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Abstract The precipitation behaviors of carbides and Cu
during continuous heating for tempering were investigated in
Cu-bearing medium C martensitic steel by means of dila-
tometry, electrical resistivity, and transmission electron
microscopy. The addition of 1.5 wt% Cu suppressed carbide
precipitation during quenching from 900 °C, resulting in a
large amount of solute C atoms in virgin martensite. The
addition of Cu increased both the finish temperature of e-
carbide precipitation and the amount of g-carbide precipi-
tates during continuous heating. The precipitation of
cementite was retarded and the amount of cementite pre-
cipitates increased by the addition of Cu. Retarded cementite
precipitation in the Cu-bearing steel was attributed to slug-
gish Cu partitioning from cementite particles to the mar-
tensite matrix, the hindrance to the migration of cementite
interfaces by Cu particles, and the slowed diffusions of C and
Fe atoms. Cu precipitation was accelerated by cementite
precipitation because cementite interfaces and the high Cu
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concentration near cementite particles provided nucleation
sites for Cu precipitation. The hardness of the tempered Cu-
bearing steel was higher than that of the tempered Cu-free
steel at the temperatures of over 300 °C due to both Cu
precipitation hardening and retarded cementite precipitation.

Introduction

The tempering behavior of medium C steel, which has been
used for the mechanical parts of machines and automobiles,
has been extensively investigated because tempering is an
important heat treatment for improving the toughness and
ductility of quenched martensitic steels without a great loss
of strength and hardness [1-9].

The tempering behavior of medium C alloyed steel is
generally divided into four stages depending on the tem-
pering temperature [6-9]. The transition e-carbide first
forms at temperatures ranging from 70 to 240 °C (stage 1),
the decomposition of retained austenite occurs at temper-
atures between approximately 200 and 300 °C (stage 2),
and cementite forms at temperatures ranging from 200 to
450 °C (stage 3) [6, 7]. At higher temperatures, alloying
elements, such as Cr, Mo, W, and Ti, precipitate as fine
alloy carbides at the interfaces of pre-existing cementite
particles and in the tempered martensite matrix, resulting in
the secondary hardening (stage 4) [8, 9].

Non-carbide-forming elements like Cu can also precipi-
tate during the tempering of martensitic steels if their solu-
bilities in the bce matrix are low [10]. The kinetics of Cu
precipitation has been investigated in both low [11-14] and
medium [15] C steels. The isothermal precipitation of Cu in
the bce matrix of low C steels was the fastest at approxi-
mately 600 °C [11, 12], and was greatly accelerated by
tensile strain [13]. Bhagat et al. [14] reported that Cu
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precipitation in low C Ni-bearing steel was completed during
continuous heating to 550 °C at a slow rate of 0.33 °C/s.

Meanwhile, the isothermal precipitation of Cu in med-
ium C steel occurred at the interfaces of cementite particles
as well as in the tempered martensite matrix, and was much
faster than that in low C steel because cementite particles
provided preferential nucleation sites for Cu precipitation
[15]. Regarding Cu precipitation during continuous heating
in medium C steel, there is a report stating that Cu pre-
cipitated during furnace heating to the tempering temper-
atures of over 450 °C [15]. However, the quantitative
evaluation of the kinetics of Cu precipitation occurring
during continuous heating for tempering in medium C
martensitic steel has not been performed.

Alloying elements not only precipitate as alloy carbides or
metals during tempering as above-mentioned, but also affect
the precipitation behaviors of carbides such as e-carbide and
cementite [8, 16—19]. Ti accelerates the precipitation of e-
carbide because fine TiC particles, which already formed at
high temperatures, provide preferential nucleation sites for
the precipitation of e-carbide [16]. Si stabilizes the e-carbide,
delaying the transition from g-carbide to cementite [8]. The
partitioning of alloying elements, such as Si [17-19], Mn
[17, 18], Cr [17], and Ni [17], between the matrix and
cementite particles decelerates the growth and coarsening
rates of cementite particles, retarding the decrease in hard-
ness of tempered martensite. However, there are few reports
on the effects of Cu on the precipitation behaviors of ¢-
carbide and cementite in both low and medium C steels.

Therefore, in the present study we investigated the
kinetics of both carbides and Cu precipitations occurring
during continuous heating for tempering and the effects of
Cu on carbide precipitation during both quenching and
continuous heating in Cu-bearing medium C martensitic
steel by means of dilatometry, electrical resistivity, and
transmission electron microscopy.

Experimental procedure

Two cold-rolled medium C steels with and without Cu,
whose chemical compositions are listed in Table 1, were
used in the present study. Rectangular specimens measur-
ing 1 x 10 x 100 mm® were taken from the cold-rolled
steel sheets, and were solution-treated at 900 °C for 10 min
using a vacuum tubular furnace and then quenched into
water of room temperature to obtain a fully martensitic
microstructure without Cu particles. To confirm the exis-
tence of retained austenite in the solution-treated and
water-quenched 0 Cu and 1.5 Cu steels, X-ray diffraction
(XRD) tests were performed using Fe Ko radiation
(A = 0.1937 nm). The scanning angle (260) ranged from
55°to 130° and the scanning speed was 0.5°/min. The grain

Table 1 Chemical compositions of medium C steels investigated in
this study (wt%)

Steel C Mn Si Cu Cr P S Fe
0 Cu 044 0.75 025 - 0.03 <0.03 <0.035 Bal.
1.5Cu 044 060 021 153 0.11 <0.03 <0.035 Bal

size of prior austenite of the solution-treated and water-
quenched 0 Cu and 1.5 Cu steels was similar to be
approximately 22 pm [15].

Dilatometric specimens measuring 1 x 3 x 10 mm®
were taken from the solution-treated and water-quenched 0
Cu and 1.5 Cu steels. They were induction-heated up to
700 °C at various heating rates ranging from 0.1 to 50 °C/s to
measure the strain change during continuous heating, and
then cooled to room temperature at 10 °C/s using a dila-
tometer (Theta, Dilatronic III). The values of electrical
resistivity of the solution-treated and water-quenched 0 Cu
and 1.5 Cu specimens were measured as a function of tem-
perature during continuous heating at 0.1 °C/s by a four-
point probe method using an apparatus for electrical resis-
tivity measurement (ULVAC-RIKO, TER-2000). The size
of specimens for electrical resistivity measurement was
1 x 10 x 100 mm® and the specimens were mechanically
polished before resistivity measurement.

Precipitates were examined with carbon extraction replicas
on Ni-grids using a transmission electron microscope (TEM,
JEOL, JEM2100F) attached with an energy dispersive X-ray
spectrometer (EDXS, Oxford, INCA Energy). In order to
investigate the effect of Cu addition on mechanical property,
the hardness values of tempered 0 Cu and 1.5 Cu specimens
were measured five times per each sample in the C scale using
a Rockwell hardness tester, and then were averaged.

Results and discussion
Carbide precipitation during quenching

Figure 1a shows the XRD patterns of both the 0 Cu and 1.5
Cu steels, which were solution-treated at 900 °C for 10 min
and water-quenched. There was no retained austenite in the
two steels because of the relatively high martensitic trans-
formation start (M;) temperatures: 380.4 °C for 0 Cu steel
and 363.1 °C for 1.5 Cu steel. M, temperatures were calcu-
lated using the following equation [20]:

My(°C) = 545 — 330C — 23Mn — 14Cr — 13Ni — 7Si
+ 2Al + 7Co — 5Mo — 13Cu (wt%) (1)
The peak-splitting in XRD pattern of of martensite was

observed in both 0 Cu and 1.5 Cu steels due to its tetrag-
onality (Fig. 1a).
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Fig. 1 a XRD patterns of both 0 Cu and 1.5 Cu steels, which were
solution-treated at 900 °C for 10 min and then water-quenched, and
TEM images showing b cementite (0) and ¢ e-carbide particles, which
formed during quenching from 900 °C in the 0 Cu steel
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The pre-segregation of C atoms and the precipitations of
e-carbide and cementite take place even during quenching
in steels with high M, temperatures, which are referred to
as auto-tempering [6, 21]. As shown in Fig. 1b, the solu-
tion-treated and water-quenched 0 Cu steel exhibited some
precipitates in a row, whose size was 50-100 nm. The
precipitates were identified as cementite particles from the
analysis of a selected area diffraction pattern (SADP),
agreeing with the XRD result (Fig. 1a). The small e-car-
bide particles of approximately 10 nm were also observed
in the solution-treated and water-quenched O Cu steel
(Fig. 1c). This carbide precipitation indicates that auto-
tempering occurred during quenching in the 0 Cu steel.
Meanwhile, the solution-treated and water-quenched 1.5
Cu steel revealed neither cementite nor g-carbide, indicat-
ing that auto-tempering was significantly suppressed by the
addition of Cu. This is most likely due to both the lowered
M, temperature and the slowed diffusions of C [22] and Fe
[23] atoms in the bcc iron with increasing the Cu
concentration.

Precipitations of g-carbide and cementite
during continuous heating

Figure 2a shows variations in dilatometric strain (¢) and its
derivative (de¢/dT) with temperature measured during con-
tinuous heating to 600 °C at 0.1 °C/s in the solution-treated
and water-quenched O Cu steel. The dilatometric curve
shows the contraction twice. The first decrease in dilato-
metric strain occurred between 97 and 186 °C, corre-
sponding to the tempering stage 1, where eg-carbide
precipitates [6]. The second decrease in dilatometric strain
occurred between approximately 220 and 400 °C, corre-
sponding to the tempering stage 3, where cementite pre-
cipitates [6]. These temperature ranges, at which carbides
formed, were consistent with those on the curves of
derivatives of both strain (de/dT) (Fig. 2a) and electrical
resistivity (dp/dT) (Fig. 2b). Meanwhile, the increase in the
(dp/dT) value was observed at temperatures of below
100 °C, as shown in Fig. 2b. This is most likely due to the
clustering of C atoms before the precipitation of e-carbide,
which causes the severe lattice distortion of martensite,
finally increasing the electrical resistivity [5].
Contractions on the dilatometric curve by the precipi-
tations of e-carbide and cementite were also observed in
the solution-treated and water-quenched 1.5 Cu steel. The
first contraction occurred at temperatures ranging from 106
to 211 °C and the second one took place at temperatures
ranging from 242 to 422 °C (Fig. 2c). The amounts of
strain changes by the precipitations of both e-carbide and
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Fig. 2 Variations in a, ¢ dilatometric strain, b, d electrical resistivity, and their derivatives (de/dT or dp/dT) with respect to the temperature of a,
b 0 Cu and ¢, d 1.5 Cu steels with continuous heating temperature at 0.1 °C/s

cementite in the 1.5 Cu steel were greater than those in the
0 Cu steel most likely due to the larger amount of solute C
atoms remaining in the virgin martensite of the 1.5 Cu
steel, which was caused by the suppressed auto-tempering
during quenching from 900 °C.

The abrupt increase in the (dp/dT) value was observed
twice in the 1.5 Cu steel, as shown in Fig. 2d. The first
increase in the (dp/dT) value occurred at approximately
120 °C due to the clustering of C atoms, as was observed in
the 0 Cu steel (Fig. 2b). The second increase in the (dp/dT)
value occurred at approximately 320 °C most likely due to
the clustering of Cu atoms because C clustering was
already completed and cementite precipitation decreases
electrical resistivity [5].

Figure 3a shows the continuous heating precipitation
(CHP) diagrams for both e-carbide and cementite in the 0 Cu
and 1.5 Cu steels. The start and finish temperatures of carbide
precipitation were determined from the slope change on each
(de/dT) curve, which was obtained at a given heating rate.
The critical temperatures of both e-carbide and cementite
precipitations in the two steels were shifted to higher tem-
peratures with increasing the heating rate. Whereas the
precipitation start of e-carbide was not significantly influ-
enced by the addition of Cu, the precipitation finish was

slightly delayed with increasing the Cu concentration.
Meanwhile, regarding cementite precipitation, both start and
finish temperatures increased by the addition of Cu.

The activation energies for the precipitations of e-car-
bide and cementite in both 0 Cu and 1.5 Cu steels were
calculated using a Kissinger method (Fig. 3b) as follows
[24]:

ln;’,:2 =- Rng + const., (2)
where ¢ is a constant heating rate, 7; is the temperature
corresponding to an inflection point on the curve of the
strain-derivative (de/dT), Q is the activation energy for
precipitation, and R is the gas constant, respectively.

The activation energy for the precipitation of ¢-carbide
(120 kJ/mol) in the O Cu steel was similar to that (111 kJ/
mol) in 1.5 Cu steel. These activation energy values were
comparable to those measured by means of differential
scanning calorimetry (111 kJ/mol) and dilatometry (126 J/
mol) in the Fe-1.1 wt% C martensitic steel [21]. The
activation energy value for the precipitation of e-carbide in
the 0 Cu steel was in between the activation energy value
for the volume diffusion of C atoms (80 kJ/mol) in the
martensite matrix and the activation energy value for the

@ Springer
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Fig. 3 a Continuous heating precipitation (CHP) diagrams and
b Kissinger plots of the precipitations of e-carbide and cementite in
0 Cu and 1.5 Cu steels, where ¢ is the constant heating rate, T; is the
temperature corresponding to an inflection point on the curve of the
strain-derivative (de/dT), Q is the activation energy for precipitation,
and R is the gas constant

pipe diffusion of Fe atoms (134 kJ/mol) in the bcc iron
matrix [25].

The activation energy value for cementite precipitation in
the O Cu steel was measured to be 206 kJ/mol, which was
similar to that (203 kJ/mol) in the Fe—1.1 wt% C steel [21]
and was in between the activation energy value for the pipe
diffusion of Fe atoms (134 kJ/mol) [25] and the activation
energy value for the volume diffusion of Fe atoms (251 kJ/
mol) [26] in the bee iron. Meanwhile, the activation energy
value for cementite precipitation (225 kJ/mol) in the 1.5 Cu
steel was higher compared to that (206 kJ/mol) in the 0 Cu

@ Springer

steel, as was expected from delayed cementite precipitation
by the addition of Cu (Fig. 3a).

Because the retardation of cementite precipitation and
the increase in activation energy for cementite precipitation
in the 1.5 Cu steel indicate the slow growth of cementite
particles, the comparative observations of cementite parti-
cles in both 0 Cu and 1.5 Cu steels were performed. The
two steels were continuously heated to 400 °C at the same
heating rate of 5 °C/s, which corresponds to the final stage
of cementite precipitation (Fig. 3a), and their microstruc-
tures are shown in Fig. 4. The size of cementite particles in
the 1.5 Cu steel was smaller than that in the 0 Cu steel, as
was expected. In addition, small Cu particles were
observed in the vicinity of cementite particles in the 1.5 Cu
steel, as shown in Fig. 4b, c.

To investigate the reasons for both the slow growth of
cementite precipitates and Cu precipitation near cementite
particles in the 1.5 Cu steel, the distributions of alloying
elements within a cementite particle were examined with a
carbon replica specimen using the TEM-EDXS. This is
because it is known that the partitioning of alloying ele-
ments between the matrix and cementite particles reduces
the growth and coarsening rates of cementite precipitates
[17-19].

Figure 5a shows an ellipsoidal cementite particle pre-
cipitated in the 1.5 Cu steel, which was continuously
heated to 400 °C at 5 °C/s and then gas-quenched. A line
profile of the Cu concentration within the cementite par-
ticle (Fig. 5b) revealed that Cu atoms were enriched at the
edges of the cementite particle. This implies that Cu atoms
were on the move from the interior of the cementite par-
ticle to the neighboring martensite matrix because the
solubility of Cu within cementite is nearly zero [27]. This
Cu partitioning shows good agreement with the previous
result measured by means of atom probe tomography
(APT) using a pearlitic steel with less than 0.1 wt% Cu,
which was annealed at 550 °C for 5 s and then cold-drawn
[28], and also with the result predicted by the first-principle
calculation [29]. Therefore, the sluggish partitioning of Cu
atoms between the tempered martensite matrix and
cementite particles is thought to reduce the growth rate of
cementite particles.

Si atoms were also segregated to the edges of the
cementite particle as shown in Fig. 5b, indicative of their
partitioning from the interior of the cementite particle to
the adjacent martensite matrix. This Si partitioning is
consistent with the previous results measured in hypoeu-
tectoid steels by means of APT [17-19]. However, the
partitioning of Si atoms between the matrix and cementite
particles is not thought to be responsible for retarded pre-
cipitation of cementite in the 1.5 Cu steel because the Si
partitioning occurred in both 0 Cu and 1.5 Cu steels.
Meanwhile, the partitioning of both Cr and Mn atoms was
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rarely observed in the 1.5 Cu steel (Fig. 5b), although they
are expected to partition from the bcc iron matrix to the
cementite particle [17, 29].

This partitioning of Cu atoms from the interior of the
cementite particle to the adjacent martensite matrix made
Cu-enriched regions near cementite particles, finally
resulting in Cu precipitation in the vicinity of cementite
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Fig. 5 a TEM image showing a cementite (0) particle and a Cu
particle in the 1.5 Cu steel, which was continuously heated to 400 °C
at 5 °C/s, followed by gas quenching, and b the line profiles of the
concentrations of alloying elements within the cementite particle

particles, as shown in Figs. 4b and 5a. The Cu precipitates,
which formed near cementite particles, are considered to
additionally retard the growth of cementite particles by
hindering the migration of the interfaces of cementite
particles. Furthermore, it is thought that the diffusions of C
[22] and Fe [23] atoms, which were slowed by solute Cu
atoms in Cu-enriched regions near cementite particles, also
delayed the growth of cementite particles.

Cu precipitation during continuous heating

Figure 6a shows an isothermal precipitation—time—tem-
perature (PTT) diagram of Cu precipitation in the 1.5 Cu
steel. The diagram was drawn using the Johnson—Mehl—
Avrami (JMA) equation [30], which was obtained from the
isothermal kinetics of Cu precipitation measured using the
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1.5 Cu steel in the previous study [15]. The PTT diagram
shows that the isothermal kinetics of Cu precipitation in the
1.5 Cu steel is accelerated with increasing the tempering
temperature, and is faster than that in low C steel (black
dotted curve in Fig. 6a) [12].

The rule of additivity [31] was used to convert the iso-
thermal kinetics of Cu precipitation (Fig. 6a) to the kinetics
of Cu precipitation during continuous heating using the
following equation.

TCHP

dr
/ P ®)

0
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Fig. 7 Variation in hardness value with temperature in 0 Cu and 1.5
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temperatures and then promptly gas-quenched to room temperature

where 0 is the isothermal holding temperature, t°' " (0) is
the holding time required to obtain a specific volume
fraction as a function of 0, and T is the time required to
obtain the same volume fraction during continuous heating
at a given heating rate.

Figure 6b shows the CHP diagrams of both carbides and
Cu precipitations in the 1.5 Cu steel. The diagrams show
that a small amount of Cu (less than 5 %) precipitated
during cementite precipitation. This is also consistent with
the increase in (dp/dT) value just after the start of
cementite precipitation in the 1.5 Cu steel (Fig. 2d). The
fraction of Cu precipitates rapidly increased with increas-
ing the temperature after the completion of cementite
precipitation.

Figure 7 shows the change in hardness value with
temperature in both 0 Cu and 1.5 Cu steels, which were
continuously heated at 5 °C/s to various temperatures and
then promptly gas-quenched to room temperature. The
hardness values were measured at room temperature using
the quenched specimens. The hardness values of the two
steels gradually decreased with increasing the temperature
due to the tempering of martensite [32], and were similar to
each other until approximately 300 °C due to the insig-
nificant solid-solution hardening of Cu atoms in martensite
[33]. However, when the temperature became higher than
300 °C, the hardness of the 1.5 Cu steel became higher
than that of the 0 Cu steel most likely due to the precipi-
tation hardening of Cu [34, 35] as well as the delayed
cementite precipitation [17-19]. TEM works were
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Fig. 8 TEM images showing
the precipitates of cementite (6)
and Cu in the 1.5 Cu steels,
which were continuously heated
at 5 °C/s to a 300 °C and

b 400 °C and c at 50 °C/s to
700 °C, followed by gas
quenching, and d high
resolution image of Cu particles
in ¢

performed to validate the kinetics of Cu precipitation
predicted from both the CHP diagram and the hardness
result.

When the 1.5 Cu steel was heated to 300 °C at 5 °C/s
and gas-quenched, only cementite particles without Cu
precipitates were observed, as shown in Fig. 8a. When the
temperature arose to 400 °C, both the size and fraction of
cementite particles increased and fcc Cu particles started to
be observed at the interfaces of cementite particles as well
as in the martensite matrix (Fig. 8b). These TEM obser-
vations show good agreement with both the CHP diagram
of Cu precipitation and the hardness result.

It is thought that Cu precipitation at the interfaces of
cementite particles is most likely due to both the high
interfacial energy [36] and Cu-enrichment near cementite
particles and that this interface precipitation of Cu accel-
erated the kinetics of Cu precipitation in the present
medium C steel, as shown in Fig. 6a. Fourlaris et al. [27]
and Wasynczuk et al. [37] also reported that the interfaces
of cementite particles acted as preferential nucleation sites
for Cu precipitation, and that orientation relationships
between fcc Cu particles and cementite (6) particles were

[le]fccCu//[m]ev(Zo)fccCu//@lz)e and  [110]¢..c,//

(010]y, (1T1)gcc//(103),.
Meanwhile, when the 1.5 Cu steel was heated to 700 °C

at the rapid heating rate of 50 °C/s and gas-quenched,

small Cu particles formed near cementite particles
(Fig. 8c). The particles were identified as bcc Cu precipi-
tates from the analysis of the fast Fourier transform (FFT),
as shown in Fig. 8d. The bcc Cu particles are considered to
be coherently precipitated in the tempered martensite
matrix, and they will transform to 9R, 3R, and fcc Cu with
further tempering to minimize the interfacial strain energy
between the particle and the matrix [38].

Conclusions

(1) The addition of 1.5 wt% Cu to a medium C steel
suppressed carbide precipitation during quenching
from 900 °C, i.e., the auto-tempering effect, resulting
in the large amount of solute C atoms in virgin
martensite.

(2) Whereas the addition of Cu did not influence the start
temperature of g-carbide precipitation during contin-
uous heating, it slightly delayed the finish temperature
of e-carbide precipitation and increased the amount of
g-carbide precipitates due to the suppressed auto-
tempering.

(3) The addition of 1.5 wt% Cu delayed cementite
precipitation during continuous heating, resulting in
relatively fine cementite particles. The slow growth of
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cementite particles in the 1.5 Cu steel was due to the
following reasons: the partitioning of Cu atoms from
cementite particles to the martensite matrix, the
hindrance to the migration of cementite interfaces
by Cu particles formed near cementite particles, and
the slowed diffusions of C and Fe atoms.

Cu precipitation in the medium C steel was accelerated
by cementite precipitation because both cementite
interfaces and the high Cu concentration near cement-
ite particles provided preferential nucleation sites for
Cu precipitation. The hardness of the tempered Cu-
bearing medium C steel was higher than that of the
tempered Cu-free steel at the tempering temperatures
of over 300 °C due to both the precipitation hardening
of Cu and retarded cementite precipitation.
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