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Abstract. The effect of warm forging in the inter-critical temperature range between 705 and 844°C, in
improving the impact toughness of an industrially important micro alloyed steel, 38MnSiVS6 was investigated.
The impact properties were enhanced to as high as 148 J after warm forging in the inter critical range, as against
19 J in the steel hot rolled from 1200°C and air cooled. In addition, the strength was enhanced by about
100 MPa after warm forging. The microstructure evolution that led to the improved toughness and strength was
analyzed. The signiﬁcantly enhanced toughness with moderate strength enhancement in warm deformation is
attributed to the increases in the ferrite content, ﬁner ferrite grain size, ﬁner pearlite colonies and ﬁner interlamellar spacing. The fractography of the impact test samples in hot deformed and air-cooled condition shows
poor toughness associated with cleavage facets, while the warm forged steel, showed ﬁne dimple rupture.
Keywords. Medium carbon micro alloy steel; 38MnSiVS6; deformation temperature; impact toughness;
ductile fracture.

1. Introduction
Medium carbon microalloyed steel, 38MnSiVS6 is a cost
effective steel used for closed die forged automotive
components such as crankshaft, connecting rods, suspension systems, driveline components, axle, journals, and
beams [1, 2]. The steel is strengthened by pearlite content
and inter-phase precipitation in the ferrite [3]. In spite of
good strength and reasonably good ductility, the steel has
inferior impact toughness (*12 J) depending on the cooling rate, post forging [4]. Lower impact toughness was
attributed to coarse austenite grain size, higher pearlite
fraction and thick ferrite-pearlite colony size [5]. Finer
grain size is achieved by Ti addition to reﬁne grains, lower
forging temperature and increased cooling rate post forging, is reported to enhance impact toughness. Higher Mn
content in the steel increases pearlite nucleation rate and
thinner lamellae. Lower C content and ferrite nucleation
around sulphide inclusion enhance the ferrite content [5].
Warm forging within the inter-critical temperature range
(750 to 775°C) has been reported to improve the impact
toughness [6–12]. Warm forging reduces grain size and
enhances ferrite fraction which inﬂuences the cleavage
crack initiation that decreases the transition temperature
[7, 8]. Warm forging modiﬁes the substructure and ﬁne
ferrite formation, due to dynamic recovery and
*For correspondence

recrystallization, which results in improved strength and
toughness [9]. Intercritical deformation in micro alloyed
steel grades can lead to ﬁne deformation induced ferrite
transformation with continuous dynamic recrystallization
that enhances strength along with toughness [10, 11].
Presence of nano sized interphase precipitates of V(CN)
during warm deformation remained unaffected, retard static
recrystallization but promoted degenerated pearlite and
ﬁner grains [12]. Lowering the warm forging temperature,
followed by higher cooling rates reduces pearlite fraction
and pearlite colonies, delay recrystallization, increases
speciﬁc grain boundary area and continuous dynamic
recrystallization with sub-boundary misorientation that
modiﬁes to ﬁner high angle boundaries that divide ferrite
grains [13]. Strength and impact toughness enhancement in
warm deformation may occur due to stronger a-ﬁber texture component and weakening of c-ﬁber texture component which leads to ﬁne grains and delaminated structure
[14]. Higher ferrite nucleation in microalloyed steel
enhanced improved impact toughness and transition temperature [15, 16]. In the present study, the microstructure
evolution and signiﬁcant enhancement of impact toughness
of a commercially important but low toughness steel
38MnSiVS6, processed through warm forging has been
examined and correlated to microstructural factors. Hardly,
any literature exists on demonstrating warm forging as a
means to enhance toughness of a poor toughness low
toughness steel.
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2. Experimental
The as-hot rolled 38MnSiVS6 steel, produced at JSW Steel,
Salem Works, was chosen for the study. The composition
of the steel grade used in the study was analyzed using
calibrated ARL make Optical Emission Spectrometer. The
gas analysis N, O, H were evaluated using LECO gas
analyzer. The steel bars were cut into samples 44 mm
diameter and 200 mm in length. The cut samples were
isothermally soaked at a chosen temperature in the range
between 760 to 950°C. The samples at the chosen temperature were forged to a reduction ratio of 1.83 in a 250 kg
laboratory forging press at JSW Steel, Salem. After warm
forging, the samples were cooled in atmospheric air at the
cooling rate of 0.53°C/s which is measured using a digital
laser pyrometer. Metallographic specimens were cut from
the hot worked and air-cooled sample in the transverse and
the longitudinal direction. The samples for microstructural
analysis were etched with 2% Nital. The microstructure and
grain size analysis were carried using the correlative metallurgical microscope of Carl Zeiss make with image
analysis capability. The microstructure is further analyzed
by using Carl Zeiss Scanning Electron Microscope (SEM).
The accuracy of measurement is ±5%. Tensile testing was
carried out as per ASTM A370 using a FIE make Universal
Testing Machine. Three samples in each condition were
used for tensile and impact test conditions. The hardness of
the samples at various conditions was measured using a
Qness-Austria Q 3000A-Brinell hardness tester. Charpy-Vnotched impact tests were performed as per standard ASTM
E23. Sub-zero impact tests at -60°C, were carried out
using a cryostat with acetone. Fractography was carried out
on the tensile and impact tested samples using Leica make
Stereo-microscope and Carl Zeiss SEM. A1 and A3 temperatures were determined by using JMatPro software.

3. Results and discussion
Steel grade, 38MnSiVS6 is an important steel widely used
for closed die forged automotive components. The commercial steel is warm forged and control cooled to achieve
strength, equivalent to that in hardened and tempered
condition. However, the steel has poor impact toughness
due to the high pearlite content in the matrix. The present
study explores warm forging as a means to enhance signiﬁcantly the impact toughness of microalloyed steels with
low impact toughness, along with a moderate improvement
in strength. The study explores the microstructure evolution
and mechanical properties at various warm forging temperatures. The composition of the steel studied is shown in
table 1. The steel in the conventional hot deformed and
cooled condition shows a coarse pearlitic structure. The
ferrite regions have nano-sized interphase V(CN) precipitate that strengthen the steel [3, 17, 18]. Although the
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conventional forge and control cooled condition give high
strength [UTS [ 800 MPa], its impact toughness is inferior
[CVN \ 20J] associated with cleavage fracture initiated by
pearlite in the matrix [5, 6]. The following sections bring
forth the microstructural reﬁnement and mechanical properties associated with warm forging, to improve the impact
toughness and strength of the steel.

3.1 Microstructure
The 38MnSiVS6 steel, hot rolled from 1200°C and cooled
in air is equivalent to hot forging from 1200°C and control
cooling. The microstructure in the hot rolled and air-cooled
condition shows a coarse ferrite pearlite matrix with a prior
austenite grain size of 9 lm [ﬁgure 1 and table 2]. The
microstructure had a ferrite content of 19% in a pearlite
matrix. The pearlite constituent showed an inter-lamellar
spacing 218 nm and a pearlite colony size of 14.5 lm.
Warm forging was done at temperature was done in two
warm forging regimes. In one case, the warm forging was
done in the fully austenitic matrix at temperature just above
A3 temperature (844°C) and another case warm forging was
done in the inter critical regime (between 705 and 844°C).
The optical microstructure of the steel warm forged just
above A3 temperature is shown in in ﬁgures 2(a)–(d). The
pearlite inter-lamellar spacing was in the range between
219 and 253 nm; pearlite colony size was from 6.5 to
9.3 lm [table 2]. The optical microstructures of the samples, warm forged at 950°C show a bimodal distribution of
coarse grains along in an other-wise ﬁne grain matrix.
Between 950 and 850°C, there is the formation of dense
carbides.
The optical microstructure of the steel after warm forging within the inter-critical temperatures of 810, 790 and
760°C, as shown in ﬁgures 3 (a)–(c). The ferrite-pearlite
colonies are ﬁner after warm forging [table 2]. The ferrite
content post warm forging followed by air cooling show an
increase in the ferrite content to the extent of 58 to 61%.
The pearlite colony size was between 4.7 and 6.1 lm in
samples warm forged in the intercritical range. The grain
sizes at the various warm forged conditions in the intercritical (a ? c) is shown in ﬁgures 4(a)–(e). The deformation in (a ? c) dual phase regime showed a prior
austenite grain size, ranging between 8.3 and 4.5 lm. As
the warm forging temperature decreases, the grain sizes are
also found to decrease [ﬁgures 4(a)–(e)]. Warm forging at
the lowest temperature of 760°C, shows very ﬁne grain size
surrounding larger recrystallized grains. The SEM
microstructure of the samples studied shows ﬁner pearlite
colonies and ferrite grains, with clearly visible ferrite subboundaries [ﬁgures 5(a)–(h)]. The SEM picture clearly
shows how the coarse pearlite microstructure of steel hot
rolled from 1200°C and air-cooled condition, gets reﬁned
during warm forging to ﬁner structure with decreasing
warm forging temperature. There is a decrease in lamellar
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Table 1. Chemical composition of the steel studied.
C
0.40

Si

Mn

P

S

Al

Cr

Ni

Ti

V

N

O

H

0.62

1.51

0.014

0.038

0.019

0.17

0.039

0.010

0.12

0.0130

0.0013

0.0002

A1= 705°C; A3 =844°C; Ms=424°C [JMatPro]

Figure 1. Microstructure of 38MnSiVS6 steel bar before warm forging. (a) Phase constituents, (b) prior austenite grain size of 9 lm.

Table 2. The phase distribution in the steel before forging and post warm forging.

Sl.No.

Deformation
temperature (°C)

1
2
3
4
5
6
7
8

760
790
810
830
850
900
950
As Hot rolled

Prior austenite grain size
(lm)
6.2
8.3
4.3
5.2
7.4
–
–
9

Pearlite
(%)
42
40
42
46
49
55
56
81

colony size and the inter lamellar spacing vary between 285
and 253 nm, although there is no speciﬁc trend on lamellar
spacing with deformation temperature. Very clear distribution of the ferrite dominating the microstructure is seen
at the lower warm forge temperatures.
Warm forging in the inter-critical (a ? c) dual phase
regime [844 to 705°C], promotes higher interfacial area that
reﬁnes grain size and pearlite colony size. At the warm
forging temperature there is a dual-phase (a ? c) region,
where there is the nucleation of austenite in the pearlite
zones at the ferrite/pearlite interfaces. The austenite grain
growth in the pearlite region is aided by the diffusion of
carbon to the ferrite grain boundary faces and edges,

Ferrite
(%)
58
60
58
54
51
45
44
19

Inter lamellar spacing at
R/2, (nm)
285
247
260
253
245
232
219
218

Pearlite Colony size
(lm)
4.7
5.1
5.6
6.1
6.5
6.0
9.3
14.5

austenite/ferrite interface, cementite/austenite interface,
pearlite colony interfaces and ferrite/cementite interfaces
[19]. The ferrite content in the pearlite decreases, as the
austenite/ferrite interface moves till the equilibrium fraction of austenite is attained at the chosen deformation
temperature. Lower the warm forging temperature, higher
is the ferrite content in the inter-critical temperature
regime. The un-dissolved carbides in the austenite during
warm deformation is reported to offer higher deformation
resistance than the softer ferrite phase [20]. The strain
hardening exponent is smaller in ferrite than in austenite.
Hence, the ferrite fraction redistributes and temperature.
The deformation strains are accumulated more in the softer
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Figure 2. (a)–(d) Optical micrographs of steel forged close to A3 temperature and above it in fully austenite matrix showing patches of
coarse islands of ferrite and coarse pearlite distribution

ferrite than the austenite phase [20, 21]. The deformation
undergoes dynamic recovery at low strains that accumulate
in the austenite phase, when cooled below A1 show less
pearlite, as the deformation accelerates the diffusion-controlled phase transformation, which results in the
enhancement of ferrite fraction [20]. The enhanced volume fraction of ferrite and the ﬁneness of ferrite improves
the impact toughness and strength in the present study.
The deformation induced effect on the austenite shifts the
C-curve to lower level [22]. This promotes higher ferrite
formation during secondary transformation, when the steel
is cooled below the A1 temperature. The pre-existing
equilibrium ferrite fraction accumulates the strain during
warm forging. The deformed ferrite, undergoes further
recrystallization, which forms ﬁner grains. It is also
reported that the deformation resistance of ferrite is lower
compared to equilibrium austenite due to its higher
stacking fault energy, leading to higher deformation in
ferrite than austenite. The dislocation cells that form in the
deformed ferrite and ﬁner sub-grains are nucleated, that
has potential to improve properties. In general, forging in
the inter- critical temperature range, retards and delays the

austenite recrystallization process but reﬁnes the ferrite
fraction signiﬁcantly [21]. The ferrite is ﬁner and extensively distributed as observed in the present study [ﬁgures 2(a)–(c)].
It is also stated that MnS inclusion in the steel nucleates
ferrite around it [23]. The present steel is a resulfurised
steel with deliberate MnS. This is one additional reason for
enhanced ferrite content. As the steel is vanadium alloyed,
the dispersed carbides in the steel during warm deformation
impedes the dislocations, reﬁnes the austenite to ﬁner
fraction. In such microalloyed steel, dynamic softening
during the deformation is reported to cause additionally
deformation induced ferrite and continuous dynamic
recrystallization of ferrite [9]. During continuous dynamic
recrystallization, grain fragmentation takes place by
development of deformation-induced low angle boundaries
followed by a gradual increase in their misorientation
leading to the usual grain boundaries. In the conventional
as-hot rolled and air-cooled condition, the vanadium in the
38MnSiVS6 steel is precipitated as a nano-interphase
V(CN) precipitate at room temperature that imparts high
strength to the steel [3, 15]. Reheating the steel with such a
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Figure 3. (a)–(c) Optical micrographs of steel forged in the inter critical temperature range.

microstructure during warm forging within inter- critical
temperature up to 800°C is reported to retain the V(CN).
The solubility product of VC and VN is given in table 3.
From this data, assuming that the Henrian activity as unity,
the equilibrium C and N content can be evaluated as a
function of temperature for 0.12%V, as shown in ﬁgure 6.
The austenite is stable above 705°C and ferrite is
stable from room temperature to 844°C. VC has low solubility in austenite. Beyond a 100 ppm C, the rest of V
readily precipitates as VC. The solubility of VC in ferrite is
low next only to VC solubility in austenite. The VN solubility in austenite and ferrite is larger relatively. But, as
temperature decreases, more VN can precipitate in
austenite and followed by that in ferrite. The ﬁgure 6 may
also be interpreted as the stability of precipitate at the warm
forging temperature. The VC remains stable in austenite
and ferrite during warm forging than VN. Carlos Garcia
reported that the V (C, N) precipitates in the steel exerts
pinning effect at the austenite grain boundaries and retards
the static recrystallization after warm deformation [12].
Deformation at lower temperatures gives higher ferrite
content as the accumulated strain is reported to accelerate

ferrite transformation by its high degree of nucleation
associated with larger grain boundary. The dissolution of V
is reported to delay the start of ferrite transformation to
longer times.

3.2 Mechanical properties
The mechanical properties of the 38MnSiVS6 steel in the
conventional as-hot rolled and air-cooled condition, is
bench marked against the warm-forged and air-cooled
condition [table 4]. It is seen that there is a moderate
increase in yield strength [*100 MPa] in the warm forged
condition and a marginal drop in ductility values with
lowering of warm forging temperatures [at constant
reduction ratio of 1.83]. The warm forging range is between
A1 of 705°C and A3 of 844°C, is shaded. It is seen that the
tensile strength of the steel is almost uniform in each
temperature range. The yield strength is higher in the warm
forging temperature range, compared to steel forged above
A3 temperature. Higher yield ratio is realized in the intercritical temperature warm forging. This increase in strength
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Figure 4. (a)–(e) Prior austenitic grain size at the various warm forging temperatures shows a ﬁne dispersion of ﬁne equiaxed grains is
seen in warm forged condition and at higher temperatures coarser grains also increases. Coarse grains are observed at high temperatures
warm forging.

is attributed to the ﬁneness of the ferrite grains and sub
grains [8]. The ductility as measured by the elongation, is
moderately higher in the warm forging condition compared
to that forged above A3 temperature. Signiﬁcant difference
is seen in terms of impact toughness. The impact toughness
in the steel forged just above A3 (844°C) is about 80J. This

value is four times higher than the same steel forged and
control cooled from 1200°C in the conventional closed die
forging operation.
The microstructure consists of ﬁner grain size, ﬁner
ferrite and ﬁner pearlite colonies than when the steel is
forged from 1200°C.
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Figure 5. (a)–(h) SEM microscope showing pearlite colonies at various warm forging temperatures and as-rolled condition showing
ﬁneness of ferrite and pearlite colonies with lower warm forging temperature.
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Table 3. The solubility product of VN and VC [20].
Phases
Austenite
Ferrite

VN

VC

log(K)=3.02-(7840/ T)
log(K)=6.63-(12500/T)

log(K)=7.06-(10800/T)
log(K)=8.05-(12230/T)

Where K = equilibrium constant, T= temperature in K

Figure 6. The solubility curves as a function of temperature for
the VC and VN precipitates was evaluated for a vanadium content
of 0.12%V.

The impact toughness of the steel in the warm forged
condition between the inter-critical temperature range from
844 to 705°C, shows values between 128 and 148 J. This is
seven folds higher than the conventional forged control
cooled steel. The microstructural reﬁnement encountered is
compiled in table 3 along with properties. It is seen that the
ﬁneness of ferrite and increase in ferrite content are the two
major reasons for the signiﬁcant improvement in toughness
as in table 4 [8, 13, 24]. The ferrite fraction was found to be
signiﬁcantly higher at the warm forged condition in the
temperature range of 750 and 844°C than above A3 temperature. The ﬁner grain, increases the cleavage fracture
stress by reducing the maximum size of a crack and thus,
reduces the stress at the crack tip. Finer ferrite associated
with deformation induced ferrite formation and continuous

dynamic recrystallization has reported to improve the
toughness of the steel [8, 13]. The dislocation substructures
formed is reported to increase nucleation sites, which
accelerate the diffusional phase transformations and the
deformation assisted straining enhances intra-granular
nucleation of ferrite that enhance toughness [8, 13, 24]. The
deformation characteristics in the steels warm forged just
above A3 temperature shows reﬁnement of austenite grains
which is limited, when compared to ferrite grain reﬁnement
in the inter critical forge condition. Hence, the impact
toughness levels are lower than the steels forged in the
inter-critical temperature range. The deformation induced
ferrite formation is not dominant above A3 temperature.
The enhancement of the ferrite content and the continuous
dynamic recrystallization of the deformed ferrite content in
the inter-critical temperature warm forging condition
resulted in enhanced impact toughness in warm forge
conditions [25]. Warm forging at temperature closer to A1
temperature and within the inter-critical temperature signiﬁcantly enhances toughness of the steel, with a moderate
increase in strength as the residual ferrite content is higher
and the deformation induced structural reﬁnement enhances. But the low temperature deformation needs higher
forging loads than conventional hot forging. Higher forging
load and increased die wear are higher than conventional
hot closed die forging [26]. However, compared to conventional cold forging process, the warm forging requires
lower load and die wear. The toughening behavior of the
low temperature deformed [inter-critical temperature] steel
shows very high impact toughness even at -60°C subzero
temperature as shown in table 4. Warm forging has
improved the ductile to brittle transition temperature. The
improvement in transition temperature in warm forging is
attributed to the ﬁner grains, where cleavage crack tip
propagation is hindered by the grain boundaries [22] thus
needing higher cleavage ﬂow stress than the yield stress for
crack propagation. The higher fraction of pearlite at low
temperature forging at 760°C, leads to higher hardening
depending on the strain. The ﬂow softening then takes place
with formation of discontinuous cementite lamellae.

Table 4. Mechanical propeHies of low temperature forged and control cooled 38MnSiVS6.

Deformation
Temperature
(°C)
1200 [As-hot
rolled]
950
900
850
830
810
790
760

CVN Impact (J)

Microstructure after
processing

Yield
strength
(MPa)

Ultimate
tensile
strength
(MPa)

Yield
ratio

%E

%RA

25°C

46% a ? 54% pearlite

636±18

845±21

0.75

21±3

47±9

19±4

–

241±4

610±24
592±32
655±16
607±26
691±22
647±19
585±26

845±29
836±24
842±18
817±17
864±9
821±22
776?16

0.72
0.71
0.78
0.74
0.80
0.79
0.75

19±2
26±4
26±5
29±4
27±2
28±4
27±4

52±12
57±10
62±12
63±8
56±14
61±19
56±13

76±3
79±4
82±13
128±12
142±9
148±11
146±14

–
–
54±3
58±2
104±6
108±9
96±7

245±5
241±7
237±11
237±6
245±12
241±9
218±15

44%
45%
49%
54%
42%
60%
58%

a
a
a
a
a
a
a

?
?
?
?
?
?
?

56%
55%
51%
46%
58%
40%
42%

pearlite
pearlite
pearlite
pearlite
pearlite
pearlite
pearlite

- 60°C

Hardness
(BHN)
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Figure 7. Stereo micrograph of impact tested sample in hot rolled and warm forged condition.
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Figure 8. SEM fractography of the impact test samples in the as-hot rolled condition compared with samples warm forged at 850 and
760°C.

3.3 Fractography
The impact toughness of the as-hot rolled samples is the
lowest (19 J) and the stereo fractograph of the broken
sample show ﬂat features without shear lip in ﬁgure7, and
cleavage facets associated with pearlite content in SEM
fractography in ﬁgure 8 [5, 6]. The steel in the warm forged
condition in the inter critical temperature range [760 to
830°C] shows high impact toughness (128 to 148 J). The
stereo fractographs show very prominent shear lip (ﬁgure 7)
and the SEM fractographs shows very ﬁne dimple fracture
as typically seen in steel warm forged at 760°C. The fractographs of the steel warm forged at temperature slightly
above A3 temperature (900 & 950°C), has a lower impact
toughness (72 to 86 J). The stereo fractograph shows
reduced shear lip (ﬁgure 7) and the SEM shows coarser
dimples (ﬁgure 8).
In spite of signiﬁcant pearlite presence in the warm
forged steel, the cleavage fracture mode is suppressed by
the ﬁneness of the ferrite grain structure that nucleates

around the pearlite colonies. Zhao et al report that warm
forged steels are inﬂuenced by delamination fracture [8]. It
is reported that the ductile fracture predominates on primary fracture plane, while cleavage is on a delamination
plane. In warm forged steel, the cleavage stress for plane
perpendicular to the principal deformation direction
becomes lower relative to other fracture plane orientation.
The cleavage stress for plane perpendicular to the forging
direction is lesser than the Charpy fracture plane. The
present study has shown how a poor toughness
38MnSiVS6, was modiﬁed to a high toughness material,
where the toughness level equivalent to that in hardened
and tempered condition can be achieved, in spite of signiﬁcant presence of pearlite in the steel. In a hardened and
tempered steel, depending on the hardenability, the
microstructure is inhomogeneous in the through thickness
of a steel, which modiﬁes core microstructure and inﬂuence
the tempered martensite and hence its impact toughness.
When warm forging is carried out, even in a shallow
hardenablity steel, the core microstructure is uniform and
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impact toughness is more uniform and enhanced. Hence,
when warm forging is imparted to a steel during closed die
forging, the toughness of the component can be improved.
In the development of microalloyed steels, the higher
strength higher carbon 46MnSiVS3 steel, was discarded in
early stages of development due to poor toughness, which
led to the development of lower carbon 38MnSiVS6 steel
[27]. Warm forging is an effective technique to make even
the 46MnSiVS3 tougher by warm deformation process.
Thus, the present study brings forth warm forging as a
toughening process for a brittle microalloyed steel.

4. Conclusions
1. Hot rolled medium carbon micro alloyed steel grade,
38MnSiVS6, was subjected to warm forging at a range
of temperature between 760 and 950°C. The as-hot rolled steel was taken as a bench mark of the conventional
hot deformed steel from 1200°C and control cooled.
There is a moderate increase in yield strength by about
100 MPa at a loss in ductility in the steels warm forged
between inter-critical temperatures. There is seven times
higher impact strength in warm forged steel [146 J] than
hot rolled steel [19 J] achieved by warm forging of the
steel due to ﬁneness of the grain structure in the warm
forged steel.
2. The warm forged steels microstructures reveal ﬁner
grains, ﬁner pearlite colonies, ﬁner inter-lamellar spacing and increase in ferrite content during warm deformation in the inter-critical temperature.
3. The deformation characteristics in single phase austenite
above A3 temperature occurs in fully austenite grain
reﬁnement. The warm forging in the intercritical temperature regime, involves greater deformation in the
ferrite fraction compared to the austenite fraction. The
ferrite fraction is enhanced and reﬁned to ﬁner size due
to continuous dynamic recrystallization, which results in
seven folds increase in impact toughness and a moderate
strength enhancement.
4. The subzero impact testing at -60°C, show retention of
high impact strength in the warm forged condition, which
implies that impact transition temperature is lowered.
5. Warm forging is an effective toughening process in
medium carbon microalloyed steels. The fractography
analysis on the impact tested samples show that the ashot rolled steel shows cleavage facets in the room
temperature tested sample, while the warm forged steels
showed dimple structure with large shear lip.
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