International Journal of ISSI, Vol. 19(2022), No. 1, pp. 20-29

Effect of tempering heat treatment on mechanical properties of a medium
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Abstract

This paper has been concerned to investigate in details the effect of tempering heat treatment on mechanical
properties of 35CHGSA heat treatable low alloy steel under ferrite—martensite dual-phase (DP) microstruc-
tures. For this purpose, two sets of ferrite—martensite DP samples containing 6% volume fraction of ferrite
have been developed using step-quench heat treatment processes at 720°C for 5 min holding times with the
subsequent water quenching after being austenitized at 900°C for 15 min. In comparison to the first set of fresh
ferrite—martensite DP samples (marked FDP), the finalized tempering heat treatment has been carried out at
500°C for 60 min only for the second set of tempered ferrite—martensite DP (marked TDP) samples in order
to optimize the strength—ductility combination. Light and electron microscopes have been used in conjunction
with hardness and tensile tests to assess the structure—property relationships of FDP and TDP heat-treated
samples. The experimental results demonstrate that the mechanical properties of FDP heat-treated samples
are significantly increased after tempering heat treatment. The product of tensile strength multiple total elon-
gation has been significantly increased from 2.4 (FDP) to 15.8% GPa (TDP). Moreover, the absorbed impact
energy is sharply increased from 3.5 to 12 J corresponding to the FDP and TDP marked samples, respectively.
These results are rationalized to the fact that the tempering heat treatment modifies the individual mechanical
behavior of ferrite and martensite microphases through influencing the ferrite and martensite hardening vari-
ations. In addition to general softening of martensite hardening from 796 to 459HV10g after tempering heat
treatment, the average ferrite hardness has been surprisingly decreased from 280 (FDP-marked samples) to
207HVS5g (TDP-marked samples).

Keywords: Medium silicon low alloy steel; step-quenching; tempering; ferrite—martensite DP microstructure;
ferrite and martensite hardening variation.

1. Introduction areas in physical metallurgy of advanced high strength
low alloy steels over the past few decades ago [1-10].
Sunil et al. [8] has investigated the mechanical proper-
ties of ferrite-martensite DP steels produced through in-
termediate quenching technique and reporting that the
formation of 50% volume fraction of martensite in con-
junction with the remaining ferrite area have been asso-
ciated with the optimized tensile and impact properties.

Design and development of low alloy ferrite-marten-
site DP steels have been one of the interesting research
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ultra-high strength (UTS > 1000MPa) DP steels can be
developed as the volume fraction of martensite increas-
es in the microstructures. Movahed et al. [10] have con-
cluded that the elongation, tensile strengths and fracture
energy of a low alloy ferrite—martensite DP steel can be
simultaneously increased with increasing the volume
fraction of martensite until the peak values around 50%
martensite and then these mechanical properties are de-
creased with further increasing of martensite in the DP
microstructures.

Rashid et al. [11] have studied the tempering char-
acteristics of various DP steels particularly focusing on
the microstructural changes of ferrite, martensite and
retained austenite (RA) microphases, reporting that the
tempering characteristics of DP steels are quite variable
due to the steel chemical composition and ferrite/marten-
site ratio. Samuel [12] has expressed that the carbide pre-
cipitation can be occurred in the DP steel to various types
and levels depending on the tempering temperature. The
carbide formation starts to precipitate within martensite
when the tempering temperature increases, and so the
martensite becomes less hardenable, resulting lower ten-
sile strength of DP steels [13]. Li et al. [14] has also in-
vestigated the effect of tempering on microstructural and
mechanical properties of a low alloy DP steel, reporting
that the tempering process resulted in the carbide precip-
itation and recrystallization of martensitic areas. Careful
reviewing of relevant literature articles indicates that
in a low alloy ferrite—martensite DP steel, the partially
martensitic phase transformation can be associated with
a significant level of residual stresses and high disloca-
tion density within ferrite and martensite microphases.
It is obvious that the tempering heat treatment can be
used successfully to modify the strength/toughness ratio
of low alloy heat treatable fully martensitic steels [15,
16]. In contrast, the effect of the tempering heat treat-
ment on the structure-property relationships of low alloy
ferrite-martensite DP steels is questionable depending on
the alloying concentration, ferrite and martensite volume
fractions, ferrite and martensite hardening variations, and
of course the tempering heat treatment cycles [17, 18].
Therefore, the present work focuses on the effect of the
tempering heat treatment on the microstructural refine-
ments and mechanical properties of a commercial grade
of 35CHGSA steel under ferrite-martensite DP condition.

2. Materials and experimental procedures
2.1. Steel chemical composition and heat
treatment schedules

The steel used in this investigation was a commercial
grade of hot-rolled 35CHGSA low-alloy, medium-silicon
strap sample with Smm thickness, and the chemical com-
position was given in Table 1. Two sets of ferrite-marten-
site containing samples, called fresh dual phase (FDP)
and tempered dual phase (TDP) samples were prepared
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using the following sequential heat treatment stages: (a)
all of the samples were austenitized at 900°C for 15 min
and then air-cooled (normalized) to room temperature in
order to develop more starting homogeneous microstruc-
tural features in the proposed heat-treated samples; (b)
after reaustenitizing at 900°C for 15 min, the samples
were immediately step-quenched in a molten salt bath
(INaNO, and 1KNO,) at 720°C and soaked isothermal-
ly for holding time of 5 min for partial decomposition
of prior austenite to specific volume fraction of ferrite
microconstituent following with water quenching to
achieve specific volume fraction of martensite from the
remaining prior metastable austenite areas, called FDP
samples; and (c) tempering of second set of ferrite-mar-
tensite DP samples at 500°C for 60 min to optimize the
strength—ductility properties, called TDP ones. These
heat treatment cycles are shown schematically in Fig. 1.

2.2. Microstructural investigation

The metallography of heat-treated samples was car-
ried out on the transverse section relative to hot rolling
direction of as-received strap samples according to the
ASTM: E3 standard [19]. The polished samples were
etched with a 2% nital solution to reveal the various mi-
crostructural features. The volume fractions of ferrite
and martensite microphases were measured using the
point count method according to ASTM: E562 standard
conditions [20]. The microstructural observations were
carried out using an Olympus-PMG3 optical microscope
followed with a TESCAN-MIRA 3-XMU field-emission
scanning electron microscope (FE-SEM) operating at an
accelerated voltage of 15 kV. The Vickers macrohard-
ness measurements with a load of 30 kg were conduct-
ed on the heat-treated samples. The microhardness tests
were also carried out at various locations within ferrite
and fresh/tempered martensite microphases with a load
of 5 and 10 g respectively, being applied for 20 s du-
ration loading time using a Future Tech microhardness
tester machine model FM700. The size and geometry of
samples as well as the testing procedures were in accor-
dance with ASTM: E8 (http://www.astm.org/ Standards/
E8.htm) [21] standards for tension test using an SAN-
TAM STM-150 tension machine with an extension rate
of 10 mm/min. The tensile samples were machined with
a gauge length of 40 mm in such way that the applied
tensile loading axis corresponded to either the rolling di-
rection (RD) or the transverse direction (TD) of the sheet.
The Charpy impact test was carried out at room tempera-
ture. Samples with a cross-section of 10 x 5 mm and a
length of 55 mm were cut to perform impact tests using
a Charpy impact testing machine. A 45° V notch with a
0.2 mm filet radius and a depth of 2 mm was made at the
mid-point along the width of the samples. The absorbed
energy was directly measured from the scale in joules. At
least three samples were fractured for each condition and
the mean values were calculated.
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Table 1. The chemical composition of investigated low alloy medium silicon commercial grade of
35CHGSA steel (in wt%)

C Si Mn P S Cr Mo Ni Ti A" Fe
0.35 1.25 0.89 0.01 0.01 1.18 0.01 0.04 0.03 0.01 Balance
Austenitizing Reaustenitizing
900°C,15 min 900°C,15 min
Salt Bath
720°C, 5 min
Tempering

Temperature

Room

Normalizing

Temperature

Water-Quenching
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Fig. 1. Schematic diagrams indicating the heat treatment cycles used to achieve two sets of fresh and tempered
ferrite-martensite DP samples. FDP: fresh dual phase; TDP: tempered dual phase.

3. Results and discussion
3.1. Microstructural
hardness measurements
3.1.1. Optical micrographs and hardness
data

observations and

Figure 2 shows typical light micrographs of ferrite—
martensite FDP and TDP marked samples in conjunction
with the associated ferrite and martensite microhardness
data. The microstructures of FDP and TDP samples con-
tain the same 6% volume fraction of ferrite (light grains)
with 94% volume fraction of fresh/tempered martensite
(brown areas). For both sets of FDP and TDP samples, the
microstructures are characterized by a mixture of ferrite
and martensite microphases, with the ferritic-type micro-
constituent being revealed by more blocky morphology,
except the packets of laths and parallel alignment of in-
dividual martensitic units are more recovered within the
TDP microstructures. In this way, the ferrite, martensite,
and tempered martensite microphases are indicated by F,
M, and TM symbols, respectively. For more comparison,
the amounts of ferrite and martensite volume fractions
along with the microhardness data of ferrite and marten-
site microphases taken from FDP and TDP samples are
given in Table 2. The average microhardness of ferrite
and martensite microphases are changed from 280 to
207HV5g, and 796 to 459HV10g, with low temperature
tempering heat treatment (from FDP to TDP samples),
respectively. The significant lower in microhardness data
of ferrite and martensite microphases for TDP samples
compared to the associated FDP samples can be due to
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the recovery and restoration of ferrite and martensite
during tempering heat treatment. The ferrite crystals in
FDP samples are much harder than that of TDP ones em-
phasizing that the ferrite grains can be more work hard-
ened due to the higher interaction of more carbon con-
centrated martensite area with the adjacent ferrite area
close the ferrite-martensite interfaces [22]. The phase
transformation of prior austenite to martensite causes a
massive volumetric expansion of much higher than that
of pure FCC to BCC iron phase transformation (8.8%),
which increases the dislocation density within ferrite
area adjacent to the ferrite—martensite interfaces and thus
increases the hardness of ferrite grains. For this ferrite
hardening mechanism, it is a well-known fact that the
austenite to ferrite phase transformation has been asso-
ciated with a considerable compositional changes in the
ferrite and prior austenite microphases [23]. The compo-
sitional changes can be developed by long range diffusion
of carbon and substitutional alloying elements in the fer-
rite and prior austenite areas during SQ holding at 720°C,
causing a considerable higher carbon redistribution in the
remaining metastable prior austenite areas adjacent to the
ferrite grains. These metastable high carbon prior austen-
ite areas can be transformed to high carbon martensite on
the subsequent water quenching, generating a significant
level of dislocation density within adjacent ferrite areas.
On the other hand, a significant level of fine carbide pre-
cipitates can be formed during tempering at 500°C for
60 min causing the reduction in martensite tetragonality
as well as lower dislocation density in the ferrite areas
adjacent to ferrite—martensite interfaces [13, 24]. In fact,
part of solute martensite carbon content can be associated
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to the carbide precipitation, causes the lower hardness of
martensite phase in the TDP samples [14, 15].

The results of Vickers macrohardness measurements
for FDP and TDP samples are compared with each
other in Fig. 3. The Vickers macrohardness value of
606HV30kg was related to hardening response of FDP
samples, while the macrohardness of TDP ones has been
significantly decreased to the number of 429HV30kg
which is 177HV30kg lower than that of FDP ones. The
decrease in hardness of TDP samples is in part due to the
reduction in solute carbon content of martensite during
tempering heat treatment, which increases the toughness

and ductility of hard martensite phase. Careful investi-
gation of ferrite and martensite microhardnesses data
indicates that the ferrite hardness is also surprisingly de-
creased from 280 to 207HV5g which can be responsible
in part to the lower hardness of TDP samples. The de-
crease in ferrite hardness can be fully supported by the
fact that the tempering heat treatment can be related to
the recovery and restoration of dislocated ferrite grains
and also more drastically motivated thermally activated
relaxation mechanism which reduces the accumulation
of transformational residual stresses within ferrite grains
adjacent to the martensite areas [13, 24].

Fig. 2. Light micrographs with the associated locations and values of ferrite and martensite microhardness data taken
from FDP and TDP samples. The microhardnesses measurements are associated with a constant loading force of 5g for
ferrite grains and 10g for martensite and tempered martensite areas. F: Ferrite; M: Martensite; TM: Tempered Marten-

Table 2. Characteristics of ferrite and martensite microconstituents in the FDP and TDP heat-treated samples. The sam-
ples are consisting different hardening data for ferrite and martensite microphases.

Sample Ferrite volume

mark fraction (%) volume fraction (%)

Martensite/tempered martensite

Microhardness data
Ferrite, HV5g Martensite, HV10g

Hardness,
HV30Kg

FDP 6 94
TDP 6 94

606
429

280 796
207 459

570
~
o 540
=
é 510
480
4
2 450
420
£ 390
E 360
330
300

FDP

TDP

Sample marke

Fig. 3. The macrohardening results of ferrite—martensite FDP and TDP samples.
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3.1.2. Electron micrographs

Figure 4 represents typical FE-SEM micrographs of
FDP and TDP marked samples. The general features of
microstructures are almost the same and that the forma-
tion of blocky shaped ferrite grains and martensitic pack-
ets are developed in the same fashion, except that the
packets of martensitic crystals are more recovered and
contain fine acicular carbide particles for TDP samples.
Because of more diffusional rearrangement of iron and
carbon atoms during tempering heat treatment, the mar-
tensitic crystals are recovered and looks like ferrite-car-
bide segregation. This is why in comparison to the asso-
ciated light micrographs of FDP and TDP shown in Fig.
2, a good contrasting resolution can be observed between
ferrite and martensite microconstituents in the tempered
electron micrograph (Fig. 4, TDP). The good contracting
resolution can be rationalized to the fact that these micro-
constituents are different in etching sensitivity causing a
greater topographical contrast between tempered marten-
site and carbide microconstituents in relation to that of
fresh ferrite and martensite microphases developed in the
FDP microstructures. The FE-SEM micrographs of TDP
samples deliberately confirms that a remarkable recov-
ery and restoration of ferrite and martensite crystals are
occurred in the microstructures so that the formation of
fine acicular carbide particles is obvious in a relatively
featureless martensitic area. Another aspect of light and
electron micrographs shown in Figs. 2 and 4 is that the
DP heat-treated schedule utilized in this study has been
associated to the ferrite-martensite DP microstructures
with alternative blocky ferrite grains surrounded with
smaller packets of martensitic crystals in comparison to

direct water quenched fully martensitic microstructures.
This is in good agreement with the fact that for a giv-
en chemical composition of low alloy steel, the forma-
tion of different ferrite-martensite DP microstructures
can be dictated by prior austenite grain boundaries from
which the ferrite evolves during the soaking stage of heat
treatment [25-27]. Therefore, one can expect that the re-
covery and restoration of more defected ferrite and mar-
tensite microphases carbon occurred in the TDP micro-
structures. Of course, two factors of carbide precipitation
into the dislocation and reduction of residual stresses by
lower tetragonality of martensite during tempering heat
treatment are also consequential variable parameters of
tempering process [28].

3.2. Mechanical properties
3.2.1. Tensile behavior

Typical engineering stress-engineering strain curves
corresponding to the ferrite-martensite FDP and TDP
samples are shown in Fig. 5, and so the corresponding
tensile properties have been also summarized in Table 3.
The FDP samples were related to a general brittle me-
chanical behavior, in which these samples showed the ul-
tra-high yield strength (YS) and ultimate tensile strength
(UTS) of 1290 and 1353MPa, respectively, in conjunc-
tion with low value of 1.8% uniform elongation (UE). By
tempering heat treatment, the most of thermal and phase
transformational residual stresses were relieved, and the
ferrite and martensite microphases were softened. There-
fore, the YS and UTS were decreased to values of 960
and 1071MPa, while UE and Total Elongation (TE) were
significantly increased to 8.9 and 14.8% for the TDP

Fig. 4. Selected FE-SEM micrographs of FDP and TDP heat-treated samples. The tempering heat treatment was carried
out at 500°C for 60 min for ferrite—martensite TDP marked samples. Ferrite grains, martensite and tempered martensite
regions are labeled as F, M and TM symbols, respectively.
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marked samples, respectively. Moreover, the strength
difference between FDP and TDP marked samples was
only 282MPa (from 1353 to 1071MPa, respectively). In
fact, with tempering heat treatment, two independently
phenomena can be occurred in the ferrite-martensite DP
microstructures. One is that the carbon concentration of
martensite decreases due to the carbide precipitation [29],
causing lower strength with higher ductility of martensit-
ic microconstituent. The other phenomenon is the recov-
ery and restoration of ferrite grains as a consequence of
lower ferrite microhardness in the TDP samples. The fer-
rite microhardness has been significantly decreased from
280 to 207HV5g emphasizing that the ferrite grains are
associated with lower dislocation density.

For more information, the comparison of TE multiple
UTS data for FDP and TDP samples are shown in Fig. 6
with the other literature reported results for investigated
advanced high strength steel grades. It can be observed
that the tensile properties of TDP marked samples are
much higher than the other advanced high strength steel
grades. More importantly, despite the lower level of YS
for TDP samples compared to FDP ones (Fig. 5, Table
3), the combination of higher strength with good ductil-
ity has been achieved for TDP samples (Fig. 6). These
results indicate that the TDP samples have an optimum
level of tensile properties compared to the other inves-
tigated advanced high strength steels, so that the prod-
uct of TE multiple UTS is significantly increased to the

higher value of 15.8% GPa (Table 3). Light and electron
microstructural observations show that the fresh mar-
tensitic microconstituent formed in the ferrite-marten-
site DP samples leads to a high level of strength with
relatively low elongation (Figs. 2, 4, Table 3). With low
temperature tempering of DP samples, the microhardness
of martensite reduces considerably, while the reduction
in ferrite microhardness is moderately causing the lower
difference between ferrite and martensite microhardness
data in the TDP samples. It is evident that their softening
of martensite reduces the strength because the strength
of FDP samples is mainly determined by the strength
of hard martensite microconstituent. On the other hand,
when the hardness of martensite decreases, the ductility
of TDP samples increases significantly. The brittle be-
havior of FDP microstructures can be due to the prop-
agation of crack in the brittle martensitic matrix causing
sudden failure in the early stage of plastic deformation.
The tempering heat treatment has been associated with
the formation of carbide precipitation within martensite
resulting in the lower tetragonality of brittle martensite
microconstituent. On the other hand, the dislocation gen-
erated within martensite by displacive martensitic phase
transformation is a suitable place for carbide precipita-
tion. With the formation of these particles, the number of
free dislocation ferrite and martensite microphases is re-
duced and therefore the propagation of crack is retarded,
causing a ductile fracture in TDP samples [13].

1600 -

fFDP

S B EE e

Engineering stress (MPa)

g

ot r—7—7——

TDE

0 0.03 0.06

0.09

0.12 0.15 0.18

Engineering strain (mm/mm)

Fig. 5. The engineering stress-engineering strain curves of ferrite-martensite FDP and TDP samples.

Table 3. The average tensile properties of ferrite-martensite FDP and TDP samples. The symbols of YS, UTS, UE,
TE and PSE are corresponding to yield strength, ultimate tensile strength, uniform elongation, total elongation and the
product of tensile strength multiple total elongation, respectively.

Sample mark YS, MPa UTS, MPa UE, % TE, % PSE, GPa. %
FDP 1290 1353 1.8 1.8 2.4
TDP 960 1071 8.9 14.8 15.8
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Fig. 6. The comparison between tensile properties of FDP and TDP samples in conjunction with the other literature re-
ported data for advanced high strength steel grades [14, 15]. The TE and UTS are selected to illustrate the ductility and
strength of advanced high strength steels.

3.2.2. Toughness characteristics

The comparison of absorbed impact energy between
ferrite-martensite FDP and TDP samples has been illus-
trated in Fig. 7. Accordingly, there is a significant dif-
ference between absorbed impact energy of FDP with
TDP samples. For almost a 50% loss in hardness level
from FDP to TDP samples, the absorbed impact energy
is sharply increased from 3.5 to 12 J (about four limes)
corresponding to the impact properties of FDP and TDP
marked samples, respectively. These results are consis-
tent with the literature reporting data indicating that the
clongation and absorbed impact energy are increased
with tempering of fully martensitic low alloy heat treat-
able steels [14, 15]. A ductile matrix phase (ferrite) in
conjunction with a moderately hard phase tempered
(martensite) can play the stress relaxation role to the
crack tip, and consequently the crack propagation can be
retarded resulting in a higher combination of elongation
with absorbed impact energy for TDP samples in com-
parison with that of FDP ones [15, 30, 31], although the
solubility of more than 0.5 wt% of silicon in the inves-
tigated low alloy steel can be related in part to the lower
impact properties [32]. Moreover, as shown in Fig. 2, the
ferrite microhardness for FDP samples is significantly
higher than that of TDP ones. Emphasizing that, the slip
bands and crack propagation can be accelerated within
the hard ferrite grains in the FDP samples. Purring low
temperature tempering heat treatment, the multivariant
carbide particles are formed perpendicular to the crack
growth direction causing lower crack propagation with-
in tempered martensite areas [36]. Moreover, in the TDP
samples, due to the reduction in martensite tetragonali-
ty resulting from tempering heat treatment and also the
reduction in ferrite microhardness, a higher cooperative
plastic deformation behavior of ferrite and martensite
microphases can be developed within the microstruc-
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tures causing a higher absorbed impact energy for TDP
samples.
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Fig. 7. The comparison between Charpy absorbed impact
energy of ferrite-martensite FDP and TDP samples.

3.2.3. Work hardening behavior

For interpreting the work hardening behavior of fer-
rite-martensite FDP and TDP microstructures, it is sig-
nificant to address the deformation response of individ-
ual ferrite and martensite microconstituents formed in
the samples. In this way, the work-hardening behavior
of tensile tested samples was analyzed using the well-
known Holloman equation [33] in its logarithmic form
as following:

(M

where o, g, n, and K symbols are corresponding to
the true stress, true strain, strain-hardening exponent, and
strength coefficient, respectively. In this way, the value of
strain hardening exponent “n” has been used to compare

Ln(c) = nLn(e) + Ln(K)



A. Khajesarvi et al. / International Journal of ISSI, Vol. 19(2022), No.1, 20-29

the work hardening behavior of FDP and TDP samples.
The higher value of “n” is corresponding to the higher
work hardening and more plastic deformation before
necking condition. By plotting the true stress—strain data
for the range of uniform plastic deformation in a logarith-
mic scale, and fitting a linear relationship between these
data, the corresponding strain-hardening exponent and
strength coefficient can be obtained. Accordingly, Fig.
8 illustrates typical plots of Eq. (1) for the tensile data,
and so the associated mean values of strain-hardening
exponent and strength coefficient are given in Table 4.
The plastic deformation response and the corresponding
work-hardening indices of tensile tested samples can be
also examined through the comparative changes in the
amounts of YS and UTS values (i.c., the yield ratio)
[34], and so the data of yield ratio are given in Table 4.
These results indicate that the FDP samples illustrated a
single stage of work-hardening pattern, while the TDP
samples are associated with a double stage of work-hard-
ening pattern. An amount of 0.078 for strain-hardening
exponent with 1883MPa strength coefficient have been
accompanied with an amount of 0.95 yield ratio for FDP
samples. In contrast, the doublet stage of work-harden-
ing is due to the difference in the plastic deformation of
soft ferrite phase with hard-tempered martensite in the
TDP microstructures. The first stage of work-hardening
is related to the plastic deformation of soft ferrite grains

and the second stage corresponding to the simultaneous
plastic deformation of soft ferrite with hard-tempered
martensite microphases. In other words, the ferrite-tem-
pered martensite microstructures resulting from TDP
heat treatment process show a double stage of plastic
deformation behavior in which for the first stage of plas-
tic deformation, the applied stress is somewhat higher
than the YS of soft ferrite grains, but less than the YS
of hard-tempered martensite phase. Therefore, the ferrite
phase in the form of plastic deformation and tempered
martensite in the form of elastic deform are both code-
formed in the first stage of the work hardening pattern,
while in the second stage of work-hardening, both soft
ferrite and hard-tempered martensite phases are code-
formed plastically in the TDP microstructures. These
claims are rationalized by the fact that the TDP samples
illustrated higher strain-hardening exponents in the first
stage of plastic deformation (0.092) in comparison to the
lower strain-hardening exponent if second stage (0.050)
with the associated lower yield ratio of 0.89 compared
to the FDP tensile tested samples. Moreover, the amount
of “K” has been significantly decreased from 1883 to
1248MPa for first stage of work-hardening with tem-
pering treatment. Therefore, the observed higher YS and
UTS of FDP samples in comparison with TDP ones can
be related to the lower work hardening behavior of fresh
ferrite and martensite microphases.

7.6
7.4 -
= FDP
= 72 - _//—
-
? -
TDP
6.8 — y T
-5.5 -4.5 - -2.5
Ln (g)

Fig. 8. The logarithmic plots of Holloman equation applied to the tensile tested stress-strain data of FDP and TDP samples.

Table 4. The average values of strain-hardening exponent (n) and strength coefficient (K) of work hardening pattern
association with the yield ratio of tensile tested samples.

Sample mark Stage [ Stage 11 Yield ratio
n K (MPa) n K (MPa)
FDP 0.078 1883 - - 0.95
TDP 0.092 1248 0.050 1466 0.89

27



A. Khajesarvi et al. / International Journal of ISSI, Vol. 19(2022), No.1, 20-29

4. Conclusions

In the present research work, effect of low tempera-
ture tempering heat treatment on the microstructures and
mechanical properties of a commercial grade of medium
silicon low alloy 35CHGSA steel under ferrite-marten-
site DP microstructres has been investigated. The follow-
ing conclusions have been obtained:

« The ferrite and martensite morphologies and volume
fractions are the same in both of ferrite—martensite
FDP and TDP microstructures. The microstructures
are characterized by a mixture of ferrite and marten-
site microphases, with the ferritic-type microconstit-
uent being revealed by blocky morphology.

« The ferrite and martensite hardness data are quite
variable in the ferrite-martensite FDP and TDP sam-
ples. The average microhardness of ferrite has been
surprisingly decreased from 280 to 207HV5g corre-
sponding to the FDP and TDP hardness data, respec-
tively. The martensite microhardness has been also
decreased from 796 to 459HV 10g after low tempera-
ture tempering heat treatment of FDP samples.

* The tensile properties of TDP heat-treated samples
are significantly increased compared to that of FDP
ones. The product of tensile strength multiple total
elongation of FDP samples is 1.8% GPa, while this
value is significantly increased to 14.8% GPa for TDP
samples.

« The difference between ferrite and martensite micro-
hardness data are significantly decreased from 516 to
252HV corresponding to the FDP and TDP samples,
respectively. The low difference between ferrite and
tempered martensite hardness data in TDP samples
causes ferrite and tempered martensite microphases
are both codeformed plastically, while the ferrite has
been independently deformed plastically in FDP sam-
ples.

« The low value of 3.5 J absorbed impact energy
has been related to FDP samples, while the TDP
heat-treated ones are associated with the value of 12
J absorbed impact energy, about four times higher if
being compared to that of FDP ones.

« The work-hardening behavior of TDP samples is
characterized by a double stage of pattern, while the
work-hardening of FDP ones is linearly involved a
single-stage of pattern. The strain hardening exponent
for the first stage of work-hardening in TDP samples
(0.092) is more than that of FDP ones (0.078), while
the trend in strength coefficient is vice versace. The
strength coefficient of FDP samples (1883MPa) is
more than the TDP ones (1248MPa).
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