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Tempering reactions in ternary Fe-2M-0.7C steels (M = Cr, Ni, Mn, Mo, and Si) were studied by
correlative dilatometry and magnetic measurements at room temperature. Magnetic measure-
ments were conducted after tempering at progressively higher temperatures. Based on the
magnitude of demagnetization in the temperature range associated with the tempering stage I
contraction, Mn- and Si-added steels formed the largest and smallest fractions of transition
carbides, respectively. Estimation of the magnetization of paraequilibrium cementite indicated
that Cr, Mn, and Mo reduced the magnetization while Ni increased it. In the presence of Si, the
decomposition of retained austenite and cementite formation were shifted to higher temper-
atures. At temperatures above approximately 723 K (450 °C), the enrichment of cementite with
Mn and Cr significantly reduced the total magnetization. In the Mo-added steel, on the other
hand, the magnetization slightly increased implying the formation of ferromagnetic Mo-rich
carbides. For the Ni- and Si-added steels, the magnetization remained almost constant
indicating minimal redistribution of Ni and Si subsequent to the formation of cementite. The
possibility of analyzing the latter redistribution is one of the main advantages of sequential
tempering and magnetic measurements at room temperature compared to in situ thermomag-

netic measurements.
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I. INTRODUCTION

THERMAL agitation of martensite leads to a num-
ber of aging and tempering reactions. Aging reactions,
collectively termed the zeroth stage of tempering,
include pre-precipitation phenomena such as the redis-
tribution of solute carbon atoms to martensite imper-
fections such as dislocations, boundaries,
sub-boundaries, and interfaces with retained austenite.
The occurrence of these processes has been confirmed b%/
atom probe tomography (APT) investigations.!!™
Another structural change which can occur near room
temperature (RT) is the formation of a modulated
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structure consisting of alternating carbon-rich and
essentially carbon-free regions.*

The tempering stage I involves the formation of
transition carbides with hexagonal (e-carbides)® or
orthorhombic (y-carbides)!® crystal symmetries, the
former being reported more often. In the tempering
stage II, retained austenite in carbon and low-alloy
steels decomposes by transformation to bainite.l”) The
tempering stage III is characterized by the gradual
dissolution of transition carbides and the precipitation
of orthorhombic cementite (6) or monoclinic Hagg ()
carbides.’®) The tempering stage IV, specific to steels
containing carbide-forming alloP/ing elements, involves
the formation of alloy carbides.”

Dilatometry analysis of length changes associated
with tempering reactions is a quick method of studying
tempering reactions.'> ') Due to the difficulty of
obtaining martensitic steels without retained austenite
under practical conditions, the overlap of the expansion
due to the austenite decomposition (stage II) and the
contractions associated with the tempering stages I and
IIT might interfere with the interpretation of dilatometry
results for carbon and low-alloy steels containing
retained austenite.'” In the present study, tempering
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reactions in ternary low-alloy steels are studied by
correlative dilatometry and magnetic measurements at
RT. The latter technique is particularly sensitive to
retained austenite decomposition and partitioning of
alloying elements between carbides and martensite.
Compared to in situ thermomagnetic measurements in
which magnetization is measured during continuous
heating,!'”-1® the present method of tempering at pro-
gressively higher temperatures and magnetic measure-
ments at RT offers the following advantages.
Measurements at RT as the reference temperature
eliminate the need to know the temperature dependence
of magnetization for constituents. Furthermore,
whereas magnetic and thermal systems in thermomag-
netic measurements are integrated and their coupling
might limit the choice of the systems employed, the
introduced method can be applied using dedicated
magnetic measurement and thermal treatment systems.
Even if the same magnetic system is used for both
measurements, the higher magnetization levels at RT
will lead to an enhanced quality of data in the case of
ex-situ measurements at RT. As a result, the present
magnetic method is even applicable to the study of the
redistribution of alloying elements between martensite
and cementite.

II. EXPERIMENTAL METHODS

Ingots of Fe-M-C ternary steels (M denoting Cr, Mn,
Ni, Si, and Mo) and a reference Fe-C binary steel with
the chemical compositions given in Table I were pro-
duced in a cold-crucible induction melting facility.
Ingots were homogenization annealed at 1473 K
(1200 °C) for 2 hours. Final hardening was done by
austenitization at 1273 K (1000 °C) for 10 minutes
followed by quenching in a mixture of brine (10 pct
NaCl) and ice for 3 seconds and subsequently trans-
ferred to a tank of liquid nitrogen at 77 K (—196 °C). A
Zeiss AXIO Scope.Al light optical microscope was used
to confirm the absence of pearlite in hardened speci-
mens. Magnetic measurements were done using a Metis
MSAT device equipped with a Lakeshore 480 fluxmeter
(magnetic field intensity > 3.77 kOe). Three specimens
of each steel with an approximate mass of 3 g and an
approximate thickness of 3.5 mm were used for mag-
netic measurements. The change in the magnetization of
specimens by tempering at progressively higher temper-
atures in the range of 323 K to 923 K (50 °C to 650 °C)

with increments of nearly 50 K was determined by
magnetic measurements at RT. Tempering was done in
a muffle furnace and holding time prior to water
quenching was 5 minutes. Temperature during temper-
ing was monitored by means of a thermocouple attached
to a reference specimen. Temperature equalization of
specimens with the preheated furnace took approxi-
mately 2 minutes. Due to the small thickness of
specimens, through-thickness temperature inhomo-
geneities were neglected. Dimensional changes associ-
ated with tempering reactions were studied during
continuous heating of as-quenched specimens in a
Béahr-DIL805 dilatometer. Dilatometry was also used
to determine the martensite start temperatures. The
holding time at the austenitization temperatures of
1273 K to 1323 K (1000 °C to 1050 °C) was 30 seconds.
Cooling rates to RT were in the range 50 to 80 K/s.
Dilatometry  specimens had a dimension of
3.5 x 3.5 x 10 mm®. Thermo-Calc with the TCFES
database was used for the thermodynamic equilibrium
calculations.

III. RESULTS AND DISCUSSION
A. Hardened State

Figure 1 shows relative length changes during cooling
of alloys from the austenite range. The martensite start
temperatures marked in Figure 1 were determined using
the strain offset method at an offset expansion corre-
sponding to 5vol pct o martensite formation.!"”!
Martensite start temperatures are in the range of
495 K to 526 K (222 °C to 253 °C) confirming that
high martensite fractions could be obtained by the
applied hardening treatment. Metallographic examina-
tion results confirmed the absence of pearlite in all
hardened ternary steels except the 2Ni steel whose
microstructure contained less than 1 vol pct pearlite
which was neglected.

In order to quantify martensite and retained austenite
fractions in hardened specimens, magnetic measure-
ments were performed at RT. Measured mass magne-
tizations of hardened specimens are given in Table II.
The equipment is capable of converting the measured
magnetizations into ferrite/martensite fractions by
dividing them by the expected magnetization of fer-
rite/martensite. The expected magnetization is calcu-
lated by an internal calibration which takes into account

Table I. Chemical Compositions in Mass-Pct

Alloy ID C Cr Mn Si Ni Mo Fe
FeC 0.69 0.025 0.051 <0.005 0.014 <0.005 bal.
2Cr 0.68 2.10 0.050 <0.005 <0.005 0.007 bal.
2Mn 0.70 0.030 2.37 <0.005 <0.005 <0.005 bal.
2Si 0.69 0.019 0.052 2.00 0.015 <0.005 bal.
2Ni 0.71 0.018 0.048 <0.005 2.04 <0.005 bal.
2Mo 0.71 0.019 0.055 0.011 0.013 1.95 bal.

The main substitutional alloying element is highlighted in bold.
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the effect of alloying elements on the magnetization of
pure iron. Nevertheless, the observation of a ferromag-
netic phase fraction of less than 100 vol pct in the case
of pure iron indicated the inaccuracy of the preset
values. Therefore, to exclude errors arising from an
incorrect preset magnetization for pure iron and inac-
curate representation of the effect of alloying elements
on the magnetization of pure iron, the raw magnetiza-
tions were used for the quantification of retained
austenite. The additional advantage of using magneti-
zations is the possibility of incorporating ferromagnetic
phases other than ferrite/martensite, e.g., cementite. The
phase fractions in the hardened specimens were quan-
tified by applying the rule of mixtures in the following
form to the measured magnetizations.

ORT = ORTw X [y + ORT, X [, 1]

In Eq. [1], ort denotes the measured magnetization at
RT; orr and ogrr, refer to the magnetizations of
martensite and austenite at RT, respectively; and f,, and
/, denote the phase fractions of martensite and austenite,
respectively. Due to the paramagnetism of austenite,
orT,, Was replaced with zero. Since f,=1 — f,,, the
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Fig. I—Relative length changes during cooling of steels from austen-
ite range and martensite start temperatures determined by the strain
offset method. Austenitization temperatures and cooling rates from
austenitization temperatures were 1273 K to 1323 K (1000 °C to
1050 °C) and 50 to 80 K/s, respectively.

fraction of austenite can be calculated using the follow-
ing equation:

g
fi=1- oRRTT,' 2]

According to Eq.[2], the knowledge of ogrr. i
essential to the quantification of retained austenite. In
order to estimate ort,, the influence of alloying
elements on the RT magnetization of pure iron, orr pe,
was estimated from linear relationships of the form:

ORT,w = ORT,Fe + XAE X CAE, 3]

where Xg is a coefficient whose sign and magnitude
indicate the efficiency of each mass-pct of the alloying
element AE in changing the magnetization of pure iron,
and C,g indicates the concentration of AE in mass-pct.
The X,g values listed in Table III were obtained from
literature data reporting magnetization values for binary
steels. The magnetization of pure iron was determined to
be 213.5 emu/g which is almost identical to the reported
RT value at an external field of 4 kOe.”® The ORT.'
values calculated by means of Eq. [3], the ort values,
and the retained austenite contents based on Eq. [2] are
given in Table II. Retained austenite contents of all
specimens lie in the range of 4.8 to 6 vol pct.

B. Dilatometry

Coefficients of thermal expansion (CTE,) obtained
from the first derivative of relative length changes
during continuous heating of hardened specimens at a
rate of 0.2 K/s are shown in Figure 2. Due to the
different nature of experiments in dilatometry and
magnetic measurements, it is difficult to define a heating
rate in dilatometry which precisely corresponds to the
isothermal tempering treatments in magnetic measure-
ments. In order to choose an appropriate heating rate in
dilatometry cycles, factors such as heating rate to the
isothermal tempering temperature, holding time at each
temperature, and the interval between tempering tem-
peratures should be taken into account. The basis for
the selection of a heating rate of 0.2 K/s in dilatometry
experiments was our preliminary experiments with
martensitic stainless steels. The absence of the tempering
stage II in stainless steels allows to identify the onset of
cementite formation by dilatometry.”® In magnetic
measurements, on the other hand, the onset of cementite
formation can be readily identified based on the
associated reduction in magnetization.”” By applying

Table II. Measured Magnetizations (6gt) and Retained Austenite Contents in Hardened Steels Calculated based on Expected
Magnetizations in the Fully Martensitic State (orr,)

Alloy ID ORT, €EMU/E ORT,» €MU/E f»» Vol Pct
2Cr 198.5 209.0 5.0
2Mn 198.0 210.7 6.0
2Si 198.0 209.5 5.5
2Ni 204.2 214.4 4.8
2Mo 198.4 209.6 5.4
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Table III. Changes in the Magnetization of Pure Iron by
Alloying Elements

Alloying XaE, emu/g per 1
Element (AE) Mass-Pct AE Reference
Cr —2.12 21
Mn —1.18 22
Si —2.00 23
Ni +0.45 24
Mo —1.98 25
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Fig. 2—CTE, values during continuous heating of hardened steels.
Curves except that for the 2Ni steel are displaced upwards in multi-
ple increments of 0.05 x 1074 K=",

various dilatometry heating rates to martensitic stainless
steels, the range of heating rates corresponding to the
isothermal tempering conditions similar to those applied
in the present work was found to be 0.1 to 0.2 K/s. In
CTE, curves during continuous heating, reactions asso-
ciated with contraction under isothermal conditions
decrease the CTE,. Reactions associated with expansion
under isothermal conditions, on the other hand, increase
the CTE,. Accordingly, the CTE, reduction marked I in
Figure 2 corresponds to the volume contraction accom-
panied by the tempering stage I, which is often
attributed to the formation of transition car-
bides.!'*!%!%26] The second noticeable decrease in the
CTE, values, denoted IIl in Figure 2, marks the
formation of cementite. For all steels except the 2Si,
the temperature range associated with the tempering
stage IIl is almost identical. Delayed formation of
cementite in the 2Si steel is in agreement with the
well-known effect of Si on the formation of paraequi-
librium cementite.!**

The CTE, curves show additional fluctuations, espe-
cially during the tempering stage III contraction. These
fluctuations are most likely due to the expansion
associated with the decomposition of retained austen-
ite" Due to small volume fractions of retained
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austenite, precise identification of the temperature range
associated with the decomposition of retained austenite
is not straightforward. Figure 2 also indicates that with
the exception of the 2Mo steel, CTE, values subsequent
to the tempering stage I1I remain almost constant. For
the 2Mo steel, CTE, values gradually increase at
temperatures above approximately 723 K (450 °C)
implying the occurrence of other types of carbides
induced by the Mo addition.

C. Sequential Tempering and Magnetic Measurements

1. Tempering stages I to 111

Figure 3(a) shows the variation of mass magnetiza-
tions (o-rt) as a function of the prior tempering
temperature. The RT values are equal to those used
for the quantification of retained austenite contents.
Subsequent changes in magnetization could be attrib-
uted to the occurrence of tempering reactions. These
changes are smallest for the Fe-C steel with a mainly
pearlitic microstructure. In order to obtain the values in
Figure 3(a), measured magnetizations were divided by
the mass of specimens prior to sequential tempering and
magnetic measurements. However, possible oxidation
during tempering of specimens decreases the o.rt
values. Additional magnetic measurements using the
Fe-C steel with intermediate polishing between each
tempering and magnetic measurement step indicated the
constancy of magnetization above 673 K (400 °C).
Accordingly, the linear demagnetization of the Fe-C
steel at temperatures above 673 K (400 °C) is best
explained by the occurrence of oxidation and can be
used to exclude the effect of surface oxidation on the
magnetization of ternary steels. The correction was done
by raising the measured magnetizations of the ternary
steels at temperatures above 673 K (400 °C) by incre-
ments of 0.0076 x (T-673) emu/g, where 7T is the
tempering temperature in Kelvin. This offset was
obtained by making a linear fit to the magnetization
values of the Fe-C steel at temperatures above 673 K
(400 °C) and corrects the decreasing magnetization of
the Fe-C steel to an almost constant level.

The corrected magnetizations are shown in
Figures 3(b through f). The approximate temperature
range for the tempering stage II was determined based
on the associated increase in the magnetization level.
The temperature ranges associated with the tempering
stages I and III, on the other hand, were marked based
on a correlation with the dilatometry results. Due to the
lower magnetization of transition carbides compared to
martensite,”” a demagnetization is expected upon the
formation of such carbides in the tempering stage I. The
demagnetization during the stage I tempering depends
on the chemical composition. The largest and smallest
demagnetizations during the stage I tempering occurred
in the case of the 2Mn and 2Si steels, respectively. The
magnitude of stage I demagnetization could have been
influenced by the increase in magnetization due to the
decomposition of retained austenite. In other words,
retained austenite decomposition at low temperatures
could mask some of the demagnetization due to the
transition carbides formation. Due to the retarded
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Fig. 3—(a) Changes in magnetization upon tempering at progressively higher temperatures; (b to f) changes in magnetization after correction for
the effect of surface oxidation. Tempering stages I to III are marked based on a correlation with dilatometry results.

decomposition of retained austenite in the 2Si steel, the
absence of noticeable demagnetization during its stage |
contraction cannot be attributed to the concurrent
decomposition of retained austenite. Therefore, transi-
tion carbides formation is likely suppressed in the 2Si
steel. On this basis, the observed stage I contraction
could be attributed to such phenomena as the segrega-
tion of carbon atoms to martensite defects, a process
also associated with volume contraction.'"! Stage I
contraction without noticeable demagnetization is also a
characteristic of high-interstitial stainless steels.”?” The
constancy of magnetization during stage I contraction
confirms the negligible effect of solute C on the
magnetization of martensite.

At temperatures above approximately 473 K
(200 °C), the tempering stages II and III occur in
parallel with opposing effects on the total magnetiza-
tion. For all steels except the 2Si steel, the increase in
magnetization is interrupted at 573 K to 623 K (300 °C
to 350 °C), suggesting the end of stage II. The rapid
demagnetization of the 2Ni and 2Mo steels between
573 K (300 °C) and 623 K (350 °C) suggests the

METALLURGICAL AND MATERIALS TRANSACTIONS A

ongoing formation of cementite. In the 2Si steel, the
formation of cementite and the decomposition of
retained austenite both occurred at higher temperatures
than the other steels. Although the increase in the
magnetization of the 2Si steel is interrupted at 673 K
(400 °C), the decomposition of retained austenite may
continue into the cementite formation range. However,
the associated magnetizing effect of retained austenite
decomposition can be counteracted by the formation of
a high cementite fraction over a narrow temperature
range. This explains the demagnetization occurring
between 673 K (400 °C) and 823 K (550 °C).
Cementite formation in martensitic steels occurs
under paraequilibrium conditions without partitioning
of substitutional alloying elements. Since the stages II
and III in all steels except the 2Si steel are complete at
673 K (400 °C) and this temperature is low enough to
ensure negligible substitutional partitioning, the magne-
tization values at 673 K (400 °C) were used to estimate
the magnetization of cementite (orT). Due to the
continued formation of cementite in the 2Si steel at
temperatures up to 823 K (550 °C), the 2Si steel was
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excluded from calculations. In order to obtain ogrry
values, the rule of mixtures was applied in the following
form:

7673 7673
ORT = ORTy Xf%/ ORT0 XJg [4]
where of%° denotes the magnetization at RT after

tempering at 673 K (400 °C); ort. represents the
magnetization of martensite; and /7% and f7°”* denote
the phase fractions of martensite and cementite after
tempering at 673 K (400 °C), respectively. Due to the
completion of the tempering stage IlI, transition car-
bides do not appear in Eq. [4]. Since the substitutional
content of martensite does not change after tempering at
673 K (400 °C), ort, values in Eq. [4] were taken from
Table II. The fractions of martensite and cementite after
tempering at 673 K (400 °C) were then determined by
neglectm% the solute C and the C tied up in disloca-
tions!”** %2 and assuming that all C has pre01p1tated as
cementite. Furthermore, this temperature is too low for
the formation of alloy carbides.”*¥] Magnetizations
after tempering at 673 K (400 °C), cementite fractions,
and calculated grt ¢ values are listed in Table IV. Using
an annealed Fe-1.42 mass-pct C binary steel with a
microstructure consisting of ferrite and cementite, the
magnetization of pure Fe;C was estimated to be
130 emu/g, close to the reported values for cementite.
The values in Table IV, which also lie in the vicinity of
130 emu/g, reflect the influence of substitutional alloy-
ing elements in amounts equal to the nominal compo-
sition on the magnetization of cementite. The results
indicate that Mn, Cr, and Mo decrease the magnetiza-
tion of cementite whereas Ni increases it. These results
are in qualitative agreement with the reported effects of
these elements on the ma§netlzdt10n or the Curie
temperature of cementite.!

2. Elemental redistribution between martensite and
cementite

If the tempering temperature is high enough to enable
the diffusion of substitutional alloying elements in both
martensite and cementite, they may redistribute between
phases. The redistribution of alloying elements is gov-
erned by their influence on the free energies of marten-
site and cementite. The thermodynamic calculations in
Table V give the equilibrium partitioning factor, namely
the equilibrium concentration of alloying elements in
cementite divided by their equilibrium concentration in
martensite at 923 K (650 °C). Partitioning factors are
higher than unity for Cr, Mn, and Mo indicating their
preference to partition into cementite. A partitioning

Table IV. Measured Magnetizations after Tempering at
673 K (400 °C) (c757%), Cementite Contents, and Calculated
Magnetizations for Paraequilibrium Cementite (or7,) based

on Eq. [4]
Alloy 1D oS, emu/g fo, Vol Pct ORT,, €MU/E
2Cr 200.5 9.9 122
2Mn 200.9 10.2 115
2Ni 206.2 10.3 135
2Mo 201.2 10.3 128
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factor of 0.3 for Ni, on the other hand, indicates its
preference to partition out of cementite. The partition-
ing factor of zero for Si indicates its insolubility in
cementite.

The elemental redistribution subsequent to the for-
mation of paraequilibrium cementite in martensite
influences the magnetization of both phases. For
instance, in many studies involving the use of APT,
Mn and Cr have been shown to partition into cemen-
tite.?!3 An increase in the solute Mn and Cr
contents of cementite will in turn reduce the magneti-
zation of cementite while increasing that of the marten-
sitic matrix. The net effect of redistribution on the total
magnetization depends on the phase fractions and the
influence of alloying elements on the magnetization of
phases.

The calculations summarized in Figure 4 aim to
demonstrate how the partitioning of Cr between
martensite and cementite in the 2Cr steel can change
the total magnetization with respect to the value at
673 K (400 °C), namely the value before any conceiv-
able redistribution can occur. The calculations show
how the Cr content of martensite, the magnetizations of
martensite and cementite, and the total magnetization
are varied as the Cr concentration of cementite is raised.
It is assumed that the Cr distribution in each phase is
uniform. The increase in the magnetization of marten-
site was calculated based on the coefficient X, in
Table III. The decrease in the magnetization of cemen-
tite, on the other hand, was estimated based on the data
in Reference 36 which imply that the presence of
approximately 12 mass-pct Cr in cementite makes it
paramagnetic at RT. The magnetization of cementite
was assumed to decrease linearly with Cr at a rate of
10.7 emu/g per mass-pct Cr. According to Figure 4, the
total magnetization decreases to 190.6 emu/g as the
average Cr content of cementite increases to
12 mass-pct.

In Figures 3(b, c), the pronounced decrease in the
magnetization of 2Cr and 2Mn steels at temperatures
above 723 K (450 °C) could be attributed to the
partitioning of these elements into cementite. The
partitioning of alloying elements between cementite
and martensite in low-alloy steels has been demon-
strated for specimens tempered 10 hours at 673 K
(400 °C)PY or 2 hours at 723 K (450 °C),*? and to
smaller extent after 5 minutes at 723 K (450 °C).’”) The
critical amount of solute atom in cementite needed to
turn it paramagnetic at RT has been reported to be
somewhere between 8 mass-pct™® and 12 mass-pct!®-3”!
for Cr and 8 mass-pct for Mn.*>*) Although the
smaller rate of demagnetization for the 2Cr steel might
be related to the higher efficiency of Mn in demagne-
tizing cementite, the possibility of partial replacement of
cementite with paramagnetic Cr-rich carbides cannot be
excluded. The latter process would lead to the Cr-de-
pletion of undissolved cementite thereby increasing its
magnetization and decelerating the total rate of
demagnetization.

The magnetization of the 2Ni steel remains almost
constant at temperatures above 673 K (400 °C). This is
in agreement with experimental results®'*? and

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table V. Equilibrium Partitioning Factors for Alloying Elements at 923 K (650 °C) as Calculated by Thermo-Calc

Alloying Element (AE) Cr Mo Ni Si
AE,/AE, 51.0 7.6 0.3 0
T T T T P magnetization of cementite is zero as it forms during
22r thermomagnetic measurements and remains zero at
. 1210 higher temperatures where alloying elements begin to
% =T Joos 3 redistribute. In RT magnetic measurements, on the
8 15l ~ £ other hand, cementite with a low alloy content is initially
E - 1200 ferromagnetic and its gradual enrichment by alloying
% 16k 1195 S elements such as Cr and Mn can be readily confirmed by

g © the associated decrease in magnetization.
Tl 4190 & Due to the availability of the data regarding the
= T120 % influence of common alloying elements such as those in
E 12L lego = the ternary alloys studied in the present work on the
o magnetization of iron and cementite, dynamic
10} 140 microstructural changes during reheating of quenched

0

" " " " " P |
2 4 6 8 10 12
Cr in cementite, mass-%

Fig. 4—Hypothetical calculations demonstrating how the Cr enrich-
ment of paraequilibrium cementite in the 2Cr steel influences the Cr
content of martensite. Concurrent changes in the RT magnetization
of martensite, cementite, and total magnetization are also shown.

thermodynamic calculations in Table V indicating the
weak tendency of Ni to partition into martensite. Mo,
on the other hand, has been reported to partition into
cementite but to a smaller extent than Cr and Mn.1*?
Furthermore, because of the weaker efficiency of Mo in
depressing the Curie temperature of cementite compared
to Cr and Mn,PY the demagnetization upon Mo
partitioning into cementite is expected to be smaller.
In practice, the magnetization of the 2Mo steel slightly
increases at temperatures above 673 K (400 °C). Sup-
ported by the volume expansion at temperatures above
723 K (450 °C) (Figure 2), Mo might have favored the
formation of Mo-rich precipitates of types M,C and
M¢C.P* The secondary hardening effect of Mo in
carbon steels is explained by the occurrence of Mo-rich
M,C carbides.!”’ The absence of demagnetization in the
2Mo steel implies the formation of ferromagnetic
Mo-rich carbides which inhibit the partitioning of Mo
into existing cementite precipitates.

The growth of cementite in Si-added steels is well
known to be associated with the escape of Si into the
surrounding ferritic matrix.[*'! Accordingly, cementite in
the 2Si steel is expected to contain a low Si content as it
forms. Therefore, due to occurrence of Si redistribution
between cementite and martensite during its formation
at temperatures below 823 K (550 °C), the magnetiza-
tion of the 2Si steel remains almost constant at higher
temperatures (Figure 3(f)).

The Curie temperature of cementite is usually lower
than its formation temperature and much lower than
temperatures where elemental redistribution between
cementite and martensite is enabled. This limits the
applicability of in situ thermomagnetic measurements to
the analysis of elemental redistribution because the
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ternary Fe-M-C steels (M denoting substitutional alloy-
ing elements) can be readily studied by the proposed
magnetic method. The applicability of the method to the
study of tempering reactions in engineering steels
containing multiple substitutional alloying elements
depends on the availability of the coefficients expressing
their influence on the magnetization of ferrite and
cementite. Due to the rareness of such data,”*?! a first
approximation would be to treat the effect of coexisting
alloying elements as additive. Alternatively, such data
may be obtained from theoretical calculations.***%

IV. CONCLUSIONS

Tempering reactions in ternary Fe-2M-0.7C steels
(M =Cr, Ni, Mn, Mo, and Si) were studied by correl-
ative dilatometry and magnetic measurements at room
temperature. Differences in the magnitude of demagne-
tization in the temperature range associated with the
tempering stage I contraction indicated differences in the
extent of transition carbides formation in the presence
of different alloying elements; based on the magnitude of
demagnetization, the Mn- and Si-added steels exhibited
the highest and lowest fractions of transition carbides,
respectively. After tempering at 673 K (400 °C), the rule
of mixtures was used to calculate the magnetization of
paraequilibrium cementite. In contrast to Mn, Cr, and
Mo which decreased the magnetization of cementite, Ni
raised it. In the presence of Si, the decomposition of
retained austenite and cementite formation were shifted
to higher temperatures. Subsequent to the formation of
cementite, alloying elements were redistributed between
martensite and cementite. The enrichment of cementite
with Mn and Cr and the gradual decrease in the RT
magnetization of cementite was associated with a
decrease in the total magnetization which became
noticeable at temperatures above 723 K (450 °C). In
the Mo-added steel, on the other hand, the magnetiza-
tion slightly increased implying the formation of ferro-
magnetic Mo-rich carbides. For the Ni- and Si-added
steels, the magnetization remained almost constant
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subsequent to the cementite formation indicating min-
imal redistribution of Ni and Si.
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