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Abstract

The effect of cooling rate after solution treatment on the initial structure of concentrated binary
Fe-Cr alloys and the effect of the initial structure on phase separation during subsequent aging
has been investigated. The nano-scale compositional fluctuations in the bulk of the alloys are
studied using small-angle neutron scattering and the results are compared with simulations using
the Cahn-Hilliard-Cook (CHC) model. The alloys investigated represent different mechanisms of
phase separation and at higher Cr content, when spinodal decomposition (SD) is favored, the
initial Cr compositional fluctuations due to slow cooling after solution treatment reduce the
kinetics of phase decomposition, whereas, at lower Cr composition when nucleation and growth
is favored, the kinetics of phase decomposition is more rapid. Regardless of the nominal Cr
composition of the alloy, the phase decomposition after extended aging up to 300 h at 748 K is
always larger for the more non-random initial structure. The CHC modeling of the cooling
process and subsequent initial aging (below 10 h) is in reasonable qualitative agreement with the
experimental results for the Fe-40 wt.% Cr alloy decomposing via SD. However, the modeling
approach must be refined for accurate quantitative modeling of the full SD process, including
coarsening.

Key words: Phase separation, spinodal decomposition, cooling rate, small-angle neutron
scattering, stainless steel

1. Introduction

The body-centered cubic (bcc) and tetragonal (bct) phases in Fe-Cr based alloys, i.e. stainless
steels, will experience phase separation (PS) when they are heat treated within the miscibility
gap. Hence, the assumed initially random alloy decomposes into Fe-rich (o) and Cr-rich (a)
regions, causing the so-called “475 <C embrittlement” with increased hardness and decreased
toughness of the alloy. Since these materials are promising candidates in e.g., future designs of
nuclear power plants [1,2], structural integrity is clearly important and the “475 <C
embrittlement” must be avoided. Currently there are significant research efforts on-going to
study the mechanisms controlling the phase decomposition under different conditions, and to
find ways of mitigating the embrittlement.


mailto:xinx@kth.se

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76
77
78
79
80
81
82

83

84
85
86
87

It is known that the bcc/bet phase in solution treated Fe-Cr alloys is not always a random alloy.
Instead, compositional fluctuations of Cr may occur already during the solution treatment and
depends on the solution treatment temperature as well as the cooling rate after solution treatment
[3-11]. Huston et al. [3] simulated spinodal decomposition (SD) during continuous cooling,
using the linearized Cahn-Hilliard model. They suggested a critical cooling rate and that by
exceeding the critical cooling rate SD will be avoided, but if the cooling rate is slower than the
critical rate, decomposition will occur. In their simulations, slower cooling rates led to more
pronounced decomposition. Carmesin et al. [4] further studied SD during continuous cooling by
performing simulations using: the linearized Cahn-Hilliard model specifically incorporating
thermal fluctuations, i.e. the Cook extension, the non-linear Langer-Bar-on-Miller theory (LBM),
and the Monte Carlo technique. Their results indicated that PS evolves faster for samples cooled
with finite rates rather than in an instantaneous process. Later experimental work have also
confirmed that PS can occur in the ferrite during cooling from the solution treatment temperature
in both ferritic and duplex stainless steels [5,6]. The hardness of ferrite in unaged duplex
stainless steels was evaluated to be greater for samples cooled with lower rates and this was
attributed to more severe PS at lower cooling rates [12]. Atom probe tomography measurements
verified that the amplitude of Cr compositional fluctuations was larger for unaged samples that
were cooled at slower rates, and that this initial difference was also present after aging [13]. As
mentioned, it is also known that the solution treatment temperature affects the initial structure.
Vintaykin et al. [7] and LaSalle and Schwartz [8] have shown that solution treatments of Fe-Cr
alloys at different temperatures above the miscibility gap lead to different small-angle neutron
scattering (SANS) results, indicating different microstructures. Moreover, the kinetics of SD was
found to depend on this initial microstructure, and a higher solution treatment temperature
resulted in slower kinetics of SD. Mirebeau et al. [14,15] studied the short range order of Fe-Cr
alloys thermally treated at 703 K by diffuse neutron scattering [16]. They showed that Fe-Cr is
prone to ordering when the Cr content is below 0.107, while clustering occurs when the Cr
content is above 0.107. Theoretical calculations predicted a similar tendency for the short-range
order (SRO) parameter with a change of sign with increasing Cr content [17-21]. The tendency
of Cr clustering in Fe-Cr alloys with higher Cr contents has also been shown by Zhou et al.
[10,11,22].

As portrayed in the literature survey above, the initial structure is an important factor when it
comes to predicting the evolution of PS during aging. The cooling rate after solution treatment
seems to affect the initial structure and it is therefore important to have a greater understanding
of the effect of cooling rates, and also its alloying dependence in continuous cooling
experiments. Furthermore, studying the aging behavior of samples cooled in different ways
might improve our understanding of the effect of the initial structure on PS. Thus, in the present
work we conducted a systematic investigation of the effect of cooling rate after solution
treatment on the initial structure of Fe-Cr alloys and, furthermore, the effect of the initial
structure on PS during subsequent aging. The initial structure after solution treatment and the
kinetics of PS are investigated using small-angle neutron scattering (SANS). SANS theories
consider the structure factor which can be directly linked to Cahn-Hilliard (CH) model.
Therefore, the experimental results are compared to simulations using the linearized Cahn-
Hilliard-Cook (CHC) model.

2. Methodology

Binary Fe-Cr alloys with chemical compositions listed in Table 1 were prepared by vacuum arc
melting. Fe-20Cr and Fe-40Cr alloys were cut into around 10x10x1.7 mm?3samples, whereas Fe-
25Cr and Fe-35Cr alloys were cut into around 5>6x1.7 mm? samples. Thereafter, all samples
were solution treated at 1373 K for 2 h in a slight overpressure of pure argon. The cooling after
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solution treatment was performed in two ways: i) furnace cooling (FC) or ii) quenching in brine
(BQ). The entire cooling process from solution treatment temperature to room temperature for
FC samples was trc=5.5 h and the cooling through the temperature interval where the PS kinetics
is reasonably fast, i.e. 573-853 K [23] was 73 min giving an average cooling rate of ~ 4 K/min
(the cooling rate is 5.7 K/min at 853 K and 3 K/min at 573 K). Both FC and BQ samples were
then aged at 748 K for up to 300 h as detailed in Table 1. The thermal cycles are also
schematically shown in Fig. 1. For simplicity, the sample notation from hereon is: cooling
method, alloy composition and aging time. For example, FC20Crl1 represents alloy Fe-20Cr
cooled by FC and aged at 748 K for 1 h. The unaged samples are represented by zero aging time.

Table 1. Chemical compositions of Fe-Cr alloys (wt.%) and the isothermal aging times at 748
K. FC and BQ represent furnace cooling and quenching in brine, respectively.

Alloy Cr C Si Mn S P N Ni Fe ;%%!23 Aging time (h)
20Cr 19.8 0.002 0.03 0.11 0.004 0.005 0.008 - Bal. FC 0,1, 10, 300
BQ 0,1, 10, 300
25Cr 2528 0.002 0.09 0.005 0.006 0.004 0.009 0.03 Bal. FC 0, 300
BQ 0, 300
35Cr 36.10 0.005 0.09 0.006 0.005 0.005 0.008 0.02 Bal. FC 0, 300
BQ 0, 300
40Cr 4109 0007 0.105 0.114 0.006 0.006 0.006 0.02 Bal. FC 0,1, 10, 300
BQ 0,1, 10, 300

ryi
s

1373 ~ v =-10 K/min

— 853
< 748]- - -4

573 - - 1

298

ryi
L4

059132 331405 18405
Time (min)

Fig. 1 Schematic diagram of the heat treatment cycles imposed on the different samples (vc is the

cooling rate).

The samples were ground and polished by sand papers (up to P1200 grit) to 1.5 mm thickness in
order to remove the oxide layer prior to the neutron experiments. The LOQ diffractometer at the
ISIS Pulsed Neutron Source (Oxfordshire, UK) was used for SANS measurements. This
instrument uses the time-of-flight technique, coupled with a broad range of incident neutron
wavelengths and two position-sensitive detectors, a multi-wire proportional gas counter and an
annular scintillator area detector [24], to provide a simultaneous scattering vector range of 0.008
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< Q < 1.4 A (where Q = 4rsind/4, 26 is the scattering angle, and 4 is the wavelength). The
neutron beam was collimated to a diameter of 4 mm and data were collected for 2 h per sample
at room temperature. The raw SANS data were corrected for the efficiency and spatial linearity
of the detectors, instrumental background, sample transmission and illuminated volume using the
Mantid framework (version 3.2.1) [25,26], to yield the macroscopic coherent differential
scattering cross section (0x(Q)/0Q) as a function of Q. This was then placed onto an absolute

scale using the scattering from a standard sample (a partially-deuterated polymer blend of known
molecular weight) [27]. 62(Q) /o<, colloquially called the intensity, 1(Q), is directly related to

both the nuclear and magnetic nanostructure of the alloys. But in this study, the nuclear and
magnetic scattering were not separated (using a saturating magnetic field) since the prior reports
[8,28-30] have claimed that the nuclear and magnetic scattering have a similar Q-dependence at
Q>0.05 A for the early stage of phase separation. The magnetic scattering from magnetic
domains mainly contributes to 1(Q) at low-Q (Q<0.05 A™), and it will not interfere with the
length-scale of interest in this study, i.e. the length-scale of Cr fluctuations, when 1(Q) is
averaged over all directions [8,28-30].

In the two-phase model, where the second phase (precipitate) is embedded in the matrix,
assuming the precipitates are identical and the concentration of the precipitates is high, 1(Q) can
be generally expressed as [31-33]

1(Q) =NV (A8’ PQ)S(Q) (1)

where Np is the number density of precipitates, Vp is the volume of a precipitate (such that
NpVp=@p, the volume fraction), and Ad=pp-pm is the difference in neutron scattering length
density between the precipitate (pp) and matrix (pm). (Ad)? is called the scattering contrast which
is critical to distinguish the precipitate from the matrix. It also indicates the composition
difference between the precipitate and matrix since pp and pm are determined by the respective
phase compositions [33]. P(Q) is the single-particle form factor which depends on the shape and
size of the considered precipitate domain [34]. S(Q), the structure factor, is the Fourier transform
of the static pair correlation function, which describes the correlation between precipitates. When
the concentration of precipitates is low, S(Q)—>1, meaning the inter-precipitate correlations can
be neglected and the scattering is dominated by P(Q) [31,32]. However, when the concentration
of precipitates is high, S(Q) endows 1(Q) with an interference peak that becomes more
pronounced as the correlations become more definitive. The position (Qp) of this interference
peak represents an average characteristic length scale (d), through d=2x/Qp [33]. In this study,
Fe-20Cr decomposes via a non-classical nucleation and growth (NG) mechanism to give a
structure consisting of o' particles and a matrix, d is the average distance between «' domains
[23,35]. Fe-25Cr is in the transition region between NG and SD and, hence, a structure with both
particle and interconnected features could be present [23,36,37]. The alloy composition is in the
NG region according to available thermodynamic descriptions (at 748 K, the spinodal limit in the
Fe-rich side is at 29.7 at.% [37] and 35.7 at.% [38]). It is therefore believed that the Fe-25Cr
alloy mainly decompose via NG. On the other hand, Fe-35Cr and Fe-40Cr mainly decompose via
SD leading to an interconnected structure [37]. In these alloys d is the average wavelength
characterizing the spinodal structure. The above description also implies that the peak intensity
(Ip) i1s an indicator of the evolution of the nanostructures as has been previously shown
[30,39,40]. Qp and Ip were determined from the SANS patterns as described by Xu et al. [40]
using the similar method as in [30]. To accomplish this, the scattering due to PS was isolated by
subtracting the background signal as shown in Fig. 2. In this study, the 1(Q) of BQ unaged
samples was treated as that of homogeneous samples without decomposition due to Q-
independent scattering beyond Q=0.1 A, As shown in Fig. 2a, the SANS of BQ unaged samples
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can be fitted by a power law function. Therefore, the background of different conditions were
fitted in the same way, namely, by a power law function of the form, lpb=x+yQ?, see Fig. 2b. Then
1(Q) was normalized by Iy such that, 1,=1(Q)/lr and the plot of I vs. log Q was fitted by a
Gaussian function, Is (Fig. 2c). Finally, the scattering function for PS, Ips, was separated as
Ips=In(le-1) (Fig. 2d). Since Ic > 1, these procedures ensure that all the data have positive
intensities after subtracting the background.

[ (b) 10
@ | ©  40CrBQO 3 o FC40Cr300h
| 3 ey
. ,
1k ‘
; 3
g o1 g o1l
001 2 " A a2l A " A a2 a2l . o " 2 2 a2 a2l
0.1 1 0.01 0.1 1
-1
Q (A% Q (&Y
(c) (d) -
100 o 1=, 4 log=1,(1g-1)
IS
_=c o
&

04 . 0?6 . 0.8 1.0
QA

Fig. 2 Schematic of fitting the scattering functions and quantifying the PS: (a) fitting of data of
BQ unaged samples; (b) fitting of background, Iy, by a power law function of the form, lp2=x+yQ?,
(c) fitting of the normalized signal, 1,=I1(Q)/lr, by a Gaussian function, lIg; (d) the scattering
function for phase separation, Ips, was separated as Ips=In(lc-1). Qp and Ip are the peak position
and peak intensity.

The PS during cooling and subsequent isothermal aging at 748 K was simulated for BQ40Cr and
FC40Cr alloys using the CHC model. The structure factor S(Q,t) in the CHC framework can be
written as [8,41]:

RT
—+
f "+ 2xQ?

where So=S(Q,t=0) is the initial structure factor, f" is the second derivative of the molar Gibbs
energy with respect to the mole fraction of Cr taken from the Thermo-Calc Software TCFES
Steels/Fe-alloys database version 8 (the binodal solubility limits at 748 K are at 15.7 and 88.3
at.% Cr, and ' is -7.35x10° J/mol at 748 K) [42], « is the gradient energy coefficient:
x=a%;re/2, a is the interaction distance taken to be 2.5 A and L% is the regular solution

S(Q,t) = {so —%;mz}exp{—zm (f"+2xQ°)Q’t} )
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parameter: L°re=20500-9.68T [38]. R and T are the gas constant and absolute temperature,
respectively. M is the atomic mobility: M=xo(1-x0)[XoMre+(1-X0)Mcr], wWhere xo is the average
molar content of Cr, and Mre and Mcr are the atomic mobilities for Cr and Fe, respectively. The
atomic mobilities were taken from the Thermo-Calc Software MOBFE2 Steels/Fe-alloys
database version 2 [43]. For the BQ condition So=1, assuming that no PS takes place during the
quenching. On the other hand, for the FC condition a  function

(T =1377-13.19t +8.64x10°t*-3.29x10™*t> + 6.46x10t*-5.10x10™t>, where T is temperature,
t is time) was fitted to the experimental cooling curve in Fig. 1. This cooling cycle was then used
to calculate the structure factor according to eq. (2) after discretizing the cooling cycle in discrete
temperature steps. A similar procedure was suggested by Carmesin et al. [4]. The furnace
cooling started at 1377 K and ended at room temperature. For each new temperature step the
structure factor S calculated in the prior step was set to So. In this way the effect of a finite
cooling rate on the PS could be simulated. The final structure factor at room temperature was
then used as S in eq. (2) for the isothermal aging at 748 K assuming that the heating from room
temperature to the aging temperature was so rapid that no additional PS could take place.

3. Results

Fig.3 shows the SANS data of Fe-Cr alloys subjected to different cooling rates after solution
treatment, and then aging for different times at 748 K. As can be seen in Fig. 3a, the data of
unaged samples from the same alloys are significantly different when comparing the two
different conditions BQ and FC. After a steady decrease in intensity in the low-Q range, the
SANS data of the BQ samples level off beyond Q=0.1 A, i.e. no nano-scale structure is evident.
However, the FC unaged samples do show a nano-scale structure with a broad correlation peak
appearing in the scattering data. All scattering data of the aged samples have this type of shape
and it should be interpreted as PS in both unaged FC and aged samples. The slight convex
curvature of the scattering data at low-Q is most likely due to some oxide inclusions that were
identified using scanning electron microscopy, but since the length-scale is not interfering with
the PS it is simply neglected from hereon as well as in the background fitting.
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202
203  Fig. 3 SANS data of Fe-Cr cooled at different rates: (a) unaged, (b) 1 h aging, (c) 10 h aging, (d)
204 100 h aging and (e) 300 h aging. Note that the error bar is quite small and covered by the
205  symbols.

206  The quantification of d and Ip for the different conditions is tabulated in Table 2 and it can be
207 seen that FC unaged samples have relatively large Ip, which means that the samples have
208  decomposed, and the d values show the length-scale of the decomposition. The values of d and Ip
209  for FC unaged samples are comparable to, or even larger than, those of BQ samples aged for 10
210 h from the same alloys, though the entire FC process time is shorter than 10 h. These results
211  indicate that the size of o’ and the compositional fluctuations in the unaged FC samples are
212 already quite well developed.
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Table 2 Characteristic distance, d, and peak intensity, Ip, of different alloy compositions and
aging conditions.

Alloy conditions d (A Ip (cm™) Alloy conditions d (A) Ip (cmh)
BQ20Crl 13.840.4 0.0440.007 BQ35Cr300 40.610.2 1.5040.34
BQ20Cr10 13.940.6 0.0540.009 FC35Cr0 44.040.3 0.2140.02
BQ20Cr100 26.34).4 0.0540.005 FC35Cr300 51.840.1 3.8740.53
BQ20Cr300 31.640.5 0.0940.01 BQ40Crl 19.4140.4 0.0640.005
FC20Cr0 30.940.8 0.0340.007 BQ40Cr10 32.240.3 0.3140.02
FC20Crl 37.240.4 0.0740.01 BQ40Cr100 39.440.2 1.3640.03
FC20Cr10 42.040.4 0.1040.01 BQ40Cr300 44.040.1 2.2740.26
FC20Cr100 50.740.2 0.5540.03 FC40Cr0 43.140.3 0.2340.02
FC20Cr300 59.540).1 1.4340.06 FC40Cr1 44.240.3 0.2840.02
BQ25Cr300 33.640.3 0.3340.04 FC40Crl10 43.74.5 0.4710.04
FC25Cr0 41.740.5 0.1140.01 FC40Cr100 46.240.1 2.3740.20
FC25Cr300 55.340.1 2.5140.25 FC40Cr300 50.640.1 3.9440.62

For aged samples, the peak in the SANS data for FC samples is more pronounced than for the
BQ samples for the same alloy, exposed to the same aging treatment (Fig. 3 and Table 2). The
values of d and Ir of FC samples are larger than those of BQ samples. This indicates that samples
with slower cooling rates have larger characteristic distances and composition amplitudes and/or
volume fraction of the precipitate. It should be noted that the difference caused by the applied
cooling process after solution treatment is still large after 300 h aging, though the FC process
time is rather short in comparison with the aging time of 300 h. For the same thermal treatment,
alloys with higher Cr content generally have larger d, and Ip with the exception for d of the FC
samples that have been aged for 300 h. These samples have rather similar d.

Theoretical models have illustrated that the evolution of Qp, and therefore d, and Ip with aging
time can be described by power laws, namely, Q, ct™, d oct®, and I, oct® [44-46]. As shown
in Fig. 4a and b, a for BQ 20Cr and 40Cr is 0.16 and 0.10, and for FC20Cr and FC40Cr it is 0.10
and 0.03, respectively. d of FC40Cr does not change much within the aging period, while d of
other conditions has an obvious increase. b for BQ20Cr and BQ40Cr is 0.12 and 0.66, and for
FC20Cr and FC40Cr it is 0.64 and 0.46, respectively. Hence, the kinetics of PS during aging is
slower for FC40Cr than for BQ40Cr according to both a and b. This is consistent with the results
of the Monte Carlo simulations by Hyde et al. [47]. They found that slower cooling rates result in
smaller a during aging for a simple A-B alloy with cubic lattice. The above a values also indicate
that the decomposition is still in the early stage and that they have not reached the coarsening

stage where d oc t¥® as shown in [36] based on the theories of Lifshitz-Slyozov-Wagner [48,49]
8
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and Huse [50]. On the other hand, for Fe-20Cr, d of the FC samples increases slower with aging
time compared to that of the BQ samples, whereas, Ir shows the opposite trend. d and Ip of
FC20Cr and BQ20Cr are significantly different after 300 h aging. By contrast, d and Ip of
FC40Cr and BQ40Cr almost converge after 300 h aging. The differences between values for
BQ35Cr and FC35Cr are also smaller than that of Fe-25Cr, see Fig. 4 and Table 2. Though the
effect of the cooling rate should eventually be eliminated for all alloys, the differences fade faster
during aging for alloys with higher Cr content.

BOE
@ 50 f
40F

= 20CrBQ ¢ 35CrBQ
e 20CrFC 4« 35CrFC
A 25CrBQ » 40CrBQ
v 25CrFC

30f 1
< | =
- 20F » A 25CrBQ e
v 25CrFC =
¢ 35CrBQ
< 35CrFC 0.1
10F = 20CrBQ » 40CrBQ
[ ,® 20CrFC % 40CrFGC T e
1 10 100 1 10 100
Aging time (h) Aging time (h)

Fig. 4 Values of (a) d and (b) Ip. The values of Fe-20Cr and Fe-40Cr alloys are fitted by power
laws using the linear regression approach. The linear regression coefficient R? for the fitting of d
is: R%(20Cr BQ)=0.86, R?(20Cr FC)=0.91, R%(40Cr BQ)=0.65, R?(40Cr FC)=0.99, and for the
fitting of Ip is: R%(20Cr BQ)=0.93, R?(20Cr FC)=0.99, R?(40Cr BQ)=0.93, R?(40Cr FC)=0.94.

The simulated structure factor at 748 K aging for the BQ condition can be seen in Fig. 5a and d.
Here the atomic mobility M in eq. (2) was adjusted to 3.1x102" m?mol/Js so the characteristic
distance d for t=1 h between the experiments (d=19.4 A from Table 2) and simulations (d=19.8
A) was as close as possible. This mobility was then used for the remaining simulations of aging
at 748 K for the BQ and FC conditions. The simulated time was restricted to t=10 h since longer
times resulted in an unrealistically large structure factor. This is not surprising since the
linearized CHC should be valid only for early stages of PS. Comparing the characteristic
distance from experiments for BQ40Cr10 (d=32.2 A) and simulations (d=27.8 A), the agreement
is considered to be reasonable.

The simulated structure factors during FC can be seen in Fig. 5b. Outside the miscibility gap
[38], the structure factor changes only slightly but once inside the miscibility gap and inside the
spinodal, a clear peak in the structure factors develops, i.e. PS occurs during cooling, and it has a
distinct characteristic distance, see Fig. 5b. As the temperature is decreased, d becomes smaller
and the peak intensity, S(Qp,t), becomes larger. This is consistent with the results from Carmesin
et al. [4]. When the temperature is lowered below about 700 K, d and S(Qp,t) remain almost the
same.

The effect of a finite cooling rate on the microstructure evolution during aging at 748 K is clearly
seen in Fig. 5¢ and d, where the characteristic distance starts from a much higher value compared
to the BQ condition. Although the absolute values of d are not in perfect agreement with
experiments the trend is qualitatively captured by the CHC model. From Fig. 5d, it can be seen
that d of FC is almost unchanged with aging time, while d of BQ increases with aging time. In
addition, the coherent differential cross section, 1(Q)cHc, derived from S(Q,t) is presented

9
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together with the experimental results in Fig. 5e and f. The maximum value, 1(Qp)cHc, Of
1(Q)cHc, is also shown for comparison with experimental values in Fig. 5d. 1(Q)cHc is calculated
in the same way as in [8,9]:

I(Q>CHC :NVXCr (1_XCr)(bCr _bFe)zs(Q't) (3)

where Ny=8.427x10%2 cm™ is the atomic number density of Fe-40Cr, xcr=42.76 at. % is the
atomic fraction of Cr, bc=3.635x10" cm, bre=9.45x10" cm [51] are the scattering length of Cr
and Fe, respectively. 1(Q)cHc corresponds to the nuclear scattering. LaSalle and Schwartz [8]
reported that the nuclear and magnetic scattering of Fe-Cr have the identical Q dependence at the
early stage of SD and the ratio of the nuclear scattering intensity to the total intensity is around
0.55 for Fe-32%Cr [28]. Therefore, Ips from SANS is multiplied by 0.55 and shown as Isans in
Fig. 5e and f, and the maximum value of Isans is shown as 1(Qp)sans in Fig. 5d. 1(Qp)cHc and
1(Qp)sans both show the trend that the difference in the initial structure fade during aging, but the
absolute values are somewhat different and, also, 1(Qp)cHc implies faster kinetics. The agreement
between Ichc and Isans is lower after 10 h aging as compared to 1 h aging, see Fig. 5e and f. The
modelling results indicate that the kinetics of PS is faster for the BQ conditions than for the FC
conditions, which is in good agreement with the SANS results. It should be pointed out that the
excellent fitting of the SANS data by the CHC model in [8,9] is due to that f”, M and « were used
as fitting parameters, varying for each aging condition, instead of taking physically assessed
quantities.
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Fig. 5 Evolution of the structure factor, S(Q,t), of Fe-40Cr simulated by the linearized CHC
model: (a) BQ from 1377 K to room temperature followed by aging at 748 K for different times,
(b) FC from 1377 K to room temperature (the temperature of the miscibility gap, Tme=~900 K
[38]), (c) aging of FC at 748 K for different times, (d) comparison of the evolution of d and 1(Qp)
during aging between CHC modeling and SANS, the intensity from SANS, Isans, and linearized
CHC model, IcHc, for (e) BQ conditions and (f) FC conditions.

4. Discussion

The experimental results presented in the present work show the effect of different cooling rates
on the subsequent PS during aging of binary Fe-Cr alloys with different compositions. It is clear
that the effect of the cooling rate is composition dependent and that slow cooling, that could arise
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when thicker gauge sections are cooled after manufacturing, will lead to PS during the cooling
process. This difference in the initial structure will then affect the subsequent aging kinetics and
it was found that the PS kinetics will be slower for slowly cooled samples when the nominal Cr
composition is 40 wt.%, whereas it will be faster for samples with a nominal Cr composition of
20 wt.%. This difference in PS kinetics is most likely due to the difference in PS mechanisms for
different Cr compositions. Alloys with a low Cr content (e.g. 20 wt.%) are believed to
decompose via NG and during slow cooling the initial nuclei will form, and these will grow and
coarsen during the isothermal aging at 748 K. The process at 748 K is then mainly diffusion-
controlled and comparing with the BQ samples where nucleation, growth and coarsening of the
particles is a concurrent process it is reasonable to suggest that the FC samples would experience
more rapid PS Kinetics.

On the other hand, in alloys with a high Cr content (e.g. 40 wt.% Cr), which are believed to
decompose via SD, the slow cooling will lead to the development of sinusoidal waves of a longer
dominant wavelength since it depends on the critical wavelength, which increases with
increasing temperature. In contrast, the BQ samples will have a shorter dominant wavelength
during the aging since the critical wavelength at 748 K is smaller. Since SD is diffusion-
controlled it is reasonable to assume that the PS kinetics would be slower for the longer
wavelength structure due to the longer diffusion distance, i.e. this is most likely why the PS is
slower for the FC than for the BQ initial samples when the Cr content of the alloy is 40 wt.%.

Comparing the experimental results with the CHC modeling results for the Fe-40Cr alloy, it is
found that the model predictions can qualitatively capture the difference of the initial structures
between BQ and FC as well as its effect on the aging kinetics in the early stage of SD. The early
stage of SD can here be identified as aging at 748 K for less than 10 h, since already at 10 h, the
exponential evolution of the structure factor intensity is starting to shoot-off and will become
unreasonable, and in poor agreement with the experimental results. It should be noted that in
practice the interesting time frames at 748 K are in the order of 10 h. The mechanical properties
of the alloys will already then be affected and it has been shown in e.g. [52,53] that the impact
toughness of these types of model alloys may be very low after aging for 10 h at 748 K and 773
K, in that case. Though the trend was predicted by the modeling, IcHc has a much higher peak
intensity than Isans for the 10 h aging condition in Fig. 5e and f. This may be attributed to the
linearization of the Cahn-Hilliard model, which includes the use of a constant M and a constant
f*. This is a rather crude assumption and will break down for long aging times. Here M was
derived for BQ40Cr1 and remained the same for other conditions in the simulations since there is
a lack of an accurate description of the composition dependent M. Better descriptions of M
should be pursued, which was also pointed out by Nastar [54] in the comparison between CH
and Self-Consistent Mean Field theories. Moreover, the driving force for SD should be different
at different stages due to varying composition gradients. Hence, f" should differ at different
stages of SD too. However, this is hard to handle in the linearized CHC model. More realistic
modeling predictions of a larger part of the PS process would be highly desirable. It should be
possible to move in that direction by implementing the non-linearized Cahn-Hilliard model and
considering composition dependent M as well as changing . Moreover, it is necessary to look
more in detail on x, because this term is controlling the sharpness of the interfaces of the
decomposing nano-structure.

It should, however, be emphasized that there are additional factors connected to the initial
structure that will affect the PS aging kinetics. Cr clustering that arises due to the short-range
order tendency above the miscibility gap [10,14,15,22,55-57] is one such factor and it cannot be
fully handled within a continuum approach such as the Cahn-Hilliard model. This effect is likely
to be a contributing factor to the deviation between IcHc and Isans in Fig. 5f. However, it has
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been found that, at present, this effect seems to be difficult to handle even with atomistic
simulations [11]. Further work on the modeling of the effect of the initial structure on the PS
kinetics is therefore necessary to find a viable modeling route.

5. Conclusions

In the present work it is found that the cooling process after solution treatment of Fe-Cr alloys
has a significant effect on the structure, and further, this structure will significantly affect the
phase separation (PS) evolution during subsequent aging at 748 K. The alloys investigated
represent different mechanisms of PS and at higher Cr content, when spinodal decomposition
(SD) is favored, the initial Cr compositional fluctuations due to slow cooling after solution
treatment reduce the Kkinetics of phase decomposition, whereas, at lower Cr composition when
nucleation and growth (NG) is favored, the kinetics of phase decomposition is more rapid.
Regardless of the nominal Cr composition of the alloy, the phase decomposition after extended
aging up to 300 h at 748 K is always larger for the more non-random initial structure. The Cahn-
Hilliard-Cook modeling of the cooling process and subsequent initial aging (up to about 10 h) is
in reasonable qualitative agreement with the experimental results for the Fe-40 wt.% Cr alloy
decomposing via SD. However, the modeling approach must be refined to enable accurate
quantitative continuum modeling of the full SD process, including coarsening. Furthermore, the
local atomic arrangement during the whole thermal cycle should be considered in physical
modeling to be able to make fully accurate predictions of phase separation in Fe-Cr alloys.
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