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Abstract: The mechanical properties of AISI 4140 steel were studied at different strain rates
(0.167, 0.833, and 1.667 min−1) for various microstructures. To investigate the influence of
microstructure, spheroidizing, normalizing, and quench tempering (single tempered and
double tempered) were used to obtain a range of microstructures and strength levels. To study
the dependences of the mechanical characteristics of AISI 4140 steel on both the strain rate
and the microstructure, tensile tests and microscopic evaluation were performed.

The results showed that not only do the yield and the ultimate strength depend on both
the microstructure and the strain rate but also so does the appearance of the yielding
phenomenon. Also the results showed that an increase in strain rate causes the strain-hardening
exponent n and the strength coefficient K to decrease in both quench-tempered and normalized
structures but has a negative effect on the spheroidized structure. In fact, the sensitivity of the
spheroidized structure to the strain rate is higher than those of the other structures. Microscopic
evaluation proved that the Lüders strain width of the spheroidized microstructure is much
lower, because of its soft ferrite matrix.

Keywords: alloyed steel, strain rate, microstructure, mechanical characteristics, Lüders
strain, yielding phenomenon

1 INTRODUCTION strength to toughness. In this condition the grain
refining of primary austenite grains makes the steel
tougher and stronger [2–5]. The second approachOne of the most utilizable medium-carbon ultrahigh-
paid attention to the dependences of the mechanicalstrength steels in the automotive industries is AISI
properties of AISI 4140 on conventional heat treat-4140 because of its moderate hardenability, good
ment and cyclic heat treatment [6–10]. The resultsstrength, and toughness. Although the alloy can be
showed that the mechanical properties depend strictlyused in many applications, its applications have been
on the heat treatment. In fact, some properties arelimited relative to its potential. With regards to the
enhanced and others are reduced as a result of heatvast applications, many researchers are interested in
treatment. Smoljan [6] applied an appropriate cyclicinvestigating the steel in more detail. According to a
heat treatment and showed that the yield stress andliterature survey, their studies can be divided into five
toughness improved with respect to the results fromapproaches [1–26]. The first approach concentrated
a conventional quenched-and-tempered treatment.on the role of austenite grains in the mechanical
The third approach focused on the elastic propertiesproperties of AISI 4140. In fact, investigators believed
of AISI 4140 [11–13]. Determination of the shear andthat the steel in the quenched-and-tempered con-
Young’s modulus by using ultrasound spectroscopy,dition possesses a fine dispersion of ferrite–cementite
impulse excitation, nanoindentation, and destructivemixture which caused a relatively good ratio of yield
methods were carried out by those investigators. The
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Engineering, Engineering Faculty, Ferdowsi University, PO Box properties of AISI 4140 by using specific equations
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106 M Homayonifar, M Zebarjad, A Sajjadi, and A Saatian

strain rates [14–18]. The presented models give the rate on the mechanical characteristics of AISI 4140
steel. Also attempts were made to clarify the yieldingflow stress of carbon steels as a function of the strain,

strain rate, temperature, and carbon content. The phenomenon mechanism.
fifth approach considered the relationship between
the residual stresses due to heat treatment and the
tensile properties of AISI 4140 [19–23]. The results

2 EXPERIMENTAL PROCEDURE
show that the yield stress and ultimate stress can be
affected by the residual stress. Also it has been proved

2.1 Materials
that the magnitude of the residual stress depends
strongly on the kind of heat treatment. For example AISI 4140 steel was obtained from Yazd Alloying Steel

Complex (Iran-Yazd). The chemical composition ofthe effect of normalizing is greater than the effect of
quench tempering [19]. the used material is summarized in Table 1.

From the literature review performed by the present
authors, it was found that many researchers [1–26]

2.2 Heat treatment
have studied the effect of normalizing, annealing, and
quench-tempering heat treatments on the mechanical Different heat treatment cycles were applied to 12

AISI 4140 steel billets of 20 mm diameter and 100 mmproperties such as the hardness, yield stress, and
tensile stress but there is no evidence of the investi- length. To eliminate the history of the alloys, all

samples were annealed at 815 °C for 20 min. Thengation of the effects of both heat treatment and
strain rate on mechanichal characteristics such as the specimens were cooled to room temperature

in glass wool to achieve a cooling rate of aboutthe strain-hardening exponent n, strength coefficient
K, and strain rate sensitivity m. Also the roles of 1–2 °C/min [3]. Details of the heat treatment cycles

applied to the specimens are summarized in Table 2.both the heat treatment and the strain rate in the
yielding phenomenon has not attracted attention. The spheroidizing heat treatment was applied

to the first three specimens (specimens 1, 2, and 3).Therefore, the main goal of the current study is to
elucidate the effect of normalizing, spheroidizing, The specimens were heated to 750 °C and held in

the furnace for 7 h. Specimens 4, 5, and 6 wereand quench-tempering heat treatments and strain

Table 1 Chemical composition of AISI 4140 steel

Element C Mn Si Cr Mo S P

Amount (wt %) 0.42 0.8 0.4 1.1 0.25 0.03 0.035

Table 2 Heat treatment cycles for the specimens

Spheroidizing Spheroidizing Cooling
Specimen temperature (°C) time (h) condition

1 750 7 Furnace cooled
2 750 7 Furnace cooled
3 750 7 Furnace cooled

Normalizing Normalizing Cooling
Specimen temperature (°C) time (min) condition

4 870 30 Stilled air
5 870 30 Stilled air
6 870 30 Stilled air

Second
Austenitizing First tempering tempering Second
temperature Austenitizing Quench temperature First tempering temperature tempering

Specimen (°C) time (min) medium (°C) time (min) (°C) time (min)

7 855 30 Turbulent oil 620 120 – –
8 855 30 Turbulent oil 620 120 – –
9 855 30 Turbulent oil 620 120 – –

10 855 30 Turbulent oil 430 60 – –
11 855 30 Turbulent oil 180 60 350 60
12 855 30 Turbulent oil 230 30 230 30
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107Dependences of the mechanical characteristics of an alloyed steel

normalized for 30 min at 870 °C and cooled in still air. i.e. 0.167, 0.833, and 1.667 min−1. Table 3 indicates
the different strain rates applied to the heat-treatedA quench-tempered heat treatment was performed

on specimens 7, 8, and 9. The samples were heated samples.
to 855 °C for 30 min and then quenched in agitated
oil; afterwards they were tempered at 620 °C for 2 h. 2.4 Microscopic evaluation
Heat treatment of sample 10 is similar to those of

An Olympus B202 optical microscope and a LEOquench-tempered specimens but its tempering con-
1450VP scanning electron microscope were employeddition is different. It is worth noting that specimens
to examine the microstructures of some heat-treated11 and 12 experienced double-tempering cycles.
samples. The scanning electron micrographs wereThe true reason for choosing this kind of tempering
obtained using the secondary-electron method.was to avoid acceleration of exponential diffusion

phenomena [27]. In fact, for this treatment, after the
first tempering cycle, the specimens were cooled to

3 RESULTSroom temperature and then the second tempering
cycle was applied. To compare the results of low and

The engineering stress–strain curves of spheroidized,high tempering temperatures, specimen 7 was con-
normalized, and quench-tempered specimens (speci-sidered in this stage. Table 2 shows the different
mens 1 to 9) are shown in Fig. 2. The dependencequench-tempering cycles applied to the specimens.
of the tensile behaviour of AISI 4140 steel on both
the strain rate and the microstructure obtained2.3 Tensile tests
by different heat treatment cycles can be observed

Tensile tests were performed on the heat-treated clearly. The mechanical properties such as the yield
specimens according to ASTM Standard E8M-6. stress and the tensile stress in different heat treat-
Figure 1 shows the dimensions of the tensile samples. ment and strain rate conditions obtained from the
The tensile tests were performed using a Zwick stress–strain curves are summarized in Table 4.
250 kN machine. As can be seen from Fig. 2 and Table 4, an increase

To investigate the influence of the strain rate on in strain rate for all specimens in each heat-treated
the stress–strain curve and its parameters, tensile group causes the magnitudes of the yield stress and
tests were carried out at three different strain rates, ultimate tensile stress to increase. The effects of

increasing the strain rate are not the same for all
samples. In fact, when the strain rate was changed
from 0.167 to 1.667 min−1, the yield stresses of
specimens 7, 8, and 9 increase by about 76.56 MPa.
Unlike the above-mentioned samples, the strain
rate does not have a significant effect on the yield
stress of spheroidized samples, i.e. specimens 1, 2,
and 3. Increasing the strain rate from 0.167 to
1.667 min−1 causes an increase of only about
14.07 MPa in the yield stresses of the specimens.
It is interesting that an inverse behaviour occursFig. 1 Dimensions of the ASTM E8M-6 tension test

specimen used. All dimensions are in millimetres for the ultimate tensile stress. In other words,

Table 3 Different strain rates for samples 1 to 12

Specimen Heat treatment Heat treatment condition Tension test strain rate (min−1)

1 Spheroidizing – 0.167
2 Spheroidizing – 0.833
3 Spheroidizing – 1.667
4 Normalizing – 0.167
5 Normalizing – 0.833
6 Normalizing – 1.667
7 Quench tempering Single tempered 0.167
8 Quench tempering Single tempered 0.833
9 Quench tempering Single tempered 1.667

10 Quench tempering Single tempered 0.167
11 Quench tempering Double tempered 0.167
12 Quench tempering Double tempered 0.167
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Also Fig. 2 shows that AISI 4140 steel has a
considerable yield point phenomenon because of
its chemical composition. Although the major
reason for the yield point in AISI 4140 steel is the
presence of interstitial carbon and nitrogen which,
under appropriate conditions, lock the dislocations,
the presence of manganese, silicon, chromium,
molybdenum, sulphur and phosphorus cannot be
ignored. For example, molybdenum behaves like a
carbide former (Mo

2
C); thus it can suppress the

yielding point. However, according to what has been
proposed by other investigators [28–30] the additions
of 0.3–2 wt %Mo has a little effect on the yield
point and silicon acting alone cannot eliminate
the yield point phenomenon particularly for low
silicon additions (less than 25 wt %). The effect of
silicon, acting in conjunction with aluminium is very
interesting. Silicon forms a stable nitride (SiN) and
can be isomorphous with AlN. Both SiN and AlN pre-
cipitate and reduce the role of nitrogen in the yield
point.

With regard to Fig. 2 it can be seen that different
heat treatment cycles change the behaviour of this
phenomenon. The reason for this variation can be
explained easily as follows. On quenching to room
temperature, the solute atoms are frozen in a random

Fig. 2 Engineering stress–engineering strain curves distribution through the matrix, the dislocations are
for specimens 1 to 9 as a function of strain free of solute atmospheres, and the initial yield point
rate. N, QT, and S indicate normalized, quench-

is not present. However, after tempering the super-tempered, and spheroidized samples respectively
saturated lattice, much of the excess solute will be
precipitated, and the dislocations will again becomeTable 4 Mechanical properties of specimens 1 to 9
locked, so that the yield point will appear. On the

Strain rate Yield stress Tensile stress other hand, the act of quench tempering or even
Specimen (min−1) (MPa) (MPa) furnace cooling will in general produce dispersion

precipitates which will ensure that a large fraction ofSpheroidized
1 0.167 381.48 671.28 the dislocations are locked in position by precipitates.
2 0.833 388.12 702.33 This is why the yielding phenomenon can appear
3 1.667 395.55 732.72

after the quench-tempered treatment. The results
Normalized

show that spheroidizing can decrease the Lüders4 0.167 460.26 761.97
5 0.833 476.64 781.55 strain and an increase in strain rate causes this strain
6 1.667 491.59 785.57 to increase [31, 32]. The reason for this variation can

Quench tempered be attributed to the fact that the Lüders extension
7 0.167 749.07 866.33

depends on the microstructure and work-hardening8 0.833 812.98 877.69
9 1.667 825.63 885.46 exponent; since the yield point phenomenon depends

on the stiffness of the material, thus the yield point
and the Lüders strain will be masked as the temper

increasing the strain rate has more effect on the temperature decreases (see Fig. 2 and also Fig. 7
ultimate tensile stresses of spheroidized specimens. later) [31].
So, changing the strain rate from 0.167 to 1.667 min−1 Figure 3 shows the true stress–true strain curves
causes an increase about 61.44 MPa in the ultimate in the work-hardening stage (before necking), for
tensile stress. This increase is only about 19.13 MPa specimens 1 to 9. The engineering stress and strain
for quench-tempered specimens. In the case of were changed to the true stress and strain using [33]
normalized specimens, decoupling the strain rate

e= ln(1+e) (1)increases the yield stress by about 31.33 MPa and the
ultimate tensile stress by about 23.6 MPa. s=s(1+e) (2)
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109Dependences of the mechanical characteristics of an alloyed steel

Fig. 4 Work-hardening part of true stress–true strain
curves for specimens 1 to 9 on a logarithmic
scale. N, QT, and S indicate normalized,
quench-tempered, and spheroidized samples
respectively

approximately follow linear behavior at lower strains
and are deflected near the strain corresponding to
the ultimate tensile stress; however generally they can
be estimated from a linear equation [equation (4)].
The parameters which are determined from Fig. 4 are
shown in Fig. 5 as functions of the strain rate. With

Fig. 3 True stress–true strain curves of specimens 1
to 9 before necking at different strain rate
(0.167, 0.833 and 1.667 min−1). N, QT, and S
indicate normalized, quench–tempered, and
spheroidized samples respectively

where e, s, e, and s are the engineering strain, the
engineering stress, the true strain, and the true stress,
respectively.

There are some equations that can estimate the
relation between the stresses and strains in the work-
hardening stage of stress–strain curves. However,
the homogenous deformation part of stress–strain
curves of many metals and steels can be explained
by a simple power law consisting of the strength
coefficient K and the strain-hardening exponent n
according to

s=Ken (3)

The parameters of the power law, namely n and K,
can be found from log–log true stress–true strain
curves. In these curves the strain-hardening factor n
is the slope of these lines and the magnitude of log(s)
for e=1 equals log(K), as given by

log(s)= log(K )+n log(e) (4)

Figure 4 shows on a log–log scale the homogenous Fig. 5 Dependences of the mechanical characteristics
deformation part of the true stress–true strain curves of AISI 4140 steel on the strain rate after

different heat treatments: (a) K; (b) nof specimens 1 to 9. It can be seen that all curves
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110 M Homayonifar, M Zebarjad, A Sajjadi, and A Saatian

regard to Fig. 5 it can be concluded that the work- m value than high-yield-strength materials such as
the quench-tempered steels.hardening exponent n depends on the microstructure.

In fact, the higher value of n in the spheroidized Figure 7 compares the engineering stress–
engineering strain curves of specimens 10 to 12microstructure can be attributed to coarse carbide

particles which are surrounded by a soft ferrite with specimen 7. All samples have been tested at
the same strain rate condition, i.e. 0.167 min−1. Thematrix.

The flow stress in the homogenous deformation mechanical properties of the specimens, which are
obtained from the engineering stress–engineeringpart of the stress–strain curves can also be estimated

by another equation which relates the flow stress to strain curves, are summarized in Table 5. Figure 8
shows the true stress–true strain curves of quench-the strain rate [33] according to
tempered specimens. To investigate the influence of

s=C(ė)m (5)
quench-tempering condition on stress–strain curve
parameters, i.e. n, K, and m, the homogenouswhere
deformation parts of the true stress–true strain curves
were drawn on a log–log scale (Fig. 9). The summarym=Gq[ log(s)]

q[ log(ė)]H
e,T
#GD[ log(s)]

D[ log(ė)]H
e,T of calculated parameters is shown in Table 6.

=
log(s2)− log(s1)
log(ė2)− log(ė1)

(6)

where m is the strain rate sensitivity parameter and C
is a constant value. The results of the variation in m at
different true strains in the homogenous deformation
part of the stress–strain curves are shown in Fig. 6.
This figure shows that there is considerable difference
between the values of m for the spheroidized, the
quench-tempered, and the normalized specimens. It
can be seen that there is a direct relation between
the strain rate and m for the normalized and the
spheroidized specimens and an inverse relation
for the quench-tempered specimens. The reason
is attributed to the different microstructures and
mechanical properties of the spheroidized and the
normalized specimens from those of the quench-
tempered specimens. It should be noticed that
generally m increases as the yield strength decreases.
Materials with low yield strengths, such as the
spheroidized and normalized steels, possess a higher

Fig. 7 Engineering stress–engineering strain curves of
quench-tempered specimens at a strain rate of
0.167 min−1

Table 5 Mechanical properties of quench-tempered
specimens with a strain rate of 0.167 min−1

Strain rate Yield stress
Specimen (min−1) (MPa) Tensile stress (MPa)

7 0.167 749.07 866.33
10 0.167 1356.32 1471.62Fig. 6 Variation in the strain rate sensitivity parameter
11 0.167 1407.11 1665.67versus true strain as a function of heat treatment 12 0.167 1660.61 1998.23

for AISI 4140 steel
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To clarify the influence of the quench-tempered
microstructure on the stress–strain curves and their
parameters, metallography of the tensile specimens
was performed. The scanning electron micrographs
in Fig. 10 show the microstructures in the centre of

Fig. 8 True stress–true strain curves of quench-
tempered specimens at a strain rate of
1.667 min−1

Fig. 9 True stress–true strain curves of quench-
tempered specimens on a logarithmic scale with
a strain rate of 0.167 min−1

Table 6 Mechanical characteristics of
quench-tempered specimens
with a strain rate of 0.167
min−1

Specimen n K (MPa)

7 0.1499 1372.8 Fig. 10 Scanning electron micrographs of specimens:
10 0.1278 1958.4 (a) normalized specimen; (b) spheroidized
11 0.1191 2590.6 specimen; (c) quench-single-tempered speci-12 0.1441 3396.3

men; (d) quench-double-tempered specimen
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