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Abstract Plane strain compression tests of two V mi-
croalloyed steels and one plain C—Mn steel have been done
to analyse the influence of the deformation temperature, in
the warm working range, on the final microstructure and
subsequent mechanical behaviour. In the case of V mi-
croalloyed steels, the reheating temperature has an effect
on the amount of vanadium in solution prior to deforma-
tion. This factor influences the austenite evolution during
warm deformation and the transformation during cooling.
As a consequence, in the microalloyed steels complex
multiphase microstructures are obtained that lead to a wide
range of strength—toughness combinations. In contrast, in
the case of the plain C—Mn steel minor effects are observed
in the deformation range from 800 to 870 °C.

Introduction

Nowadays there is a continuous demand, particularly from
the automotive industry, for cheaper, lighter and more
reliable components and, at the same time, steel is facing
strong competition from various other groups of materials
in a market that was traditionally its own. It is not sur-
prising that during the last 25 years, the steel industry has
experienced some of the most important changes at two
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different fronts, steel design and processes. Steel manu-
facturing processes face major competitions in the auto-
motive industry to produce lighter, cheaper and more
efficient components that exhibit dimensions that are more
precise, need less machining and require less part pro-
cessing. In that respect, mechanical and metallurgical
properties, as well as the manufacturing parameters, play
decisive roles [1, 2].

Hot forging grades have been traditionally plain carbon,
alloyed and microalloyed steels. Their final mechanical
properties are achieved after applying quenching and
tempering heat treatments or directly cooling after forging.
In all the cases machining operations are required to obtain
the final shape and dimensions. It is worth emphasising that
the distribution of the costs in producing conventional
forging components shows that more than 50% is assigned
to machining, besides of the cost of the base material, the
forging process and the heat treatment [3]. Taking into
account this aspect, a great interest has emerged in the
near-net-shape technologies, as cold and warm forging
processes. Concerning warm forging (usually in the tem-
perature range from 600 to 900 °C), this route has a
number of advantages over traditional forging procedures
[4-7]. Among them, the following advantages need to be
considered: better utilisation of material, improved surface
finish, dimensional accuracy compared with hot forging,
reduced press loads compared with cold forging, and
control of the microstructure such that the desired proper-
ties can be obtained without further heat treatments. The
process fills the niche between the closer tolerance, but
sometimes expensive, cold forging process and the some-
what lower precision of hot forging route.

The production of warm forged components was
initially based on plain carbon steels with final ferrite—
pearlite microstructures at room temperature [6]. In the last
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years, warm forging techniques have also been extended to
components based on low alloy steel grades, requiring spe-
cific studies concerning flow stress behaviour of these grades
in the 600-900 °C temperature range [8, 9]. In a similar way
to what happened with conventional forging, the introduc-
tion of microalloyed steel grades in warm forging has been
considered as an option to obtain better strength—toughness
combinations in comparison to plain C—Mn steels. Initially
vanadium was considered as the main microalloyed option
[5], while more recently Nb microalloying has appeared as a
very promising possibility [10, 11].

In the case of hot forging, the introduction of vanadium
assigned to this element its conventional role of precipi-
tation strengthening during cooling at the exit of the
forging. In contrast, this situation changes significantly in
the case of warm forging [12]. It is necessary to take into
account that, depending on the reheating temperature prior
to warm forming, a fraction of V(C,N) particles present in
the as-rolled condition will remain undissolved, while in
conventional hot forming all the vanadium is in solution
and, as a consequence, available to precipitate during
cooling. These undissolved particles can interact with the
microstructure in different scenarios. For example, it has
been reported that undissolved V(C,N) precipitates can
reduce the austenite grain growth during reheating and
similarly, they can delay austenite static recrystallisation
kinetics after deformation [13, 14]. Both factors can have
beneficial effects on final room temperature properties by
promoting additional microstructural refinement. In con-
trast, depending on the reheating temperature the reduced
amount of vanadium available to precipitate during cooling
can reduce its contribution to precipitation strengthening.

The aim of this work is to study the potential that warm
forging in combination with V microalloying may have on
the final properties of steels. For this purpose two vana-
dium microalloyed steel grades and a typical forging C—-Mn
steel, for comparison, have been used.

Material and experimental procedure

Two commercial vanadium microalloyed steels with dif-
ferent C and V contents and, for the sake of comparison, a
plain C-Mn steel were selected for this study. Their
chemical compositions are listed in Table 1 content. Warm
forging simulations were performed in a servo hydraulic
press by testing plane strain compression specimens of
25 x 60 x 10 mm3, machined from industrially hot rolled
steel bars. Specimens were heated in a resistance furnace
and soaked at the deformation temperature for 10 min
before testing. In order to minimise the effect of friction
and temperature gradient profiles, which may lead to
inhomogeneities in deformation distribution, samples were
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Table 1 Chemical composition of the steels examined (wt%)

Steel C Mn Si Cr Ni Mo Cu V N

V1 024 156 028 0.10 009 0.04 024 0.18 0.010
V2 033 149 025 0.08 0.11 0.04 027 024 0.010
C-Mn 047 0.78 024 0.17 0.08 0.02 0.10 0.002 0.009

lubricated with boron nitride and both, samples and die tools,
were kept inside the furnace during all the experiment.
Finally, specimens were deformed to a strain of ¢ = 0.3 ata
strain rate of 10 s Following deformation, specimens
were subjected to two different cooling rates, i.e., air cooling
(=1 °C/s) and accelerated cooling (x4 °C/s). Three dif-
ferent testing temperatures were considered 800, 835 and
870 °C, all of them in the austenite range.

Prior austenite grain size (PAGS) before deformation
was determined metallographically from quenched speci-
mens after soaking at the testing temperature. In order to
reveal the PAGS it was necessary to temper the specimens
at 450-500 °C for periods in excess of 24 h for V micro-
alloyed steels and 2 h in the case of the plain C—Mn steel,
respectively. After the treatment, the samples were pol-
ished and etched in a solution of saturated picric acid. Prior
austenite grain size was measured by the mean equivalent
diameter method.

Microstructural characterisation was carried out using
optical and scanning electron microscopy on metallo-
graphic samples cut longitudinally from the plane strain
compression specimens. Round tensile samples (4 mm
diameter and 10 mm gauge length) and V-notch Charpy
impact specimens (sub-size samples of 5 x 10 mm) were
machined from plane strain compression specimens. In the
case of the Charpy tests, the absorbed energies were con-
verted to standard specimen dimensions [15].

Carbon replicas were prepared by conventional meth-
ods, and observed in a transmission electron microscope
(TEM) fitted with an energy dispersive X-ray system. The
size and distribution of V precipitates were quantified for
the different conditions, measuring in each case a mini-
mum of 500 and a maximum of 1200 particles.

MTDATA [16] fitted with NPL-plus database for steels
was used to theoretically estimate the amount of V in solid
solution and the mass fraction of V precipitates as a
function of temperature.

Results

Microstructural characterisation

Figure 1 shows the mean austenite grain size as a function
of the reheating temperature. Data corresponding to
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Fig. 1 Austenite grain size evolution with reheating temperature

reheating temperatures higher than initially considered for
warm forging conditions (that is, lower than 900 °C) have
been included for comparison.

The microstructures of the vanadium microalloyed
steels at room temperature consist of a mixture of ferrite,
pearlite/bainite and martensite/austenite constituent (MA),
as shown in Fig. 2. The pearlite present in these steels has
not its normal lamellar structure and can be considered as
“degenerated pearlite”. Besides this pearlite bainite is also
identified although it is difficult, because of the morphol-
ogy of the pearlite, to distinguish between both constitu-
ents. In some regions, mainly in the case of V2 steel, the
MA constituents show a banded tendency. In the case of
the plain carbon steel, the microstructure is ferrite—pearlite
with well-defined lamellar pearlite.

The metallographic measurements of the ferrite mean
grain size and ferrite volume fraction are shown in Fig. 3
as a function of the deformation temperature. In both
vanadium microalloyed steels, at 800 and 835 °C defor-
mation temperatures the ferrite grain size remains very
small with a mean size ranging between 2.1 and 3.4 um
after air cooling. The accelerated cooling does not lead to
an additional refinement, in contrast to what happens after
deforming at 870 °C. In this later case, the grain sizes are
slightly coarser than those measured at the other two
conditions. In relation to the plain C—Mn steel the ferrite
grain size is coarser that those corresponding to the V
microalloyed steels, although it continues being fine.

In relation to the ferrite volume fraction, the results
obtained for the three steels are shown in Fig. 3 as a
function of deformation temperature and cooling rate.
While at 800 and 870 °C the ferrite fraction tends to

decrease, regardless of the cooling rate, with the carbon
content present in the steel, at 835 some changes in this
behaviour have been identified. Thus, at 835 °C in the V2
steel the ferrite content is higher than that measured in steel
V1 for both cooling conditions. In all the conditions, the
accelerated cooling reduces the ferrite fraction in relation
to the air cooled samples. Finally, in the plain C—Mn steel
the ferrite fraction remains nearly unaffected by the
deformation temperature.

The volume fraction of the MA constituent present in
the vanadium microalloyed steels has been drawn in Fig. 4
as a function of the deformation temperature. Increasing
the deformation temperature the MA volume fraction
increases, ranging from 5% at 800 °C to 18% at 870 °C in
the air cooled samples. These values are significantly
higher when accelerated cooling is applied. On the other
hand, the mean size of the MA constituents slightly
increases with the deformation temperature, ranging from
2.0 to 5.5 pm. Nevertheless, the effect of cooling rate is not
always the same. For example, while coarser MA constit-
uents appear at 800 °C and accelerated cooling, the
opposite occurs at 835 and 870 °C. Comparing both V1
and V2 steels, similar or even coarser sizes have been
measured in steel V1 at all the conditions.

Due to the different roles that precipitates can play in
both microalloyed steels, an exhaustive analysis of the
precipitate size distribution and density formed under dif-
ferent conditions was performed. In the as received con-
dition, the spherical particles observed in both vanadium
microalloyed steels were identified as V rich precipitates.
The size distribution of these particles is shown in Fig. 5.
In the figure, it can be seen that V1 steel exhibits a dis-
tribution of very fine precipitates with a mean diameter of
8 nm, 71% of the precipitates being smaller than 9 nm,
while in V2 steel the precipitates are slightly coarser with a
mean size of 14 nm. The number of particles per area unit
(p) is also indicated in the figure.

Figure 6 shows the size distribution of V precipitates
after reheating for 10 min at 870 and 835 °C followed by
water quench. If these results are compared with those of
Fig. 5 (as received condition) it is possible to see a dis-
placement of the size distribution towards coarser particle
sizes as heating temperature increases. This behaviour
denotes that there has been a dissolution process involv-
ing, above all, the smallest precipitates, which is also
confirmed by the significant decrease in the number of
particles per area unit. Finally, the precipitate size dis-
tributions after deformation followed by air cooling are
shown in Fig. 7 for steel V1 at deformation temperatures
of 800 and 870 °C and for steel V2 at a deformation
temperature of 870 °C, respectively. Results indicate that
deformation at 870 °C induces a refinement in the particle
size distribution while lower deformation temperatures
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Fig. 2 SEM micrographs of the
microstructures generated in:
V1 steel after deformation at
870 °C followed by a air
cooling and b accelerated
cooling; V2 steel after
deformation at 870 °C followed
by c air cooling and

d accelerated cooling, and

e C—Mn steel after deformation
at 870 °C followed by air
cooling

@ Springer




J Mater Sci (2011) 46:3725-3737 3729
Fig. 3 Ferrite mean grain size 6l sooec 60 + B00°C
and volume fraction as a
function of deformation ¢ 50 | EI]
temperature. Black symbols: air ar o
cooled and open symbols A 40 % s
accelerated cooled ) . i
microstructures. Error bars 30 | ¢
indicate the standard deviation o
0 & 20 o
€ 6 835°C ‘c’ 835°C
E ¢ 9 "
o 5 50
N o 0 8 . }
o i =
£ s o 5 @ 40 =
: :
o 2 3
5]
:g S 30 i
= 2
5 =
£ o 5 20 © S
6 870°C § B iy 870°C
L}
| :
\ i wl ; 4
“ &
2t i ]
o
0 L Y J L Y | Y J 20 \ Y ) L Y ) L Y )
\'Al V2 V3 V1 V2 V3
Steel Steel
Fig. 4 Evolution of MA 30
volume fraction and mean size = Vi(air) 6 uV1(air) OVi(aceel)
as a funct}on of the reheating < Tzl(aicrcel) o E avz(ain) AVa(aceel)
(deformation) temperature. & (air) 2
Error bars indicate the standard = 207 4 V2(accel) Py
deviation e g 4
0 c
-
2 18 :
S 1or £ ;
- 2
< 4 <
= =
0 . . . 0
780 800 820 840 860 880 780 800 820 840 860 880

Temperature (°C)

has the opposite effect, further details will be given dur-
ing discussion.

Mechanical properties

In warm forging processes, the flow stress of the steel
during deformation is an important factor to evaluate as it
affects steel workability and tools wear. The mean flow
stress values (MFS) were calculated from the stress—strain
curves obtained in the plane strain compression tests. The
MES is defined as the area under the stress—strain curve
divided by the applied strain. The values obtained with the
three steels are drawn in Fig. 8 as a function of the
deformation temperature. As the temperature decreases
from 870 to 800 °C there is an increase in the MFS value

Temperature (°C)

close to 20% in the three steels and, for a given tempera-
ture, the microalloyed steels exhibit higher values than the
C—Mn one.

Figure 9 summarises the mechanical properties at room
temperature as a function of the deformation temperature
(mean values of two samples). In most conditions, the
highest yield stress and UTS correspond to the V2 steel,
followed by V1 steel. This tendency changes slightly in the
samples deformed at 800 °C and accelerated cooled. On
the other hand, for a given steel the effect of the defor-
mation temperature does not show a well-defined
behaviour. While for the air cooled samples in the V
microalloyed steels a slight decrease occurs in the yield
stress as the deformation temperature increases, the oppo-
site arises when accelerated cooling is applied. In the case
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Fig. 5 As received V(C,N) size distribution in V1 and V2 steels.
p stands for the density of V(C,N) per area unit

of the UTS, for both cooling rates an increasing tendency is
observed with higher deformation temperatures. Concern-
ing the C-Mn steel, the influence of the deformation
temperature seems to be smaller in both yield stress and
UTS values, although a discrepancy is observed in the
samples deformed at 8§70 °C and air cooled.

Another aspect to take into account is that while in all the
tensile tests done with the V microalloyed steels over air
cooled microstructures the yield curves have a well-defined
plateau, in the accelerated cooled conditions this plateau
reduces or completely disappears, showing a continuous
yielding curve, as the deformation temperature increases.

Ductility, measured as the reduction in area, increases as
forging temperature decreases in the V microalloyed steels,
showing higher values for the air cooled than for acceler-
ated cooled conditions. Between both V steels, only small
differences have been quantified. In contrast, the ductility
of the C—Mn steel remains nearly constant independently
on the deformation temperature and cooling strategy.

The influence of the deformation temperature on the
Charpy curves is shown in Fig. 10. In the case of the V
microalloyed steels, the air cooled samples deformed at
870 °C show a remarkable shift of the curves towards
higher temperatures, almost 50 °C, compared to the other
two deformation conditions. In the case of accelerated
cooled specimens, the associated increase in strength is
accompanied by impairment of toughness, more notorious
in the microstructures corresponding to 830 and 870 °C
conditions. Finally, in the case of the plain C—Mn steel the
influence of the deformation temperature on the Charpy
curves is less important.

Discussion
Microstructures before deformation

The austenite grain coarsening behaviour observed in Fig. 1
may be directly related to the composition of the steels. Grain
growth can be influenced by the solute drag effect of any
elements in solid solution and by the pinning forces associ-
ated to precipitates. The amount of V in solid solution cal-
culated with MTDATA for both V microalloyed steels is
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Fig. 6 V(C,N) size distribution in V1 and V2 steels after reheating for 10 min at the indicated temperatures and then water quench. p stands for

the density of V(C,N) per area unit
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shown in Fig. 11 as a function of temperature. These
results indicate that an important fraction of precipitates
present in the as received conditions will remain undis-
solved. Similarly, the size distributions of precipitates
measured in the samples quenched after reheating at 835
and 870 °C confirm that they remain very fine and that, in
consequence, are able to exert a control in the austenite
grain size. As the austenitisation temperature increases
and more vanadium is put in solution, grain growth starts
over 900 °C but sizes continue being significantly smaller
than those measured in the C—Mn steel. This observation
agrees with previous results obtained with vanadium mi-
croalloyed steels that associate the inhibition of the aus-
tenite grain growth with a combined effect of pinning by
incompletely dissolved vanadium precipitates and a solute
drag effect of vanadium [17].

The other microstructural aspect to take into account
before deformation is applied is the situation of V(C,N)
precipitates. If the results of particle size distribution after
reheating shown in Fig. 6 are compared with those of
Fig. 5 (as received condition) it is possible to appreciate
that there has been a dissolution process involving, above
all, the smallest precipitates. This is supported by data in
Refs. [18-20], where it is estimated that the time needed at
870 °C to completely dissolve a vanadium precipitate
changes from few minutes for a 6 nm diameter particle to
nearly 1 h for a 18 nm diameter one. Although it is not
probable due to the moderate reheating temperatures, it
could be argued if coarsening of the size distribution is
assisted or not by Ostwald ripening. Using Wagner for-
malism [21], the time required for the coarsening of V
precipitates by Ostwald ripening was calculated. The
results indicate that a particle of 6 nm needs 1.8 and 7 h to
achieve 10 nm at 870 and 835 °C, respectively. This means
that coarsening by Ostwald ripening mechanism is very
improbable to occur with the applied treatments, thus
supporting the idea that the larger size of precipitates after
reheating compared to the as received condition may
exclusively arise from the dissolution of the smallest par-
ticles, as mentioned above.

Finally, and according to the equilibrium calculations
shown in Fig. 11, the precipitates present in the as received
condition in steel V2 will be more stable than those in steel
V1, meaning that their dissolution becomes more difficult.
This observation is supported by the fact that in steel V2 an
increase in the reheating temperature from 835 to 870 °C
implies a 2 nm enlargement in the mean diameter and a
drop of about 28 pum™? in the measured precipitate density,
0, while the same figures for steel V1 are far bigger, 10 nm
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and 60 pum ™2, respectively. According with the latter dis-
cussion, it is reasonable to assume that at 800 °C, where
small dissolution has taken place as predicted in Fig. 11,
the size distribution and density of particles must be very
close to that of the as received conditions, i.e., higher
density of smaller particles as compared to 870 and 835 °C
reheating temperatures.

Microstructures after deformation

Figures 3 and 4 indicate that some room temperature
microstructural features are very dependent on the defor-
mation temperature in both microalloyed steels. This
temperature can interact with the transformation during
cooling by modifying two factors: the austenite grain
conditioning before transformation and the vanadium dis-
solution/precipitation situation.

Concerning the austenite microstructure before trans-
formation, in a previous work [14] it was quantified that the
presence of undissolved V(C,N) precipitates retards the
static recrystallisation process occurring after deformation
in the warm temperature regime. This delay becomes
longer for lower deformation temperatures. Taking into
account the results of the aforementioned work, it can be
concluded that in the samples tested at 870 °C, before
transformation begins, there will be sufficient time to
achieve a completely recrystallisation of austenite. In
contrast, at 835 and 800 °C the recrystallisation will be

@ Springer
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incomplete. This implies that the austenite grain boundary
area per unit volume (S,) before transformation will
increase in these last two conditions.

It is well known that higher S, values favour the
microstructure refinement during transformation [22]. This
refinement effect is enhanced as the cooling rate is
increased. However, it has been reported, in both low and
high carbon steels, that as S, increases the effect of cooling
rate to introduce additional refinement becomes weaker
[23, 24]. In this context, in both V microalloyed steels the
initial austenite grain size prior to deformation is very
small. As a consequence, the resulting S, value in the
partially recrystallised microstructures deformed at 800
and 835 °C will be high enough to bring about a very fine
ferrite grain size, as shown in Fig. 3, with a minor effect of
the cooling strategy. This can explain the behaviour of the
ferrite grain size remaining nearly constant in both V mi-
croalloyed steels at 800 and 835 °C. In contrast, as at
870 °C the austenite microstructure is completely recrys-
tallised before transformation, S, will be smaller than in the
previous cases, thus leading to some refinement in the
ferrite mean grain size when accelerated cooling is applied.
In the case of the plain C—Mn steel, a complete recrystal-
lisation of the austenite after deformation [25] and some
grain growth could also happen for the three deformation
temperatures. As a result, smaller S, values will be pro-
duced, which can explain the slightly coarser ferrite grain
size obtained in comparison to the V microalloyed steels.
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Fig. 10 Charpy test results

The evolution of the ferrite volume fraction with
deformation conditions shown in Fig. 3 seems more diffi-
cult to explain. Concerning the C-Mn steel, f, remains
nearly independent on the deformation temperature. This

70 30 10 50 9 130 170 .70 30 10 50 90 130 170

Temperature (°C)

can be explained assuming that the possible changes in the
austenite grain size between the different deformation
conditions are small enough to not affect the CCT curve of
the steel. The smaller ferrite fraction resulting at higher
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cooling rates follows also the expected tendency. In con-
trast to this behaviour, in both V microalloyed steels some
dependence on the deformation temperature is observed.

The dependency of the ferrite fraction with deformation
temperature can be considered together with the tendency of
increasing MA fraction shown in Fig. 4. Different factors
can be interacting simultaneously. Firstly, the accumulated
strain in the austenite (at low deformation temperatures) will
accelerate the ferrite transformation, i.e., ferrite will start
forming at higher temperatures and shorter times, thus
favouring higher ferrite fraction contents [24]. Secondly,
vanadium in solution delays slightly the start of ferrite
transformation and moves the end of pearlite and bainite
transformations to longer times [26]. The third factor to take
into account is the amount of nitrogen in solution. Staiger
et al. identified an important influence of free nitrogen on the
increase of the MA microconstituents formation in low C
high Mn steels [27]. These authors observed that nitrogen in
solution increases the hardenability affecting mainly to those
regions where Mn was locally segregated.

These three factors can explain qualitatively the
behaviour observed in steel V1, where a decrease in the
ferrite and an increase in MA volume fractions occur as
deformation temperature increases. In the case of steel V2,
the MA fraction evolution follows a similar trend to that
observed in steel V1. The lower fractions at 835 and
870 °C, in comparison to those measured in steel V1, could
be related to the more stable V(C,N) precipitates (Fig. 11)
and, in consequence, to the smaller free nitrogen percent-
age. In relation to the ferrite volume fraction, while at
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800 °C it follows the general behaviour, the increase in f,
measured in the samples deformed at 835 °C, with higher
contents than those measured in steel V1 with lower C
content, deviate from the expected behaviour. Assuming
that the difference in the austenite conditioning in both
microalloyed steels at 835 °C is small, the possible role of
vanadium remains unclear.

The V(C,N) precipitate size distributions after defor-
mation followed by air cooling shown in Fig. 6 allow one
to evaluate the evolution of the amount of vanadium
available in solution after reheating. The possibility of
strain-induced precipitation in austenite can be ruled out
because of the absence of a plateau denoting this effect in
the recrystallised fraction versus time plots reported in Ref.
[14]. An additional argument for the absence of strain-
induced precipitation is that there is no thermodynamic
driving force for this to happen since the deformation
temperature is the same as the austenitisation temperature
Therefore, all the V in solution will be available for further
precipitation during cooling, either as new precipitates or
on already existing ones.

A higher reheating temperature will lead to an increase in
the precipitation rate of new particles through a higher
supersaturation during cooling but, on the other hand, lower
dissolution temperatures will favour accelerated precipita-
tion of the solutes on pre-existing particles, which act as
preferred sites [28, 29]. This is essentially the situation
detected in both microalloyed steels. When comparing data
of Figs. 6 and 7 for steel V1, itis clear that a refinement in the
particle size distribution is attained after deformation applied
at 870 °C. The mean size decreases slightly from 21 to
18 nm and there is an important increase in the fraction of
particles smaller than 9 nm. This implies that a fine fresh
precipitation is taking place during subsequent cooling after
deformation, resulting in an important increase in the density
of precipitates detected, i.e., from 11 to 91 pm_z. This sit-
uation differs from that observed in the samples deformed at
800 °C. Assuming that before deformation the precipitation
state at 800 °C should be very similar to that of the as
received condition, Fig. 5, there is an increase in the average
precipitate size from 8 to 14 nm, in addition to very similar
values of p and an important increase in the amount of par-
ticles bigger than 17 nm. This suggests that the small amount
of solute vanadium available is precipitating mainly on pre-
existing particles. The behaviour just described for steel V1
is applicable also to steel V2, being the only difference the
formation of coarser precipitates for similar deformation
conditions.

Mechanical properties

The mean flow stress values can be used for evaluating
the forces associated with the warm forging. Several
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expressions have been proposed to calculate MFS as a
function of composition and deformation parameters. One
of these is the Misaka equation (Eq. 1) [30]:

MFS(MPa)9.8 exp <0.126 — 1.75[C] + 0.594[CJ

(1)

2
L2851+ 2968[;1] — 1120[C] ) 021,013

where [C] is the carbon content in wt%, T the temperature
in K, ¢ the applied strain and ¢ the strain rate. As observed,
this equation takes only into account the effect of carbon
content. Its application to microalloyed grades was done by
Kirihata et al. through the introduction of the following
multiplying factor that considers the alloy additions [31],
all in wt%:

£ =0.835+0.098[Mn] 4 0.5[Nb]
+0.128[Cr]"® 4-0.144[Mo]*? +0.175[V] + 0.01[Ni] (2)

In Figure 8 the experimental MFS values are compared
with the predictions as a function of the absolute inverse
temperature, considering Eq. 1 for the C—Mn steel and with
the correction of Kirihata et al. for the microalloyed steels,
including the vanadium in solution corresponding to each
condition in agreement with the predictions of Fig. 11. The
results show that there is a good correlation between
measured and predicted values for the case of the C—Mn
steel, confirming the valuable use of Eq. 1. In contrast, in
both microalloyed steels the predictions significantly
underestimate the MFEFS. These differences suggest that
other factors, no included in the empirical expressions of
Misaka and Kirihata et al., are operating. In this context, it
might be suggested that the precipitates present during
deformation at the warm reheating temperature range
analysed in this study are affecting the flow stress of the
steel. It is worth emphasising that Dutta et al. [32] observed
that Nb(C,N) precipitates present in austenite lead to a
strengthening increment in the flow stress that could be
associate directly to the particles. In order to confirm that,
an additional plane strain compression test was done at
1025 °C with steel V1. At this temperature it could be
considered that all the vanadium is in solution. The MFS
value obtained from the flow stress curve was 117 MPa, in
very good agreement with the value of 114 MPa calculated
from the Misaka—Kirihata equations. This confirms that in
warm forging of V microalloyed steels there can be an
additional increase in the MFS and, as a consequence, in
the forces required to deform the steel, associated to the
precipitates present prior to deformation application.

Concerning the room temperature mechanical behav-
iour, the application of the warm working to the V mi-
croalloyed steels has led to multiphase microstructures that
made difficult the quantification of the contribution of each
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Fig. 12 Evolution of the ferrite phase relevance in the strength,
considered through the fxd;Q5 factor, as a function of the deformation
temperature

hardening mechanism to the overall strength. Nevertheless,
there are some general rules that can be taken into account.
For example, the influence of the ferrite on the overall
strength decreases as higher deformation temperatures are
selected in the V microalloyed steels, while it remains
nearly constant in the C—Mn steel. This influence has been
considered in Fig. 12 through the f,d, > product. In the
figure, a linear relationship with f, has been chosen, as this
type of dependences between the soft phases and the
overall strength have been proposed in the case of multi-
phase microstructures [33], although for the case of ferrite—
pearlite microstructures (that is, the case of the C—Mn
steel) the /2 proposed by Gladman et al. is generally
accepted [34]. Independently of selecting f, or f.°, the
decreasing tendency with deformation temperature shown
in Fig. 12 prevails.

The fact that the yield stress and the tensile strength
decrease slightly or increase with deformation temperature,
depending on the steel and cooling condition, and that the
ferrite contribution decreases, implies a higher contribution
of other hardening mechanisms, that is, hard constituents as
MA (confirmed by the data of Fig. 4), precipitation
strengthening and dislocation density (mainly in the accel-
erated cooled samples). Precipitation hardening evidence
has been presented in Ref. [35], where nano-hardness mea-
surements of ferrite were made after different deformation
conditions. The results thus obtained showed that ferrite
present at the microstructure becomes softer as the defor-
mation temperature and subsequent applied cooling rate
decrease. The results are rationalised in terms of the effec-
tiveness of the precipitation strengthening contribution, i.e.,
precipitate size and distribution. All of these hardening
mechanisms will have a deleterious effect on the toughness,
measured as ductile—brittle transition temperature.

This toughness deterioration as deformation temperature
and cooling rate are increased is confirmed by Fig. 10. As

@ Springer
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Fig. 13 Dependence of room temperature Charpy energy with hard
phase (MA) volume fraction

mentioned above, these results could be explained in terms
of a higher fraction of harder MA constituent (fy;) as
deformation temperature and cooling rate are increased [2,
36, 37]. This aspect was also corroborated by further
analysis of the fracture surfaces of brittle broken speci-
mens, which showed crack initiation in MA constituents. A
similar dependence has been reported in ferrite—martensite
microstructures [38]. This deleterious effect of the amount
of MA can be observed also in Fig. 13 where the room
temperature Charpy energy has been drawn as a function of
MA volume fraction. The figure indicates a rapid drop in
CVN energy in a small interval of MA fraction: while for
MA fractions smaller than ~ 10% the behaviour corre-
sponds to the complete ductile fracture in both microal-
loyed steels, once this value is surmounted the absorbed
energy abruptly decreases. The different contributions of
the microstructural features to the strength and toughness
simultaneously can be observed in Fig. 14, where the
tensile strength has been drawn against the room temper-
ature Charpy energy. The figure indicates that in the case of
the plain C-Mn steel, the different deformation tempera-
tures lead to a reduced strength—toughness window. In
contrast, the introduction of V microalloyed steels com-
bined with deformation temperatures between 800 and
835 °C produces an increase in toughness with strength
levels similar or higher than those obtained with the C—Mn
steel, depending on the amount of V.

When deformation is carried out at 870 °C, the higher
amount of V and nitrogen in solution has lead to an
increase in the fraction of hard phases that impairs tough-
ness without a significant improvement in strength. The
application of higher cooling rates after deformation pro-
vides the possibility of obtain higher strength, but at the
expenses of a further decrease in toughness. At these
conditions it will be possible to achieve higher strength
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values than those obtained with the plain C—Mn steel, but
in spite of a loss in toughness.

Summarising, because of the different amounts of V that
are put in solution depending on the applied reheating
temperature before warm deformation, it is possible to have
important differences in the room temperature micro-
structure that will affect mechanical properties, showing a
higher sensitivity to process parameters than plain C—Mn
steels. Taking it into account, in the range of 800-870 °C,
the selection of low deformation temperatures should lead
to the best strength—toughness combinations. On the other
hand, Fig. 8 indicates that microalloying requires higher
force tools during forming in comparison to plain C—-Mn
steels. This aspect should also be taken into account when
selecting deformation conditions. Finally, as the loss of
toughness is associated with a higher amount of hard
phases, similar approaches to those applied to conventional
forging, that is, an increase in the Si content of the steel
[12, 39] or a reduction in Mn could be considered. This
would permit to increase the deformation temperature with
the consequent reduction in the requirements of the tool
forces.

Conclusions

The main conclusions of this work could be summarised as
follows:

e The microstructural and mechanical behaviour of V
microalloyed steels show important differences com-
pared to conventional C—Mn steels in warm working
processes. These differences arise from the different
amounts of V that is put in solution which depends
on the applied reheating temperature before warm
deformation.
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Given the low temperatures implied in warm forging
procedures, i.e., low levels of dissolution and limited
coarsening by Ostwald ripening, the size and distribu-
tion of the vanadium precipitates in the as received
condition are of great importance. These undissolved
particles can play different roles depending on the
processing temperature: control of the austenite grain
growth during reheating, increase of the required tool
forces during forming and delay of austenite static
recrystallisation after deformation.

Microalloying with V leads to fine multiphase micro-
structures formed by ferrite, pearlite/bainite and MA
phases. Depending on the reheating temperature, the
vanadium in solution will precipitate during cooling as
fine particles or precipitate over existing undissolved
particles. The amount of each constituent is affected by
the reheating temperature.

At the deformation temperatures of 800-830 °C fol-
lowed by air cooling both V microalloyed steels results
in better strength—toughness combinations compared to
the studied C-Mn steel. In contrast, at 870 °C the
increase of MA volume fraction significantly reduces
the toughness. With accelerated cooling a further
increase in strength can be achieved but room temper-
ature impact toughness is markedly reduced.
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