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Abstract. A method of analysing by Rissbauer spectroscopy a steel ferromagnetic matrix
has been developed. It provides the fractions of atomic elements in substitutional or interstitial
sites in the Fe lattice, from the comparison between the experimental hyperfine-field distribution
P(H),,, and the calculated onB(H),,. This method, applied to an M50 steel, in the simple
case of ferrite (the annealed state), and extended to the most complex situation of martensites
quenched from various temperatures, describes the initial state of the steel before any further
tempering treatment. The atomic fractions of Cr, Mo, V, and C in the Fe lattice have been
specified.

1. Introduction

High-speed steels can be classified, according to their composition, into two groups: those
enriched in W, and those for which Mo is substituted for W. A special category of these
latter alloys, where W is totally replaced by Mo, have been developed in order to avoid
the use of the expensive element W. They cannot be considered as a good substitute
for the usual high-speed steels if small grain size and good properties of hardness after
tempering are required: they show a high tendency towards grain coarsening, so the choice
of their austenizing temperature is critical, as it must represent a balance between the carbide
dissolution rate, the amount of austenite retained, and the grain size. Moreover, they can
decarburize easily, and must be annealed under vacuum or in salt baths.

The category of the completely Mo-alloyed steels present some of the characteristics
of the W high-speed steels: high hardness after tempering, and wear resistance with good
toughness. They contain 4 wt% of Cr, like the classical high-speed steels. Since their Mo
content is much lower than the W content in the W high-speed steels, it is balanced by
high V and C contents: they commonly show around 2 wt% of V combined as MC-type
carbides (M= Fe, Mo, V, Cr). The M50 steel (or 80DCV40) which is the steel used in the
present study is a special case, because its V content is around 1 wt%, and its Mo content
around 4 wt%. This steel, widely used in aeronautics, is used at temperatures between 150
and 300°C.

A clear understanding of its microstructural changes under various heat treatments,
which would lead to secondary hardening precipitation by means of finely dispersed carbides,
is therefore important if one is to optimize its lifetime.
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The analysis of precipitates [1] distributed in the matrix requires lengthy procedures
and the combination of different techniques, such as x-ray diffraction, transmission electron
microscopy, and x-ray microprobe analysis. As their volume fraction is around 10%, it
is easier to study them using measurements after electrolytic extraction. An interesting
contribution to the knowledge of the hardening process can be provided indirectly by
Mossbauer spectroscopy. More particularly, a comparison of the ferromagnetic matrix
in the ferritic state with that of the martensites intended to undergo subsequent tempering
treatments can represent a good basis for controlling the initial step of the precipitation.
Moreover, Mssbauer spectroscopy gives a good statistical representation of the samples.
In this work, transmission Rissbauer spectroscopy was carried out at 300 K to obtain
the magnetic hyperfine-field distributioA(H) of the ferritic and the various martensitic
matrices. The subsequent modifications of théskbauer spectra, indicative of the
martensitic matrix disturbances as detected by the evolutia®(éf), will be compared to
simulated hyperfine-field distributions according to our method established for modelling
ternary Fe—Ni—Mo alloys with substituted elements [2]. The purpose of this paper is to
extend this method to more complex situations: the ferritic state for which the substitution
leads to the quaternary system Fe—Cr—Mo-V, and the martensitic states which, at the same
time, depend on substitutional and interstitial sites in the Fe lattice.

2. Experimental procedures

The chemical composition of commercially available M50 steel, which is in the annealed
state, is given in table 1. The alloying elements which have to be taken into account are
Mo, Cr, and V. The elements Si, Mn, and Ni can be treated as dispersed impurities, and
will not influence the observed tendencies of thédgbauer spectra.

Table 1. The chemical composition of commercial M50 steel.

Fe C Mo Cr \% Si Mn Ni

wt% Base 0.88 397 415 103 0.29 0.26 0.080
at% Base 4.02 227 437 111 057 020 0.075

The ferrite was obtained by annealing the as-received sample for five hours at 1073 K
to eliminate any residual austenite. The samples were subsequently cooled at a rate of
0.2 K s1. The quenched states were obtained after submitting the annealed state to
austenizing treatments at various temperatuggs, of 1273 K, 1373 K, and 1423 K for
five minutes, before water quenching at 50 ®.s

To test the disturbances caused by Cr, Mo, and V at the Fe nuclei, several disordered
binary alloys, Fe .M, (M = Cr, Mo, V), were prepared with compositions close to those
of the steel, from high-purity powders, with sintering temperatures of 1475-1575 K, for 12
hours in a hydrogen atmosphere. They were laminated toud80and finally annealed at
1120 K and quenched in air at 15 K's Their overall composition was determined from
x-ray microprobe analysis (see table 2).

For the Mdssbauer experiments, the samples were thinned down toril® eliminate
any absorption correction. For that purpose, a chemical treatment with a solution of HF
and HO, was preferred to a mechanical reduction, so as to avoid any disturbance which
could occur due to retained austenite in martensitic samples.

The Modssbauer spectra were collected at room temperature with a conventional constant-
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Table 2. The chemical compositions of the binary alloys, from x-ray microprobe analysis (in
atomic per cent).

Feg_M, M=Cr M = Mo M=V
x 0.020+0.002 Q012+ 0.001 Q003+ 0.002
X 0.054+0.005 Q031+0.002 Q0144 0.001

acceleration 512-channel spectrometer in transmission geometry, operating in the mirror-
image mode with a 50 mCy-source for°’Co in a Rh matrix. A small linear drift of

the base-line was corrected. TheFe reference had a linewidth of 0.25 mmtdor the
outermost peaks. The spectra were analysed according to two procedures. They were first
decomposed into broadened discrete subspectra by means of a least-squares fit to lorentzian
lines. The resulting relationships between the isomer ghifjuadrupole splitting:, and
magnetic hyperfine fieldl were used in a second step to extract the experimental hyperfine-
field distribution P(H).,, with an improved version of the Hesse and Rubartsch method,
where H-values are large with respect to the electric field gradient [3]. The linewidth of
each site was quoted as equal to 0.25 mr s

3. Simulation of the magnetic hyperfine-field distribution P(H)

The principle of theP (H) calculation, limited to the configuration probability calculations
for the first two neighbouring shells of an iron nucleus, will be briefly recalled [2]. However,
as steels are multi-component, with solute atoms in substitutional and (or) in interstitial
sites in the Fe lattice, we shall then report the probability calculations in both cases, and
subsequently define the field disturbanady, ;, experienced by one Fe nucleus surrounded
by solutes of an element, in the ith coordination shell.

3.1. General method

In the concept of additive effects of the neighbour disturbances in dilute binary alloys, the
magnetic hyperfine field? of an iron nucleus in a b.c.c. lattice with randomly distributed
solutes can be expressed as

2
H=Hy+ ) n; AH;.
i=1
Hy corresponds to the magnetic hyperfine field of pure iron,-anépresents the number of
solute atoms in the coordination spheér@round one iron nucleus leading to a configuration
o;. AH; is the hyperfine-field increment corresponding to ilie coordination sphere
disturbing the iron nucleus.
In a first step, the first two coordination shells will be considered, neglecting the effects
of the higher shells.
With the assumption of independent effects of the various surrounding atoms located on
the first two shellsy being the combined configuratian= {«1, a,}, the total probability
P (), of the configurationy; is

2
P(a) = HP(oci).
i=1
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The resulting hyperfine field? («) for alloying elementt distributed on theth shell
can be written as

2 K
H(e) = Ho+ Y Y mii AHy,.
i=1 k=1
ni; is the number of atoms of speciésin spherei, and AH;; is the field increment
associated withuy ;.

We should take into account the effects of the atoms located on the higher shells, but
these effects decrease when the solutes are more distant. Consequently these effects will be
taken as random variables, and the central-limit theorem rules that their asymptotic behaviour
is a gaussian functio with zero mean and finite varianee G (0, o). It thus follows that
a realistic representation of the magnetic hyperfine field will be given by the convolution
of the hyperfine-field distribution, provided by the probabily«) including the first two
coordination shells, with a gaussian distribution of the disturbing effects identifiable with a
hyperfine fieldHp caused by the more distant shells.

The resulting calculated probability (H).,; will now be expressed as

P(H)ca = P(H(xx)) P(Hp)

where P(H («)) is the probability of the fieldd («) in the configurationx, and P(Hp) is
the probability of the disturbing fieldf, equal toG(0, o).

The adjustable parameters governing the calculation of the magnetic hyperfine-field
distribution are the alloy composition, which determinegy), the field increment\ H; ;
relating to the elemerit on theith coordination sphere either in substitution or in insertion,
and the variance of the gaussian function involving the effects of the higher shells. The
minimum R-value is connected to the best agreement between the experimental distribution
P(H).., extracted from the Nissbauer spectra and the simulated @h@f)..;, and is

defined as
1/2
R= [(Z(@(H)w, - P,~<H>ex,,)2) / N] :
J

Pj(H..s) and P;(H..,) represent respectively the theoretical and the experimental
distributions deduced from the experimental data, whériss the number of experimental
points.

3.2. Probability calculations for the two first coordination shells of one Fe atom

The metallic alloying speciek in disordered alloys are located on substitutional positions.
Let us write P,,;, for the probability P () of a given configuratiom, a2 in the particular
case of substitutionP;,, obeys the multinomial law

2 K K
Psub = 1_[ |:Nll/1_[nkll:| HP:“
i=1 k=0 k=0
N; is the total number of neighbours in shellN; = 8 fori =1 andN; =6 fori =2in a
b.c.c. lattice.n; ; is the number of neighbours of species shelli for given configurations
ay, ap, and varies from 1 to 8 far = 1 and from 1 to 6 foi = 2. p; is the atomic fraction
of the alloying elemenk, so

K
Z pe=1
k=0
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Figure 1. The various Fe species corresponding to the octahedral sites located in a direction
parallel to the [001] axis (9.

Table 3. The interstitial site probabilities;,,; for FeC. compounds, on the assumption of a
statistical distribution of the C atoms in the octahedral sites located alon@@®ie direction.

Number of Number of
Iron species  first neighbours  second neighbour#;,,;
Fe 0 0 (1—x)8
Fe Il 0 1 4e(1—x)°
Fe lll 1 0 2(1—x)°
Fe IV 1 1 8&2(1—x)*

Table 4. The abundanceA) of the Mdssbauer experimental subspectra of FeBmpounds
(0 < x < 0.05) [4], and the theoretical probabilitie®,,, on the assumption of a statistical
distribution of C atoms in the octahedral sites located along@04) direction.

Pin (%)

X A (%) Fe l Fe ll Felll Felv )

0.02 89.9 6.9 3.2 88.58 723 361 0.29 99.71
0.03 84.6 9.9 55 8329 1030 5.15 0.63 99.37
0.04 785 14 76 7827 1358 6.79 1.08 99.72
0.05 717 18 10.3 7350 1547 7.73 1.63 98.32

In the case of carbon interstitials which involve the low-dilution range<( 0.05),
the site occupation can be considered as random, but within the limits imposed by the
crystallographic tetragonal distortion. Among the six octahedral sites, the occupied sites are
those lying in a direction parallel to the [001] axis {O They are the axial sites located
at ¢/2 from an iron atom, and correspond to the first neighbours of an Fe atom, because
for c/a = 1.03, ¢/2 is always shorter than+/2/2, the distance which characterizes the
second coordination sphere. Among the 12 octahedral sites, only the four sites in the plane
perpendicular to the [001] axis containing the central Fe atom are occupied. These are the
equatorial sites (figure 1).

The main configurations describing the interstitial neighbourhood of an iron atom are
directly connected to the interstitial probabiliti®s,, given in table 3 for FeCalloys.

The interestingc-values are limited toc = 0.05, as they deal with the maximum C
content consistent with the M50 steel composition. It appears that four Fe configurations
at most can be observed on the experimentdssbauer spectra, assuming a random
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distribution of interstitial elements with < 0.05, as shown by the calculatd®,,-values
reported in table 4.

P11 might still be neglected, and this is all the more so far, which is eight times
lower than Py ;. For steels, the ferritic state will only be affected by substitution, whereas
the martensitic states will involve both substitutional and interstitial sites, so the resulting
probability for a given configuration will be the prodult,; P;,; .

4. Results and discussion

4.1. Determinations of the field incrememts7, ;

The known values of the incrementsH, ; (k = Cr, Mo, V; i = 1, 2) were obtained from
binary Fg_,M, alloys for low solute contents [5-10] (see table 5).

Table 5. AHy; values from previous work; dashes indicate that values were not given by the
authors. The accuracy was not given by authors, except in reference [5].

Percentage
atomic substitution AH; 1 (kOe) AH; 2 (kOe)

Fe-Cr —[6] -28 —24
4817, 8] —34.5 —24
2.2 [5] —26.9(0.2) —26.9(0.2)
Fe-V  4-16 [6] -26 —22
—19] —24 —24
2-5[5] —24.3(02) -24.3(0.2)
Fe-Mo 3.2 [10] -37 -18
1.0 [5] -38.7(0.5) —31.6(0.7)

Table 6. Evaluations of the compositions, and increment fieldsA Ay ;, for the synthesized

Fe .M, alloys.
Compositionx
X-ray HFD (£0.002) AH;1 AHg 2 (o8
Alloy microanalysis  simulation (kOe) (kOe) +0.25 kOe)
Fe;—Cr, 0.020+ 0.002 0.017 36t1 20+1 3.85
0.054+ 0.005 0.050 311 22+1 4.70
Fe_¢Mo, 0.012+0.001 0.012 391 26+ 1 3.90
0.031+0.002 0.031 40t 1 27+1 4.30
Fe_.V, 0.003+0.002 0.007 2¥+05 236+05 3.50
0.0144+0.001 0.013 2%+05 236+05 4.00

These evaluations are results from the deconvolution of the experimental spectra into
some discrete subspectra. To check or improve these results, we have simulated the whole
hyperfine-field distribution range, taking into account all of the surrounding shells, using
steps of 4 kOe—bearing in mind that the first important precaution, before such a study
is made, to ensure a valid evaluation, is the assurance of good homogeneity of all of the
samples studied. That is why they were systematically tested by x-ray microprobe analysis.
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In the first stage of the HFD simulation process, the field increma&iis; were varied for

the mean composition values given by the x-ray microprobe analysis. In the last stage, for
the increment values involving the minimuRtfactor, the composition was varied down to

the lowestR-value (see table 6).

0.12- .
@ 0-141 (an —a—exp
—#%—— theo
0.00) 0.00
:fz 0 350 [260 360
0.10- 0.10+
P(H) P(H)
0.00] _ _Aa f 1} 0.00]
0.10- )
© 0-10 ()
0.00] 0.00f_end %
260 360 50 Y
H(kOe) 250 pkoey 350

Figure 2. Hyperfine-field distributions: theoretical;J: experimental) at 300 K for the
various Fg_, M, alloys (M =V, Mo, Cr) with x-values respectively equal to: (a) 0.66@.002;
(@) 0.013+0.002 (M= V); (b) 0.012+0.002; (&) 0.031£0.002 (M= Mo); (c) 0.017+0.002;
(¢’) 0.050+ 0.002 (M= Cir).

For the various binary alloy composition ranges covering the composition of the M50
steel with its possible evolution (figure 2), we corroborate the most pronounced effects of
Mo incorporation: AHwe 1 = —39+ 1 kOe, AHwo2 = —26+ 2 kOe. The disturbances
caused by the first and second V neighbours for the Fe nuclei were found to be identical:
AHy 1= AHy,=—-24040.5 kOe. This is already suggested by the unique satellite peak
in the HFD. We assess two different increment values for the Cr neighbours as illustrated
by the two satellite peaksAHg; = —30+ 1 kOe, AHg, = —20+ 1 kOe. Theo-
value which takes into account the third- and higher-shell contributions increases, logically,
when increasinge, from 3 kOe for the lowesk-value up to 5 kOe forx = 0.05. The
comparison of these values with the values of the field increment shows that it would have
no physical meaning to specify the field increments for each individual higher shell. It
should be mentioned too that neither the quadrupole splitéhagdr the isomer shiftss]
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appear specifically in the distribution curve, which relates only to the hyperfine magnetic
field. This does not affect the composition determination, since the probabilities are studied
over all of the detected magnetic field domain. Only the limitation of the study to a narrow
field area would imply knowledge of thie ande-values, but one must not forget that these
hyperfine parameters are defined with very poor accuracy compared to the field values. The
8- and e-effects would induce a broadening of some contributions to the hyperfine-field
distribution, and might explain small discrepancies between the calculated and experimental
P(H) curves. However, some local heterogeneities in the atom distribution might also be
responsible for these deviations. In fact, all of these effects are finally taken into account
by theo-parameter, which simulates any broadening of the individual lines.

As no clear statement has been given to date regarding the C incremvéfgs, relative
to the first and second interstitial neighbours of one Fe atom, we took into account the
previous study by Cadevillet al on disordered splat-quenched Eeélloys withx < 0.05
[4]. These alloys were observed as a mixture of ‘cubic massive and tetragonal martensites’,
but the authors concluded that the two kinds of phase were equivalent as regards their
microscopic properties, as long as the local environment of the C atom is involved. The
resistivity and hyperfine fields were not sensitive to the simultaneous presence of the two
phases.

The relative abundance of the various subspectra resulting from the deconvolution of
these splat-quenched alloy spectra up: te 0.05 appear to be in perfect agreement with a
statistical distribution of C atoms in the Fe lattice (see table 4). The Fe species assignment
and therefore also the two incremem{$ic; are provided by the comparison between the
experimental abundance of the subspectra and their theoretical probabilities calculated for
the three Fe neighbourhoods associated with a statistical distribution of the C atoms on
the octahedral sites O Within the range of the experimental errors, the following field
increments can be deduced:

AHc: = —58+ 6 kOe
AHC,Z =414+ 2 kOe

One must emphasize that, whether the phases are b.@c.b.c.t.«’, the important
point is that the deformation of the octahedral sites be identical in the two cases. This
allows the determination of the first- and second-C-neighbour disturbances, which can be
used subsequently in the case of any martensite. The hyperfine fields assigned to Fe I
and Fe Il are respectively equal #(0) + AHc 1 or H(O) + AHc 2 (272+ 6 kOe and
344+ 2 kOe), corroborating the validity of the additivity for low C contents. Although
theseA Hc ; increments are not obtained from tRéH) simulations as for the substitutional
elements, the values58 and+14 kOe provide the correct order of magnitude for the
A Hc; parameters initiating th® (H) martensite simulation procedure. In the last stage of
the simulation, they were refined, limited by the uncertainties given above. It must be noted
that Cadevilleet al [4] have more indirectly assigned the various fields to the four equatorial
and two axial possible C positions on the basis of the slopes of the curves representing the
various subspectral abundances, as a function of the C content. The slope of the curve
attributed to the Fe Il species is twice that of the curve attributed to the Fe Ill species, as
could be expected from the corresponding probabilities, or from the abundances reported in
table 4. For all types of solute, the perfect agreements between the mean experimental field
(H.x,) and the mean theoretical field,,.,) confirm the reliability of the method, leading
to, on the one hand, the field increments, and, on the other hand, the alloy compositions.



Solute distribution in an M50 steel 4939

4.2. Structural study of the M50 steel in its annealed and quenched states

The M50 steel in its most complex state can be considered as a combination of the effects
of substitution by three metallic atomic species and carbon interstitials. Moreover, up to
now, no quantitative simulations of the hyperfine-field distributions have been performed.
Consequently, it appeared essential to first define the steel structure in the ferritic state,
where interstitial atoms can be neglected, and where the validity oPtf#) simulation
methodology can be more clearly tested. Furthermore, after quenching from v@&rjous
temperatures, the fraction of metallic substitutional elements in the Fe matrix is known to
increase in accordance with the carbide dissolution, so the ferrite (the annealed state) appears
as the reference state, characterized by a lower substitution rate as compared to that for the
guenched martensitic states. The superimposed effect of interstitial carbon complicates the
analysis, and we must not forget the increase in the fraction of the substitutional element.
That is why a study of the martensite will follow that of the ferrite.

4.2.1. Ferrite. The Mossbauer spectrum (figure 3) shows a broadened sextuplet consistent
with the iron lattice substitution, and a paramagnetic peak of relative abundance equal to
4.8% for the whole spectrum, which is attributed to the Fe-substituted paramagnetic carbides
[1]. The corresponding matrix hyperfine-field distributi®(H),,, (figure 4) exhibits, in
addition to the main peak corresponding to undisturbed Fe neighbours, two satellite peaks
relevant to the Fe neighbourhood disturbed mainly by the first and second solute neighbours.
Their relative abundance of 30.7% is consistent with a solute content trapped within the
matrix of 2.5 at.%, on the assumption of a statistical solute distribution.

Table 7. Compositions of the matrix (ke,—,—.Cr,Mo,V_)C, of the M50 steel for the ferrite
F (the annealed state) and the martensite M, quenched from various temperatures.

u(Cr) y(Mo) z(V) x(C) o

F 0.017£0.002 0.005£0.002 0.003£0.002 — 6+ 0.3
M, 1273 K 0.049+0.003 0.005+0.002 0.003:0.002 0.018:0.004 7.5+0.5
M, 1373 K 0.050+ 0.003 0.01G:0.002 0.004:0.002 0.025:0.005 84+0.5
M, 1423 K 0.053+ 0.003 0.013+0.002 0.005:0.002 0.035£0.005 8.5+0.5

The best agreement betweiH).., and the distribution simulation leads to different
specific atomic contributions:.@17+ 0.002 Cr, 0005+ 0.002 Mo, Q003+ 0.001 V (see
table 7, and figure 4). Compared to the nominal Cr, Mo, and V composition, these results
assess the more important relative amount of Cr in the matrix, in agreement with its less
pronounced effect on the carbide former. Just as for the binary alloysy-frerameter,
which is equal to ® + 0.3 kOe, involves the effects of and ¢ on the higher shells.
This value, close to those of the binary alloys, attests to the fraction of foreign atoms in
this multi-component combination remaining in the same composition range as that for the
binary alloys, and to the fact that tide ande-disturbances are still small. The experimental
crystalline parametewrj of the ferrite was found to be equal t02869+ 0.0001 nm [11].
This small increase relative to the value tofFe is in agreement with the substitution for the
Fe atom of bigger onesd, = 0.124 nm,r¢, = 0.125 nm,ry = 0.132 nm,ryo = 0.136 nm).
Referring to the work of Bowmaat al [12], we then refined the curve representing the bcc
iron parameterd) as a function of the Mo content) to a polynomial law:

a = —4.057x 107°x? + 35196 x 10 °x + 0.286 62
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Figure 3. M50 steel Myssbauer spectra at 300 KFigure 4. Hyperfine-field distributions at 300 K.
(®@: experimental points; ——: theoretical curve).(a) Ferrite. (b) Martensite after quenching from 1273 K.
(A) Ferrite. (B) Martensite after quenching from (c) Martensite after quenching from 1373 K. (d) Mart-
1273 K. (C) Martensite after quenching from 1373 K.ensite after quenching from 1423 K.

(D) Martensite after quenching from 1423 K.

For a = 0.2869 nm the calculated Mo content is found to be equal to 0.0088. With the
approximations of a negligible influence of Cr atoms due to their quasi-similarity to the iron
radii, and steric effects from V atoms approaching those of Mo, the sum of the V and Mo
fractions substituted in the b.c.c. iron lattice (0.008) evaluated bgddauer spectroscopy
accords perfectly with this crystallographic approach. Moreover, the resulting theoretical
mean hyperfine fieldH,,.,) = 320+ 1 kOe agrees with the mean experimental hyperfine
field (H,.p) = 321+ 1 kOe, giving additional support to our solute content determination.

4.2.2. Martensite. The gradual dissolution of the carbides as a function of the increasing
austenizing temperature is responsible for the progressive enrichment of the matrix in solutes
and carbon, as manifested by the broadening and the appearance of a shoulder exhibited by
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the Mossbauer spectra (figure 3). Moreover, the central paramagnetic peak resulting from
the residual austenite increases with the austenizing temperatures, while, at the same time,
the Fe-substituted paramagnetic carbide contribution decreases [1].

Figure 4 reveals the on the whole excellent agreement between the calculated and
experimental hyperfine-field distributions for all of the quenched samples. Unlike those
for ferrite, the distributionsP (H).., for martensite are characterized by an increase in
the upper-field-limit values to over 330 kOe, conforming with the perturbafidit: ».

The small discrepancies observed betwé¥i#/).,, and P(H).,, particularly in the low-
field range, can be explained, as mentioned above, by either a small deviation from the
multinomial law, or by the fact that ande were included in a single -parameter.

We can justify our approach in several ways. As was evident in Cadeville’s study,
the most noticeable quadrupole splitting might be for the Fe Il family, for which the
contribution to the Ndssbauer spectrum is, at most, 7% of the whole spectrum, for zero
metallic substitution wh a C content equal to 0.04. This perturbation, localized at around
272 kOe for zero alloying element, appears far below 272 kOe for the substituted Cr, Mo,
V steel. It would be far-fetched to take into account such electrical perturbations localized
in the P (H) tail, where the experimental accuracy is at its lowest. Furthermore, the electric
field gradients caused by the alloying elements depend on the relative atomic positions, and
can compensate the electric field gradient from its first neighbour experienced by the Fe
nucleus.

Table 7 makes it clear that, after the austenizing at 1373 K, Cr carbide dissolution is
complete up to a Cr atomic conten Equal to 0053+0.003. However, the slight difference
from the nominal common commercial composition may just be for the specific commercial
batch studied here. The Mo atomic conteyjti( the matrix reaches.013+0.003 at 1423 K,
in relation with the Mo carbide dissolution which starts at 1273 K fggQvand at 1373 K
for M,C. From 1273 K up to 1423 K, the V conten) @ppears quasi-constant, owing to its
low value. The concomitant C insertion)( equal to 0035+ 0.005 at 1423 K determined
from the 1423 K quenched spectrum, lies near to the nominal C conteatd(04).

These results are corroborated by x-ray diffraction studies and a scanning transmission
electron microscopy determination [11]. It appears that at 1273 K the majority of the Cr
is dissolved into the matrix. Taking into account the main metallic component M of a
given carbide, the x-ray diffraction patterns show that (Fes®h (M = Cr) is completely
dissolved into the matrix, while (Fe—MJ3 (M=Cr) is not yet dissolved. At 1373 K, the
dissolution of (Fe-MyC (M = Mo) is in progress, and the matrix becomes partially Mo
enriched. At the same time, the content of C inserted into the matrix increases. At 1423 K,
the matrix continues to be slightly enriched in Mo, V, and C, due to the gradual dissolution
of (Fe—M»C (M = Mo and V) initiated at 1273 K.

5. Conclusion

In this paper, a method has been developed, involvingsd¥auer spectroscopy, which
provides a detailed understanding of a given steel, and may later monitor any transformation.
From the hyperfine-field distributio® (H), the natures and fractions of atomic elements
dispersed in the Fe ferromagnetic matrix, either at substitutional or interstitial sites, are
defined. Whatever the values ®fnde, each individual site is detected from its appropriate
hyperfine field, centred on a gaussian line, broadeneé and ¢-effects, and interactions

with higher shells, which are small compared to the magnetic field disturbances. If
any ambiguity appears among the atomic surroundings in such multi-component systems,
in a particular magnetic field area of the(H) distribution, all doubts about the alloy
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composition can be removed using the knowledge ¢f/) values obtained in other areas,
since the analysis was performed throughout the magnetic hyperfine-field domain. This
method can be applied whenever the atomic fraction of each individual elémeri the
low-dilution range &0.05), as long as the steel can be considered as a disordered system,
obeying the multinomial law, with the assumption of independent and additive perturbations
introduced by the foreign atoms into the Fe local hyperfine field. Only neutron diffraction
can localize such different elements. Howevedgbauer spectroscopy can be more easily
implemented. In the special case of the M50 steel, after accurate determination of each
alloying element perturbation, it has been possible to obtain the quantities of Cr, Mo, and V
atoms substituted in the Fe lattice of the ferrite (the annealed state), the remaining fraction
being combined in the carbides. This most simple state stands as a reference state for our
analysis, compared to the more complex case of quenched martensite. In the latter case, the
fraction of foreign elements trapped in the ferromagnetic matrix increases to conform with
the gradual dissolution of the numerous carbides. The maximum fraction of Cr, Mo, V, and
C atoms specifically detected in the present study is reached for an austenizing temperature
of 1423 K if abnormal grain growth is to be avoided. The same analysis could be performed
on tempered martensite in order to follow up the secondary hardening.
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