Materials Science & Engineering A 806 (2021) 140602

ELSEVIER

Contents lists available at ScienceDirect
Materials Science & Engineering A

journal homepage: http://www.elsevier.com/locate/msea

MATERIALS
SCIENCE &
INEERING

Check for

Microstructural evolution of Fe-20Cr—30Ni-2Nb-5Al1 AFA steel during | e

creep at 760 °C

Andrew Peterson, Ian Baker

Thayer School of Engineering, Dartmouth College, Hanover, NH, 03755, USA

ARTICLE INFO ABSTRACT

Keywords:

AFA steel

Creep
Microstructure
Precipitates
Precipitate-free zone

The microstructural evolution of an alumina-forming austenitic stainless-steel Fe-20Cr-30Ni-2Nb-5Al (at. %)
was investigated after creep at 760 °C. It was found that the secondary creep rate was correlated with changes in
the microstructure. During creep, both Laves phase and B2 precipitates in the matrix both coarsened and
increased in volume fraction. In addition, nano-sized L1,-structured NiszAl precipitates nucleated and then
coarsened and increased in volume fraction during creep. Grain boundary coverage by Laves phase and B2

precipitates increased during creep, and a precipitate free zone (PFZ) formed along the grain boundaries at creep
times great than 2000 h. The creep rate decreased for times up to ~2000 h primarily due to strengthening from
the L1 precipitates, with grain boundary strengthening playing a minor role. At longer times, there was a slight
increase in creep rate, due to the coarsening of precipitates in the matrix and the formation of the PFZ.

1. Introduction

Despite the surge of renewable energy, fossil fuels are likely to
remain the primary energy source for the near future. Therefore, it is
important to use these resources as efficiently as possible — both for
economic reasons and in order to minimize pollutants such as CO, [1,2].
Currently, the martensitic and ferritic alloys which are being used in
fossil-fuel power plants are limited to operating temperatures of less
than 600 °C [2]. The US Department of Energy has set a goal to develop
materials technology to enable the operation of power plants with steam
at 760 °C and 35 MPa [1,3]. Achieving this goal can reduce emissions
(including COy) from the current fleet of power plants in the US by up to
20% [1,3]. This will require a material that is strong, displays good
oxidation and corrosion resistance, and is economically viable [1].
Nickel-based superalloys can satisfy most of these requirements — but
these materials are too expensive for use in energy applications [4].
AFAs (alumina forming austenitic stainless steels) are a promising new
class of steels with potential to meet all of the above requirements [5-8].

AFAs have primarily been under development at Oak Ridge National
Lab [5,6,8-12]. They use alumina as a protective oxide scale for high
corrosion resistance because this offers better protection than chromia
[13,14]. The latest family of AFAs is strengthened with laves phases [4,
8-10]. These AFAs also use a “grain boundary (GB) precipitation
strengthening mechanism” [15]. In this newer family of AFAs, B2
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structured NiAl and Fe,Nb Laves phase precipitates exist both in the
austenitic matrix and on the GBs. There are also either MC precipitates
or L1, structured NisAl-based precipitates present in the matrix that
increase the creep strength [10-12]. Recent work has been performed to
understand the high temperature mechanical properties of AFAs.
Several studies have been performed to understand the plastic flow
behavior of AFAs, which have found that the high temperature defor-
mation behavior can be described well by a power law model using a
threshold stress term for the precipitates [16,17]. Additionally, studies
have found that the strength is generally controlled by nano-sized L13
precipitates or carbides [16,18]. A recent creep study performed at
700 °C and 150 MPa or 240 MPa on an AFA alloy which contained Laves
phase, B2, L1,, M33Cq carbide, and MC carbide precipitates found that
the L1, matrix precipitates showed Ostwald ripening with the size in-

crease proportional to t13; a precipitate free zone (PFZ) that increased in

size proportional to t'/?; and that the B2 precipitates on the GB show a
linear size increase with time [19]. Additionally, the My3Cg carbides,
which were located mainly on the GB, rapidly increased in size from
nano-sized to micron-sized. The study found that the failure mode for
the 240 MPa test was transgranular, while the failure mode for the 150
MPa test was intergranular. The researchers suggested that this change
in failure modes means that the GBs weakened quicker than the grain
interior, likely due to the growth of the PFZ and coarsening of pre-
cipitates along the GB.
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The present study was performed on the AFA model alloy
Fe-20Cr—-30Ni-2Nb-5Al (at. %) [20-23]. This alloy contains B2 NiAl
precipitates and Laves phase Fe,Nb precipitates both in the matrix and
along the GB after annealing at elevated temperatures. L1, structured
NizAl precipitates also form in the matrix, but only below ~800 °C.
Another interesting feature of the microstructure is that a precipitate
free zone (PFZ) forms along the grain boundaries at long annealing times
[20-22]. A model of what the microstructure would look like after creep
is shown in Fig. 1. Baker et al. performed preliminary creep tests and
high temperature tensile tests on this alloy at 760 °C after a variety of
anneals, viz., solutionized, annealed for 2.4 h at 800 °C, annealed for 24
h at 800 °C, and annealed for 240 h at 800 °C [20]. There were several
interesting observations from this research:

1. The specimen annealed for 2.4 h displayed the lowest creep strain.
This anneal resulted in fine Laves phase precipitates in the matrix
and GB coverage of 42% by Laves and B2 phase precipitates prior to
creep testing.

2. The 24 h annealed specimen showed a larger strain primary creep
strain, but exhibited a similar secondary creep rate to the 2.4 h
annealed specimen. This 24 h anneal produced similarly sized matrix
precipitates to the 2.4 h annealed specimen but had significantly
larger GB coverage (69%). It was, thus, suggested the GB coverage
either does not affect the creep rate or that 42% GB coverage is
sufficient to prevent GB sliding.

3. Both the 240 h annealed specimen, which had much larger matrix
precipitates, and the solutionized specimen displayed much worse
creep strength than both the 2.4 h and 24 h annealed specimens. This
suggests that fine Laves and B2 precipitates are beneficial to creep
strength, but as these precipitates coarsen they become deleterious to
creep strength.

4. While none of the anneals contained L1, precipitates prior to creep,
the L1, precipitates nucleated and grew during the creep tests at
760 °C. All anneals showed similar L1, precipitate size and volume
fraction after creep, making it difficult to discern the effect of these
precipitates on creep rate.

5. The creep rates appeared to be roughly constant throughout sec-
ondary creep even though the microstructure evolved during the
testing.

The current research on AFAs shows that the microstructure of the
alloy evolves significantly during creep. Additionally, the size, spacing,
and GB coverage of precipitates has been shown to have a significant
effect on the high temperature strength of AFA alloys. Thus, it is likely
that the microstructure evolution during creep affects the creep strength
of the alloy. In this paper, we present a study of the microstructure
evolution of Fe-20Cr-30Ni-2Nb-5Al during creep and the effect that
this evolution has on the creep rate. Additionally, we analyze the
deformation mechanisms and fit the deformation behavior to models
explaining the behavior as the microstructure evolves. The creep tests in
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Fig. 1. Schematic of the microstructure of Fe-20Cr-30Ni-2NNb-5Al after
creep at 760 °C.
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this study are performed on specimens that showed the best creep
strength from the preliminary tests, i.e. the 2.4 h 800 °C annealed ma-
terial [20].

2. Experimental

Fe-20Cr-30Ni-2Nb-5Al (at. %) was cast into an 8 kg ingot using
split-cast vacuum induction by Carpenter Technology Corporation. The
ingot was press-forged in 19 mm x 19 mm x 600 mm rectangular bars.
The alloy was solutionized by annealing in an argon atmosphere for 24
h at 1250 °C. Previous research on this alloy showed that this heat
treatment results in a single phase microstructure [22].

Creep specimens were milled into dog-bone tensile specimens with
gauge cross-sections dimensions of 2.7 mm x 2 mm and a gauge length
of 20 mm. The tensile specimens were annealed for 2.4 h at 800 °C in air,
and air cooled. The specimens were polished with successively finer
silicon carbide paper up to 1200 grit, and then further polished with 0.3
pm and 0.05 pm alumina powder to a mirror finish. All creep tests were
performed at 760 °C on home-built constant-stress creep jigs based on a
design by Garofolo, Richmond, and Domis [24].

Transmission electron microscope (TEM) samples were prepared by
cutting 3 mm dia cylinders from specimens using an electro discharge
machine. These cylinders were sliced into discs and polished with silicon
carbide paper to a thickness of ~100 pm. Next, the discs were electro-
polished using 20% nitric acid in methanol at temperatures of —40 °C to
—20 °C at 11 V and a flow rate of 15 in a Struer Tenupol 5. After elec-
tropolishing, the TEM specimens were alternately rinsed in ethanol and
methanol solutions three times. Imaging was performed on a FEI Tecnai
F20 FEG TEM operated at 200 kV using a low-background double-tilt
holder. ImageJ was used to analyze the TEM images. Circles were
manually drawn over the L1, precipitates in order to measure their size.
Average diameter and volume fraction were determined. The volume
fraction was calculated by determining the thickness of the TEM foils
using convergent beam electron diffraction (CBED). Three images were
analyzed for each condition and a 95% confidence interval was used to
calculate the error bars. The L1, precipitates were identified using TEM
diffraction patterns in a previous study of this alloy [20].

Scanning electron microscope (SEM) images were taken from the
electropolished area around the hole of the TEM samples. Imaging was
performed on a FEI (Thermo Fisher Scientific) Helios 5CX dual beam
field emission gun (FEG) SEM. Using a backscattered electron (BSE)
detector, the Laves phase precipitates show as light and the B2 phase
precipitates show as dark. These precipitates were identified in prior
work on this alloy using X-ray diffraction, EDS, and TEM diffraction
patterns [22,23]. Image analysis was performed on SEM images using
ImageJ. The particle analysis tool was used to determine the size of the
Laves and B2 particles by setting the threshold to include only light or
dark precipitates. An equivalent diameter was calculated for the average
size to allow for easy comparison. Volume fraction was also calculated.
Particles that were less than 80 nm in equivalent diameter were ignored
because they did not always represent the precipitates. Because of this,
the average size calculations does not account for some of the smaller
precipitates. Three images were analyzed for each condition. A 95%
confidence interval was used to calculate the error.

3. Results

Creep tests were performed at 760 °C at: 35 MPa for 2000 h, 45 MPa
for up to 4000 h, 65 MPa for 4000 h, and 75 MPa until failure (4921 h)
on material that had been homogenized and then annealed for 2.4 h at
800 °C. This condition has shown the best creep resistance in pre-
liminary testing [20]. The resulting creep curves are shown in Fig. 2,
where the higher creep rates at higher stress are clearly evident.

In order to gain an understanding of the microstructural evolution
during creep, tests were run at 45 MPa for different time lengths, i.e. 250
h, 500 h, 1000 h, 2000 h, and 4000 h. Each of the resulting creep curves
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Fig. 2. Creep tests at 760 °C of Fe-20Cr-30Ni—2Nb-5Al after annealing for 2.4 h at 800 °C.

are represented by a different color on Fig. 3.

In order to determine if the secondary creep rates were changing as a
function of time, the creep rates were determined for intervals corre-
sponding to the creep test times. Creep rates were determined by per-
forming a least squares linear regression of creep strain versus time over
the interval. These intervals are: from the start of secondary creep
(approximately 35 h) to 250 h, 250 h-500 h, 1000 h-2000 h, 2000
h-3000 h, and 3000 h-4000 h. The creep rate was then averaged for
each interval over all of the tests that ran for that length of time. The
results are shown graphically in Fig. 4, which plots the strain rate vs total
strain for creep of the alloy. The creep time corresponding to each strain
is marked on the plot. It is clear that the creep rate continuously de-
creases from the first time interval (35-250 h) with a creep rate of 2.0 x
1072 s~ ! until the fourth time interval (1000-2000 h) with a creep rate
of 2.8 x 10719 571, After 2000 h, the creep rate begins to slightly in-
crease with the 2000-3000 h and 3000-4000 h intervals exhibiting
creep rates of 5.8 x 10719 s7! and 4.7 x 1071% 571, respectively. This,
however, is still a significantly lower creep rate than seen in the intervals
from 35 to 250 h and 250-500 h. The minimum strain rate occurs at a
strain of approximately 1.58%, corresponding to a time of 2000 h. These
results are similar to the creep study performed on another AFA alloy,

2.5

which showed that within the secondary creep regime the creep rate
initially decreased before increasing again [19].

SEM imaging was used to analyze the microstructure after each creep
test. BSE images for each creep-tested specimen are shown in Fig. 5.
Fig. 5 shows how the precipitates in the matrix increase in size and
volume fraction during creep, and how the GB coverage by precipitates
correspondingly increases during creep. These data are enumerated in.

Table 1, which quantifies the evolution of matrix precipitates, and in
Table 2, which shows the evolution of GB coverage by each precipitate.
After the 2.4 h anneal, only very fine Laves phase precipitates exist in the
matrix and the GB coverage by both Laves and B2 phase precipitates is
35%. During creep, the Laves phase matrix precipitates grow and in-
crease in volume fraction — eventually reaching 372 nm in average
equivalent diameter and 3.1% volume fraction after 4000 h. The B2
phase precipitated in the matrix during creep, eventually reaching a
similar size to the Laves phase precipitates. However, the volume frac-
tion of B2 precipitates was always much less than that of the Laves
precipitates. After 4000 h creep, the B2 matrix precipitates were 395 nm
in average equivalent diameter and reached a 0.6% volume fraction. The
GB coverage by both the Laves and B2 phases increased throughout the
creep tests, with the B2 phase growing faster to reach a similar percent
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Fig. 3. Creep tests at 760 °C and 45 MPa for 250 h (black), 500 h (yellow), 1000 h (green), 2000 h (orange), and 4000 h (blue) of Fe-20Cr-30Ni-2Nb-5Al after
annealing for 2.4 h at 800 °C. (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. 4. Strain rate vs total strain for creep of Fe-20Cr-30Ni-2Nb-5Al at 760 °C and 45 MPa during secondary creep. The creep times corresponding to each strain are
marked on the plot. The error bars represent the maximum strain rate recorded for each interval. The 3000 h and 4000 h only had one test run for that length of time,
and thus no error bars are included. Note that the error bar for the 2000 h data is very small.

Fig. 5. SEM BSE images of Fe-20Cr—30Ni—2Nb-5Al after a) before testing, b)
crept for 250 h, c) crept for 500 h, d) crept for 1000 h, e) crept for 2000h, and f)
crept for 4000 h. Note the large alternating Laves and B2 precipitates along the
grain boundaries.

coverage as the Laves phase. After the 4000 h creep test, the Laves phase
covered 43% and the B2 phase covered 37% of the GBs for a total GB
coverage of 80%.

Additional images from the 4000 h creep test are shown in Fig. 6.
Fig. 6a shows a lower magnification image of the microstructure after
creep. Three features are worth noting. First, even at long creep times
there was no cracking observed either along the GB, or through the GB
precipitates. Second, the Laves and B2 precipitates tend to co-precipitate

Table 1
Evolution of Fe-20Cr-30Ni-2Nb-5Al matrix precipitates after creep for various
times after creep at 45 MPa at 760 °C.

Creep Laves B2 Total
Time Volume
) A.verage Volux.ne A.verage Volulee Fraction (%)

Size (nm) Fraction Size (nm) Fraction

(%) (%)

0 <100 0.1 + 0.04 0 0 0.1 +0.04
250 121 + 19 0.1 £+ 0.03 <100 <0.1 0.2 + 0.04
500 185 +13 0.2 £+ 0.03 155 +17 0.1 +0.02 0.3 +0.05
1000 203 +27 0.5 £+ 0.05 191 + 30 0.4 +0.08 0.9 + 0.10
2000 309 + 88 3.0 £ 0.98 297 + 95 0.5 +0.31 3.5+1.11
4000 372+102 3.1 +0.89 395+ 142 0.6 +0.22 3.7 £1.02

Table 2
Evolution of Fe-20Cr-30Ni-2Nb-5A1 grain boundaries after creep for various
times after creep at 45 MPa at 760 °C.

Creep Time (h) GB Area Fraction Coverage%

Laves B2 Total
0 22+1 13+2 35+2
250 27+t 6 15+1 42+ 6
500 31+8 22+7 53+7
1000 35+2 26+5 61+6
2000 42+ 6 34 +13 76 £7
4000 43 £5 37+9 80+9

in the matrix. Third, the Laves and B2 phases alternate along the entire
length of the GBs. Fig. 6b is a higher magnification image of the same
sample, which also shows several interesting features. First, very small
L1, precipitates, which appear as white speckles, are visible in the ma-
trix: these are only visible in SEM images after long creep times. Second,
a PFZ is present along the GB. The PFZ runs the length of the GB but
varies in width. The PFZ was only noticeable at long creep times (>2000
h).

While the SEM is useful for imaging the larger precipitates (Laves
and B2) and the GBs, it is not useful for imaging the smaller L1y
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Fig. 6. SEM BSE images of Fe-20Cr-30Ni-2Nb-5Al after creep at 760 °C and 45 MPa for 4000 h. The small light areas in the matrix in (b) are L1, precipitates.

precipitates as they are too small to accurately measure. Thus, TEM
bright-field (BF) imaging was used to image the L1, precipitates. Images
for each creep time are shown in Fig. 7. The average size and volume
fraction of the L1, precipitates are tabulated in Table 3. Prior to creep
testing, there are no L1, precipitates in the microstructure. During the
creep tests, the L1, precipitates nucleate and then grow in both size and
volume fraction. After the 2000 h test, the average size is 46 nm and the
volume fraction is 4.8%. After 4000 h, the average size has stabilized at
45 nm but the volume fraction continued to grow to 5.4%.

Fig. 8, Fig. 9, and Fig. 10 are graphical summaries of the precipitate

i A

-

Fig. 7. TEM bright-field images of Fe-20Cr-30Ni-2Nb-5Al after a) 2.4 h,
800 °C anneal only, b) creep for 250 h, c) creep for 500 h, d) creep for 1000 h,
e) creep for 2000 h, and f) creep for 4000 h.

Table 3
Evolution of Fe-20Cr-30Ni-2Nb-5A1 L1, precipitates after creep at 760 °C and
45 MPa for various times after annealing at 800 °C for 2.4 h.

Time (h) Average Diameter (nm) Volume Fraction (%)
0 0 0

250 18 +3 0.5 + 0.35

500 26 +3 1.9 + 0.58

1000 33+2 4.5 + 0.65

2000 46 + 4 4.8 +0.75

4000 45 +7 5.4 +1.25

size, volume fraction, and GB coverage vs creep time, respectively. The
shaded regions in these plots represent 95% confidence intervals.

Fig. 11 shows TEM images from this alloy after 2000 h of creep at
760 °C and 45 MPa. Fig. 11a and b display bright-field images of dis-
locations by-passing particles by climb and bowing between L1, pre-
cipitates, while Fig. 11c and d display a bright-field and weak-beam
dark-field image of dislocations cutting through a L1, precipitate.

The 75 MPa and 760 °C creep test was the only test in this study
performed until failure. The fracture surface of this sample after failure
was imaged in the SEM, see Fig. 12. The jagged lines on the fracture
surface clearly indicate that the sample fractured in an intergranular
manner, i.e. along the grain boundaries.

Additionally, room temperature hardness tests were performed after
each creep time. These results are shown in Fig. 13. The hardness
quickly increases after the initial 250 h of creep, and the stabilizes and
the hardness stays within the bounds of error for up to 4000 h of creep.

4. Discussion

A plot of precipitate size versus time'/3, see Fig. 14a, produces a
linear fit for each type of precipitate in the matrix. This suggests that the
coarsening of the all the matrix precipitates is following the Ostwald
ripening law. Studies of other AFA alloys also found that the L1, matrix
precipitates followed the Ostwald ripening law [19,25]. Fig. 14b shows
a plot of precipitate size cubed versus time. This plot is useful for
determining the coarsening rate constant, K, which is the slope of the
line in this plot. The Laves phase and B2 precipitates have very similar
coarsening rate constants, with values of 3.7 x 10™%” and 4.4 x 10~%’
m®/s, respectively. This is similar to the calculated rate coarsening
constant of 2.41 x 10~2” m%/s for Laves phase precipitates in a different
AFA alloy at 750 °C [26]. The L1, precipitates display a coarsening rate
constant several orders of magnitude lower than the Laves phase and B2
precipitates, at 7.0 x 107°° m®/s, showing a much better resistance to
coarsening. This is similar to the reported coarsening constant of 8.5 x
1073% m3/s for L1, precipitates in a different AFA alloy at 750 °C [25]. It
is interesting to note that the B2 and L1, precipitates have a quite similar
chemistry, meaning that the coefficient of diffusion will be similar. This
suggests that the main reason for the L1, precipitates having a better
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Fig. 8. Average matrix precipitate size after different creep times at 760 °C for Fe-20Cr—30Ni—2Nb-5Al. The shaded areas represent 95% confidence intervals.
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Fig. 9. Matrix precipitate volume fraction after different creep times at 760 °C

resistance to coarsening is because of differences in the specific inter-
facial energy or in the lattice misfit.

Analysis of the creep rate showed that the secondary creep rate was
clearly changing with respect to time: initially the creep rate decreased
until around 2000 h of creep, after which the creep rate began to slightly
increase. Analyzing the microstructure of the alloy with respect to time
provides insight into the cause of this behavior. Let’s start by deter-
mining which microstructure features could be contributing to the
strengthening up to 2000 h of creep. Preliminary creep and high tem-
perature tensile tests performed by Baker et al. [20] on this alloy found
that very fine Laves phase precipitates (around 100 nm in average
equivalent diameter) resulted in increased high temperature tensile and
creep strength at 760 °C. As the Laves phase precipitates further
increased in size (and as the B2 phase precipitates nucleated and grew)
the high temperature strength decreased. In this study, the Laves phase

for Fe-20Cr-30Ni-2Nb-5Al. The shaded areas represent 95% confidence intervals.

precipitates were originally very fine (<100 nm average equivalent
diameter) with no B2 precipitates in the matrix. After 250 h of creep the
Laves precipitates had an average equivalent diameter of 123 nm and
the B2 precipitates were still very small (average equivalent diameter <
100 nm). Already, the precipitates were reaching sizes that resulted in
lower high temperature strength. After 500 h of creep, the Laves pre-
cipitates grew to 185 nm average equivalent diameter and the B2 pre-
cipitates grew to 155 nm average equivalent diameter. Thus, it is very
likely that the Laves phase precipitates are not contributing to the
decreasing creep rate — in fact, as the Laves and B2 precipitates coarsen
they likely decrease the strength of the material. These results agree with
findings by Yamamoto et al. in their study of a different AFA alloy that
the size and volume fraction of Laves phase precipitates strongly effect
the strengthening properties of the Laves phase — in fact, they reported
similar sizes and concluded that stabilizing these precipitates to sizes of
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Fig. 11. TEM images of Fe-20Cr-30Ni—2Nb-5Al after creep for 2000 h at
760 °C and 45 MPa. a) BF image showing by-pass by climb of L1, precipitates,
b) BF image showing by-pass by climb of L1, precipitates, ¢) BF image showing
cutting of L1, precipitates, and d) weak-beam dark field image showing the
same area as c, using the g-3g condition.

100 nm or less would be needed to maximize the strength of the alloy
[10].

Another possible explanation for the increase in creep resistance is
the nucleation and then growth of the L1, precipitates. It is commonly
reported that L1, precipitates provide strengthening at high tempera-
tures, particularly when they are on the scale of 100 nm diameter or less
[10,27-29]. After the 2.4 h 800 °C anneal (and before creep) no L1,
precipitates were present. After creep for 250 h at 760 °C and 45 MPa the
L1, precipitates had an average diameter of 18 nm and a volume fraction
of 0.49%. After creep for 2000 h, the precipitates had grown to 46 nm in

average diameter with a 4.75% volume fraction. After this, the size
appears to stabilize but the volume fraction continues to increase. After
creep for 4000 h, the precipitates were 45 nm in average diameter and
the volume fraction was 6.34%. We can estimate how much strength-
ening these L1, precipitates are providing by determining the defor-
mation mechanism. The deformation behavior of
precipitation-hardened alloys can be divided into three categories —
particle cutting (in which the dislocations cut through the particle,
generally when the particle is coherent with the interface), Orowan
looping (in which the dislocations loop tightly around the precipitates),
and at elevated temperature by-passing the particles by climb (in which
the dislocations climb past precipitates, but do not have the required
stress to create Orowan loops) [30,31]. The stress necessary to operate
each mechanism depends on the particle size and spacing, but in general
the cutting mechanism will dominate at smaller particle sizes and
by-pass by climb or Orowan looping mechanisms will dominate at larger
particle sizes [30]. TEM imaging of this alloy after creep showed that
by-passing particles by climb was the primary mechanism, although
some instances of particle cutting were also found.

Since by-pass by climb is the primary mechanism observed, we can
calculate the stress needed to operate that mechanism after each creep
length. This value will provide a good estimate of the strengthening
effect of the L1, precipitates at each creep time. The stress needed to by-
pass particles by general climb can be estimated as approximately 0.05 *
7o(where 7y is the Orowan stress) [32]. The stress needed to operate the
Orowan looping mechanism is calculated as:

Gb
S A-2r

Where G is the shear modulus, b is the Burgers vector, 1 is the mean
interparticle spacing, and r is the mean particle radius. G is approxi-
mately 50 GPa and b is approximately 0.253 nm for AFA alloys. 4 and r
are both easily calculated from the average size and volume fraction.
Table 4 shows the average size as well as Orowan stress for each creep
time. Initially, the Orowan stress is 0 MPa because there are no L1,
precipitates in the microstructure. The Orowan stress then steadily in-
creases, reaching 303 MPa after 1000 h of creep. The stress needed to by-
pass particles by local climb is proportional to the Orowan stress, and
thus will increase as Orowan stress increases. The Orowan stress then
slightly decreases as the precipitates continue to coarsen. Based on these
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Fig. 12. SEM image of the fracture surface of Fe-20Cr-30Ni-2Nb-5Al after annealing for 2.4 h at 800 °C, followed by creeping until failure at 760 °C and 75 MPa.
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Fig. 13. Vickers Hardness (HV) of Fe-20Cr-30Ni-2Nb-5Al after annealing at 800 °C for 2.4 h, followed by creep at 760 °C and 45 MPa for different lengths of time.
The error bars represent the maximum and minimum hardness value for each condition.

results, the L1, precipitates are clearly providing significant strength-
ening to the alloy — and thus decreasing the creep rate. The Orowan
stress shows roughly similar trends to the hardness values in Fig. 13,
with a large increase at the beginning of creep and then remaining
similar for the remainder of the creep testing.

The final possibility for the decreasing creep rate is strengthening of
the GBs by precipitate coverage. Studies have shown that in alloys where
the GBs are covered by Laves phase precipitates, there is GB strength-
ening effect in which the precipitates prevent GB sliding [15,33].
However, in this case it seems that this would play a smaller role in
strengthening the alloy. Fig. 15 shows a log-log plot of stress versus
strain for creep at 760 °C. In order to deal with the changing creep rates,
creep data were taken from the same length of time for each test — from
the start of secondary creep to 2000 h. The slope of this line, n, is the
exponent in the power-law creep equation. This exponent can be used to
predict the deformation regime that the creep is occurring in. When n =

1, creep is in the diffusion creep or GB sliding regime [34]. When n = 3
or great, creep is in the dislocation creep regime [34]. Here, n = 2.7,
implying that creep is likely occurring in the dislocation creep regime.
However, it is still likely that the GB precipitates are reducing GB sliding
and, in turn, helping to reduce the creep rate. However, as mentioned
previously, preliminary work on Fe-20Cr-30Ni-2Nb-5Al indicated that
GB coverage seemed to have little effect on the strength at 760 °C after
approximately 42% coverage. In these creep tests, 42% coverage was
reached after 250 h of creep. The majority of the creep strengthening
appears to occur in the 500-2000 h range, suggesting it is unlikely that
the GB coverage is significantly increasing the creep strength.

To check this, the results of this study can be compared with the
findings of Tarigan et al. which determined that the creep rate decreases
linearly with increased GB coverage [15]. The initial creep study on
Fe-20Cr-30Ni-2Nb-5Al by Baker et al. found that creep strength
decreased with increased GB coverage [20], which is at odds with the
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Fig. 14. Average equivalent diameter of different precipitates vs time after different creep times at 760 °C for Fe-20Cr-30Ni-2Nb-5Al. The solid lines represent least

squares regression lines. Error bars represent 95% confidence intervals for the size.

Table 4
Orowan stress for L1, precipitates in Fe-20Cr—-30Ni-2Nb-5Al during creep at
760 °C and 45 MPa after annealing for 2.4 h at 800 °C.

Time (h) Average Diameter (nm) T (MPa)
0 0 0

250 18+3 188 + 17
500 26 +3 238 + 23
1000 33+£2 303 +21
2000 46 £ 4 224 + 29
4000 45+ 7 275 + 31

findings of Tarigan et al. However, it is important to note that the matrix
precipitates were changing in size and volume fraction in the study by
Baker et al. and the model proposed by Tarigan et al. does not take into
account the effect of matrix precipitates. For the present study, the GB
coverage for the start of each time interval is plotted against the creep
rate for that interval, see Fig. 16. This plot results in a fairly good linear
fit for the first 2000 h of creep, but then the creep rate increases after
2000 h while the GB coverage continues to increase. This plot, coupled
with the preliminary creep testing by Baker et al. suggests that the
matrix precipitates control the creep strength more than the GB
precipitates.

Zhang et al. developed a model for GB strengthening in
Fe-15Cr-25Ni alloys with carbides on the GBs in the dislocation creep

regime [35]. In this model, they incorporate an obstacle stress term
describes how dislocations pile-up at the GBs, creating a difference in
local stresses. The strains near the GB and in the matrix are then matched
in order to determine the equation for this obstacle stress term. This
obstacle stress is in addition to the threshold stress needed to overcome
precipitates in the matrix, such as in the model proposed by Rosler and
Arzt [36], meaning that this model takes into account both precipitates
in the matrix and on the GBs. This model was shown to fit experimental
results well. The mode is shown below.

&= (0—0u — 06p0)"exp e
RT
Where oy, is the threshold stress for the matrix precipitates, opo is the
obstacle stress for the GB precipitates, Q is the activation energy for
creep, R is the gas constant, and T is the temperature. op, is calculated
as:

030 = (m)(2KGb/d) (o)} (1-22)

Where m is the GB fraction coverage, K is a constant that is usually
approximately 23, and d is grain size. These variables can be easily
calculated or approximated. The threshold stress in the matrix was
calculated earlier in this paper from L1, precipitates. The activation
energy for creep can be assumed to be approximately the same as the
self-diffusion of Fe in austenite, which is 280 kJ/mol [37]. The average
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Fig. 15. Log-log plot of stress vs strain for creep of Fe-20Cr-30Ni—2Nb-5Al at 760 °C.
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Fig. 16. Creep rate vs grain boundary coverage, for creep of Fe-20Cr-30Ni-2Nb-5Al at 760 °C and 45 MPa.

grain size is approximately 450 pm average equivalent circle diameter.
The creep strain can then be plotted against the effective stress, 6 — o5 —
oo, which should result in a linear fit, see Fig. 17. This plot shows a
fairly strong linear relationship, suggesting that this model represents
the creep deformation well. However, it is important to note that the
model does not take into account the PFZ that forms at long creep times,
and also does not account for the Laves phase and B2 precipitates in the
matrix.

After creep for 2000 h, the creep rate slightly increased. There are
several possible explanations for this, all of which likely play a part.
First, as discussed earlier, as the Laves and B2 phase precipitates coarsen
they have been shown to weaken the material. After creep for 2000 h,
the Laves and B2 phase precipitates have become much larger. Second,
the L1, precipitates coarsen over time and as a result there is a slight
decrease in the Orowan stress — and this, the stress needed to climb past
particles. While these precipitates are still strengthening, they are not
strengthening as effectively. Third, a PFZ begins to form after 2000 h. In
an alloy strengthened by precipitates, the PFZ is likely much weaker
than the matrix. Studies on the effect of a PFZ in L1, strengthened nickel-
base super alloys suggests a PFZ would reduce the yield strength of the

1E-08
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b °
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& 1E-09 o
Q.
g 4000 h
5 °
2000 h
[0}
1E-10
10

material if the PFZ was larger than 1.7*(A-r) [38,39]. In this study, this
value is 132 nm after 4000 h creep. Measurement of the PFZ size after
4000 h creep shows that it varies between 500 nm and 1 pm. This is
significantly larger than 132 nm, and thus it is likely that the PFZ is
reducing the strength. A previous study on an AFA alloy found that after
failure at high temperature, there was significant cracking either along
the GB or the PFZ - which indicated that the PFZ was a possible weak
area in which the material failed [40]. While similar behavior was not
observed here, the fracture was intergranular which suggests that the
PFZ or GB was still the weak point in the microstructure. However, it is
not clear if the failure is due to the PFZ, the coarse precipitates covering
the GBs, or other reasons.

5. Conclusions
The creep behavior of the AFA model alloy Fe-20Cr-30Ni-2Nb-5Al
at 760 °C was studied. Creep tests were run for different times in order to

determine how the microstructure evolved during creep and what effect
this had on the creep rate. The findings can be summarized as follows:

250 h

100

Effective Stress (MPa)

Fig. 17. Creep rate vs effective stress, for creep of Fe-20Cr-30Ni-2Nb-5Al at 760 °C and 45 MPa.
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1. The creep rate changed as the microstructure evolved during creep.

2. Previous work showed that coarsening of the Laves phase and B2
precipitates decreased the strength [20], thus it is likely that the
coarsening of the Laves FeoNb and B2 NiAl matrix precipitates during
creep decreased the creep strength. Stabilizing the size of these
precipitates at smaller sizes would help to increase the creep strength
of the alloy.

3. The nucleation of L1, NizAl precipitates greatly increased the creep
strength. Optimizing the size and spacing would provide the most
effective strengthening.

4. While GB strengthening by coverage with Laves and B2 precipitates
may have helped increase the creep strength, it is likely that it played
a much smaller role than the strengthening by L1, precipitates.
Further research into the GB strengthening mechanism would lead to
a better understanding of its role.

5. The PFZ likely weakened the material along the GBs, but cracking
was not seen along the GBs as reported in work on other AFA alloys.
However, the alloy still failed with an intergranular fracture mode,
suggesting that the PFZ or GB is the weakest part of the micro-
structure. More research needs to be done to better understand the
role of the PFZ on GB strength.
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