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Abstract- -The effect of thermo mechanical processing (TMP) on the mechanical properties of HSLA steel was investigated.
TMP was conducted using a laboratory open die forging machine.Multiaxial forging (MAF) and intercritical annealing
methods were used. TMP is designed to obtain ultrafine grained (UFG) steels. MAF is performed on prismatic shaped
samples up to nine strain forging steps to produce ultra-fine grained (UFG) ferrite-pearlite steel with higher strength as
compare to as received steel.Fine grained (FG) ferrite-martensite dual phases (DP) steel was fabricated by using combined
effect of warm MAF and intercritical annealing. The tensile strength of FG-DP steels was much higher than that of the
coarse-grained (CG) counterpart, and the uniform elongations were significantly enhanced. This steel exhibited the superior
combination of higher strength and more rapid strain hardening compared to those of CG-DP steel was explained in terms of
their specific microstructural features.
Keywords- Thermo mechanical processing, Multi axial forging, ultrafine grained, coarse grained, severe plastic
deformation, Dual phase.

reduction of the car weight resulting from the use of
high strength thinner steel, reducing the fuel
consumption, Increased passenger safety by an
improved crash worthiness [2, 6]. DP steel consists of
a hard phase, typically martensite dispersed in a soft
ferrite matrix obtained by intercritical annealing [67]. Martensite is a supersaturated solid solution of
carbon in ferrite with body-centered tetragonal (bct)
crystal structure. DP steels have attractive mechanical
properties like low yield ratio, high ultimate tensile
strength, high initial work hardening rate, good
uniform elongation for a given ultimate tensile
strength (UTS) and they also have good crash
worthiness [4-8].

I. INTRODUCTION
Thermo mechanical Processing (TMP) involves both
thermal and mechanical Process that defines product
shape,
microstructure
and
properties.
By
understanding the metallurgical refinement occurring
during TMP, the microstructure of the steel can be
modified for the benefit of the final product
properties and application [1]. Addition of microalloy (carbide, nitride or carbo-nitride forming
elements) such as Nb, V, Ti in structural steel and
strip steel grades, the materials are known as High
Strength Low Alloy (HSLA) steel [1-2]. HSLA steels
containing additions of Nb, Mo, V, and Ti exhibit
superior strength at elevated temperatures when
compared to plain carbon steels. Nb, Ti provides
grain refinement and forms NbC, TiC, TiN
precipitates that give extra strength [2-3].DP steels
are widely used in automobile component such car
body panels, wheels, bumpers etc. [4]. The demand to
produce automobiles which fulfill the requirements
like, passenger safety, vehicle performance and fuel
efficiency, has become the biggest challenge faced by
the steel industry.In response the steelindustry has
developed advanced high strength steels (AHSS)
including (DP), transformation induced plasticity
(TRIP) and martensitic steels (MART) [2, 4]. These
steels are characterized by improved formability and
crash worthiness compared to conventional steel
grades, such as pearlitic steels [2, 5].Currently, AHSS
steels are extensively used in the auto industry and
the problem are that the weight percentage of AHSS
steel will increase to 35% by 2015, whereas mild
steel will decrease to 29%(in 2011) in bodies and
closures of light vehicles [2, 5].The increased use of
the AHSS in the automotive industry are due to the

The severe plastic deformation (SPD) techniques
allows for the grain size of metallic materials to be
easily refined to the submicron level, to form the socalled UFG materials [9-10]. UFG materials are
defined as materials in the bulk form having fully
homogeneous and equiaxed microstructure with
average grain sizes less than 1 µm and with a
majority of the grain boundaries having high angle of
misorientations [9]. UFG materials are quite
attractive due to their ultrahigh strength, which is
more than twice that of their coarse grained
counterparts [9-10]. Industrially, DP steels are
fabricated by two processing routes: either
intercritical annealing of cold-rolled steels or hotrolling followed by fast cooling [8].The cold-rolled
ferrite pearlite microstructure is heated to the
intercritical temperature range where both ferrite and
austenite coexist. The austenite formed is then rapidly
cooled to room temperature to transform into
martensite [8, 10]. The hot-rolling process takes place
in the austenitic region [8]. The hot-rolled steel is
subsequently cooled into the ferrite-austenite
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II. EXPERIMENTAL PROCEDURES

III. RESULTS AND DISCUSSIONS
A. MICROSTRUCTURE

Microstructure of metals, affected by various
processing conditions, is revealed by metallography.
In the present work, microstructural evolution after
different MAF strain steps was studied using
opticalmicroscopy. The microstructure characteristics
of DP steels are primarily determined by not only the
intercritical annealing conditions but also at the
starting microstructure before intercritical annealing.
Before intercritical annealing optical microstructures
of HSLAsteel before and after Warm MAF are shown
in Fig. 2.The microstructure before Warm MAF is
consisted of approximately 20 vol % pearlite (dark
patches) indicated by arrow with the remainder ferrite
(white)as shown in Fig.2a. After warm MAF, pearlite
colonies were deformed and become into smaller
ones with very irregular shapes indicated by arrow in
Fig.2b&c. Macroscopically, this resulted in a
decrease of inter-pearlite colony spacing. After six
warm MAF strain steps pearlite is broken into
cementite and fine ferrite is observed in Fig. 2b. After
nine MAF strain steps more fine substructures are
seen with the ferrite and pearlite is fragmented and
dispersed in the ferrite matrix and appears to be as
carbide particle as shown in Fig. 2c.The grain size of
deformed ferrite was found to be 1.23 µm after nine
MAF forging steps as compared to as-received steel
of 3.1256µm. similar results have been reported,
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during the refinement of grain structure in plain low
carbon steel under multiaxial compression [9, 11].
After intercritical annealing, the microstructure
changed into two phase region in which one is hard
martensite and other is soft ferrite. Martensite is
formed from pearlite due to rapid quenching.
Microstructures of CG-DP andFG-DP steels are
shown in Fig. 3. As similar to conventional DP steels
prepared by intercritical annealing, the two main
types of martensite morphology were observed in
CG-DP steel Fig. 3(a).: (i) intercritical annealing,
martensite residing at the former pearlite colonies and
(ii) large volumes of martensite transformed from
austenite which was formed by pearlite
decomposition. By contrast, under the identical
intercritical annealing conditions, the microstructure
of FG-DP steel (Figs. 3(b, c)) consisted of equiaxed
FG ferrite and uniformly distributed feathery
martensite indicated by arrow. Due to fine ferrite and
feathery martensite FG-DP have higher mechanical
properties as martensite give higher strength and
hardness and fine ferrite give higher crash worthiness.
In addition, the martensite sites were not confined to
the former pearlite colonies orirregular martensite
networks were seen along the ferrite boundaries
which are due to themanganese segregation rather
than pearlite decomposition [4, 12].

Figure 2. Optical micrographs of HSLA steel before and after
warm MAF (a) before warm MAF (b) after 6 warm MAF steps
and (c) after 9 warm MAF steps.

Figure 3. Optical micrographs of Dual phase steel before and
after warm MAF at 745o C × 2 min. (a) DP before warm MAF
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(b) DP after 6 warm MAF steps and (c) DP after 9 warm MAF
steps.

2. Ultrafine grained ferrite–pearlite steels were
fabricated by warm MAF with a strain of 0.4 at
500oC.
3. Fine grained ferrite–martensite DP steels were
fabricated by subsequent inter critical annealing of
745o C for 2 min followed by water quenching.
Under these processing conditions, the microstructure
of DP steels consisted of FG ferrite with uniformly
distributed feathery martensite.
4. The strength and hardness of FG-DP steels was
much higher than that of their coarse-grained
counterpart due to FG ferrite and larger martensite
volume fraction.
5. Tensile test confirm the formation of DP steel
because the yield point is absent.

Variation of Vickers hardness with the processing
condition of HSLA steel is shown in Table II.
Hardness increases with increase in the number of
MAF strain steps and DP treatment. As compared to
the as- received HSLA steel, the hardness increased
by about 37% after six MAF strain steps and further
increased by only about 5.5% between six and nine
MAF strain steps specimens.After intercritical
annealingof as received steel hardness increased to
320 VHN of CG-DP, i.e. there is anincrease of about
70.2 % as compared to the as-received steel.The
increase of about 3% is observed for 9 warm MAF
DP specimens as compared to 9 warm MAF
specimens.Fig.4showing the Engineering stressEngineering strain curves for HSLA CG- DP and FGDP after 9 MAF strain steps. FG-DP has high
strength as compared to CG-DP due fine grained
ferrite andfeatherymartensite. It is clear that the
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tensile strength also follows the same pattern as the
hardness. This proved that FG-DP have higher
strength and comparable hardness as compared to
CG-DP. The increase in tensile strength of FG-DP
steel after 9 MAF strain steps (1169 MPa) is 27 % as
comparedto CG-DP HSLA steel (924 MPa). Similar
observations have been result in the mechanical
properties of dual phase steel by inter critical
annealing [6, 12].

IV. CONCLUSIONS
1. Ultimate tensile strength reaches maximum value
of (1169 Mpa).
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