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Abstract: SAE1010 structural carbon steel, which has a low cost price and wide range of use in the construction in-
dustry, has been studied as dual phase (DP) steel subjected to appropriate heat treatment, and its mechanical proper-
ties have been investigated under various tempering conditions. Intercritical annealing heat treatment has been applied
to the reinforcing steel in order to obtain DP steels with different martensite volume fraction. In addition, these DP
steels have been tempered at 200, 300 and 400 'C for 45 min and then cooled to the room temperature. Mechanical
properties such as tensile strength, yield strength, reduction in cross-sectional area, total elongation, resilience mod-
ulus and toughness have been examined. Furthermore, fractographic examination has been done with scanning elec-
tron microscope (SEM) as well as metallographic examination of the steels. As a result of this study, it is found that
mechanical properties of DP steel have changed according to the hardness and ratio of martensite phase. In addition,
tensile strength, yield strength and resilience modulus of the steels have been reduced. In contrast, the total elonga-

tion, reduction of the cross-sectional area and toughness have been increased.
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For steels, the desirable mechanical properties
are obtained by alloying additions, heat treatment,
controlled cold work, and the like, All of these add
to the cost of the material and hence to that of the
product. Production of steels with improved me-
chanical properties, but at low additional cost is
therefore a matter of practical significance!™. The
most noted achievement of this nature is the high
strength low alloy (HSLA) steelst?,
have permitted the designers to achieve appreciable

These steels

reductions in the weight of cars and the construct
large structures at lower cost. However, the HSLA
steels at hand have not been able to satisfy the de-
signers needs fully. The methods to develop cheap
alternative steels are thus of immediate practical in-
terestt!,

Developed in 1970s dual-phase steels are identi-
fied as a class of HSLA steels designated by a com-
posite microstructure constituted by hard martensite
particles dispersed in the soft ferrite matrix, where
the soft ferrite matrix ensures high formability and
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the hard martensite provides the strengthening
effects’®~*, In addition to the high tensile strength,
dual-phase steels are characterized by continuous
yielding behavior, a low yield stress, favorable yield
strength to tensile strength ratio (approximate 0. 5)
and a high level of uniform and total elongation val-
ue with a high work hardening coefficient. The com-
binations of all these properties make them attractive
for application as very good quality sheet materials
for automotive industries® * "7%1,

The unique combination of mechanical proper-
ties has led the researchers to explore the suitability
of DP steels for structural and constructional purpo-
ses through replacement of pearlite wire, rods and

(10-12]  But, a carefully conducted review of lit-

bars
erature has indicated that reports on improving the
mechanical properties of reinforcing steel by dual-

Addi-

tionally, a study on effect of tempering heat treat-

phase heat treatment are very limitedt'*:'J,

ment on the mechanical properties of these steel
doesn’t exist. The studies performed to determine
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mechanical properties of dual-phase steer ubtained from
reinforcing steel have not cleared the subject enough.
Therefore, further studies on mechanical properties
of DP steel produced from reinforcing steel; espe-
cially for various tempering conditions is needed for
effective use of these steels in construction indus-
try.

In this study, SAE1010 structural carbon steel,
which is the fundamental construction material of
construction industry and wide range of product in
Turkey, has been studied as dual-phase steel by ap-
plying appropriate heat treatment and its mechanical
properties have been investigated for various tempe-
ring conditions.

1 Experimental Procedure

The rounded bar of SAE1010 steel, which is
common construction material in the market and
produced in the steel industry of Turkey such as
Eregli Iron and Steel Factory, were selected for the
present study as a material to produce dual phase
steel. The as-received material was in the form of
12 mm diameter hot rolled bar with a ferrite-pearlite
structure. The chemical composition of the steel is
given in Table 1 (in mass percent).

The critical heat treatment temperatures of the
steel were determined by microscopic examination of
heat treated specimens. Starting at 680 C, the spec-
imens were heat treated in a neutral salt bath for en-
vironmental protection and then quenched in a mix-
ture of ice+water (+1 'C). The procedure was re-
peated at 10 C intervals. From the microscopic ex-
aminations, 730 C and 840 ‘C were found to be suf-
ficiently close to the A, and A, (critical temperatures
of the iron-carbon equilibrium diagram of steel) tem-
above 840 C
temperatures, it was not possible to transform the

peratures, respectively. However,
austenite to martensite effectively due to the low
carbon content of austenite which impaired its hard-
enability. The specimens were heat treated at 730 C
to increase carbon content in austenite phase.

Small specimens of 15 mm in length were cut
out from the as-received material for metallographic
examinations. Tensile specimens were also machined
from the as-received material.

Table 1 Chemical composition of steel %
w(C) w(S)  w(Mn) w(P) w(S) w(Fe)
0.176 0. 231 0. 557 0.011 0.027 Balance

All specimens were heat treated for 20, 40 and
60 min in the intercritical range (730 C) and
quenched in a mixture of ice+water (+1 C). Dura-
tion of austenization treatment was varied to obtain
different martensite volume fraction. All specimens
were tempered at 200, 300 and 400 ‘C for 45 min af-
ter quenching and then left to the room conditions.
In order to distinguish the specimens subjected to varied
heat treatment schedules, they were identified with
code numbers, as described in Table 2.

All the heat treatment cycles were carried out in
a neutral salt bath whose temperature was controlled
at 1 ‘C for atmospheric environmental protection.

Microstructure of the specimens were observed
under light microscope following usual metallo-
graphic polishing and etching with 2% natal (98%
C:H;OH + 2% concentrated HNO; )
Quantitative metallographic techniques were em-

solution.

ployed to determine volume fraction and grain size of
the phases. Grain size and volume fraction of the
phase constituents have been determined by the
method given in ASTM E1120%,

Vickers microhardness measurements were car-
ried out for both ferrite and martensite phase. A
“Leitz” microhardness tester was used under 15 g
load for 15 s loading time. The microhardness values
were obtained by taking 100 hardness measurements
from the center of specimen to the edges.

Tensile tests were conducted using specimens
whose configuration is shown in Fig. 1. The specimens
were pulled at room temperature in a “Hounsfield” Ten-
someter tester with a 50 kN loading capacity at cross-
head speed of 10 mm/min. Load-elongation change

Table 2 Heat treatment schedules for achieving
dual phase microstructure

Specimen Temperature/Duration for Temperature/Duration for

Code austenization treatment tempering treatment
C p— —

D20 730 'C /20 min -

D22 730 'C /20 min 200 'C/45 min

D23 730 'C /20 min 300 'C/45 min

D24 730 'C/20 min 400 'C/45 min

D40 730 C /40 min -

D42 730 'C /40 min 200 C/45 min

D43 730 'C /40 min 300 'C/45 min

D44 730 'C /40 min 400 'C/45 min

D60 730 'C/60 min -

D62 730 'C/60 min 200 C/45 min

D63 730 'C /60 min 300 C/45 min

D64 730 C /60 min 400 'C /45 min
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¢5 mm
¢8 mm

20 mm

Fig. 1 Configuration of the tensile specimen

were obtained with the aid of =y plotter which was
connected to the device during the tensile test. At
least three tensile specimens were tested for each
heat treatment condition and average values were
calculated.

Fracture surfaces of tensile specimens were ob-
served by using Leo Evo 40VP scanning electron mi-
croscope (SEM).

2 Results and Discussion

2.1 Microstructure

Microstructure of the as-received specimen (C)
shown in Fig. 2 reveals that the structure consists of
uniformly distributed pearlite (dark grains) colonies
in an equiaxed ferrite matrix.

Microstructures of DP steels developed by heat
treating for 20, 40 and 60 min at 730 C temperature
and quenching in a mixture of ice+ water are shown
in Fig. 3.

It is observed that heat-treating of C specimen
directly to the intercritical temperature results in the
development of martensite network surrounding fer-
rite grains (Fig. 3). Such morphological distribution
of martensite is commonly termed as ring, chain or

06l Initially, mi-

continuous network of martensite
crostructure of the DP specimens has ferrite and
pearlite. When annealed in the (a+Y) region, aus-
tenite grains are nucleated at the carbide/ferrite inter-

faces, which transform to martensite after quenching.
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(a) D20;

(b) D40;

Fig. 2 Ferrite-pearlite structures being processed to
produce dual phase steel

The ferrite grains appear unchanged from these ob-
servations in the as-received materials. The ferrite
phase did not experience any structural change after
quenching from the austenite-plus-ferrite region. On
the other hand, it is observed on these micrographs
that the volume fraction of martensite phase in-
creased with the increase of duration time of austeni-
zation, Additionally, pearlite phases have been ob-
served around some of martensite grains on each
heat treatment specimen, and pearlite phase sur-
rounding the martensite grains is shown in Fig. 4.
However, the amount of pearlite decreased with in-
creasing the duration time of austenization., Similar
relationship has also been reported by other re-
Searchers[l.IZ‘leG—Z‘i].

The changes on the volume fraction and grain
size of the phases are shown in Fig. 5 and Fig. 6.

It is revealed in Fig. 5 that martensite volume
fraction increases with increasing of austenization
duration. The reason of the increasing of the mar-
tensite volume fraction depends on increasing of aus-
tenization duration which results increasing the amount
of austenitel!"18:25:26]

As seen in Fig. 6, ferrite grain size decreases
while martensite grain size increases to some extent with

(c) D60

Fig.3 Microstructures of dual phase steels
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(a) D20;
Fig.4 Microstructure indicating pearlite grains
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Fig. 5 Variation of the martensite volume fraction
depend on austenization duration
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Fig. 6 Variation grain size of phases with
austenization duration

increasing of austenization duration. Because the
austenite primarily occurs with the transformation of
the pearlite grains. Austenite grains grow while fer-
rite grains sizes decrease due to progress of the
transformation in the ferrite grains. The average
grain size of the phases in the microstructure decrea-

ses due to decreasing of the ferrite grain size,

2.2 Microhardness

The average microhardness values of the two
phases in the specimens are given in Table 3,

As seen in Table 3, the microhardness of the
ferrite phases in the dual-phase specimens higher
than that of as-received specimen. It can be ex-
plained with two ways: first, carbon content in the
ferrite phase increases due to austenization treatment
and then rapid cooling; second, deformation hardening

(b) D40,

(e) D60

Table 3 Microhardness values of the ferrite and
martensite phases in specimens

Specimen Ferrite Martensite
code microhardness (HV) microhardness (HV)
C 157. 6 298. 6 *
D20 249.9 1052.3
D22 222.2 867.1
D23 200.9 714. 1
D24 191.7 520.1
D40 254. 4 926. 3
D42 224.3 781.7
D43 204. 4 651. 8
D44 198.5 504. 4
D60 266.7 832.9
D62 226. 1 758.5
D63 210. 4 621.0
D64 202. 6 468. 6

* Microhardness of pearlite phase

of the ferrite phase occurs depending on austenite
phase transformation to martensite phase during the
rapid cooling!''?*!, Deformation ratio of the ferrite
phase increases with increasing the martensite ratio.
Hence, microhardness of the ferrite phase increases.
The relations between the variations of the austeni-
zation duration-martensite volume fraction and aus-
tenization duration-ferrite microhardness are shown

in Fig. 7 due to clarify this situation.
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Fig. 7 Variation of martensite ratio and ferrite
microhardness with on austenization duration
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The volume fraction of martensite and ferrite
microhardness increase depending on increasing the
austenization duration as can be seen from Fig. 7.
The similarity of this increasing is well suited with
the explanation,

The hardness of the martensite phase varies de-
pending on the applied heat treatment as can be in-
ferred from Table 3. Very same table also shows
that the martensite hardness decreases with increas-
ing the austenization duration, since martensite ratio
increases with the austenization duration. Conse-
quently, carbon ratio in the martensite phase decrea-
ses and this causes decreasing in the martensite mi-
crohardness.

Both ferrite microhardness and martensite mi-
crohardness of the tempered specimens decrease with
increasing of the tempering temperature. In this sit-
uation, decrease in the microhardness of the mar-
tensite phase is an expected result. The reason of
this decrease can be explained by cementite phase
(Fe;C) precipitation and by decrease in the internal
residual stress in the ferrite phase by tempering
treatment, Cementite grains in the ferrite phase are
shown in Fig. 8.

2.3 Mechanical properties

An example load-elongation curve of the speci-
mens obtained from tensile test is shown in Fig. 9
and other specimens also show similar characteris-
tics.

Fig. 9 shows that serrated flow behavior is not
observed on the DP steels, which is one of the char-
acteristics of DP steels during the tensile test. Con-
tinuous yielding in these steels can be due to: (1) the
transformations of austenite to the hard martensite
phase, introducing a high density of mobile disloca-

tions in the adjacent ferrite matrix; and (2) residual
[27.28)

stresses from the martensite grains . The internal

Fig. 8 Optic micrograph indicating cementite grains

D40

D20 D60

Load/kN

Elongation/mm

Fig. 9 Load-elongation curves of steels

stresses in DP steel decrease depending on increasing
of tempering temperature. Hence, the serrated flow
in the yield region of the DP steels can be seen on
the specimen tempered especially at 400 'C, These
serration flows are also observed in other tensile test
specimens.

Average values of the tensile strength (g,..), yield
strength (oy,, ), reduction in cross-sectional area,
total elongation, resilience modulus and toughness
for the specimens are tabulated in Table 4.

It can be understood from Table 4 that tensile
strength, yield strength and resilience modulus of all
dual-phase steels are higher than those of as-received
specimens. Additionally, elongation and reduction
in cross-sectional area values are lower. This can be
explained by occurrence of the martensite phase in-
stead of the pearlite phase in the dual-phase
steelsth 2301 '

When dual phase induced specimens are com-
pared with each other, it is observed that the tensile
strength, yield strength, resilience modulus of the
specimens decrease but the total elongation, reduc-
tion in cross sectional area and toughness values of
them increase depending on increase on the tempe-
ring temperature. If these values are considered ac-
cording to the austenization duration, the results
show that the highest values of tensile strength,
yield strength and resilience modulus and in a paral-
lel manner the lowest values of the total elongation,
reduction in cross sectional area-and toughness val-
ues are obtained for the 40 minutes of austenization
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Table 4 Mechanical properties of specimens

Specimen Omax/ go.2/ Elongation/ Reduction in Resilience Modulus/ Toughness/

Code (N+mm=2) (N»mm?) % Area/% (N« mm~?) (N +* mm™2)
C 455 313 30. 66 65. 21 0. 245 118
D20 827 681 8.56 30. 79 1. 159 65
D22 681 561 11. 72 39.72 0. 786 73
D23 611 466 15. 96 48. 68 0. 542 86
D24 594 423 17.90 57.20 0. 447 91
D40 900 812 7.16 26.74 1. 648 61
D42 758 675 9.32 38. 81 1. 139 67
D43 680 582 11.9 46. 08 0. 846 75
D44 627 534 13.94 54. 04 0.712 81
D60 739 591 11.72 48. 77 0. 873 78
D62 672 519 13.57 51.26 0.673 80
D63 580 452 15. 02 53.73 0.510 81
D64 507 358 19. 56 61. 27 0. 320 85

duration. The lowest martensite volume fraction but
the highest microhardness value of it is observed for
the 20 minute austenization duration. However,
martensite microhardness decreases in spite of in-
creasing the martensite volume fraction for 60-mi-

nute austenization duration.

2.4 Fractography

SEM pigtures of the fracture surfaces for control
and quenched and quenched + tempered specimens
are examined, Table 5 summarizes the fracture fea-
tures of the steels.

General characteristic of the fracture surfaces
for all specimens is transgranular. Control specimen
shows very high rate necking during the fracture of

the specimens, and fracture surfaces show that
transgranular and dimple fracture are the main char-
acteristics of it as expected from low carbon steel,
Fig. 10 (a), (b), and (e).

The control specimens fail in a ductile mode and
there is high rate of plastic flow on specimen fracture
surface prior to breakage occurring along the frac-
ture surface, Fig. 10 (a). This flow causes very tiny
voids to form within the metal grains as shown in
Fig. 10 (b) and (c¢).

voids grow and coalesce until breakage occurs. SEM

As the flow continues these

micrograph at fairly high magnifications, like shown
in Fig. 10 (c), shows remnants of the individual
voids exposed on the fracture surface. The fracture is
often called micro-void coalescence for obvious reasons.

Table S Fracture features of specimens

Specimen Microstructure Fractographic appearance Fracture type
C Ferrite+ pearlite Transgranular, dimples, high rate necking Ductile
. . Transgranular, facet-like appearance, secondary cracks, cleavage, .
D40 Ferrite+ martensite granu R ppearan y & Brittle
very low rate necking
. . Transgranular, low rate facet-like appearance+ dimples, . .
D42 - Ferrite+tempered martensite & ) . pp p Ductile+ brittle
very low rate necking
D43 Ferrite+ tempered martensite Transgranular, dimples, high rate necking Ductile
D44 Ferrite+ tempered martensite Transgranular, dimples, high rate necking Ductile

(a) General view;

(b) Ductile features;

(c) Remnants at voids

Fig. 10 SEM micrograph of C specimen
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If the steel contains small foreign particles they will
often be the site where the voids first formed and
these particles can be seen at the voids on one or the
The
specimens contained enough small sulfide particles

other of the fracture surfaces, Fig.10 (c¢).

as shown in Fig. 11 on the EDS analysis distributed
throughout its volume that many of the voids on the
fracture surface reveal the sulfide particles that
caused them to nucleate during the plastic flow lead-
ing to failure.

The specimen, D40, quenched but not tem-
pered, shows trangranular facet on the fracture sur-
face and proportion of facet is considerably high.
Fig. 12 (a) shows that failure has occurred with lit-
tle to no plastic flow before fracture.

Cleavage fracture surfaces occur and indicate
brittle failure. It is well known that cleavage fracture
can be defined as rapid propagation of a crack along
a particular crystallographic plane, Fig. 12 (b). In
this case, although cleavage is a brittle structure and

(a) General view;

3.0 |

cps

10 15 20
Energy/keV

Fig. 11 EDS analysis of C specimen

the crack precedes in a moderate scale plastic flow
due to existence of ductile ferrite phases.

All tempered samples show ductile failure char-
acteristics on the fracture surface and high rate neck-
ing on the samples. However micro void radius are dif-
ferent for each case, the rate of change of average radius
change according to applied tempering temperature par-
allel to ductility change, Fig. 13 (a), (b) and (¢).

(b) Cleavage features

Fig. 12 SEM micrograph of D40 specimen

(a) D42;
Fig. 13 Fracture surfaces of specimens

3 Conclusions

(1) It is found that the strength of the reinfor-
cing steel could be substantially improved by dual
phase heat treatment.

(2) The results indicated that the dual phase
heat treatment could be applied to low-carbon steel

(b) D43;

(¢) D44

with carbon content higher than 0. 1% and to speci-
mens which have sections larger than 1. 0 mm. But,
a fast cooling rate is the key to the process.

(3) The volume fraction and grain size of pha-
ses in the microstructure of dual phase have changed
depending on austenization duration. The volume
fraction of martensite has increased and the average
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grain size decreased with increasing the austeniza-
tion duration.

(4) The microhardnesses of the ferrite and
pearlite phases in the microstructure of dual phase
have changed depending on austenization duration
Microhardness of the
martensite phase decreases, as the microhardness of

and tempering temperature,

the ferrite phase increases with increasing the aus-
tenization duration. However, microhardness of
both phases decreases with the increase in tempering
temperature.

(5) Serrated flow behavior on the DP speci-
mens is not observed. However, discontinuity oc-
curs in the yield regions of the dual phase steels.

(6) The strength of the dual phase steels ob-
tained has changed depending on microhardness and
ratio of the martensite phases. It is found that the
specimens which are quenched for 40 minutes of
austenization duration show highest values of the
yield strength, tensile strength and resilience modu-
lus but lowest values of total elongation, reduction
of the cross-sectional area and toughness.

(7) The tensile strength, yield strength and
resilience modulus of the dual phase steels decrease,
as the total elongation, reduction of the cross-sec-
tional area and toughness increase.

(8) SEM f{ractographic studies show that
cleavage fracture is observed on the fracture sur-
faces of dual phase induced specimens which are
quenched but not tempered. Fracture features of the
dual phase steels change upon to tempering heat
treatment. The fracture surfaces of the specimens
show that dimple fracture is the increasing dominant
mechanism depending on increasing the tempering
temperature.
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