by carbides leads to an increase in the stress
fields. The triple junctions act as sites of void formation, and if
allowed to creep further, the voids would grow and merge with
cavitations on the grain boundaries leading to cracks. These are
competing processes since the grain boundaries are restricted from
sliding by the carbides delaying damage, while the triple junctions
indicate the formation of voids.

Further discussion of the grain boundaries serrations (GBS) is
needed. In a previous study, the serrations in Haynes 230 were
found to be caused by M,3Cs carbides, where M is mostly chro-
mium [11]. MgC carbides, with M being mostly tungsten, are also
present in Haynes 230, but at solutionizing temperatures, these
carbides dissolve introducing a supersaturation of C into the ma-
trix. The supersaturation of C can lead to further nucleation and
growth of the M,3Cg carbides [11]. Literature concerning GBS has
found that they can lower the creep rate and reduce crack propa-
gation since grain boundary sliding is restricted [19,20]. This is
experimentally observed in the crept Haynes 230 sample as the
strains present on the GBS may be due to this restriction of sliding.
TEM supporting the presence of carbides at the boundaries is
shown in Fig. 11. This micrograph depicts dislocation-carbide
interactions while the carbides are pinned in the (sub)grain bound-
ary from a specimen crept at 100 MPa until failure after an hour.
Future studies of Haynes 230 are needed to observe how these
strains develop during the life of a creeping sample. A heat treat-
ment encouraging the creation of GBS for Haynes 230 by increasing
the nucleation and growth of granular M,3Cg carbides [11] may
lead to decreased creep rates, especially at 900 °C, which could lead
to prolong the secondary creep life and expand the use of this
superalloy.

4.2. Creep exponents

As previously indicated in Section 3.2, Haynes 230 exhibits dif-
ferent mechanisms limiting the creep rate at the different elevated
temperatures. Weertman was the first to describe the dislocation
activities that led to these two creep mechanisms [24,25]. Much
work has been performed since his discovery in order to describe
the differences between the solute drag mechanism and the dislo-
cation climb mechanism. A brief explanation of the two mecha-
nisms is presented below.

A creep exponent of n ~ 3, found for the 900 °C creep, is syn-
onyms with solute drag during creep, as originally found by Cott-
rell and Jawson [26]. In this case, dislocations that are gliding are
dragging solute atoms with them limiting the velocity of the glid-
ing. The rate of glide is assumed proportional to the applied stress,
and the stress a dislocation applies on its neighbor is inversely pro-
portional to the dislocation density. The three power law propor-
tionality of the creep rate to the applied stress is approximated
by the product of the dislocation density, Burgers vector, and the
rate of glide [27]. A review of the dragging processes responsible
for this mechanism can be found in [28]. Of special note is the pro-
posed dragging process which is due to the segregation of atoms at
stacking faults [29]. In Haynes 230, the addition of tungsten lowers
the stacking fault energy which could reduce the recovery rate and
in consequence, reduce the creep rate [30].

For the creep rate to be proportional to the fifth power, n ~ 5, an
additional ¢ must be introduced. Recall that this is representative
of the creep occurring at 800 °C. This behavior involves the forma-
tion of dislocation networks and sub-grains. As dislocation loops
expand by glide and climb, they eventually annihilate, and the
interaction of edge and screw dislocations forms dislocation net-
works. The resulting mixed dislocations in the networks, or sub-
grain networks, control the rate that vacancies are absorbed and
emitted [31]. The diffusion coefficient for the vacancies is then
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Fig. 12. A TEM micrograph showing a subgrain formed during creep at 800 °C at a
stress of 75 MPa.

higher in the dislocation network than that of the bulk. Due to the
cross-sectional area of the dislocation pipes, distance between the
pipes, and differences in diffusion coefficients between the net-
work and bulk, the addition proportionality was acquired [27].
Now if the sub-grain bowing is added as the internal stress, the
creep exponent for power-law creep can be found to be 5 [32].
TEM was performed to identify the presence of subgrains in the
specimen crept at 800 °C, shown in Fig. 12. In this figure, disloca-
tions have formed a sub-grain boundary. From the previous analy-
sis, it can be stated that the addition of dislocation networks and
sub-grains are possible reasons for the difference between the
creep mechanisms in the two elevated temperature experiments.

5. Conclusions

The creep behavior of Haynes 230 was investigated in this study
at two elevated temperatures. The main findings can be summa-
rized as follows:

1. At the stresses employed, at 900 °C the material spent a major-
ity of its life in the tertiary creep regime, while the 800 °C
results had periods of prolonged secondary creep. Intergranular
failure was observed in all samples.

2. The stress exponent was found to be n ~ 3 at 900 °C, indicating
solute drag as the creep mechanism, and n~5 at 800 °C,
indicating dislocation climb as the main creep mechanism.

3. Using high resolution digital image correlation overlaid on the
microstructure, strain concentrations were found at triple junc-
tions and grain boundary serrations.

4, The grain boundary serrations restrict grain boundary sliding
and may be an effective tool to prolong the life of Haynes 230
in creeping conditions.
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