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Nanocrystalline precipitates formed by aging of bcc disordered Fe-Ni-Mo alloys
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A quantitative analysis of the ’Fe hyperfine field distribution P (H) has been performed in quenched
bee disordered Fe-Ni-M allows (M =W ,Mo) in order to determine the matrix depletion of Ni and Mo
atoms that occurs after aging. P(H) has been described as the result of the convolution of the distribu-
tion given by the multinomial law applied to the two first coordination shells of Fe nuclei and a Gaussian
function the variance of which affects the upper shells. The small atomic fraction assigned to the precip-
itates, observed on the Mossbauer spectra after a 72-h aging at 450°C of Fe;s;Nijg;Mo; 4 and
Fe,y 3Ni;s oMos ; alloys, is corroborated by the small volume fraction of the nanocrystalline precipitates
revealed by transmission electron microscopy (TEM). The two precipitated phases [(Fe-Ni);Mo and
»(Fe-Ni);Mo,] detected by TEM are consistent with the Mdssbauer approach, with an overall Fe to
(Ni,Mo) atomic ratio twice smaller for Fe;o ;Ni;s ;Mos ; than for Fey; 3Nig ;Mo 4, giving evidence for an
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evolution to depleted-Fe species.

I. INTRODUCTION

The maraging (martensite-aged phase) family consists
of a bce lattice mainly of Fe, Ni, and/or Co with addi-
tional elements, providing after thermal treatment the
precipitation of intermetallic compounds responsible for
their interesting mechanical properties. The difficulty for
analysis is in the particularly ultrafine scale of the micros-
tructure (some 10 nm) so that the subject is still open.
Experimentally, information about the alloy
modifications is usually obtained from electron microsco-
py, atom probe,! or from small-angle x-ray or neutron
scattering.? For these last techniques, full information
results from complex procedures. Consequently, we
think that Mdssabuer spectroscopy, more easy to imple-
ment, could be, within constraints and limitations to be
outlined, a reliable approach to the structural analysis of
these materials, provided that comparison with other
techniques can be made. The choice of the Fe-Ni-based
system was defined by the fact that the trend for Ni is to
distribute randomly more easily than Co. Moreover,
while W and Mo are known to reduce the Fe magnetic
hyperfine field (MHF) drastically, the effect of Ni is weak
but opposite. Their combined influence could be a good
test to check the reliability of the simple approach assum-
ing the additivity of the solute perturbations.

In a ternary crystalline alloy, the atomic configurations
can be described by the specifications of the correlations
between pairs of atoms. X-ray diffraction experiments
with anomalous scattering can provide information but
these are difficult in practice. Mossbauer spectroscopy
with 37Co is able to give the iron-metal order parameters
more directly and was applied semiquantitatively recently
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at room temperature to determine the state of order in
bee FeygCoyoMo,.? Two types of short-range order corre-
lations were obtained: the amount of B2 order associated
with the Fe-Co atom configurations and secondly the
correlations between Fe and Mo neighbors. The analysis
of the Mo effect was based on a model assuming the addi-
tivity of the Fe magnetic hyperfine field perturbations re-
sulting from the solutes in the nearest neighboring lattice
sites, as reported in binary-iron-based alloys. The pertur-
bations caused by the first and second Mo neighbors were
considered as similar, although differences were observed
previously in binary Fe-Mo dilute alloys.* The magnetic
hyperfine field distribution P(H) was modeled as three
Gaussians corresponding, respectively, to Fe atoms
without Mo and with one and two Mo neighbors and
converted, to simulate the spectra, by convoluting them
with a sextet of Lorentzian lines, for comparison with the
experimental spectra. The concept of additivity success-
ful for dilute binary alloys was considered by the authors
of Ref. 3 to be inadequate for this Fe-Co composition.
They based their analysis of the Co effect in terms of
changes in conduction electrons and core polarization of
the iron atoms, as one of them did previously for nondi-
lute Fe-Ni alloys at low temperature. 5 They argued that,
in the case of a magnetic second component, P (H) can-
not be parameterized in terms of the number of solute
atom perturbations, as developed with nonmagnetic
solutes, but rather by the exchange interactions affecting
the Fe nuclei. The magnetic hyperfine field was con-
sidered as resulting from two components, one propor-
tional to changes in the local magnetic moment at the Fe
atoms induced by neighboring solutes and the second cor-
responding to a transferred MHF arising from the spin
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polarization induced by exchange interactions with the
spins of neighboring atoms. Allowing the Fe magnetic
moment around the magnetic solute to vary with the po-
sition of the other nearby solute atoms, the authors of
Ref. 3 proceeded to a detailed description of the locations
of the magnetic solute atoms in the bcc matrix by Monte
Carlo type simulations. The magnetic moments of the
atoms in the first three nearest neighbor shells of the Fe
atom were calculated by accounting for solute-induced
magnetic moment perturbations through their fifth
nearest neighbor shell. Such an interpretation derives
mainly from high-concentration behavior. If the model
was also found suitable for lower Co content, this does
not exclude in the lower concentration range the use of
additive parameters which, moreover, do not involve pre-
judgment about the spin polarization influence. Nagy
et al.® generalized the model that assumes the additive
and statistical effect of the iron field perturbations in
binary alloys with a few percent of substitutional alloying
elements to ternary alloys, with higher concentration of
the third element. They determined successfully, at room
temperature, the atomic Cr concentration in bcc
Fe,_,_,Ni, Cr, alloys (x ~0.04,y ~0.10) from analysis
of the magnetic hyperfine field distribution. Such an ap-
proach is justified, the more especially as the Ni influence
is the smallest detected among the solute effects measured
in the bce Fe matrix. An analytical method was elaborat-
ed, taking into account three distribution peaks resulting
from the binomial law, which were fitted with the three
corresponding amplitude peaks of P(H). Fourteen
neighbors belonging to the first and second neighboring
shell lattice sites were included. The convolution distri-
bution produce of the binomial distribution with a Gauss-
ian function was determined. The decreasing effect of Cr
atoms on the Fe hyperfine field was detected at higher
field (35.0 kOe) than the value of 26.9 kOe states previ-
ously in binary Fe-Cr alloys, but the effect of Ni was not
defined accurately.* The perspectives given by this ap-
proach seem promising although no clear demonstration
of the quality of the P(H) fits was provided. The aim of
this paper is to reach the atom distribution in the ternary
becc Fe,_,_,Ni;M, matrix (M =Mo,W) (with
x =~0.15-0.18,y ~0.03-0.05) in order to explain the mi-
crostructure of aged Fe maraging type alloys.
Knowledge of the bcc matrix modifications occurring
during aging can provide essential information about the
concomitant metastable precipitate formation.

The first part of this work is devoted to a preliminary
study of Fe,_,Ni, binary alloys for the Ni composition
range involving that of the Fe, ., ,Ni, M (M =Mo,W)
ternary alloys which will be explored later on (up to
x =0.18). In a second step, we define the Ni, W, and Mo
perturbations in the ternary disordered alloys with low M
concentrations. Lastly, the practical situation of aged al-
loys with microstructural precipitation is considered.

II. EXPERIMENT

Various Fe,_,Ni, alloys were made from the low-
concentration range x =~0.03—0.06 up to higher content
to x=0.18, by a sintering process from high-purity
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powders. The green pellets were annealed at 1200 °C un-
der H, atmosphere for 4 h, then co-rolled to 100 um
thick, finally annealed again, and quenched at the rate of
300°C/h. The same process was carried out for the
Fe,_,_,Ni,M, (M =Mo,W) alloys but the homogeniza-
tion temperature was 1400 °C and several annealing and
co-rolling cycles were performed. Two cooling rates were
selected, 80 °C/s and 300 °C/h, in order to test the cooling
rate influence upon the segregation of the additional Mo
and W elements. The aging temperature was chosen as
450°C. The overall atomic composition obtained by x-
ray microprobe analysis was homogeneous within the
scale of 1um? repeated in numerous areas in the sample.

The Mossbauer spectra were collected at room temper-
ature with a 50 mC *Co/Rh source in transmission
geometry using a constant acceleration 512-channel spec-
trometer. The parabolic distortion was canceled by
working in the mirror image mode and the small result-
ing linear drift of the baseline was corrected. The sample
thickness was chemically reduced to 15 um in order to
eliminate the thickness distortion correction. The a-Fe
reference at 290 K had a full width at half maximum of
0.24 mm/s for the external peaks. The experimental data
were analyzed by two consecutive procedures. The spec-
tra were first classically decomposed into discrete sub-
spectra using a least squares minimization assuming
Lorentzian lines.” After various successive fitting steps,
the final solution was obtained with all parameters free,
providing the isomer shift (8) and quadrupole splitting
(€) correlations as a function of the MHF (H) required
for the second procedure. The experimental magnetic
hyperfine field distribution P (H),,, was finally extracted
from the Mossbauer spectra with the method given by Le
Caer and Dubois® using an improved version of the Hesse
and Riibartsch method with MHF values large compared
with the electric quadrupole effect and the linewidth of
each elementary site equal to 0.24 mm/s. Transmission
electron microscopy (TEM) studies were systematically
performed upon the sample previously studied with
Moéssbauer spectroscopy.

III. CALCULATION OF THE MAGNETIC
HYPERFINE FIELD DISTRIBUTION

The MHF experienced by one Fe nucleus belonging to
a bee host lattice with solutes statistically distributed, fol-
lowing the generalization to ternary alloys,® is given as

2
H=H,+ 3 nAH; , (1)
i=1
where H, is the MHF of pure iron, n; the number of
solute neighboring atoms in the coordination sphere i,
and AH; the hyperfine field increment corresponding to
the ith coordination sphere.

The distribution of the alloying elements around the
host iron nucleus is random on the first and second coor-
dination shell i for disordered alloys. The influence of the
third coordination sphere and beyond is neglected at this
step.

Let py be the atomic proportion of the host iron atom
in the alloys and p; the atomic proportion of the kth al-
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loying element, 3X_p, =1. When the atoms are distri-
buted randomly into the spheres i with i =1,2, the proba-
bility P, of a given configuration a;={n;; n,;} with
k varying from 1 to 8 for i =1 and from 1 to 6 for i =2
follows the well known multinomial distribution law
N.! K _
P, =—%— Il p*, @)

H nk,i! k=0

k=0
where N;=8 for i =1 and 6 for i =2. Assuming the in-
dependence of the atom distribution in the first two
shells, the total probability of the configuration «; is

2
P,=1I Pq, » 3

i=1

a being the combined configuration a= {a;,a,}. The to-
tal hyperfine field is then equal to

2 K
H(a)=Hy+ 3 3 n.;AH,;, 4)
i=1k=1

where n, ; is the number of atoms of species k in sphere i
and AH, ; is the corresponding hyperfine field increment.

It would be more realistic to summarize the effects
over a higher number of coordination spheres, each one
having an influence of smaller magnitude as it becomes
more distant from the nucleus. We suggest that these
effects can be thought of as random variables of zero
mean and finite variance. The law of large numbers dic-
tates that their asymptotic behavior is distribution ac-
cording to a Gaussian law of zero mean and finite vari-
ance G (0,0).

This justifies our assumption that the correct distribu-
tion of the hyperfine fields results from the convolution of
the distribution given by the multinomial distribution of
the two first coordination shells and the Gaussian distri-
bution of the disturbance H caused by the more distant
shells. Because of the hypothesis of additivity of
hyperfine fields, the resulting field on an Fe nucleus is ob-
tained by

H=H(a)+Hp , (5)
so that the calculated hyperfine field probability P (H), is
P(H),=P(H(a))XP(Hp), (6)

where P(H(a)) is the probability for a field H (a) in the
configuration a=(a,a,) and P(Hp)=G(0,0).

It follows that the adjustable parameters occurring in
the P(H), calculation are the alloy composition fixing
the binomial law, the MHF increments (AH, ;) belonging
to the alloying element k in the first and second coordina-
tion shells, and the variance o of the Gaussian function
affecting the upper shells. However, a realistic evaluation
of the experimental ’Fe MHF increments has to take
into account the local experimental isomer shift (8) and
quadrupole splitting (€) associated with a particular
MHF. The experimental hyperfine field distribution
P(H)eyy extracted from the experimental Mossbauer
spectra is defined with the 8 and € experimental values as-
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TABLE 1. Atomic composition from x-ray microanalysis.
The accuracy is 0.002.

Sample Ni M
Fe,_,Ni, (4) 0.178
Fe,_,Ni, (B) 0.121
Fe,_,Ni, (C) 0.092
Fe-Ni-W; (I) 0.163 0.030
Fe-Ni-Mo; (II) 0.183 0.034
Fe-Ni-Mos (III) 0.150 0.057

sociated with each individual hyperfine field deduced
from the H,8 and H,e correlations resulting from the
discrete site analysis procedure. The agreement factor R
is expressed as

172

2I[PI(I{)c _PI(II)expt]2

N ’

where P;(H), and P/(H)., are, respectively, the
hyperfine field distribution calculated with the model and
the hyperfine field distribution extracted from the experi-
mental data, and N is the number of experimental data.
We must emphasize that the minimum R value is directly
connected to the solution giving the best agreement be-
tween the calculated Mossbauer spectrum and the experi-
mental one, ensuring a direct physical meaning to the two
curves P;(H), and P;(H).. For the quenched alloys,
the composition values were fixed within the limits given
by the x-ray microprobe analysis. (See Table 1.) The field
increments were adjusted to minimize the agreement fac-
tor R by successive steps. The first shell increment being
fixed, the second shell increment was varied at each time
by various values of 0. For the 72-h-aged samples, the
composition was the variable, the field increment parame-
ters being fixed within the limits obtained from the
quenched alloys, except for 0 which was systematically
varied.

IV. RESULTS AND DISCUSSION

The field increments AH, ; available up to now are
values obtained at room temperature in binary Fe,_ M,
alloys with low M concentrations x =0.015-0.05 for Ni,
0.01 for Mo, and 0.03 and 0.05 for W.* These known
AH, ; values led in the case of the ternary alloys studied
here to a calculated P(H), curve significantly shifted to
higher field values from the experimental one. Several
reasons could be invoked: possibly the failure of the ad-
ditivity concept for higher Ni content or the disagree-
ment between the field increments measured in binary al-
loys and those of ternary alloys. We therefore began our
study with the MHF distribution analysis of Fe,_, Ni,
alloys before the study of the Fe;_,_,Ni, M, alloys in
the initial stage precluding the precipitation process. We
investigated, afterwards, the aged Fe,_, _,Ni M, alloys
during their advanced stage of precipitation.
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A. Fe,;_,Ni, alloys

The experimental mean hyperfine field ﬁexpt and iso-
mer shift gexpt corresponding to the arithmetic mean of
the experimental values assigned to the various individual
sites are, for all samples, in perfect agreement with the
experimental values reported previously.>!®  This
signifies that the experimental hyperfine field distribu-
tions related to our samples are correctly defined. Howev-
er, with the Ni increments, AHy;;=9.4 kOe and
AHy; ,=7 kOe,* a systematic disagreement with the
mean calculated hyperfine field values given by the bino-
mial law is observed over all x contents. We did not
suspect the binomial law, as the good homogeneity of our
sample was demonstrated by the x-ray microprobe
analysis. On the other hand, at this step, the Hc calcula-
tion of the mean MHF by the binomial law was per-
formed with the known AH, ; increments involving only
the two first coordination shells. Consequently, the re-
quirement of the upper shell contributions appeared obvi-
ous. The P(H), curves obtained from relation (6) which,

0.16 0.10 4
o = 8.75
0.08 4
0.12
0.06 i
— — ]
& o.08 )
Ay Ay
0.04 A
0.04 3
0.02 J
0.00 0.00 +
150.00 450.00 150.00

225.00 300.00 375.00
H(kOe)

(a)

g = 3.25
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FIG. 1. Theoretical &« and ex-
perimental @ hyperfine field dis-
tribution P(H) obtained with
AHy; ; from Ref. 4 for (a) sam-
ple A4 and (b) sample C.

300.00 375.00 450.00
(kOe)
(b)

then, takes into account their contributions via the width
o of the Gaussian function, did not give any greater
agreement, however, regardless of the o value. Figure 1
presents the comparison between P(H), and P (H),,, for
samples A4 and C for the smallest R value with o, respec-
tively, equal to 3 and 3.25 kOe and with the above AHy; ;
increments. We remark that the shift still remains. A
significantly better fit of P(H), and P(H), was found
for other precise values of AHy; ;, AHy;,, and o (Fig.
2). It appears that, within the experimental composition
limits, the available AHy; ; and AHy;, increments can
be regarded as constant with x and equal, respectively, to
6.11+0.5 and 4.4+0.5 kOe. The o value increases logi-
cally with x from 6.0 to 8.7 kOe, as it reflects the effect of
all solute neighbors without limitation of the shell dis-
tance (Table II). However, a specific value of the AHy; ;
increments for each individual upper shell, which could
include the fifth upper shell, has no physical meaning,
bearing in mind the magnitudes of AHy; ;, AHy; , and 0.
Nevertheless, o is of the same order as the AHy; ; and
AHy; , values. This reflects the common picture of the Ni
impurity represented by delocalized potentials. We can

FIG. 2. Theoretical &« and ex-
perimental @ hyperfine field dis-
tribution P(H) obtained with
AHy;=6.1 kOe and
AHy; ,=4.4 kOe for (a) samples
A and (b) sample C.

225.00 300.00 375.00 450.00
H(kOe)

(b)
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TABLE II. Field increments and o valueﬁ corresp(inding to R i, for Fe-Ni samples. L is the compo-
sition limit. The respective accuracy for o, H expt_ and & is £0.25, =1, and £0.005.

Sample L AH; (kOe) AH, (kOe) o (kOe) ﬁem (kOe) § (mm/s)
A 0.176 6.6 4.8 8.7 342.5 0.035
A 0.180 6.4 4.8 8.7 3425 0.035
B 0.119 5.9 43 6.2 338.5 0.032
B 0.123 5.6 3.9 6.2 338.5 0.032
C 0.090 6.6 4.8 6.0 338.3 0.031
C 0.094 6.4 4.8 6.0 338.3 0.031

conclude that the additivity model is fully obeyed up to
x =0.18 Ni.

B. Ternary alloys in their initial stage

1. Fe-Ni-W

From the previous analysis of the field increments in
dilute binary alloys, the respective effects of Mo (4d
solute) and W (5d solute) were found to be the most im-
portant.* The preliminary study of Fe-Ni-W alloys with
low W concentration was of particular interest to check
the perturbation caused by a third element in the Ni
AH, ; increments and could confirm the results obtained
in the case of the Mo addition. The homogeneity of the
alloys detected by x-ray microanalysis authorized the as-
sumption of a statistical distribution of the solutes. The
Maossbauer spectra of the two quenched samples (80°C/s
and 300°C/h) show the typical satellites relevant to W
substitution. As an example, on Fig. 3 the spectrum of
the sample quenched at the rate of 80°C/s is reported.
P(H), calculated with the known field increments AH, ;,
where i =1,2 and kK =Ni,W (+9.4 and +7 kOe for Ni,
—45.8 and —24.7 kOe for W) does not reproduce the ex-

TRANSMISSION (arbitrary units)

+3

l+6

V(mm/s)

FIG. 3. MGssbauer spectra at room temperature for (a) Fe-
Ni-W (I) quenched at the rate of 80°C/s, (b) Fe-Ni-Mo; (II)
quenched at the rate of 300°C/h, and (c) Fe-Ni-Mo; (II) aged 72
h at 450°C.

perimental results (Fig. 4). A preliminary evaluation by
the discrete site procedure, considering the alloy as a
pseudobinary Fe-Ni alloy substituted by 3.0 at. % W,
confirmed this discrepancy so that the previously deter-
mined values for Ni could not alone be responsible for
this fact. The W coefficients, being ten times larger than
those of Ni, must also suspected in this light. Whatever
the quenching rate, the available field increments are, re-
spectively, for AHy; ;,AHy; ,,AHvw ;, and AHy, , equal
to 5.31£0.7, +3.3£0.7, —53.0+1.0, and —29.7£1.0
kOe. The o value of 9 kOe compared to the W field in-
crements shows the preponderance of the first two coor-
dination shells for the >’Fe perturbations caused by W
and hence the localized effect of W.

2. Fe-Ni-Mo

Noticeable disparities appear in the behavior of the
quenched Fe-Ni-Mo; (II) and Fe-Ni-Mos (III) alloys
(Figs. 3 and 5). Whatever is the quenching rate, no
paramagnetic line is revealed in the Mdssbauer spectra of
sample II. In contrast, a central line with
6=0.040£0.005 mm/s is observed for the sample III
spectra, even after a cooling down to 77 K. Its amplitude
of 0.5%, for the 80°C/s quenching rate, increases up to
1.3% for the 300°C/h cooling rate. After an aging dura-
tion of 1 h at 450°C, the paramagnetic peak vanishes.
Consequently, it does not result from the presence of re-
sidual austenite. Moreover, after cooling down to liquid
nitrogen temperature, it should disappear, something
which is not observed. The paramagnetic line for 80°C/s
and 300°C/h cooling rates is then relevant to the oc-
currence of segregation phenomena of atoms within the
martensite, which is more extensive when the cooling rate
is slower. The bright field micrographs of the Fe-Ni-Mos
(ITI) samples cooled at the rate of 300°C/h do not show
any residual austenite either at the interfaces or inside the
martensite laths and no precipitate of the type discussed
below is detected (Fig. 6). These remarks give evidence
for the fact that the paramagnetic line observed in the
Maoéssbauer spectra may result from some segregation of
atoms in the grain, known as Cottrell clouds.

However, in order to remove any ambiguity about the
analysis of the hyperfine field distribution, we focused our
attention more particularly on the sample free from any
paramagnetic line. On the basis of this remark and the
TEM observations, we considered the following alloys as
being in the initial stage of the precipitation process: Fe-
Ni-Moj, (IT) quenched at the rates of 80°C/s and 300°C/h
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and Fe-Ni-Mos (I1I) aged for 1 h at 450°C (see Table III).
For these alloys, the hyperfine field distributions were ob-
tained with &, €, and H correlations similar to those of
sample I, on the assumption of a statistical distribution of
solutes, within the composition limits given by the x-ray
microprobe analysis. Nevertheless, for all these alloys,
the P(H), distribution calculated with the field incre-
ment values available up to now* was shifted towards
high fields.

As an example, the case of Fe-Ni-Mo; (IT) cooled at the
rate of 300°C/h is presented on Fig. 7. It suggests that
the Ni field increments are too large and the Mo incre-
ments too small (AH g, ;= —38.7 and AHy, , = —31.6).
The best simulation for sample II is then given with the
modified values AHy; ; and AHy; ,, respectively, equal to
5.34+0.7 and 3.31+0.7 kOe, and AH, ; and AH\y, 5, re-
spectively, equal to —49.5+1.0 and —24.7+1.0 kOe,
providing evidence for a differentiation between the
effects of the first and second neighboring shells, with Ni
and Mo content equal, respectively, to 18.3 and 3.4 at. %,

TRANSMISSION (arbitrary units)

+6 J

V(mm/s)

L__.-3 -6 0

+3

FIG. 5. Mossbauer spectra at room temperature for Fe-Ni-
Mos (III) sample (a) quenched at the rate of 300°C/h, (b) aged at
450°C for 1 h, and (c) aged at 450 °C for 72 h.
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FIG. 4. Theoretical x and ex-
perimental @ hyperfine field dis-
tribution P(H) for Fe-Ni-W (I)

calculated with (a) AHy;,,
AHy, ; given in Ref. 4 and (b)
AHNi,l =5.3+£0.7 kOe,
AHy;,=3.3 +0.7 kQe,
AHw ;= —53.0 £1.0 kOe, and
AHy , =—29.7+1.0 kOe.

300.00 375.00 450.00

H(kOe

(b)

in perfect agreement with the x-ray microanalysis. The
Ni coefficients remain, within the experimental accuracy,
in the range of values obtained for the Fe-Ni and Fe-Ni-
W alloys found on the above binary alloys. The Mo
values, lower than those of W, are in agreement with the
sequence of the field increment magnitudes identified pre-
viously.* The o value, accounting for the upper shells,
expresses the localized effect of Mo. The constancy of
AH, | and AH, , increments for the two Mo contents at-
tests also to the validity of the additivity model and the
random atomic distribution in the matrix for this compo-
sition range. Nevertheless, even in the case of sample II,
the quality of the best simulation representative of
P(H)y, is directly affected by the thermal treatments
undergone by the samples. R is smaller for the quench-
ing rate of 300°C/h. The slight oscillations around the
theoretical curve appearing for the quenching rate of
80°C/s vanish for 300°C/h, indicating a homogenization
of the matrix without Cottrell clouds, as one can expect
from the fact that the molybdenum content is low.

In the case of sample III aged 1 h at 450°C, the
minimal R factor is obtained with the same AH, ; incre-
ments as for sample II but with Ni and Mo contents
equal to 15.0 and 5.7 at. %, respectively, within the accu-
racy given by the x-ray microanalysis (Fig. 8). One must

FIG. 6. Bright field micrographs for Fe-Ni-Mos (III) cooled
at the rate of 300°C/h.



8836

C. DJEGA-MARIADASSOU, L. BESSAIS, AND C. SERVANT

51

TABLE III. Coefficients and hyperfine parameters fitting the calculated hyperfine field distribution. My is the matrix composition
minimizing the R factor, a, the paramagnetic peak area in %, 8, the paramagnetic peak isomer shift, and o the variance of the
Gaussian function in kOe. The respective accuracy for AHy; 1, AHyy, AHy; 2, AHygy, 0, Heyy, 8,, and o, is £0.7, £1, £0.7, £1,
+0.25, £1, +£0.005, and £0.2.

Alloy Heat treatment My AHy; AH)y AHvy;, Ay o H o 5, a,
Fe-Ni-W, 80°C/s 300°C/h Fego 7Ni6.3 W30 5.3 —53.0 33 —29.7 9 322 0
Fe-Ni-Mo;  80°C/s 300°C/h Fe5 3Nig sMoj 4 53 —49.5 33 —247 105 321 0

Aged 72 h/450°C  Feq9gNi 7 3sMo, 4 5.3 —49.5 3.3 —24.7 9.25 323 —0.077 34
Fe-Ni-Mos Aged 1 h/450°C Fe;9 3Ni5 (Mos 7 5.3 —49.5 33 —24.7 9 307
Fe-Ni-Mos  Aged 72 h/450°C  Feg; sNij, oMoy s 5.3 —49.5 3.3 —24.7 8.5 315 —0.112 1.3

point out that the best R factor for sample III quenched
at both rates of 80°C/s and 300°C/h is obtained, within
the experimental uncertainties, with the same field incre-
ments and alloy composition, but its value is incorrect.
The expansion is that the inhomogeneities which exist
within the samples initiate a precipitation as Cottrell
clouds already discussed above, for a quenching rate of
80°C/s. A slower quenching rate favors, on the one
hand, the emergence of new precipitates increasing the
paramagnetic line amplitude and, on the other hand, a
better homogenization of the matrix. The aging of one
hour restores a better statistical distribution in the matrix
concomitantly with the disappearance of the precipitates.

Moreover, the o value decreases from 10.25 to 9.00 kOe
and gives evidence for a better definition of the local envi-
ronment.

The information that can be drawn from the studies at
room temperature of the ternary alloys Fe, , ,Ni M,
(M =Mo,W) with low y value, in the initial stage, are
that the field perturbations induced by the Ni atoms are
additive and equal to those found in the binary Fe-Ni al-
loys within the limit of the experimental accuracy. Any
attempt to refine this determination is illusive, owing to

‘the small AHy; ; and AHy; , values. The effect of W and

Mo is more negative than that found in binary alloys, in
agreement with the same trend mentioned for Cr in ter-
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nary Fe,_, _,Ni,Cr, alloys.® However, the additivity of
the AH, ; increments and the independence of the effect
of Ni and Mo observed in these alloys demonstrate the
possibility of Ni and Mo analysis in the Fe,_, _,Ni, Mo,
samples in the latest step of aging.

C. Ternary aged alloys

The Fe-Ni-Mo; (sample II) and Fe-Ni-Mos (sample III)
alloys aged 72 h at 450°C are characterized by the
highest hardness values.!""!2 Consequently, this aging
duration was chosen for the Mdssbauer spectroscopy
studies and TEM experiments.

The Mossbauer spectrum of sample II shows a broad
central paramagnetic line with a 8 value and relative
abundance a, equal, respectively, to —0.077+0.005
mm/s and (3.4%+0.2)% (Fig. 3). The sample III spec-
trum is characterized by a weaker paramagnetic line

= —0.112%+0.005 mm/s and a,=(1.310.2)% (Fig. 5).
This suggests that the Fe amount in the precipitate is
lower. The matrix hyperfine field distribution, extracted
from the experimental data, has been reproduced with
field increment values equal to those deduced from the
initial-stage sample spectra, the Ni and Mo relative popu-
lations being adjusted.

The Fe content in the precipitate is defined from the
area of the iron paramagnetic peak, which implies the
remaining iron atom content in the matrix when one

takes into account the initial iron atomic concentration in
the alloy. On the other hand, the P (H),, distribution of
the aged matrix provides the Fe:Ni and Fe:Mo ratios in
the matrix, leading to the number of Ni and Mo atoms
involved in the precipitates.

Such analysis therefore leads accurately to the relative
atomic Ni and Mo contributions to the matrix hyperfine
field distribution. However, the number of Fe atoms in-
volved respectively in the precipitates and in the matrix
can only be deduced from knowledge of the relative
Lamb-Moéssbauer f factors. The possible assumptions
about these values can be justified only by subsequent ex-
periments with other methods. This is the reason for the
subsequent TEM investigations.

The simple assumption of an f factor for the precipi-
tate identical to that of the matrix leads to an atomic pre-
cipitate composition equal to Fesy,sNijgsMoygys for
sample II and Fe,5sNiy4sMo3s4 5 for sample III. From
the ternary Fe-Ni-Mo diagram several combinations can
explain the composition obtained for sample II precipi-
tates: (Fe-Ni),Mo, (Fe-Ni);Mo,, and (Fe-Ni);Mo with, re-
spectively, tetragonal I4/m, hexagonal P6;/mmc, and
orthorhombic Pmmm space groups. The sample III pre-
cipitate overall composition close to the formula (Fe-
Ni),Mo could be interpreted as belonging to one form of
the hexagonal P6;/mmc structure. In fact, great analo-
gies appear in the TEM diffraction patterns of both sam-
ples. A careful analysis reveals two kinds of precipitates:

TABLE IV. Volume per atom (v, ) for the indexed species deduced from the unit cell volume and the

number of atoms per unit cell (n).

Phase Structure Parameters (nm) n v, (nm?)

Ni;Mo orthorhombic a =0.5064
b =0.04224 8 0.011893

c =0.4448

@ Ag,B, A;B, hexagonal

c¢/a=0.352 a =0.704 9 0.011827

A,B hexagonal ¢ =0.248
c/a=0.612 a =0.4058 3 0.011812

¢ =0.2485
Martensite bee a=0.278 2 0.010742
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the (Fe-Ni);Mo phase (orthorhombic Pmmm) and the or-
dered w phase (Fe-Ni);Mo, (hexagonal P6;/mmc).

The observed diffraction pattern of Ni;Mo with the
(001) zone axis of the bcc martensitic matrix is present-
ed in Fig. 9(a). The w phase is revealed in the diffraction
pattern of the martensite zone axes (110) and (113)
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where extra spots are present at the positions 1/3 and 2/3
in the reciprocal directions {112)* [Fig. 9(b)], in agree-
ment with the interfacial coherency given previously by
Shimizu and Okamato.!®> Moreover, this © phase is or-
dered because the forbidden spots (1010) and (2020) are
present on the zone axis (111) of the martensite [Fig.

207 211
* M
010
H 000 x (Fe,N/)aMa
200y Tioy

<T11>p 11 [700] g, Nid3 Mo

FIG. 9. Diffraction pattern of
the precipitates after 72-h aging
at 450°C for Fe-Ni-Mo; (sample
II): (a) Ni;Mo on (001) zone
axis of the bcc martensitic ma-
trix; (b) @ phase on {110) zone
axis of the bcc martensitic ma-
trix showing the »; and w, vari-
ants; (c) o phase on {111) zone
axis of the bcc martensitic ma-
trix showing the ordering of the
phase; (d) » phase on (001)
zone axis of the bcc martensitic
matrix showing its superstruc-
ture of 4,B, type.

2201
- 16765 !
220715 & v.: -

- V2 10105,
12713;1 ______ e oM
10, \ x 1
® S,

200 7 Op

<772)M i <7070>5w



51 NANOCRYSTALLINE PRECIPITATES FORMED BY AGING OF . .. 8839

9(c)]. In the diffraction pattern shown in Fig. 9(b), two
different families w; and , of the w phase are present
among the four possible resulting from the orientation re-
lationship between w and the bce matrix. In addition, in
the diffraction pattern showing the bcc martensite (001 )
zone axis [Fig. 9(d)], spots at the positions 1/3 and 2/3
of the reciprocal direction {110)* belong to the w super-
structure of A,B, type described by Yedneral and Per-
kas.!* According to these authors, the » phase evolves
from (Fe-Ni)sMo to (Fe-Ni);Mo, and finally (Fe-Ni),Mo
in relation to the nature of the occupied sites.

In the case of all the phases mentioned above, it is pos-
sible to relate their volume fractions to their atomic frac-
tions, having in mind the unit cell parameters and their
corresponding numbers of atoms (Table IV). The volume
fraction of the precipitates evaluated from the TEM ob-
servation (5-10 %) (Fig. 10) is consistent with the small
fraction of the various components Fe, Ni, and Mo in-
volved in the precipitates deduced from the MJssbauer
spectra (5%), supporting our hypothesis of similar f fac-
tors for the precipitates and for the matrix. Further-
more, the TEM micrographs lead to an evaluation of the
volume ratio of the two phases (Ni;Mo to @) equal to 1
(Fig. 10).

FIG. 10. Dark field of the precipitates after 72-h aging at
450°C for Fe-Ni-Mo; (sample II): (a) Ni;Mo intermetallic com-
pound and (b) w phase for Fe-Ni-Mos. (Sample III): (c) Ni;Mo
intermetallic compound and (d) @ phase.

It happens that, with the TEM information of the
volume ratio of the Ni;Mo and o phases and the assump-
tion of the f factor equality, corroborated by the small
volume fraction of the precipitates observed by TEM, it
is possible to deduce the precipitate composition. The
only restriction about this evaluation is the distribution
of the Fe and Ni atoms among both phases (FeNi);Mo
and w-(FeNi),Mo, as it is not possible to distinguish from
the Mossbauer spectrum the two paramagnetic precipi-
tate species.

It must be emphasized that the two samples
Feq5 3Nijg sMo; 4 and Feqg 3Ni; 5 ¢Mos 5 lie in the limiting
range of coherent precipitation of the 4,B, superstruc-
ture!® but the (Fe,Ni) to Mo ratio is lowered for
Feqo 3Nijs gMos ;. Nevertheless, the @ phase evolves to
its limit form of (FeNi),Mo type .1

V. CONCLUSION

On the basis of the good homogeneity of our samples
exhibited by x-ray microanalysis, we have been able to ex-
plain the magnetic field perturbations experienced by a
*'"Fe nucleus surrounded by Ni atoms, in binary
Fe,_,Ni, alloys up to 18 at. % Ni with the model of ad-
ditivity of the solute influences on the assumption of a
statistical atomic distribution. There seems no evidence
for departure from this model at room temperature in the
case of the ternary Fe,_, _,Ni, M, alloys, in the compo-
sition range x ~0.15-0.18, y =~0.03-0.05 (M =W ,Mo).

Aging phenomena in ternary bcc ferromagnetic sys-
tems (Fe-M —M’) can be elucidated by understanding of
the matrix modifications as well as the concomitant pre-
cipitate evolution. However, the analysis of such P(H)
profiles is subordinated to systematic checking of the va-
lidity of the additivity model and a determination of the
field increments AH;; measured on reference alloys,
around the explored compositions.

With such an approach, an accurate determination of
the relative M and M’ matrix depletion can be per-
formed, although the resonant atom is *’Fe. When the
Lamb-Mossbauer factor of the precipitates is not known,
which is the case for many phases, TEM experiments, as
illustrated above, give support for the conversion of the
resonant fractions into atomic fractions.

In the «case of the Fe,3Nijg3Mo;, and
Feq4 3Ni; 5 ¢Mos 5 alloys studied here, we have been able,
by the complementarity of Mossbauer spectroscopy and
transmission electron microscopy, to detect small volume
fractions of precipitates, and give a rather complete
description for them. Our assumption of identical f fac-
tors for the matrix and precipitates, corroborated by the
TEM experiments, allowed us to define the overall com-
position of the precipitated part. The main result is the
presence, in all cases, of two metastable phases:
(Fe(; —)Ni, );Mo and o(Fe(;_,)Ni,);Mo, with an overall
Fe to (Ni,Mo) atomic ratio given by Mdssbauer spectros-
copy as being about twice as small for the sample with
the highest Mo content as for that with the lowest. This
fact indicates that the w phase tends to its limiting form
(Fe-Ni),Mo.
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FIG. 10. Dark field of the precipitates after 72-h aging at
450°C for Fe-Ni-Mo, (sample II): (a) Ni;Mo intermetallic com-
pound and (b) @ phase for Fe-Ni-Mos. (Sample III): (c) Ni;Mo
intermetallic compound and (d) @ phase.
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FIG. 6. Bright field micrographs for Fe-Ni-Mos (III) cooled
at the rate of 300°C/h.
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FIG. 9. Diffraction pattern of
the precipitates after 72-h aging
at 450°C for Fe-Ni-Mo; (sample
I): (a) Ni;Mo on (001) zone
axis of the bcc martensitic ma-
trix; (b) @ phase on {110} zone
axis of the bcc martensitic ma-
trix showing the ©, and w, vari-
ants; (c)  phase on (111) zone
axis of the bcc martensitic ma-
trix showing the ordering of the
phase; (d) @ phase on (001)
zone axis of the bcc martensitic
matrix showing its superstruc-
ture of 4B, type.



