
1. Introduction

Microalloyed forging steels were first introduced in late
70’s.1,2) The incentive for the use of these steels has been
the attainment of high yield and tensile strengths in the as
forged condition, eliminating by this way the expensive and
not environmentally friendly operation of quenching and
tempering.3,4) However components made of microalloyed
forging steels have always suffered from lower toughness
values compared to their quenched and tempered counter
parts. This has limited their applications particularly for
safety components where both high strength and toughness
properties are required.2–6) The first generation of microal-
loyed steels (C–Mn–V steels) had ferrite–pearlite mi-
crostructures and the low toughness values were associated
to the inherent cleavage fracture mode of pearlite.2,7–10)

Therefore researches have been focused on eliminating or
minimizing the amount of pearlite that can be formed dur-
ing post forge cooling.2,7,11) In recent years, the trend has
been to modify the ferrite–pearlite microstructure with high
impact toughness microstructures such as acicular ferrite
through a judicious control of thermomechanical process-
ing parameters. The ultimate objective of these attempts
being the production of high strength-high toughness parts

suitable for application in automobile safety parts.7,12,13)

Acicular ferrite is formed below the transformation tem-
perature of proeutectoid ferrite and pearlite and above the
martensite-start temperature. Therefore its transformation
temperature range is similar to that of bainite. Although it
has been reported that the transformation mechanism of
bainite and acicular ferrite are similar; however their re-
spective nucleation sites are different.14–16) In bainite, ferrite
plates initiate at austenite grain boundaries, forming
sheaves of parallel plates with the same crystallographic
orientation.17) By contrast, it is well accepted that acicular
ferrite is nucleated intragranularly on inclusions within
large austenite grains and then radiates in many different
directions.17–19) It has been also suggested that, acicular fer-
rite is in fact intragranularly nucleated bainite18,19) or it re-
sults from multiple impingement of various intragranular
widmanstatten ferrite and intragranularly nucleated polygo-
nal ferrite.20) The nucleation mode of acicular ferrite is such
that it results to a chaotic arrangement of plates and fine
grains interlocked, which leads to a microstructure that is
less organized when compared with ordinary bainite.21–23)

Such microstructures are better suited to deflect propagat-
ing cleavage cracks and therefore more desirable from
toughness point of view.17–19)
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The growth of ferrite plates results in carbon enrichment
of the remaining austenite, which may remain untrans-
formed or transform to martensite, bainite or interlath car-
bides. Upon the application of strain, the untransformed
austenite is converted to martensite, which would increase
strain hardening and residual compressive stresses bringing
higher resistance to necking and crack arrest properties, re-
spectively.24) In the acicular ferrite microstructure, refining
the ferrite lath size, eliminating pearlite, minimizing the de-
velopment of interlath carbides, and control of the amount
and distribution of retained austenite are critical for the
achievement of optimum strength and toughness prop-
erties.7,9,25)

In the present article the influence of thermomechanical
process parameters on the above mentioned microstructural
characteristics particularly with regard to the formation of
acicular ferrite and the resultant mechanical properties of a
Nb–V microalloyed steel is investigated. The overall objec-
tive of the study was the development of a forging process
to produce high strength-high toughness (tensile strength
�850 Mpa, impact energy at room temperature �30 J) mi-
croalloyed forged automotive safety parts such as axles,
hubs and steering parts.

2. Material and Experimental Procedures

The material used in this investigation was a Nb–V mi-
croalloyed steel produced in an electric arc furnace equip-
ped with semi-automatic charging system and oxy-gas
burners. Secondary steelmaking operations were performed
in a ladle furnace with vacuum degassing units to eliminate
oxygen and nitrogen as well as inclusion modification capa-
bilities. Continuous cast blooms were produced and then
hot rolled to 65 mm diameter bars out of which the speci-
mens used in this investigation were machined out. Steel
bars were inspected by magnetic particles inspection
method to identify and remove any possible surface cracks.

The chemical composition of the steel is given in Table
1. As indicated, carbon content is about 0.27% to exploit its
strengthening effect. Si was added to prevent the formation
of cementite and therefore pearlite, which are detrimental to
toughness. The presence of Cu enhances acicular ferrite
formation and finally V and Nb were added as microalloy-
ing elements to use their precipitation strengthening effects.

To reveal prior austenite grain boundaries and to deter-
mine the effect of reheating temperature on austenite grain
size, specimens with 8 mm diameter and 12 mm height with
their axis parallel to the axis of the bar were prepared from
the as received material. They were then heated in an elec-
trical furnace with SiC heating elements between 900 to
1 250°C for 10 min followed by water quenching. The spec-
imens were then tempered at 550°C for 4 h to improve grain
boundary etching. After usual grinding and polishing oper-
ations (240 to 1 200 grit SiC paper followed by 1 mm dia-
mond paste) they were etched in a supersaturated solution

of warm picric acid and water with the addition of cupric
chloride. Digital pictures were prepared by using optical
microscopy and average austenite grain sizes were mea-
sured using the linear intercept method according to ASTM
E112 standard.

An extensive number of relationships have been pro-
posed for the dissolution temperature of Nb carbonitrides in
microalloyed steels.26–31) In the present study, the above
temperature was estimated using the following relationships
proposed by Johansen (1), Hudd (2) and Narita (3) whose
steel compositions are the closest to the one used in this
work.26–28)

log[Nb][C]�(�9 290/T)�4.37 ................(1)

Log[Nb][C]�(�10 960/T)�5.43 ..............(2)

Log[Nb][C]�(�7 900/T)�3.42 ...............(3)

The above relationships lead to dissolution temperatures of
1 225°C (Eq. (1)), 1 237°C (Eq. (2)), and 1 232°C (Eq. (3)).

The effect of forging parameters on microstructure and
mechanical properties was studied on 150�F65 mm billets
from the as received rolled bars. The specimens were re-
heated to 1 200°C or 1 250°C in a continuous induction fur-
nace for 5 min. The selection of the reheating temperature
was made with the objective to study the effect of smaller
austenite grain size and larger carbonitrides (reheating at
1 200°C) versus large austenite grain sizes and very fine
carbonitrides (upon cooling from 1 250°C) on final me-
chanical properties. Optical pyrometry was used to measure
the temperature of the billets at the exit of the induction
coil. The specimens were then immediately deformed (for
tests at 1 200 and 1 250°C) or cooled at a rate of 1°C/s to
the selected deformation temperature (1 200 or 1 150°C) as
shown schematically in Fig. 1(a). A 20 MN mechanical
forging press was employed to apply percent height reduc-
tions (i.e. percent deformation) of 20, 50 and 75%. In order
to simulate, as accurately as possible, the actual part forg-
ing operations, the billets were forged normal to their
rolling directions (Fig. 1(b)). This configuration allowed
also the machining of tensile and impact test samples out of
the forged billets. The as forged billets were then cooled to
room temperature with different cooling rates. These were
bin cooled (0.3°C/s), air cooled (1°C/s), and forced air
cooled (3°C/s). Temperature drop during cooling was fol-
lowed by inserting an appropriate thermocouple into a 3
mm diameter hole drilled at a fixed distance near the central
part of the billets (Fig. 1(b)).

Tensile and impact test specimens were prepared from
the center of the deformed billets according to ASTM E8
and E23 standards, respectively. An instrumented tensile
testing system (Shenk) and an automatic impact testing ma-
chine (Wolpert) were used for evaluating mechanical prop-
erties.

Metallography samples, perpendicular to the forging di-
rection, were extracted from the extremities of the impact
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test specimens. They were then cold mounted in bakelite,
polished, and etched with 5% nital. An optical microscope
instrumented by image analysis software was used for mi-
crostructure examination. The volume percent of phases
was measured by point counting method according to
ASTM E562 and color etching using sodium metabisul-
phite revealed the retained austenite in microstructure.
Finally, orientation image microscopy (OIM) and X-ray dif-
fraction methods were used to confirm the presence of re-
tained austenite and to calculate its percentage in the final
microstructure.

3. Results

3.1. Mechanical Properties

Figures 2 and 3 show the variation of Charpy impact en-
ergy and elongation percent with cooling rate, reheating
and deformation temperatures as well as percent height re-
duction. The results indicate that, impact energy increases
with increasing cooling rate, reheating temperature and per-

cent height reduction but decreases with increasing defor-
mation temperature. As indicated in Fig. 2(a) impact energy
increases from 10 to 31 J when cooling rate increases from
0.3 to 3°C/s for billets reheated at 1 250°C and deformed
75% at 1 150°C. It is interesting to note that, for the latter
cooling condition (i.e. 3°C/s) the elongation percent during
tensile testing approaches 28%, which represents very good
ductility. A similar behavior to impact energy and percent
elongation was observed for the evolution of reduction of
area for 1 250°C reheating temperature with cooling rate;
i.e. it increased significantly (from 35 to 50.3%) by increas-
ing cooling rate and decreasing deformation temperature.

However the specimens reheated at 1 200°C show differ-
ent behavior. For instance, as shown in Fig. 4 while the re-
duction of area is very high (�50%) with 0.3°C cooling
rate, it decreases to about 40% for 1°C/s and then ap-
proaches 47% when the cooling rate is increased to 3°C/s.
Reduction of area also improves by increasing percent
height reduction and decreasing deformation temperature
(from 1 200 to 1 150°C) as indicated in Fig. 4.

Engineering stress–strain curves of specimens with 75%
height reduction are reported in Fig. 5. As can be observed,
increasing cooling rate and reheating temperature extend
the stress–strain curves; however the influence of varying
the cooling rate appears to be more significant. Specifically,
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Fig. 1. (a) Schematical diagram of thermomechanical process-
ing, (b) specimen and thermocouple’s position during
forging, and (c) location of mechanical and metallu-
graphical samples in forged billet.

Fig. 2. Variation of Charpy impact energy with forging parame-
ters.

Fig. 3. Variation of % elongation with cooling rate, reheating
and deformation temperatures.



specimens reheated at 1 200°C and cooled at 0.3°C/s repre-
sent larger post uniform strain zones (starting at strain of
peak stress and finishing at fracture) and greater necking re-
gions. By contrast those with the higher reheating tempera-
ture (1 250°C) and cooling rate (3°C/s) show larger uniform
strains (the region between yield and peak stress) and lower
post uniform strains.

The influence of thermomechanical processing parame-
ters on yield and tensile strengths are illustrated in Figs. 6
and 7. The results indicate that, yield strength decreases
with increasing cooling rate for both reheating temperatures
while increasing cooling rate and reheating temperature re-
sults to higher tensile strength values. By contrast, as the

deformation temperature is increased and/or the percent
height reduction decreased both yield and tensile strengths
are reduced to lower levels (Fig. 7).

3.2. Microstructure

Figure 8 shows the variation of mean austenite grain size
with reheating temperature. As indicated, for reheating tem-
peratures between 900 and 1 150°C the average austenite
grain size increases slightly, passing from 9 mm at 900°C to
53 mm at 1 150°C. However, a sudden increase is observed
at 1 200°C, which becomes even more important at 1 250°C
where the average grain size reaches 171 mm. This clearly
indicates that, the lower end dissolution temperature of
(Nb)(C, N) precipitates is in the vicinity of 1 200°C and the
upper end close to 1 250°C. The obtained results confirm
that, the dissolution temperature of (Nb)(C, N) precipitates
is in the interval 1200–1250°C as predicted based on rela-
tions reported previously.26–28)
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Fig. 4. Variation of % reduction of area with cooling rate.

Fig. 5. Engineering stress–strain curves of specimens with 75%
height reduction at 1 200°C.

Fig. 6. Variation of yield and tensile strength with cooling rate.

Fig. 7. Variation of yield and tensile strength with deformation
temperature and percent height reduction at different
cooling rates: (a) 0.3, (b) 1, and (c) 3°C/s.



The influence of forging parameters on the propensity of
the microstructure to produce acicular ferrite is illustrated
in Figs. 9(a)–9(f). For instance, the microstructure of the
samples reheated at 1 200°C, 75% height reduction and
0.3°C/s cooling rate is composed of ferrite and pearlite
(Fig. 9(a)). By contrast, when the reheating temperature is

increased to 1 250°C an acicular ferrite microstructure is
obtained (Fig. 9(d)). The volume percent of the various
phases was evaluated and the results are reported in Fig. 10.
By increasing the reheating temperature to 1 250°C the vol-
ume percent of pearlite and granular ferrite decreases. The
effect being more pronounced for pearlite (passing from 68
to 48%) than for granular ferrite (reduced from 32 to 21%).
It is interesting to note that, under these conditions the vol-
ume percent of acicular ferrite increases from almost 0 to
about 31%.

As the cooling rate is increased from 0.3 to 1°C/s, the
volume percent of pearlite decreased from 68 to 24% and
that of granular ferrite decreased from 32 to 19%, respec-
tively (1 200°C reheating and deformation temperatures and
75% height reduction). At the same time, the content in
acicular ferrite increased considerably passing from almost
0 to 57%. The effect of increasing reheating temperature or
cooling rate on the final microstructure appears then to be
similar. Also, as the cooling rate is increased to 1°C/s most
of the interior of austenite grains is occupied by acicular
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a) d)

b) e)

c) f)

Fig. 9. Microstructures of specimens with 1 200°C (a)–(c) and 1 250°C (d)–(f) reheating temperatures, 75% height re-
duction at 1 200°C, and cooled at (a), (d) 0.3°C/s; (b), (e) 1°C/s; and (c), (f ) 3°C/s.

Fig. 8. Average austenite grain size variations with reheating
temperature.



ferrite for both reheating temperatures (Figs. 9(b) and 9(e)).
Increasing the cooling rate to 3°C/s eliminates almost all
the pearlite and granular ferrite and replaces them by acicu-
lar ferrite as can be observed in Figs. 9(c) and 9(f). Figures
11(a) and 11(b) show an illustrative example of the pres-
ence and distribution of retained austenite revealed by color
metallography (Fig. 11(a)) and OIM (Fig. 11(b)) in a billet
solutionized at 1 250°C, deformed 75% at 1 200°C and
cooled at 3°C/s. The volume percent of retained austenite
was calculated by X-ray diffraction method. Figure 12
shows the influence of reheating temperature and cooling
rate on X-ray diffraction diagrams of the specimens. Using
these diagrams, the volume percent of the retained austenite
was calculated in each case and the results are reported in
Fig. 13. As indicated, for 1 250°C reheating temperature
and 75% deformation at 1 200°C, as the cooling rate is in-
creased from 0.3 to 3°C/s the volume percent of retained
austenite passes from 3 to 18%. By contrast, for the sam-
ples reheated and deformed at 1 200°C there is almost no
retained austenite with the 0.3°C/s cooling rate, while the
amount becomes near 17% at 3°C/s. This clearly indicates
that, the effect of retained austenite is better revealed at
lower cooling rates. The control of this constituent is of
great importance to achieve high strength-high toughness
properties.
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Fig. 10. Volume percent of phases for 75% deformation at (a)
1 200°C and (b) 1 150°C deformation temperatures
(numbers on charts indicate reheating tmperatures (°C)).

Fig. 11. Retained austenite, (a) revealed by color etching (white
areas), (b) OIM (background is ferrite and all the is-
lands and dark spots are austenite).

Fig. 12. X-ray diffraction diagrams of specimens deformed 75%
at 1 200°C, reheating temperatures and cooling rates are
(a) 1 200°C and 0.3°C/s, and (b) 1 250°C and 3°C/s.



4. Discussion

4.1. Microstructure

4.1.1. Influence of Reheating Temperature

At the higher reheating temperature, the increase in the
amount of acicular ferrite (Fig. 10) can be related to signifi-
cantly higher austenite grain sizes of the specimen.
Reheating at 1 200°C and 1 250°C, produces mean austen-
ite grain sizes of 86 mm and 171 mm, respectively. With re-
spect to transformation, austenite grain boundaries are pre-
ferred sites for the nucleation of proeutectoid ferrite,
pearlite and bainite. Therefore, with larger austenite grains,
fewer nucleation sites will be available for the above phases
and the diffusion controlled transformation process be-
comes limited.31,32) As a result, upon transformation, intra-
granular nucleation will be promoted in expense of grain
boundary transformation products. It is well known that,
acicular ferrite nucleates on inclusions located at the interi-
or of austenite grains, by a combination of displacive and
reconstructive mechanisms with less need to diffusion than
products, such as ferrite and pearlite, that are diffusion con-
trolled. Finally, because in hypoeutectoid steels, pearlite nu-
cleates also at the interior of austenite grains, by initially in-
creasing austenite grain size, the nucleation of acicular fer-
rite is promoted and the amount of pearlite is reduced as
can be observed by comparing Figs. 9(a), 9(b) and 9(d),
9(e).

4.1.2. Influence of Percent Height Reduction and Defor-
mation Temperature

Statically recrystallized austenite grain size, d g has been
related to strain and deformation temperature by33):

d g�Bd0
ae�b exp[�Q/(RT )]

where, d0 is the initial austenite grain size, e is the total
strain and T is the absolute temperature. Q and R are activa-
tion energy of recrystallization and gas constant, respec-
tively. B, a and b are constants determined by the chemical
composition of the steel. The above equation indicates that,
decreasing deformation temperature and increasing strain
decreases the statically recrystallized grain size. Finer re-
crystallized austenite grain size produces finer ferrite plates
and packets upon transformation to acicular ferrite struc-
tures. Therefore, increasing percent height reduction and
decreasing deformation temperature should produce finer
acicular microstructures.7) As illustrated in Fig. 10, under

the same experimental conditions, an increase in the acicu-
lar ferrite content and a decrease in the volume percent of
pearlite are observed.

4.1.3. Influence of Cooling Rate

Increasing cooling rate, decreases the diffusion time and
reduces the transformation temperature, thus limiting the
effectiveness of reconstructive mechanisms. Also, transfor-
mation at lower temperatures enhances displacive mecha-
nisms and therefore promotes shear transformation prod-
ucts such as acicular ferrite, as shown in Figs. 9 and 10.

4.1.4. Retained Austenite

Pearlite is the most important carbon-consuming con-
stituent in the microstructure. By decreasing the amount of
this phase and replacing it by acicular ferrite, which has
very low solubility for carbon, some austenite will remain
in the final microstructure.7,34) Figure 14 shows that, in-
creasing the volume percent of acicular ferrite and decreas-
ing pearlite content, retained austenite content increased.
Also ferrite plates surround retained austenite, giving them
a platelike or granular morphology, as reported in Fig. 11.
Finally the variation of percent retained austenite, calculat-
ed using X-ray diffraction as a function of testing condi-
tions, was illustrated in Fig. 13. This variation alters the
room temperature mechanical properties because of the dif-
ferences in mechanical properties of austenite with ferrite
and pearlite.

4.2. Mechanical Properties

4.2.1. Influence of Reheating Temperature and Cooling
Rate

As reported in Fig. 2 for 75% reduction, Charpy impact
energy increases with increasing cooling rate and reheating
temperature. This can be attributed to the volume percent of
pearlite and acicular ferrite as well as to the size of
(Nb)(C, N) particles. Acicular ferrite has a chaotic type
structure and its multidirectional thin plates deflect crack
propagation whereas pearlite is susceptible to cleavage frac-
ture. Thus, increasing acicular ferrite and decreasing
pearlite, improves significantly impact toughness values.
Specifically, increased acicular ferrite content obtained at
higher cooling rates and reheating temperature should im-
prove Charpy impact energy, as demonstrated in Fig. 14.
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Fig. 13. Volume percent of retained austenite versus cooling
rate.

Fig. 14. Charpy impact energy and % retained austenite versus
volume percent of acicular ferrite for specimens reheat-
ed at 1 250°C and deformed 75% at 1 200°C.



On the other hand, at higher cooling rates where there is
no obvious presence of pearlite (see Figs. 9(c), 9(f) and
10), the Charpy impact energy of specimens solutionized at
1 250°C is higher than those treated at 1 200°C. This behav-
ior is probably related to larger Nb(C, N) particles that exist
at 1 200°C, as this is below their dissolution temperature. It
has been reported that, such particles can act as cleavage
crack initiation points with a deleterious effect on impact
energy.9,35)

As illustrated in Fig. 5, the engineering stress–strain
curve, for specimen with 1 200°C reheating temperature
and 0.3°C/s cooling rate, shows a sharp peak followed by a
stress drop during necking accompanied with high post-
uniform strain. Microstructural examination of the above
specimens (Fig. 9(a)), showed a ferritic–pearlitic mi-
crostructure. The latter has a weak resistance to necking
and the intense stress drop observed immediately after the
peak is probably due to this feature. By contrast, specimens
with 1 200°C reheating temperature and 3°C/s cooling rate
did not show high post uniform strain, while presenting a
high reduction of area. In these specimens and also in the
specimens with 1 250°C reheating temperature and 3°C/s
cooling rate, engineering stress–strain curves showed high
uniform strain (i.e. higher percent elongation and reduction
of area) and low post-uniform strain (Fig. 5).

The results reported in Fig. 4, show clearly that increas-
ing the cooling rate up to 3°C/s increased reduction of area
for both reheating temperatures to about 50%. The mi-
crostructures of these specimens (Figs. 9(c) and 9(f)) con-
sisted of acicular ferrite with significant volume percent of
retained austenite. The latter transforms to martensite dur-
ing deformation, increasing plastic deformation and result-
ing to higher percent elongation and reduction of area. On
the other hand, martensite has high resistance to necking
and therefore specimens that contain higher amounts of re-
tained austenite display extended engineering stress-strain
curves and low post-uniform strain (i.e. smaller necking re-
gion), as indicated in Fig. 5.36)

The decrease in yield strength with increasing cooling
rate, as observed in Fig. 6, can be related to the lower con-
tent of pearlite, the presence of low strength ferrite, and
some austenite in agreement with results reported by other
investigators.7,24) Also, the higher yield strength of speci-
mens with 1 250°C reheating temperature compared to
those reheated at 1 200°C can be related to the precipitation
of NbC dissolved during reheating at 1 250°C, which does
not exist at the lower reheating temperature. By contrast,
the higher yield strength obtained for specimens reheated at
1 200°C and cooled with 0.3°C/s can be attributed to the
presence of a higher volume percent of pearlite (Fig. 10).
Therefore, at lower cooling rates where the microstructure
consists mainly of pearlite, this constituent determines the
yield strength; whereas, in microstructures consisting main-
ly of acicular ferrite, precipitates have the major role in de-
termining the yield strength.

The increase in tensile strength with cooling rate ob-
served for both reheating temperatures (Fig. 6), may be re-
lated to the transformation of retained austenite (presents in
acicular ferrite) to martensite during uniform straining. The
higher resistance of martensite to deformation increases
strain hardening and ultimately the tensile strength.7,24)

5. Conclusions

(1) Thermomechanical processing parameters to obtain
high strength-high impact toughness Nb–V forged microal-
loyed steels were optimized.

(2) Increasing reheating temperature from 1 200 to
1 250°C decreased considerably pearlite content, while the
volume percent of acicular ferrite increased. The high vol-
ume fraction of acicular ferrite and retained austenite as
well as the presence of very fine Nb(C, N) precipitates in-
creases the impact toughness and tensile strength simulta-
neously.

(3) Increasing cooling rate decreases pearlite content
and increases acicular ferrite volume percent. Increasing
cooling rate up to 3°C/s produces acicular ferrite in expense
of pearlite and granular ferrite. These microstructural varia-
tions increase impact energy, tensile strength, elongation
percent and reduction of area of specimens with 1 250°C
reheating temperature.

(4) Increasing percent height reduction and decreasing
deformation temperature refines the microstructure and in-
creases acicular ferrite content. These microstructural vari-
ations increase impact energy and the tensile properties.
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