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The formation mechanism, growth, and effect on the mechanical properties 
of precipitate free zones in the alumina-forming austenitic stainless steel 
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A B S T R A C T   

The mechanisms of formation and growth of L12 precipitate-free zones (PFZs) in the alumina-forming austenitic 
stainless steel Fe–20Cr–30Ni–2Nb–5Al during creep were studied using scanning electron microscopy and energy 
dispersive x-ray spectroscopy. The PFZs formed following the dissolution of L12 precipitates due to depletion of 
nickel and aluminum. Little PFZ growth occurred until the grain boundaries were substantially covered by Laves 
phase and B2 precipitates large enough to deplete the surrounding grain of nickel and aluminum. This resulted in 
the dissolution of the L12 precipitates. Additionally, micro-cracks observed in the PFZ at long creep times suggest 
that the PFZ is ultimately the weakest point in the microstructure, and that fracture initiates there.   

1. Introduction 

Alumina-forming austenitic stainless steels (AFAs) are a new class of 
steels being designed for high temperature applications. One particular 
area of interest is in steam powerplants, where operating at higher 
temperatures results in higher efficiency and fewer harmful emissions 
[1–3]. AFAs show great promise for these high temperature applications 
in harmful environments because: 1) they display excellent corrosion 
resistance, particularly in water vapor/steam containing environments, 
due to formation of a protective alumina layer [4–9]; 2) they show 
promising high temperature strength results when compared to both 
advanced austenitic stainless steels and some Ni-base superalloys [5,6, 
10]; and 3) they are more affordable than other options, like Ni-base 
superalloys, due to their lower Ni content. However, further under
standing of the microstructure and how it affects high temperature 
strength is needed to optimize the mechanical properties for high tem
perature use. 

AFAs have complicated microstructures, which generally have 
several types of precipitates both in the matrix and along the grain 
boundaries (GBs). This study focuses on the alloy 
Fe–20Cr–30Ni–2Nb–5Al, which contains Laves phase Fe2Nb precipitates 
both in the matrix and on the GBs, B2 (ordered b. c.c.)-structured NiAl 
precipitates both in the matrix and on the GBs, and L12 (ordered f. c.c.)- 
structured Ni3Al precipitates in the matrix during creep at 750 ◦C. 

Additionally, there is a L12 precipitate free zone (PFZ) along the GBs. 
Research has produced a good understanding of the evolution of these 
precipitates in this alloy during creep at 750 ◦C, and how the size, 
spacing, and location of each precipitate type affects the creep strength 
[11]. Briefly, of various anneals tried, a 2.4 h anneal at 800 ◦C produces 
the best high temperature strength [12]. After this anneal, there are 
small (~100 nm) Laves phase and B2 precipitates both in the matrix and 
on the GBs but no L12 precipitates are present. Nano-sized L12 matrix 
precipitates nucleate in the matrix during creep and increase in volume 
fraction and coarsen, following the Ostwald ripening law during creep 
[11]. The Laves phase and B2 precipitates in the matrix also increase in 
volume fraction and coarsen following the Ostwald ripening law during 
creep. Additionally, the GB percent coverage by Laves phase and B2 
precipitates increases throughout creep. The L12 precipitates are the 
dominant strengthening mechanism in the matrix due to their small 
interparticle spacing. It is commonly reported in the literature that 
nano-sized L12 precipitates or carbides provide significant strengthening 
in other AFA alloys at elevated temperatures [4,6,10,13–15]. Addi
tionally, the Laves phase and B2 precipitates covering the GBs 
strengthen the alloy. However, the alloy ultimately fails intergranularly, 
indicating either that the GB precipitates or PFZ are the weak point in 
the microstructure [11,16]. A GB strengthening mechanism has been 
reported in other AFA alloys [17] as well as intergranular fracture along 
coarse GB precipitates [18]. However, there is not a good understanding 
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of the formation mechanism, growth, and the effect on the mechanical 
properties of the PFZ. 

While the formation of a PFZ was initially proposed to be the result of 
and proof of the occurrence of diffusion creep [19,20], this has since 
been disproved [21,22] and there are three currently accepted mecha
nisms for the formation of the PFZ. First, the PFZ forms as a result of the 
dissolution of precipitates due to GBs sliding and migration during creep 
[21]. Second, the PFZ forms due to the depletion of vacancies near the 
GB. The GB is a vacancy sink, creating an area around the GB with a 
lower density of vacancies. Vacancies are sites for heterogenous nucle
ation, and a lack of vacancies prevents precipitate nucleation. Even if the 
solute concentration is sufficient for stable precipitates to form, they will 
not have the nucleation sites needed, thus, resulting in the formation of 
the PFZ. This has been reported as the mechanism of PFZ formation in 
several alloys [23–26]. Third, the PFZ forms due to a depletion of 
particular elements near the GB. The GB itself is a heterogeneous 
nucleation site and this means that precipitates are likely to nucleate 
there first. Solute will be removed from the surrounding area and the 
matrix becomes solute-depleted in an area around the GB. This process 
can also lead to the PFZ and has been reported in numerous alloys [18, 
27–32]. Maldonado and Nembach [28] split this process into two 
separate mechanisms: direct and indirect. In direct solute loss, the ele
ments from which the precipitates form diffuses to the GB precipitates. 
For example, Maldonado and Nembach noted that in a Ni-base super
alloy in which Ti-containing carbides precipitate on the GB, as the Ti 
diffuses to the GB the γ’ (Ni3Ti) precipitates in the matrix dissolve, and a 
PFZ forms. A similar mechanism has been reported in an Al–Li alloy 
[32]. In indirect solute loss, an element diffuses to the GB precipitates, 
which then affects the solubility of another element. For example, Cr loss 
to carbides along the GB has been reported in Ni-base alloys, resulting in 
lower solubility of Ti and a resulting γ’ (Ni3Ti) PFZ [33,34]. However, 
there is some dispute about its occurrence since researchers have sug
gested that Cr does not decrease the solubility of the γ’ formers and that 
Ti-rich carbides are the cause of the solute depletion in Ni-base alloys 
[28]. Researchers have even reported the PFZ formation being caused by 
both vacancy depletion and solute depletion near the GBs, with the 
vacancy depletion driving the initial formation of the PFZ, followed by a 
stage where the PFZ disappears, and then solute depletion propels the 
formation of the PFZ at long anneal times [35]. 

Several researchers have developed equations that approximate the 
growth of the PFZ due to diffusion of atoms that rely on a square-root 
dependence with time [18,28,30,32]. These have been corroborated 
with experimental findings showing that the PFZ width has a linear 
relationship with the square-root of time [18,28,30,32,36]. In some 
cases, the PFZ initially grows with a t1/2 relationship before reaching a 
limit beyond which the width no longer increases [28]. 

In precipitation-hardened materials, it is reasonable to assume that 
the alloy will be softer in the PFZ than in the rest of the grain. Nano
indentation tests have been performed on several alloys in both the PFZ 
and the surrounding grain to determine the difference in hardness. In 
AlZnMg and AlZnMgAg alloys containing a PFZ it was found that three 
different regions existed: the PFZ, which was the softest region; the 
transition region, where the hardness begins to increase; and the grain 
interior, where the hardness reaches its maximum and steady-state value 
[37]. This transition region was attributed to less effective solid-solution 
strengthening than in the PFZ and less effective precipitation-hardening 
than in the matrix due to a lower density of precipitates. In an AlCuSiGe 
alloy with a PFZ, the hardness was similarly found to have the same 
three regions [38]. Nanoindentation tests have not yet been performed 
in the PFZ on γ′-strengthened alloys. However, a series of tensile test 
experiments along with in-situ TEM straining have been performed on a 
Ni-base superalloy [27,39,40]. These results found that a PFZ larger 
than 1.7 × (interparticle spacing – average particle radius) led to a 
decrease in the yield strength by up to 25%. In-situ TEM straining 
revealed that the PFZ was softer than the surrounding matrix due to the 
ease with which dislocations were generated in the PFZ. 

A recent study of a different AFA alloy found that the growth of the 
PFZ appeared to follow a t1/2 relationship. It was suggested that this 
meant the PFZ width was controlled by diffusion of Al to the B2 pre
cipitates on the GB [18]. However, the PFZ was only measured at three 
creep times – making it difficult to confirm the t1/2 relationship. Addi
tionally, no compositional data was gathered across the GB/PFZ to 
confirm the suggested depletion of Al. Earlier work has shown that AFA 
alloys tend to fracture intergranularly during creep [11,18], indicating 
that either the coarse GB precipitates or the PFZ are the weakest point of 
the microstructure. In this paper we present a microstructural exami
nation of crept of the AFA steel Fe–20Cr–30Ni–2Nb–5Al in order to 
understand the formation mechanism and growth behavior of the PFZ in 
AFA alloys and its effect on the mechanical properties. 

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 into 19 mm × 19 mm x 600 mm rectangular bars. 
A solutionizing anneal was then performed in an argon atmosphere for 
24 h at 1250 ◦C, resulting in a grain size of ~450 μm. The samples were 
then annealed in air at 800 ◦C for 2.4 h and quickly cooled in air. Creep 
tests were then performed, as discussed in detail in previous work, on 
dog-bone shaped tensile creep specimens [11,16]. Creep tests analyzed 
in this study were performed at 750 ◦C and 45 MPa for 250, 500, 1000, 
1500, 2000, and 4000 h, as well as at 730 ◦C and 770 ◦C at 45 MPa for 
2000 h. Note that the creep test temperature was initially reported as the 
nominal temperature [11], but measurement with an external thermo
couple showed the dog-bones were approximately 10 ◦C less than the 
nominal temperature. The temperature measured with the external 
thermoucouple is reported here. All creep tests analyzed in this study 
were terminated prior to failure. The creep tests were performed on 
home-built, constant stress creep jigs, based on a design by Garofolo, 
Richmond, and Domis [41]. 

3 mm diameter cylindrical microscopy samples were cut from the 
crept dog-bones using electro-discharge machining. The cylinders were 
sliced into thin discs and polished with silicon carbide paper to ~100 μm 
thick. The discs were electro-polished using a Struers TenuPol in an 
electrolyte of 20% nitric acid in methanol at −40 ◦C to −20 ◦C, 11 V, 
~100 mA, and a flow rate of 15, followed by rinsing alternately in 
ethanol and methanol three times. Scanning electron microscope (SEM) 
imaging was performed on a FEI (Thermo Fisher Scientific) Helios 5CX 
dual beam field emission gun (FEG) SEM. The backscattered electron 
(BSE) detector was used to distinguish between precipitates, with the 
Laves phase precipitates appearing light and the B2 phase precipitates 
appearing dark [42]. For images which required higher magnification, 
secondary electron (SE) imaging was used because a smaller working 
distance could be used yielding higher resolution of nano-sized pre
cipitates. ImageJ was used to perform PFZ measurements. Ten images 
were analyzed for each condition, and ten measurements were taken 
from each image for a total of one hundred data points for each mea
surement at each condition. 95% confidence intervals were then 
calculated for error bars. Energy dispersive X-ray spectroscopy (EDS) 
was performed using the Oxford Instruments UltimMax 100 X-ray de
tector and electron backscatter diffraction (EBSD) was performed using 
an Oxford Instruments Symmetry EBSD detector. 

3. Results 

3.1. Creep tests 

Creep curves for each temperature tested are shown in Fig. 1. Note 
the obvious increasing secondary creep rate with increased temperature. 
At 730 ◦C and 770 ◦C, only single tests were performed. At 750 ◦C, tests 
were performed for various lengths to analyze the microstructure after 
different creep times. All tests were stopped prior to failure. 
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3.2. SEM imaging and PFZ/GB width measurements 

SEM imaging was performed after each creep test to measure the 
width of the L12 PFZ and the size of the GB precipitates. This was per
formed for both the gauge of the dog-bone, i.e. applied stress was pre
sent, and for the head of the dog-bone, i.e. no stress was applied. Fig. 2 
shows examples of each kind of precipitate in the alloy and examples of 
each measurement made. The L12 precipitates appear as small white 
dots, the Laves phase precipitates are the larger plate-like precipitates 
that also are light, while the B2 precipitates the dark plate-like pre
cipitates. The measurement w’ represent the width of the PFZ from the 
edge of the GB precipitates (or the GB itself, if no GB precipitate was 
present) to the edge of the PFZ. The measurement w represents the width 
of the PFZ from the GB to the edge of the PFZ. However, the GB is often 
covered by precipitates which makes it difficult to determine where 
exactly the GB is. Thus, this was measured as 2w by measuring 
completely across the PFZ. Finally, the measurement GB_w = 2w-2w’ 
represents the width of the GB precipitates. 

In addition to the Laves phase, B2, and L12 precipiates, further 
analysis of the crept specimens revealed a fourth precipitate – a FeCr 

Sigma phase. The Sigma phase is difficult to detect because it exhibits 
very similar contrast to the matrix in the SEM images, see Fig. 3. The 
Sigma phase was present at all temperatures, primarily after long creep 
times, i.e. 2000 h or longer. It made up a much smaller fraction than any 
of the other precipitates, and was generally present along the GBs. 

Imaging was performed after each creep time to monitor the width of 
the PFZ and the GB precipitates. Fig. 4 shows representative SEM images 
of the GB/PFZ when the GB is covered by precipitates for various creep 
times at 750 ◦C. Fig. 4a shows the GB/PFZ after 250 h. The PFZ is very 
small and is present in some areas but not others. Fig. 4b shows the GB/ 
PFZ after 1000 h, here the PFZ has increased in size and covers almost 
the entirety of the GB. Fig. 4c and d shows the GB/PFZ after 2000 h and 
4000 h, respectively. It is clear at these long creep times that the PFZ 
width has increased significantly and that the PFZ covers the entirety of 
the GB. While discussion of the PFZ up to this point has focused on the 
PFZ around the GBs, it is also interesting to note that a PFZ forms around 
large matrix precipitates – which is clearly visible in these images from 
long creep times. This will be discussed more later. 

While the previous images showed GBs covered by precipitates, it is 
important to remember that at short creep times much of the GB was not 

Fig. 1. Strain versus time for Fe–20Cr–30Ni–2Nb–5Al at 45 MPa and the temperatures indicated. Note that multiple tests were performed at 750 ◦C and only the 
longest duration test is shown here. 

Fig. 2. BSE image showing examples of precipitates in Fe–20Cr–30Ni–2Nb–5Al after creep for 4000 h at a load of 45 MPa at 750 ◦C. The sample was taken from the 
head of the creep dog-bone, and thus no stress was applied. Examples of PFZ and GB measurements are noted. 
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covered by precipitates. Fig. 5 shows representative images of the GB/ 
PFZ when no GB precipitates are present after various creep times. 
Fig. 5a shows a very small PFZ present after 250 h of creep. However, as 
noted previously, not all sections of the GB had a PFZ at these short creep 
times, see Fig. 5b. Fig. 5c shows an image after 1000 h of creep, in which 
a PFZ is present along nearly the entire length of the GB – even with no 
precipitate present. Finally, Fig. 5d shows an image after 4000 h of 
creep, in which there are only small sections of the GB which are not 
covered by precipitates – and it can clearly be seen that a wide PFZ is 
present along the entire length of the GB. 

Fig. 6 shows values of both w’ and w as a function of time. Both 

measurements show similar trends. First, there is little difference be
tween the measured widths in the head and the gauge of the dog-bone. 
For all creep times, the measured values are well within the 95% con
fidence intervals. Second, there is little growth of the PFZ for creep times 
up to ~500 h. After this, the growth rate increased significantly up to 
2000 h. Between 2000 h and 4000 h the growth rate decreased. Third, 
the PFZ width has a large dependence on temperature, as indicated by 
the tests performed for 2000 h at different temperatures. 

Fig. 7 shows measured GB_w versus creep time as well as the percent 
GB area coverage by precipitates versus time. Note that GB coverage was 
also measured and reported in a previous study of these creep tests [11]. 

Fig. 3. Fe–20Cr–30Ni–2Nb–5Al after creep at 750 ◦C and 45 MPa for 2000 h. a) BSE image of GB showing examples of Laves phase, Sigma phase, and B2 precipitates. 
EBSD pattern of Sigma phase is inset. b) EDS line scan across the area in (a) marked with a solid line. The Sigma phase and B2 precipitates are identified on the 
line scan. 

Fig. 4. SEM images of Fe–20Cr–30Ni–2Nb–5Al, a) SE image of the dog-bone head after 250 h at 750 ◦C, b) BSE image of the dog-bone head after 1000 h at 750 ◦C, c) 
BSE image of the dog-bone head after 2000 h at 750 ◦C, and d) BSE image of the dog-bone head after 4000 h at 750 ◦C. See text for details. 
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The values reported here are slightly higher because higher magnifica
tion images were used for the measurements. This means that very thin 
GB precipitates were measured, which likely were not able to be 
measured previously. Also, the Sigma phase has now been identified and 
incorporated into the measurements which leads to a slight increase in 
GB coverage. However, it should be noted that the values from both 
measurements are within the 95% confidence intervals for each creep 
time. Similar to the PFZ width measurements, the GB width shows no 
significant difference between values for the head versus the gauge of 
the dog-bone. The growth of the GB width appears to follow an 
approximately linear relationship with time for the first 2000 h, and 

then shows only slight growth from 2000 h to 4000 h. The GB area 
percent coverage at 750 ◦C shows that initially the GB coverage with 
precipitates was quite small, with less than 50% of the GB covered with 
precipitates prior to creep. After 500 h of creep this increased to ~60% 
coverage, and then further increased to ~90% coverage by 4000 h of 
creep. 

In summary, at creep times of 500 h or less, the PFZ was very small 
(~average w’ of 30 nm or smaller) and was only present along some 
portions of the GB. At creep times of 1000 h or longer, a PFZ was present 
along nearly the entire length of the GB and grew significantly faster. 
Additionally, the GB precipitate width increased with creep time – 

Fig. 5. SEM images of Fe–20Cr–30Ni–2Nb–5Al after, a) SE image of the dog-bone gauge after 250 h at 750 ◦C, b) SE image of the dog-bone gauge after 500 h at 
750 ◦C, c) BSE image of the dog-bone gauge after 1000 h at 750 ◦C, and d) BSE image of the dog-bone gauge after 4000 h at 750 ◦C. The dashed line represents the 
GBs. See text for details. 

Fig. 6. PFZ width versus time for Fe–20Cr-30 Ni–2Nb–5Al during creep. a) PFZ width w’ versus time, and b) PFZ width w versus time. All tests were performed at 
750 ◦C unless otherwise noted. Error bars represent 95% confidence intervals. Note there is little difference in the width for specimens taken from the gauge and from 
the head of the specimen. 
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showing a linear growth rate up to 2000 h, before showing decreased 
growth between 2000 h and 4000 h. All PFZ width and GB width 
measurements showed a strong dependence on temperature. It should 
also be noted that GB coverage increased throughout creep time. 

Not only did a PFZ form around the GBs, but as noted before, a PFZ 
formed around Laves phase and B2 precipitates in the matrix. Fig. 8a 
shows a small PFZ around a Laves phase precipitate after 250 h, and 
Fig. 8b shows a larger PFZ around Laves phase and B2 precipitates after 
4000 h. 

A study on another AFA alloy reported substantial cracking along the 
entirety of the GBs after creep failure [43]. While previous research on 
this alloy reported that no similar large cracking was observed in the PFZ 
after the tests studied here [11], further analysis of the GBs and PFZ 
revealed evidence of micro-cracks in the PFZ but only for the creep test 
performed at 750 ◦C and 45 MPa which was terminated after 4000 h. 
This is shown in Fig. 8, where micro-cracks are observed in a specimen 
from the 4000 h creep test – the longest test analyzed in this study. Such 
micro-cracks were only seen in a very small fraction of SEM images. 
Fig. 9. 

3.3. EDS line scans 

SEM EDS line scans were performed across both the PFZ and GBs to 
determine if there was any change in chemistry in the PFZ and sur
rounding grain. It should be noted that due to spatial resolution limi
tations, these results show general trends in composition but lack the 
resolution to clearly define the compositional gradient at the precipitate 
interfaces. Fig. 10 shows representative line scans of the PFZ around GB 
precipitates after creep for 4000 h at 750 ◦C. Fig. 10a shows a line scan 

across a Laves phase precipitate on a GB, as well as the surrounding PFZ 
and grain. Fig. 10b shows a line scan across a B2 precipitate on a GB, as 
well as the surrounding PFZ and grain. In both cases, there is a clear 
depletion of Ni in the PFZ compared to the surrounding L12-containing 
matrix. While there also appears to be some depletion of Al in the PFZ, 
this was not observed in all EDS line scans and was not as pronounced as 
the Ni depletion. These results indicate that there is a change in local 
composition near the large GB precipitates. 

EDS line scans were also performed across the PFZ when no GB 

Fig. 7. a) GB_w versus time for Fe–20Cr–30Ni–2Nb–5Al during creep. All tests were performed at 750 ◦C unless otherwise noted. b) percent GB coverage versus time 
for Fe–20Cr–30Ni–2Nb–5Al during creep at 750 ◦C. For both plots the error bars represent 95% confidence intervals. 

Fig. 8. PFZ around matrix precipitates in Fe–20Cr–30Ni–2Nb–5Al. a) SE image of small PFZ around Laves phase precipitate in dog-bone head after creep for 250 h. 
b) BSE image of PFZ around Laves phase and B2 precipitates in dog-bone head after creep for 4000 h. 

Fig. 9. BSE image showing evidence of micro-cracks forming in the PFZ along a 
GB of Fe-20-Cr-30Ni–2Nb–5Al after creep for 4000 h at 750 ◦C and 45 MPa. 
Note that the test was terminated and did not fail. 

A. Peterson and I. Baker                                                                                                                                                                                                                      



Materials Science & Engineering A 820 (2021) 141561

7

precipitates were present, see Fig. 11 which shows the PFZ after 1000 h. 
Even with no GB precipitates present, there is clearly a lower Ni con
centration in the PFZ region as well as the grain region close to the PFZ. 
It should be noted there is also an increase in Nb near the GB. This 
dicates that the Nb may be segregating to the GB and causing a change in 
local composition. 

4. Discussion 

4.1. formation mechanism 

The experimental results presented above can be used to determine 
the formation mechanism of the PFZ. To start, the mechanisms which do 
not fit the data can be ruled out. First, the formation of the PFZ due to GB 
sliding and migration can be ruled out. The PFZ existed in both the head 
and the gauge of the dog-bone and was of a similar size in the head and 
gauge for all conditions. This suggests that GB sliding and migration has 
little to do with PFZ formation in this alloy, since no GB sliding would 

occur in the head of the dog-bone where no stress was applied. Addi
tionally, a previous study on this alloy using diamond stylus markings 
during creep to track GB sliding found that there was little or no GB 
sliding [16]. If no GB sliding occurs, then this mechanism of PFZ for
mation would not occur. 

Second, the formation of the PFZ due to vacancy depletion can be 
excluded. As presented in Figs. 4 and 5, at short creep times (500 h or 
less) the PFZ is either extremely small or in some cases does appear to 
not exist. This shows that the L12 precipitates were able to nucleate but 
then dissolved. Additionally, it should be considered that the GB pre
cipitate width increases significantly during creep. As the width of the 
GB precipitates increase, the PFZ is moved further out from the GB. 
Thus, at long creep times the entirety of the PFZ is now in an area which 
was once fully covered with L12 precipitates. Similarly, this means that 
the L12 precipitates were able to nucleate, but then they later dissolved. 
A similar situation occurs for Laves phase and B2 precipitates in the 
matrix. As these precipitates coarsen, the PFZ moves further out from 
the center of the precipitate. Again, at long creep times the entirety of 

Fig. 10. EDS line scans of Fe–20Cr–30Ni–2Nb–5Al dog-bone head after 4000 h at 750 ◦C. a) Line scan across a Laves phase precipitate on a GB. b) Line scan across a 
B2 precipitate on a GB. 

Fig. 11. EDS line scan of PFZ around GB in Fe–20Cr–30Ni–2Nb–5Al with no GB precipitate. Sample taken from dog-bone head after 1000 h at 750 ◦C.  
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the PFZ is now in an area which was once fully covered with L12 pre
cipitates. The vacancy depletion mechanism of PFZ formation indicates 
that precipitates are not able to nucleate due to a lack of heterogeneous 
nucleate sites. The results presented here clearly show the L12 pre
cipitates were able to nucleate, but then later dissolved. 

This brings up the third possibility – PFZ formation due to solute 
depletion. This theory fits the presented data. EDS line scans show a 
clear depletion of Ni in the PFZ. While depletion of Al in the PFZ was 
observed in some cases, this was not seen in every EDS scan of the PFZ. 
This suggests that the depletion of Ni is the controlling factor in PFZ 
formation. As the L12 precipitates have a nominal composition of Ni3Al, 
it is clear that a depletion of Ni and Al would lead to dissolution of the 
L12 precipitates. The results suggest that solute depletion may be 
occurring due to both direct and indirect solute loss. Near B2 NiAl 
precipitates, there is direct solute loss as Ni and Al are consumed by the 
B2 precipitates – which have been reported to be more thermodynam
ically stable [18]. This is occurring near B2 precipitates both in the 
matrix and along the GBs. As the B2 precipitates increase in size they 
consume more Ni and Al, which explains the increase in PFZ width with 
creep time. Additionally, it is possible there is indirect solute loss near 
the Laves phase precipitates. As there is a clear depletion of Ni near the 
Laves phase precipitates in the presented EDS line scan, it is likely that 
there is a local composition change in this region which is leading to this 
solute depletion. Higher resolution composition data will need to be 
acquired to confirm this. It is also interesting to note that there appears 
to be a depletion of Ni even with no GB precipitates present. This 
decrease in Ni was accompanied by an increase in Nb at the GB. It is 
possible that Nb is segregating to the GBs leading to a local composition 
change, resulting in a lower solubility of Ni. Nb segregation to GBs has 
been reported in several other alloys [44,45]. However, this likely only 
plays a role for short creep times (<1000 h). At long creep times the GB 
is almost completely covered with Laves phase and B2 precipitates, and 
the solute depletion likely becomes controlled by these precipitates. It 
was difficult to determine what effect the Sigma phase precipitates had 
on PFZ formation. The Sigma phase always formed on B2 precipitates. 
EDS line scans across the Sigma phase also picked up X-rays from B2 
preciptiates, thus, it was difficult to distinguish the effect of the Sigma 
phase from the effect of the B2 precipitates. As the Sigma phase only 
covered a very small fraction of the GBs, it is likely that they had little 
effect on PFZ formation and growth. 

4.2. growth 

Several models have been proposed for the growth of the PFZ due to 
diffusion of atoms through the matrix [18,28,30,32]. All of these models 
have the form: 

w = k
̅̅
t

√
equation 1 

Where w is the PFZ width from the GB to the edge of the PFZ (as 
defined previously), k is a variable which is dependent on the concen
tration gradient in and near the PFZ, and t is time. Thus, a plot of w 
versus t1/2 is shown in Fig. 12. As reported in the Results section, little 
growth of the PFZ was seen up to 500 h. The little PFZ growth for times 
up to 500 h is likely because the GB precipitates were small and did not 
cover a sufficient fraction of the GB for solute depletion to occur. This is 
a likely explanation for the limited growth up to 500 h. However, the 
data in the time range of 500–4000 h show a strong linear fit to equation 
(1), with an R2 value of 0.96 and a slope 5.9 × 10−10 m/s1/2. The 
experimentally determined value of k can then be compared with 
theoretical values of k to determine how well the models explain the 
data. 

Calculations of k in various models use slightly different methods 
based on the assumptions and concentration gradients used. The model 
most applicable to the work here is the one proposed by Maldonado and 
Nembach for a PFZ in a Ni-based superalloy [28]. While they concluded 
that the PFZ was due to the depletion of Ti, which led to the dissolution 
of γ’ precipitates, this same model can be applied to 
Fe–20Cr–30Ni–2Nb–5Al due to the depletion of Ni. This model can be 
represented by the concentration gradient in Fig. 13. 

Using the following assumptions: 1) GB_w/2 is much smaller than w, 
and 2) the volume diffusion coefficient (D) and concentration gradient 
within the PFZ are constant, yields the following equation [28]: 

k =

[

2D
CPFZ/m − CGB/PFZ

Cm − CPFZ/m

]1/2

equation 2 

Where D is the volume diffusion coefficient of Ni in austenite, which 
is estimated from the literature [46] to be 3.9 × 10−19 m [2]/s at 750 ◦C, 
and the concentration for each location is estimated from EDS line scans 
as presented in Fig. 10, using values of Cm = 0.31, CPFZ/m = 0.29, and 
CGB/PFZ = 0.275. Inserting these values into the model gives a theoretical 
value of k = 7.6 × 10−10 m/s1/2. The experimentally derived value of k 

Fig. 12. PFZ width w versus square-root of time for Fe–20Cr–30Ni–2Nb–5Al at 750 ◦C. As the head and gauge showed little difference in width, the measurements 
were combined for each creep time. The error bars represent 95% confidence intervals. 
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= 5.9 × 10−10 m/s1/2 shows good agreement with this theoretical value. 
The calculation of the experimental and theoretical values of k assumes 
that k remains constant throughout creep. While this is likely not 
completely true as the concentration gradient in the PFZ may change 
with creep time, this is a reasonable assumption for the time period of 
500 h–4000 h where w shows a strong linear fit with t1/2. While the 
mechanism of growth in Fe–20Cr–30Ni–2Nb–5Al is more complicated 
than the model suggests – as both direct and indirect solute loss are 
possibly occurring in this alloy – the relatively good agreement with this 
simple model helps to confirm that the growth of the PFZ is due to 
diffusion through the matrix. 

These results of little PFZ growth initially followed by significant PFZ 
growth at longer times are somewhat similar to the results of a study on 
a Al–Cu–Mg–Mn alloy, in which the researchers reported three stages 
[35]. Stage one, where a PFZ first formed due to vacancy depletion; 
stage two where the PFZ disappeared or was very small; and stage three, 

a period of substantial PFZ growth due to solute depletion. In the present 
study, no stage one was observed. It is possible; however, that stage one 
occurred but that no creep tests of sufficiently short length were per
formed to observe it. 

Further, a plot of w’ vs GB precipitate width shows a very good linear 
fit, see Fig. 14, indicating that as the GB precipitates grow and consume 
more solute, the width of the PFZ increases. It should be noted that this 
plot not only contains the data at 750 ◦C, but also the data at 730 ◦C and 
770 ◦C. This indicates that the PFZ width may be controlled by the width 
of the GB precipitates. This further confirms that PFZ growth is due to 
solute depletion, because as the GB precipitates coarsen they will further 
deplete the surrounding grain of Ni. This also suggests that stabilizing 
GB precipitates at smaller sizes could reduce the width of the PFZ. 

Fig. 13. Concentration gradient for PFZ growth model proposed by Maldonado and Nembach [28] applied to Fe–20Cr–30Ni–2Nb–5Al using Ni as the depleted element. J 
represents the flux of Ni atoms. 

Fig. 14. GB_w vs PFZ width w’ for Fe–20Cr–30Ni–2Nb–5Al at temperatures of 730 ◦C, 750 ◦C, and 770 ◦C for various times. As the head and gauge showed little 
difference in width, the measurements were combined for each creep time. The error bars represent 95% confidence intervals. 
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4.3. Effect on mechanical properties 

Prior research on Fe–20Cr–30Ni–2Nb–5Al showed that L12 pre
cipitates were the dominant strengthening mechanism in the matrix 
[11]. Thus, it is reasonable to assume that the PFZ will be weaker than 
the L12-strengthened matrix. This is supported by work introduced in 
the introduction on other alloys, which showed that the PFZ is softer 
than the surrounding precipitation-hardened matrix and leads to a 
decrease in yield strength [27,37–40]. Previous studies have shown that 
Fe–20Cr–30Ni–2Nb–5Al exhibits an intergranular fracture surface after 
high temperature tests performed to failure [11,12,16]. In this study, 
micro-cracks were observed in the PFZ after creep at 750 ◦C and 45 MPa 
for 4000 h (stopped prior to failure). These micro-cracks suggest that 
failure of this alloy initiates in the PFZ – and that failure likely occurs 
when these micro-cracks are able to propagate along the PFZ and ulti
mately result in the intergranular failure. These micro-cracks, along 
with the intergranular frature mode, suggest that the PFZ ultimately 
compromises the high temperature strength of the alloy. 

5. Conclusions  

• A L12 (Ni3Al) PFZ forms along the GBs and around Laves phase and 
B2 precipitates in the matrix due to Ni and Al depletion.  

• This solute depletion is due to direct loss of Ni and Al to B2 NiAl 
precipitates, as well as an indirect loss of Ni and Al due to local 
composition changes near Laves phase precipitates and GBs.  

• The growth of the PFZ is modeled well by diffusion of Ni through the 
matrix. Little growth occurs initially when the GB precipitates are 
small and cover less then ~60% of the GB. When the GB precipitates 
increase in width and GB coverage, sufficient solute is consumed by 
the GB precipitates to dissolve the L12 precipitates and. thus, the 
growth rate increases.  

• The width of the PFZ shows a strong linear relationship with GB 
precipitate width. This further supports a mechanism involving PFZ 
formation and growth due solute depletion, as the increased size of 
the GB precipitates will further deplete the surrounding area of 
solute.  

• Micro-cracks observed in the PFZ when the test was stopped prior to 
failure indicate that the PFZ is weaker than the L12 containing ma
trix, and that fracture likely initiates in the PFZ. 
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