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Thermomechanical treatment as an effective method has been carried out in order to obtain a better
combination of high strength and excellent toughness. In this work, the hot deformation behavior of
86CrMoV7 steel has been studied, and then the process of ausforging has been designed. The micro-
structures and mechanical properties of 86CrMoV7 steel by (1) direct quenching after forging (ausforging)
and tempering, (2) quenching-and-tempering and spheroidizing annealing have been investigated. The
results show ausforging-and-tempering provides high strength but same toughness as classical quenching-
and-tempering.
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1. Introduction

Shape-forming processes utilize effective methods
associated with heat treatment procedures after hot deformation
to refine microstructure and improve the mechanical properties
(Ref 1, 2). Examples include forging bars, wire rods, and rolled
plates of low-carbon and medium-carbon microalloyed steels
(Ref 3-6). Scant research has been done on high-carbon alloyed
steel for heavy forging. The steel 86CrMoV7 is used to
manufacture heavy rolls weighing over 5 ton. For heavy forged
parts, annealing after forging and quenching-and-tempering are
important procedures for producing rolls. It is important to
study the combined effect of forging with heat treatments in
order to reduce heat treatment procedures. Hot deformation
influences the martensitic transformation, martensite structure,
and tempering processes (Ref 7). The dynamic and static
recrystallization can occur during hot deformation and in
intervals between the consecutive passes. By controlling the
correct deformation parameter, the recrystallized austenite
grains can be refined. The dynamically recrystallized grains
with heterogeneous dynamic substructures can promote the
martensitic phase transformation and increase the martensite
start transformation temperature (Ref 8). This makes develop-
ing of the fine-grained austenite structure possible, and
therefore development of the fine-grained transformation
products of this phase, having a significant input into its
strengthening and into the increase of its toughness.

In our previous work (Ref 9), as the hot deformation
temperature was below the lowest temperature where recrys-
tallization could occur in austenite, it had a great effect on the
martensitic transformation of steel 86CrMoV7, with the results
that the martensite transformation starting temperature (Ms)
was increased and the martensitic microstructure after quench-
ing was refined (Ref 9). Therefore, in order to achieve high
mechanical properties by ausforging-and-tempering process for
this steel, it is necessary to study dynamic and/or static
recrystallization during the forging procedures to obtain fine
prior austenite grains with work hardened microstructure. In
this work, the hot deformation behavior of steel 86CrMoV7
was investigated to design the ausforging processes. Further-
more, the microstructures and mechanical properties of steel
86CrMoV7 after ausforging-and-tempering, quenching-and-
tempering, and spheroidizing annealing were investigated.
The aim is to discuss the possibility to reduce the heat
treatment procedures for roll manufacture.

2. Experimental Procedure

The chemical composition of the steel 86CrMoV7 used in
this investigation is listed in Table 1. The original material was
produced in open-hearth furnace, then refined in vacuum
refinery furnace, and cast into ingots of 60 mm diameter. The
ingots were reheated to 1200 �C, held for 3 h, and forged into
the bars about 16 mm diameter. The forged bars were cooled to
room temperature in air. After forging, the forged bars were
spheroidize annealed. During the spheroidizing annealing
process, the specimens were heated to 800 �C, held for 2 h,
and cooled to 720 �C, held for 3 h, then cooled to 250 �C in
furnace, and finally cooled to room temperature in air.

The compression tests were carried out on the
THEMECMASTOR-Z thermal simulator. The dimension of
the hot compressive specimen was U8· 10 mm. The specimens
were reheated to 1200 �C, then cooled to 750-1150 �C. In order
to observe the microstructure after the dynamic recrystallization,
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the 0.22-1.0 single compressive deformation with the strain rate
of 0.1-10 s-1 was carried out immediately followed by cooling
to room temperature in water. The specimen were held 10-90 s
at same temperature after deformation, then cooled to room
temperature in water in order to observe the microstructure after
static recrystallization.

According to the microstructure resulting from dynamic and
static recrystallization, the ausforging technology was designed.
For ausforging-and-tempering experiments, the ingot was
ausenitized at 1100 �C, and forged at temperatures ranging
from 1000 to 800 �C, then quenched in oil directly. The rate of
reduction was about 70%. After ausforging, the specimens were
tempered at temperatures ranging from 600 to 790 �C for 5 h.

The microstructure and mechanical properties of the spec-
imens with the classical quenching-and-tempering technology
were also studied. By the classical quenching-and-tempering
processes, the specimens after spheroidizing annealing were
reheated to 820 �C for 2 h, and quenched in oil, then tempered
at 700 �C for 5 h.

Lastly, the mechanical properties of the specimens after
different heat treatments were measured. The size of tensile
specimens is 10 mm gauge diameter and 100 mm gauge length.
The microstructure of specimens was determined by using
optical microscopy (OM) and transmission electron microscopy
(TEM). For TEM observation, thin foils were prepared by a
twin jet electropolisher in a solution containing 10% perchloric
acid and 90% glacial acetic acid. The TEM examination was
performed on H-800 TEM at 200 kV.

3. Results and Discussion

3.1 Hot Deformation Behavior

Typical stress-strain curves of this steel in the temperature
range from 750 to 1150 �C and strain rate range from 0.1 to
10 s-1 are shown in Fig. 1. When the deformation temperature
was higher than 1050 �C, and/or the strain rate was at 0.1 s-1, a
maximum characterized by peak strain (ep) and stress (rp)
appeared in the curve, followed by a gradual fall to a constant
stress (rss) value. This is typical of materials for which
dynamic recrystallization can be initiated dynamically when the
specimen is deformed at temperature above half of their
absolute melting point. With a decrease of the temperature or
increase of the strain rate, the peak broadens and its stress and
strain values are increased. As the deformation temperature
decreases to 950 �C, and/or strain rate increases to 1.0 s-1, the
stress is increased with an increase of the strain, which is
typical of work hardening. These results indicate that the lowest
temperature where recrystallization will occur of this steel is
lower than 950 �C. This needs to be confirmed by microstruc-
tural observation.

The typical microstructures of specimen cooled in water
directly after deformation are shown in Fig. 2 and 3. When the
deformation temperature is 1050 �C, some jagged grain
boundaries can be observed at a strain of 0.22. Furthermore,

some smaller dynamically recrystallized grains can be observed
around some prior austenite grain boundaries (Fig. 2a). With
increasing strain, the fraction of dynamic recrystallization
increases (Fig. 2b). When the strain increases to 0.68, the
fraction of dynamic recrystallization becomes almost 100%
(Fig. 2c). Upon farther increasing the strain, dynamically
recrystallized austenite grains change little and become more
uniform (Fig. 2d). These results are in accord with the stress-
strain curves.

When the deformation temperature is decreased to 950 �C,
the dynamically recrystallized grains are not observed when
strain is 0.22 (Fig. 3a). When strain increases to 0.68, the prior
austenite grains become elongated, and some deformation
bands and twin-crystals can be observed in prior austenite
grains (Fig. 3b). Furthermore, some dynamically recrystallized
grains can be observed around prior austenite grain boundaries
(Fig. 3b). When the strain increases to 1.0, the fraction of
dynamic recrystallization is only about 35% (Fig. 3c). With
decreasing strain rate, the fraction of recrystallization and the
size of dynamically recrystallized grains are increased (Fig. 3d).
These results are a little different to that of the stress-strain
curves, which is a typical one of the work hardening. Therefore,
to study the dynamic recrystallization of steel, the stress-strain
curves must be combined with the microstructure analysis.
When deformation temperature is decreased to 850 �C, even at

Table 1 Chemical composition of 86CrMoV7 steel, wt.%

C Si Mn P S Cr Ni Mo V

0.89 0.42 0.31 0.002 0.005 1.80 0.03 0.27 0.10

Fig. 1 Effect of the deformation temperature (a) and the strain rate
(b) on the stress-strain curves of the tested steel
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unit strain, the recrystallized grains cannot be observed on the
specimen, and the microstructural characteristics represent
massive deformation bands in the elongated prior austenite
grains (Fig. 3e).

The effect of the static recrystallization on the deformed
austenite microstructure is obvious. The typical microstructures
of the specimen after deformation held from 10 to 90 s are
shown in Fig. 4. When the specimen is deformed at 1050 �C,
the static recrystallization completes quickly, and the austenite
grain begins to grow, even if the holding time is very short
(Fig. 4a, b and 2). When the deformation temperature is
decreased to 950 �C, the time of total static recrystallization is
prolonged (Fig. 4c and d). The 100% static recrystallization can
be obtained in large deformation and long holding time
(Fig. 4d). When the deformation temperature is decreased to
850 �C, the part of static recrystallization can be observed in
the specimen after deformation and long holding time (Fig. 4e
and f).

From the above results it is concluded that in order to obtain
the prior austenite microstructure with refined austenite grain
size and work hardening, the hot work technology parameters
should be considered carefully.

3.2 Mechanical Properties of the Specimens
After Different Heat Treatments

The mechanical properties of 86CrMoV7 steel after sphero-
idizing annealing, quenching-and-tempering, and ausforging-
and-tempering are given in Table 2. The yield strength (rs) and
tensile strength (rb) of the quench-and-tempered specimens are
higher than those of the spheriodize annealed ones. In contrast,
the elongation (d5) and reduction in area (w) of the quench-and-
tempered specimens are a little lower than those of the
spheriodize annealed ones. The quench-and-tempered speci-
mens have higher strength and toughness. For ausforging-

and-tempering, the tempering temperature has a great effect on
mechanical properties. With increasing tempering temperature,
the yield strength (rs) and tensile strength (rb) decrease, and
the elongation (d5) and reduction in area (w) increase. When
tempering temperature after ausforging is increased to 700 �C,
the elongation (d5) and reduction in area (w) are similar to those
of quench-and-tempered specimens; however, the yield strength
(rs) and tensile strength (rb) are higher than those of the
quench-and-tempered samples (80 MPa). The results indicate
that ausforging-and-tempering is an effective method to
improve the mechanical properties of metal materials. The
mechanical properties after the ausforging-and-tempering at
790 �C are same as those after the spheroidizing annealing.

3.3 Microstructures of the Specimen After Different
Heat Treatments

Typical optical micrographs of the specimen after different
heat treatments are shown in Fig. 5. The microstructures of all
samples are granular pearlite with granular carbides distributed
in a ferrite matrix. Comparing the microstructures of the
specimens after the spheroidizing annealing with those after
quenching-and-tempering process, it is noted that the size of
carbide particles in the quench-and-tempered specimens is
smaller than that in the spheroidizing annealing specimens, and
more uniformly distributed (Fig. 5a and b). For ausforging-and-
tempering, as tempering temperature is lower than 650 �C, the
fine precipitated carbide can be observed in the matrix
(Fig. 5c). As tempering is higher than 700 �C, the microstruc-
ture is similar to that of quenching-and-tempering. With
increasing tempering temperature, the size of carbide is
increased (Fig. 5d-f).

The typical TEM micrographs of classical specimen are
shown in Fig. 6. The microstructures of the specimens after
different heat treatments consist of granular pearlite, which is

Fig. 2 Microstructural changes in specimens hot deformed at 1050 �C, strain rate of 1 s-1 and stain of (a) 0.22, (b) 0.42, (c) 0.68, and (d) 1.0
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ferrite matrix with granular carbides (Fig. 6a and b). However,
the size of granular carbides in the specimens after quenching-
and-tempering is smaller than the size in the annealed
specimens (Fig. 6a and b). In addition, other different micro-
structural characteristics can be found in the TEM of both the
specimens. In the spheroidize annealed specimens, the granular
carbides are distributed in a ferrite matrix with lower disloca-
tion density. The average size of granular carbides is about
2.4 lm (Fig. 6a). In the specimen after quenching-and-
tempering, the size range of carbide is large and some sub-grain
boundaries can be observed in the ferrite matrix. Furthermore,
some refined carbide particles are distributed along sub-grain
boundaries (Fig. 6b). The microstructure with refined carbide
particles and sub-grain means that the quench-and-tempered
specimens possess higher mechanical properties. In the case of
ausforging-and-tempering, when the tempering temperature is
700 �C, the microstructure is similar to that of quenching-
and-tempering (Fig. 6c). The sub-grains in specimen after
ausforging-and-tempering are smaller than those in quench-
and-tempered specimens, and the carbide particles are refined
(Fig. 6b and c). Therefore, the mechanical properties of the

ausforged-and-tempered specimens are higher than those of
the quenching-and-tempering ones. When temperature is
790 �C, the microstructures of specimens are similar to those
of the spheroidizing annealed specimen, while the carbides are
smaller than those of the annealed specimen, and the
dislocation density in matrix is higher than that of the
annealed specimen, thereby resulting in higher mechanical
properties.

As stated above, two typical microstructures can be found in
the granular pearlite. One is that the granular carbides are
distributed in ferrite matrix, in which no sub-grain can be
found. Another is that the granular carbides are distributed at
sub-grain boundary. For the first microstructure, according to
the model of Ashby-Orowan, the effect of second phase
particles on the strength is described by the following equation
(Ref 10):

rp ¼
10Gb

5:72p3=2r
f 1=2 ln

r

b

� �
ðEq 1Þ

where rp is the second phase strengthening, G the shear
modulus, b the Burgers vector, r the mean planar intercept

Fig. 3 Effect of deformation conditions on microstructure (a) T = 950 �C, _e = 1 s-1, e = 0.22; (b) T = 950 �C, _e = 1 s-1, e = 0.68; (c)
T = 950 �C, _e = 1 s-1, e = 1.0; (d) T = 950 �C, _e = 0.1 s-1, e = 1.0; (e) T = 950 �C, _e = 1.0 s-1, e = 1.0; and (f) T = 850 �C, _e = 0.1 s-1,
e = 1.0
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diameter of the precipitates, and f the volume fraction of pre-
cipitation particles. Therefore, the strengthening effect of sec-
ond phase for a material is related to the size of the second
phase. As the size of the second phase particles is smaller, its
effect on mechanical properties is stronger. In this case, the
strength is determined by the grain size.

For the latter granular pearlite, in which the granular
carbides are distributed at sub-grain boundaries, the strength
can be expressed as follows (Ref 11):

ry ¼ ri þ kyk
�ð1=2Þ
sg ðEq 2Þ

where ry is the yield strength, ri is the lattice friction stress,
ky is constant, and ksg is the size of sub-grain. In this case,
the effect of carbide particles is indirect. The strength is
determined by the size of the sub-grain. Hence, the micro-
structure with refine sub-grain and fine carbide particles by
ausforging-and-tempering process can effectively improve the
mechanical properties of steels.

Fig. 4 Typical optical microstructure for different deformation conditions and holding time after deformation (a) T = 1050 �C, _e = 1 s-1,
e = 0.22, t = 10 s; (b) T = 1050 �C, _e = 1 s-1, e = 0.42, t = 10 s; (c) T = 950 �C, _e = 1 s-1, e = 0.42, t = 10 s; (d) T = 950 �C, _e = 1 s-1,
e = 0.68, t = 10 s; (e) T = 850 �C, _e = 1 s-1, e = 0.42, t = 90 s; and (f) T = 1050 �C, _e = 1 s-1, e = 0.68, t = 90 s

Table 2 The mechanical properties of the samples after different heat treatment processes

Process Yield strength rs, MPa Tensile strength rb, MPa Elongation d5, % Reduction in area w, % HB

Spheroidizing annealing 423 712 26.3 60.5 189
Quenching-and-tempering 680 890 20.3 46.6 236
Ausforging and tempering at 600 �C 1284 1463 10.1 21.1 416
Ausforging and tempering at 650 �C 809 1163 13.3 25.5 323
Ausforging and tempering at 700 �C 770 973 19.4 46.8 268
Ausforging and tempering at 760 �C 434 761 25.1 57.0 199
Ausforging and tempering at 790 �C 428 760 26.8 62.7 195
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The results of hot deformation research for 86CrMoV7 steel
show that the recrystallization temperature is higher than
950 �C. As the deformation temperature is higher than 950 �C,
the dynamic and/or static recrystallization occur during defor-
mation, which results in the formation of fine prior austenite
grains. If the temperature is decreased, it is beneficial to obtain
the fine prior austenite grain (Fig. 1-4). When the hot
deformation temperature is below 950 �C, recrystallization
does not occur, which results in austenite work hardening
(Fig. 1, 3, and 4). During hot deformation, the carbide is
precipitated in substructure, which impedes the process of
dynamic and static recrystallization. Therefore, during hot
forging, especially at finishing forging temperature, a great deal
of substructures, such as dislocation, sub-grain, and/or
deformed bands appears in austenite matrix, and it is more
stable due to carbide dynamic and/or static precipitation. The
deformed austenite with high-density substructures remarkably
affects martensitic microstructure after direct quenching. On
one hand, it refines martensitic microstructure. On the other
hand, some dislocations in deformed austenite can be inherited
by martensite. The dislocation density in the hot deformed
martensite is higher than that in martensite by the common

quenching process. During tempering process, the precipitated
carbides are finer and more dispersed than those in common
quenched martensite, with the result that the substructures are
finer and more stable. This is confirmed by comparing the
microstructures after ausforging-and-tempering at 700 �C with
those after quenching-and-tempering (Fig. 3b and c). There-
fore, the specimens after ausforging-and-tempering have better
combination of high strength and excellent toughness (Table 2).
The control of the tempering temperature in ausforging process
can provide considerable modification of the microstructure,
and as a direct consequence, its mechanical properties are
improved.

4. Conclusion

1. The mechanical properties of 86CrMoV7 steel can be
improved by ausforging-and-tempering process designed
by the results of the hot deformation behavior.

2. The prior austenite grains with extensive substructures
are refined by controlling the forging process. Further-
more, the fine martensite microstructure with massive

Fig. 5 Typical optical micrographs of samples after (a) spheridizing annealing, (b) quenching-and-tempering, and (c-f) ausforging-and-tempering at
(c) 650 �C, (d) 700 �C, (e) 760 �C, and (f) 790 �C
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dislocations is obtained by ausforging. The tempering sta-
bility of the martensite can be improved. The carbides in
granular pearlite after ausforging-and-tempering are finer
and uniformly distributed, and the sub-grains are more
stable. These resulting microstructures provide a high
strength and excellent toughness to the steel. The control
of the tempering temperature in ausforging-and-tempering
process can provide considerable modification of the
microstructure, and as a direct consequence, the mechani-
cal properties of the steel can be improved.
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