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The effects of stress on martensite transformation at different continuous cooling rates and the
mechanical response of a medium-carbon high-strength steel were investigated by the
metallographic method, dilatometry, and tensile tests. The results show that the microstructure
consisted of martensite and retained austenite (RA) regardless of whether stress was applied.
The martensite start temperature increased by stress due to additional mechanical driving force.
The amount of martensite increased, while the amount of RA decreased at the same cooling rate
by applying stress. In addition, the martensite laths were refined and variant selection of
martensite orientation was observed by applying stress. Moreover, the tensile strength increased
from about 1470 to 2170 MPa by applying stress because of more martensite and the fraction of
low-angle grain boundaries. The strength improvement with the increase of cooling rate under
stress was larger than that in the specimens without stress.
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I. INTRODUCTION

MARTENSITIC transformation (MT) as charac-
terized by its displacive shearlike nature 1s one of the
important means to strengthen steels."*! In order to
better understand the kinetics of MT, it is necessary to
analyze the martensite start temperature (My).! The M,
is affected by many factors such as austenite grain
- [4-T] [9,10]
size, cooling rate,’™ and allo[ymg element.! For
example, Yang and Bhadeshia™ established a suit-
able equation to describe the strongly dependent rela-
tionship between the Mg and austenite grain size. As
austenite grain size decreases, both the M temperature
and the amount of transformation product at room
temperature decrease.l”’ Nikravesh er al.'® reported that
the M, decreases at lower cooling rate if only martensite
transformation occurs. Capdevila et al!'” revealed the
influence of microalloying elements on the M, and
claimed that when the carbon concentration is lower
(0.1 wt pct), the effect of microalloying elements on the
M, is small, while alloying elements have a greater
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influence on the M, if the carbon content is higher (0.8
wt pct). So far, many empirical relatlonshlg)s and models
have been proposed to predict the M.

At the same time, the effects of deformation on MT
were investigated by many researchers.!'> ¥ It is
reported that the ausforming can decrease the M, refine
martensitic microstructure, and slightly increase hard-
ness of a medium-carbon Si-Al-rich alloy steel.!'®) Other
studies gave similar results. For example, Maalekian
et al'” reported that the M, of a high-carbon low-al-
loyed steel decreases by deformation of austenite. A
decrease in the M is also observed by hot deformation
of Cu-P-Cr-Ni-Mo weathering steels."®! However, few
studies focus on the effect of stress on MT during
continuous cooling and the mechanical response of
medium-carbon high-strength steels. It is certain that
stress affects MT during continuous cooling.!'*="
Hence, the purpose of the present study is to provide
the theoretical reference for the control of martensite
transformation during continuous cooling and mechan-
ical properties of medium-carbon high-strength steels.

II. MATERIALS AND EXPERIMENTAL
METHODS

The tested steel with a chemical composition of
Fe-0.45C-2.03Si-2.81Mn (wt pct) was refined by a
50-kg vacuum furnace. ngh manganese was designed
to stabilize austenite.’'! The refined ingots were hot
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rolled on a 350-mm four-high mill to 12-mm plates.
Cylindrical specimens of 6 mm in diameter and 86 mm
in height for thermal simulation tests were prepared with
hot-rolled plates. Thermal simulation experiments were
conducted on a Gleeble 3500 simulator according to the
procedures in Figure 1. Specimens were first austenized
for 15 minutes at 1000 °C followed by cooling to
ambient temperature at different cooling rates of 1, 5,
and 10 °C/s,respectively, as shown in Figure 1(a). The
specimens are termed N-1, N-5, and N-10, respectively.
A compressive stress of 70 MPa was imposed on another
group of specimens at different continuous cooling rates
to investigate the effects of stress on MT and the
mechanical response of the tested steel (Figure 1(b)).
Specimens were austenized for 15 minutes at 1000 °C
and then cooled to ambient temperature at different
cooling rates under a compressive stress of 70 MPa
during the entire cooling process. The specimens are
termed S-1, S-5, and S-10, respectively. Stress loading
was completed within 3 seconds. In addition, the real
cooling rate was measured by thermocouples. The target
cooling rate was achieved by adjusting the current based
on the difference between the real and target cooling
rates.

Specimens for microstructural observation were pre-
pared by mechanical polishing and etching. Specimens
were first ground with a series of SiC papers of
decreasing granularity followed by polishing with dia-
mond pastes. Then, the specimens were etched with 4 pct
nital for a few seconds to reveal the microstructure. A
Nova 400 Nano field emission—scanning electron micro-
scope (SEM) equipped with electron backscatter diffrac-
tion (EBSD) was used to observe the microstructure and
grain orientation at the acceleration voltage of 20 kV.
To determine the volume fraction of retained austenite
(RA), X-ray diffraction (XRD) experiments were carried
out by a Bruker diffractometer using Co K, radiation
with a wavelength of 1.79 A. The diffraction peaks,
including (200),, (211),, (200),, (220),, and (311),, were
selected for quantitative analysis, and the following
equation was used to calculate the amount of
austenite!*);

1

Vi=y + G(1,/1,) 1]
where V/;is the volume fraction of RA for each peak and
I, and I, represent the integrated intensities of austenite
and ferrite peaks, respectively. The following G values
for each peak are obtained from Reference 22: 2.46 for
L200)/ Iy200)> 1.32 for L 200)/Iy220), 1.78 for Lyao0)/Lya11)s
1.21 for Ia(zu)/]?(zoo), 0.65 for Ia(zn)/]),(zzo), and 0.87 for
Lyo1n/Liy. In addition, tensile tests were carried out
on a UTM-5305 electronic universal tensile tester at
ambient temperature and the strain rate was 4 x 1077
s~!. Three repeated tensile tests were performed for each
test condition and the corresponding average values
were obtained as the final results. The subsize specimens
were prepared in the tensile tests due to the dimension
limit of thermal simulation specimens. This might cause
possible deviation in tensile properties. However, the
tensile properties of different specimens were compara-
ble based on the same sample size.

III. RESULTS AND DISCUSSION

A. Microstructure

Figure 2 gives the typical SEM microstructures of
specimens under different stress states and cooling rates.
According to the classification method, to identify the
microstructure proposed in Reference 23, it can be
observed that the microstructures of all specimens
consist of martensite and RA. Thus, the decomposition
of austenite into ferrite and bainite was avoided at
cooling speeds of 1, 5, and 10 °C/s. The early trans-
formed martensite was autotempered during the cooling
process, which is confirmed from the existence of
concave martensite blocks, as pointed out by the arrows
in the dashed rectangle and enlarged image in
Figure 2(c). In addition, the martensite laths became
finer with the increase of cooling rates regardless of
whether stress was applied. This may be attributed to
the fact that a higher cooling rate cannot provide
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Fig. 1—Schematic of experimental procedures: (a) continuous cooling without stress and (b) continuous cooling with compressive stress.
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Fig. 2—SEM microstructures of different specimens: (a) N-1, (b) S-1, (¢) N-5, (d) S-5, (¢) N-10, and (f) S-10.

sufficient time for the growth of martensite; thus, the
martensite laths are finer compared to those in the
specimen at smaller cooling rates. Moreover, compared
to the specimens without stress, the martensite laths of
specimens with stress were further refined, which is
clearly observed in enlarged images by arrows in
Figures 2(e) and (f). This is because a plastic deforma-
tion was induced by stress due to the lower yield
strength of austenite at high temperature, resulting in
the refinement of original austenite grains. In the
subsequent cooling process, the growth of martensite
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was restrained by the packet and the block martensite
boundaries, the grain boundaries, and the dislocations
in grains, resulting in the formation of finer martensite
laths. Moreover, it is expected that the dynamic recrys-
tallization of austenite and the acceleration of MT
occurred due to the plastic deformation of austenite.
Thus, the microstructure was refined due to the defor-
mation of austenite at high temperature. On the other
hand, more fine martensite forms due to the additional
mechanical driving force and more nucleation sites
induced by stress.
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B. Dilation

Figure 3 illustrates the dilation curves of specimens
under different stress states and cooling rates. The
dilation curves are obtained by measuring the change of
specimen diameters. The dilation curves are the results
of volume shrinkage caused by cooling and dilation
caused by transformation. The amount of dilation is a
function of temperature. A sharp increase in dilation
from point A to B in Figure 4(b) is caused by a
deformation due to the increase of compressive stress
from 0 to 70 MPa. Also, the strains in specimens S-1,
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S-5, and S-10 caused by stress were calculated to be 4.42,
3.95, and 2.32 pct, respectively. According to the
microstructural results (Figure 2), only MT occurred
during continuous cooling. The tangent method was
adopted to determine the M. Thus, the M values of
different specimens were determined and are shown in
Figure 3 and Table I. This indicates that the Mg of
specimens decreases with the increase of cooling rates
regardless of whether stress is applied. More impor-
tantly, at the same cooling rate, applying stress during
continuous cooling results in the increase of the M.
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Fig. 3—Dilation curves of different specimens along the diameter direction: (@) N-1, (b) S-1, (¢) N-5, (d) S-5, (e) N-10, and (f) S-10.
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Total Partition
Min Max Fraction Fraction

I 1 0273879 05 1.000  1.000

Fig. 4—SF of specimens (a) N-10 and () S-10 based on EBSD analysis.

Total Partition
Fraction Fraction
I 1 0303814 0.499999 1.000  1.000

Min Max

Table I. M, Normalized Fractions of Martensite, and Amount of RA in Different Specimens

Specimens N-1 N-5 N-10 S-1 S-5 S-10

M (°C) 261 £ 5 252 £ 4 237 +3 273 £ 7 260 £ 6 245 £3
Martensite (Pct) 60.8 £2 65+3 77.6 £5 70.1 £ 3 77.1 £ 4 83.8£5
RA (Pct) 229+ 3 19.7 £ 2 17.6 £ 2 153+2 93 %1 79 £ 1

The staying time of the specimen in the high-temper-
ature region is longer at a low cooling rate, causing the
growth of austenite grains and the reduction of dislo-
cations and defects in grains.*¥ Moreover, carbon
atoms diffuse more easily at high temperature and it is
difficult to form Cottrell atmosphere. Coarse austenite
grains and less Cottrell atmosphere result in the decrease
of austenite strength. According to Reference 4, the M
increases at a smaller austenite strength. Therefore, the
M is higher at a low cooling rate. Regarding the M,
change at different cooling rates under stress, besides the
preceding reasons, MT is promoted by additional
mechanical driving and more nucleation sites induced
by small deformation at high temperature.” Therefore,
the M increases with the decrease of cooling rate.

The mechanical driving force (AGe.n) induced by
applied stress is comprised of two terms: 7y is the
product of the shear stress resolved along a potential
habit plane by the transformation shear strain, and o¢ is
the product of the normal stress resolved perpendicular
to the habit plane by the normal component of the
transformation strain. Thus,

AGpech = Ty + 08 2]
The dilation strain (¢) for MT is calculated using the
following equations®®:
m

g:A+[(1+A)2sin2y+A2 /2 4]
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where A is the transformation volume change and pa
and py are the densities of the austenite and martensite
phases, respectively. 7(0.22) is obtained in Reference 27.
Thus, ¢ is calculated to be 0.0515.

For uniaxial tension or compression, the resolved
shear and normal stresses can be obtained by consider-
ing Mohr’s circle:

.
=5 018in20 [5]

1
o= izol(l + cos20) [6]
where o is the value of the applied stress (tension or
compression) and 6 is the angle between the specimen
axis and the normal to any potential habit plane.

Therefore, AG .., may be expressed as a function of
the orientation of a transforming martensitic plate:

1 .
AGpech = Eyol sin 20

1
—i—zsol(l + cos26) (tension stress) [7]

1 .
AGpech = 57)01 sin 20

1
- 580'1(1 + cos26) (compressive stress) [8]

Since we are concerned with the plates that form first
(at the M) under the influence of applying stress, it is
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necessary to find the particular orientation that yields a
maximum value of AGech:

dAGmech

qp  —Joicos 20 £ &0, (1 — cos 20) [9]

—S-§

Dilation / pm

260°C

200 400
Temperature / 'C

Fig. 5—Example for the normalized dilation amount of martensite.

Fig. 6—Orientation map of specimens (a) N-10 and () S-10.
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sin20

tan2 = ——— =
an cos 20

j:% 0]

The maximal mechanical driving force is obtained
when tan 20 = =+ y/e is satisfied. Thus, the optimal 6
were calculated to be 37.98 deg (for tensile stress) and
52.02 deg (for compressive stress). The maximal
mechanical driving force (AGecn) Was obtained to be
60.2 J/mol for the compressive stress of 70 MPa.

According to Eq. [11], the angle of / is calculated to
be 37.98 deg because the value of 6 is 52.02 deg. Thus,
the orientation factor m, i.e., Schmid factors (SFs), is
calculated to be 0.48.

m = cosfcos i [11]

where m is the orientation factor and A is the angle
between the stress axis and the shear stress direction
along the potential habit plane. Figure 4 gives the SF of
specimens N-10 and S-10 based on EBSD analysis. The
result demonstrates that the value of SF is increased by
applying stress, and the SF in specimen S-10 is closer to

Color Coded Map Type: Inverse Pole Figure [001]

Ferrite

Color Coded Map Type: Inverse Pole Figure [001]
Ferrite
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the calculated value by theoretical formulas than that in
specimen N-10.

Regarding the M, at the same cooling rate, when
stress is applied on specimens during cooling, the stress
provides additional mechanical driving force of 60.2
J/mol, which induces MT and causes the increase in the
M. At the same time, it has been proved that the M,
increases after ausforming with small strain,’* resulting
in the acceleration of MT. In this study, applying stress
of 70 MPa during continuous cooling led to small plastic
deformation (less than 5 pct strain) because of the low
yield strength of austenite at high temperature. Hence,
the MT is promoted by more nucleation sites induced by
small deformation. Therefore, the M, of specimens S-1,
S-5, and S-10 increases under stress at the same cooling
rate compared with specimens N-1, N-5, and N-10.

Due to the different diameter of specimens before
MT, the dilation amounts in Figure 3 should be
normalized in order to compare the amount of MT at
different stress states and cooling rates. The dilation
amount is the result of the combined effect of expansion
caused by MT and contraction caused by cooling. Thus,
the actual dilation amount of MT is the sum of dilation
and contraction amounts. As shown in Figure 5, point
C to E (Dcg) is the absolute dilation caused by MT. The
dilation amounts were normalized by dividing Dcg by
the diameter of the sample at the M, and the results are
shown in Table I. The normalized dilation represents
the amount of MT. It is observed that the amount of
MT increases with the increase of cooling rates, while
the M decreases. This is because a larger driving force is
provided for MT due to the lower M, at the faster

max = 1.482
1.388
1.300
A24%
1.140
1.068
1.000
0.937

001

(@

001 101 001

(b)

Fig. 7—IPF of specimens () N-10 and (b) S-10.
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cooling rate, resulting in the formation of more marten-
site. On the other hand, a higher degree of supercooling
makes the MT more intense and a higher latent heat is
generated simultaneously, which is beneficial to the
formation of more martensite.”®! Hence, more marten-
site forms at the faster cooling rate.

In addition, more martensite forms by applying stress
at the same cooling rate. The MT is promoted by the
additional mechanical driving force and more nucle-
ation sites with small deformation. Besides, more
martensite with stress at the same cooling rate may be
related to the variants selection under stress. Therefore,
more martensite forms by stress at the same cooling
rate. Regarding the variants selection under stress,
Figure 6 gives the orientation map of specimens N-10
and S-10. Different colors represent the different orien-
tations of grains. It is observed that the orientation
distribution of specimen N-10 is more random, and it
contains more martensite variants, while the variety of
martensite variants decreases and the grain orientation
tends to be consistent with increasing stress from 0 to 70
MPa (specimen S-10). Hence, applying stress makes the
martensite orientation tend to be consistent, resulting in
variant selection.”” ! Figure 7 shows the correspond-
ing inverse pole figures (IPF) of specimens N-10 and
S-10. It is clear that transformation texture develops in
specimen S-10 and the amount of martensite variants
decreases under the effect of stress, indicating the
occurrence of variant selection. Moreover, the orienta-
tion of grains is enhanced by applying stress compared
to that in the specimen without stress. It can be seen that
the (111)//ND increases with imposed stress.

111 111
[001]
max = 2.206 max = 2.811
1.933 2.366
1.694 1.992
1.485 1.677
1.302 1.411
1141 1.188
1.000 1.000
0.876 0.842
101 001 101
111
[001]

max = 1.876 max = 3.423
1.689
1.521
1.370
1.233
1111
1.000
0.900

101 001 101
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Fig. 8—(a) Stress states of specimens without stress at different cooling rates. (b) Stress state of specimen S-1 as an example.

The experiments focus on the effect of stress on MT
during continuous cooling. Thus, it is necessary to
analyze the stress fluctuation on specimens during the
cooling process. Figure 8(a) shows the stress on speci-
mens N-1, N-5, and N-10 during continuous cooling. It
can be seen that the stress on specimens N-1, N-5, and
N-10 was very small and the maximum stress was about
0.5 MPa, meaning the MT of these specimens was not
affected by stress fluctuation. In addition, Figure 8(b)
indicates that the magnitude of stress during continuous
cooling was a constant value vs temperature (70 MPa).
Stress loading was completed within 3 seconds for all
specimens. The maximum temperature decrease was
about 30 °C for S-10, indicating that the difference
between the effect of the stress loading process on
specimens S-1, S-5, and S-10 could be ignored.

C. XRD Experiments

Figure 9 illustrates the diffraction patterns of speci-
mens by XRD experiments. The angles of diffraction
peaks and the integrated intensities were decided using
HighScore Plus software. The volume fractions of RA
were calculated according to Eq. [1], and the average
values of RA were obtained as the final results and are
given in Table I. This shows that the volume fraction of
RA decreases with the increase of cooling rate regardless
of whether stress is applied. In addition, at the same
cooling rate, the amount of RA in specimens with stress
decreases compared to that in specimens without stress.
This is because the microstructure consists of martensite
and RA for all specimens; thus, more martensite means
less RA at ambient temperature in specimens with stress,
which is consistent with the results in dilation.

D. Mechanical Properties

Figure 10 presents the engineering stress—strain curves
of different specimens. The high tensile strength is
attributed to martensite transformation strengthening,
ﬁne-grain strengthening, and dislocation strengthen-
ing.’? ¥ The tensile results indicate that the tensile
strength at the same cooling rate is improved
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Fig. 10—Engineering stress—strain curves of different specimens.
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Boundaries: Rotation Angle
Min  Max Fraction Number Length
— 28 5% 0.226 58344 1.01cm
— 5° 15°  0.106 27333 473 mm
— 15° 180° 0.667 171962 2.98 cm

Boundaries: Rotation Angle

Min  Max Fraction Number Length
— 2° 5° 0.250 68582 1.19cm
— 5°  15°  0.106 29122  5.04 mm
— 15° 180° 0.644 176376 3.05cm

Fig. 11—Distribution of grain boundaries of different specimens: (¢) N-10 and (b) S-10.

significantly by stress compared to that of specimens
without stress. This is because the martensite amount of
specimens with stress is larger than that of specimens
without stress and martensite laths are finer in specimens
with stress, resulting in higher strength in specimens
with stress. In addition, reasons for brittle fracture
characteristics of specimens during tensile tests are as
follows. The microstructure consists of two phases: hard
martensite and soft RA. RA is induced to be martensite
by stress and RA is gradually consumed before yielding
during the tensile test.*>3®! Thus, the microstructure is
basically composed of martensite before yielding, result-
ing in the occurrence of brittle fracture characteristics.
Besides, Figure 11 gives the distribution of grain
boundaries of different specimens. It shows that the
fraction of low-angle grain boundaries increases b_}/
stress, which is also beneficial to the strength.*”!
Moreover, the strength improvement (from about 1990
to 2170 MPa) with the increase of cooling rate was
relatively larger under stress compared with specimens
without stress. This may be attributed to more disloca-
tions and defects in specimen S-10 due to less recovery at
a high cooling rate.

Figure 12 presents the fracture morphology of differ-
ent specimens. It demonstrates that all specimens show
the brittle fracture characterization. Although RA exists
in microstructure, martensite forms during the quench-
ing process and no subsequent tempering process is
followed, resulting in higher dislocation density inside
the martensite grain. Thus, all specimens exhibit brittle

METALLURGICAL AND MATERIALS TRANSACTIONS A

fracture characterization. It is seen that an obvious
cleavage fracture occurs in specimens without stress. In
addition, the size of the cleavage plane is larger in
stress-free specimens compared to that in specimens
with stress. Moreover, a decrease of the cleavage plane is
observed with increasing cooling rates under stress state.
Fracture morphology is consistent with the results of the
tensile test.

IV. CONCLUSIONS

The effects of applying external stress on martensite
transformation and the mechanical response of a
medium-carbon high-strength steel during continuous
cooling were investigated by metallography, dilatome-
try, XRD, and tensile tests. The following conclusions
were obtained.

1. The M was increased by stress due to additional
mechanical driving force. The martensite transfor-
mation was promoted and the martensite amount
increased by applying stress, while the amount of
RA decreased at the same cooling rate.

2. The martensite laths were refined and martensite
orientation tended to be consistent due to variant
selection by applying stress.

3. The tensile strength increased from about 1470 to
2170 MPa by applying stress because of more
martensite and a greater fraction of low-angle grain
boundaries.
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Fig. 12—Tensile fractures of different specimens: (a) N-1, (b) S-1, (¢) N-5, (d) S-5, (¢) N-10, and (f) S-10.
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