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Effect of high temperature thermomechanical
treatment on the mechanical properties of
vanadium - modified AISI 4330 steel
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Korea Advanced Institute of Science, Department of Materials Science, Seoul, Korea

The relationships between the recovery and recrystallization of hot-deformed austenite
grains and the precipitation of carbide on tempering in a 0.3C—Ni—Cr—Mo—V steel have
been studied to examine closely the favourable effects of high-temperature thermomech-
anical treatment (HTMT) on the mechanical properties in steel. The results show that the
strength and toughness increase with increasing degree of deformation by HTMT,
particularly in which the ductile—brittle transition temperature as a measure of toughness
decreases steeply with increasing degree of deformation. From the analysis of line broad-
ening on (1 10}y and hardness change with holding time after hot deformation, the
dynamic recovery and recrystallization during HTMT are believed not to occur. Owing to
this, the random distribution of fine carbide precipitates in martensite structure is hardly
affected. Consequently, the improvement of mechanical properties by HTMT is due to
the distribution of fine carbide precipitates within martensite lath and the refinement of

the martensite structure.

1. Introduction

Although high-temperature  thermomechanical
treatment (HTMT) is recognized as a highly effect-
ive form of non-conventional heat treatment for
improvement of mechanical properties of steel
[1-3], further research is needed to advance the
knowledge of the mechanisms of this process. Most
studies [4—10] have concentrated on comparisons
between HTMT and conventional treatment (CT),
to prove its advantages. These studies have been
concerned with fracture toughness, crack propa-
gation resistance and behaviour under various
environmental conditions. Many studies have been
made on structural-grade steels, Fe—Ni—C alloys
and Mn—Si—Cr—Mo steel [6, 11]. It is generally
believed that HTMT improvement is due mainly
to the refinement of austenite grain and marten-
site structure.

Recently [11], it has been suggested that HTMT
improvement can be attributed not only to grain
refinement but also to the limitation of dynamic
effects of martensite platelets during phase trans-
formation.

It might be expected that some of the favour-
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able effects of HTMT are partially offset due to
the recovery and recrystallization of austentite
grains during hot deformation. Bol’shakov et al
{12] reported that a low alloy steel containing
nickel, chromium and molybdenum tended to
delay the adverse effects of recovery and recrystal-
lization and so the HTMT process is little influ-
enced.

Vankataraman and Mallik [13, 14] suggested
that since the dislocation density would be lower
due to the recovery during hot deformation, little
carbide precipitation would result, so that
incremental strengthening by HTMT was mainly
due to the reduction in martensite lath size. Their
experimental results were not conclusive and
tended to differ from those of previous studies
[11].

It is apparent that research is needed to investi-
gate the complex mechanisms involved in the
HTMT process.

Vanadium-modified AISI 4330 steel was chosen
for HTMT study since it is a widely-used steel. The
object of this study was to examine the effects
of the precipitation of carbide during tempering
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TABLE I Chemical composition of the specimen (wt%)

C Si Mn Ni Cr

Mo \' P S

0.32 0.28 061 2.24

0.93

0.56 0.11 0.008 0.012

and recovery and recrystallization during hot
deformation on the mechanical properties of this
steel.

2. Experiemntal procedure

2.1. Specimens

The chemical analysis of vanadium-modified AISI
4330 steel used in the experiments is shown in
Table I. The melt was prepared in an electric
induction furnace and 100kg ingots were hom-
ogenized at 1250° C for 15 h, then hot-forged into
80mm diameter bars and annealed. These billets
were machined to 65mm diameter, then hot-
forged into rectangular sections 60 mm x 50 mm
for impact testing. and 100mm x 20mm for
tensile testing. The impact specimens were cut into
discs 13.0 to 32.5 mm thick depending the amount
of HTMT deformation (0% to 60%) to obtain a
final thickness after treatment of 13.0 mm. The
tensile specimens were cut 6 to 15 mm thick for a
final HTMT thickness of 6.0 mm.

2.2. High temperature thermomechanical
treatment (HTMT)

The specimens were solution heat-treated for 1h

at 1000°C to ensure complete dissolution of

carbides in the austenite structure. They were

immediately transferred into a 900° C constant

temperature furnace until forged. A 453kg
hammer, pneumatic forge was used to deform
specimens at a rate of 115 strokes per minute, The
final dimension was controlled by a hardened steel
stop on the anvil. This forging process took from
1 to Ssec (2 to 8 strokes). The final temperature
before water quenching varied between 885 and
897° C since the specimen cooling rate was about
3° Csec™. One set of specimens was forged at 60%
deformation (HTMT 60%) and held at 900° C
from 1 to 20 min before water quenching to study
austenite grain recovery and recrystallization.

Fig. 1 illustrates the HTMT process. The AC,
and AC; temperatures were measured by a dila-
tometer. After quenching, another set of specimens
was tempered at 600° C from 1 to 100h and hard-
ness tested. All other specimens were tempered
at 600° C for 1 h.

2.3. Testing
Tensile specimens machined to dimensions shown
in Fig, 2 were tested on an Instron testing machine
at a constant strain rate of 6.67x 107* sec™ at
room temperature. Yield strength was determined
as the stress level at the 0.2% strain off-set point.
Rockwell C hardness was measured on speci-
mens of various tempering times which were cut
and polished to eliminate any decarburized layer.
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E . S.T.: Solution heat treated
S Pearlite at 1000°C for 1h
& \w.o o
g Il H.W.: Hot worked at 900°C
O
& L W.Q.: Water quenched
Bainite
Ms ACy : 780°C
\ AC; : 740°C
Time —>

Figure ] Schematic diagram of high-temperature thermomechanical treatment.
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Figure 2 Schematic diagram of tensile specimen.

Toughness was measured on a V-notched
charpy tester performed in accordance with ASTM
specification E23-72. Test temperatures were
varied between — 196 and 100° C. For the various
degrees of deformation, the ductile—brittle tran-
sition temperature was determined.

2.4. Microscopic observation

Metallographic observation was carried out on
prior austenite grain and martensite struture. The
austenite grain boundary was revealed by chemical
etching in 100ml saturated aqueous solution of
picric acid containg 80mg cupric chloride and
60 ml wetting agent (Agepon), and the martensite
structure was etched in nitrl solution. X-ray
diffraction analysis was conducted on (110)y
profiles since this diffraction plane in martensite
structure gives the largest intensity. The breadth of
this X-ray diffraction profile was used to ascertain
the development of recovery and recrystallization
during HTMT based on the Tushinskii technique
[15]. Precipitation and distribution of carbide
precipitates were examined by the carbon extrac-
tion replica method under a Hitachi JEM-30 trans-

mission electron microscope operated at 125kV.
The fracture surface on the impact-tested specimen
was examined under a JEOL JSM-35 scanning
electron microscope.

3. Experimental results and discussion
3.1. Microstructures and carbide
precipitation
Fig. 3a and b show the typical microstructures of
the CT (conventional heat-treated) and HTMT
54% specimens for the quenched condition. Both
quenched specimens reveal martensite structure.
An interesting observation is that the HTMT
specimen has finer martensite laths in comparison
to the CT specimen. The formation of fine
martensite structure in the HTMT specimen can be
attributed to the higher dislocation density in the
course of deformation resulting in the formation
of cell structure.

Fig. 4a and b show the morphology and distri-
bution of precipitates in the CT and HTMT 54%
specimens after tempering at 600° C for 1h from
the observation of carbon extraction replica. The
CT specimen reveals a large number of rod-like
coarse cementite precipitates near the martensite
lath boundary, while the HTMT specimen shows
the distribution of a fine carbide precipitate
mainly within martensite laths. In this case, the
precipitates were identified by the electron diffrac-
tion ring pattern shown in Fig. 5a and b. From the
analysis of diffraction patterns, it was found that
the precipitates consisted of several types of
carbide such as Fe;C, (Cr, Fe),C;, VCygs, and

Figure 3 Micrographs of martensite structures of as-quenched specimens (X 420). (a) CT, (b) HTMT 54%.
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Figure 4 Microstructures of precipitated carbides from carbon extraction replicas (tempered at 600°C for 1 h). (a) CT,

(b) HTMT 54%.

Mo,C. Furthermore, in the case of the HTMT
specimen (Fig. 5b) a stronger ring pattern was
observed, compared to the CT specimen (Fig. 5a)
which means that fine alloy carbides were pre-
dominately precipitated by HTMT. These results
on the effect of HTMT on precipitation of carbide
agree well with other studies [7—9]. On the basis
of the tempering mechanism in steel [16, 17], the
effect of HTMT on the precipitation of carbide
during tempering can be explained as follows.
As is well known, the dislocation density is higher
in the course of deformation so that within the
martensite structure after HTMT, a higher dis-
location density will also remain. Moreover, since
the dislocation acts as a more energetically favour-
able site for carbon segregation than normal inter-
stitial sites during autotempering or in the primary
stage of tempering, it follows that the tendency
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for carbon segregation will be higher in the HTMT
specimen. If this tendency increases, the carbide
cannot help being finely precipitated due to the
lack of carbon atoms for formation of carbide
which is followed by a slow growth of carbide. In
this respect, it can be concluded that HTMT pro-
motes the distribution of fine carbide precipitates
randomly in the martensite structure.

3.2. Acceleration of carbide precipitation

Fig. 6 shows the change of hardness with temper-
ing time at 600° C. It was found that tempering
resistance corresponding to secondary hardening
occurs more rapidly as the degree of deformation
increases. This phenomenon indicates that HTMT
accelerates the process of carbide precipitation in
which the fine alloy carbide leading to tempering
resistance (secondary hardening) is gradually



Figure 5 Electron diffraction patterns of precipitated carbides. (a) CT, (b) HTMT 54%.

substituted for the course cementite carbide dur-
ing tempering at 600° C [18]. Additionally, it was
seen in Fig. 5b that the precipitates in the HTMT
specimen were identified mainly as fine alloy
carbides [(Cr, Fe),C3, VCpgs, Mo,C] causing
secondary hardening. Furthermore, the acceler-
ation of carbide precipitation is thought to result
from the increased vacancy concentration and the
local residual strain caused by HTMT which create
more opportunities for the nucleation of carbide
and greater mobility of carbide-forming elements
[18]. In addition to this, it was found that the
integral line breadth increases linearly with an
increasing degree of deformation (Fig. 7). From

the fact [19] that line broadening is due to the
existence of crystal defects, grain refinement, etc.,
this increase of line breadth in Fig. 7 means that
HTMT increases the vacancy concentration and dis-
location density resulting in local strain. For this
reason, it can be concluded that the kinetics of
carbide precipitation during tempering is enhanced
by the HTMT process.

3.3. Recovery and recrystallization during
hot deformation

In this respect, for the purpose of confirming the

occurrence of dynamic recovery and recrystal-

lization in the HTMT process on the basis of the

HRc Tempered at 600 °C A HTMT 22%at 900°C
i E HTMT 41%at 900°C
HTMT 54% °
EEAG\ . o1 547at 900°C
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! | - . M . - Figure 6 Effect of HIMT on
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Tempering time (hour) pering time.
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Figure 7 Effect of degree of deformation on (1 10)y
integral line-breadth.

work of Tushinskii efal [15], both specimen
hardness and Tushinskii line-breadth [15] were
measured for holding times at 900° C from 1 to
20 min after deformation. The results are shown in
Fig. 8, in which the curves coincide well with those
of Tushinskii. In the first section of the curves (up

to 1min), the hardness of specimen remains
unchanged and the line breadth also changes little
during this period, which may be related to the
occurrence of static recovery. The existence of
this period means that during the hot deformation
of austenite, recrystallization does not occur,
since deformation ends at the primary stage of
dynamic recovery. The second section of the
curves (from 1 to about 6min) shows the
rapid decreases of hardness and line breadth,
which indicates that the HTMT specimen under-
goes static recrystallization during this period.
However, as the holding time increases, the hard-
ness and line breadth tend to increase slightly.
It is concluded that the slowing down of recrystal-
lization is due to the precipitation of carbides of
alloying elements in the austenite structure. This
agrees with Tushinskii et al. [15] and Bol’shakov
etal. [12] who have reported that when hot-
worked low-alloy steel was held isothermally after
hot-working for about 7min the precipitation of
alloy carbides was observed in the hot-deformed
austenite structure, which retarded the process of
recrystallization in the austenite grains. This
recrystallization process agrees with the micro-
structural observations of austenite grains in Fig. 9.
Fine equi-axed recrystallized grains are observed
after isothermal holding for 6 min, which corre-

HRc| HTMT 54% at900°C / held isothermally
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Figure 8 Changes of hardness and
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(110)y integral line-breadth as a
function of holding time after hot
deformation at 900°C.
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sponds to the result shown in Fig. 8 (Fig. 9b).
Further isothermal holding for 20min results in
the growth of the recrystallized grains shown in
Fig 9c. Consequently, considering the results of
line broadening, hardness, and microstructural
observation, it can be concluded that in this study
dynamic recovery and recrystallization during
HTMT was a minor factor, so there was no
unfavourable effect of HTMT on the precipitation
of carbide.

3.4. Mechanical properties

Fig. 10 shows the effect of HTMT on tensile
properties and hardness. All the specimens were
tempered at 600°C for 1h. It was found that
ultimate tensile strength (UTS), and yield strength
similarly increase with increasing degree of defor-

Figure 9 Recrystallization of the austenite grain of HTMT
54% specimen with holding time at 900°C (X 390).
(a) 1 min, (b) 6 min, (¢) 20 min.

mation. In the case of yield strength, the highest
value of 135 kgmm™ was obtained for the HTMT
54% specimen, on the other hand, the lowest yield
strength of 107 kgmm™2 was for the CT specimen.
It follows from this result that HTMT increases the
strength of steel as compared to CT (conventional
treatment). From the microstructural observation,
it is believed that the increase in strength is due to
refinement of the martensite structure and distri-
bution of fine carbide precipitates within the
martensite lath. In particular, this is believed to be
a reasonable conclusion in accordance with the
report [20] that the strength of tempered mar-
tensite increases primarily due to refinement of
martensite structure and carbide precipitates.

Fig. 11 shows the impact energy plots for the
HTMT and CT specimens over the range — 196
to 100° C. All the specimens were tempered at
600° C for 1h. As a measure of toughness in steel,
the ductile—brittle transition temperature was
determined from the above curves, where the
ductile—brittle transition temperature was the
temperature which corresponds to the medium
value between minimum and maximum impact
energy of each specimen over all the test tempera-
tures. As shown in Fig. 12, the ductile—brittle
transition temperature decreases steeply with
increasing degree of deformation, which means
that the toughness of steel is appreciably improved
by the HTMT process. Additionally, the fracture
surface of the specimen tested at —40° C was
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observed by scanning electron microscopy (Fig.
13). The CT specimen (Fig. 13a) shows a fracture
mode of interlath cleavage while the HTMT speci-
men (Fig. 13b) shows a more ductile fracture
mode having dimple structure. It can be concluded
that HTMT considerably improves the toughness
of steel as compared to CT (conventional treat-
ment). Needless to say, this results from the refine-

2)

43
42

41

Figure 10 Effect of HTMT on tensile properties
and hardness as a function of degree of defor-
mation.

Hardness ( Rc)

40

ment of martensite structure and the random
distribution of fine carbide precipitates. This can
be explained as follows. In the CT specimens, the
rod-like coarse cementite is mainly precipitated in
the region of the grain boundary, which hinders
the movement of dislocation and generates sub-
sequent stress concentrations around the precipi-
tates, resulting in a brittle fracture mode [21, 22].

Figure 11 Effect of HTMT on
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ductile—brittle transition tem-
perature as a function of degree
of deformation.
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Figure 12 Effect of degree of deformation on ductile—
brittle transition temperature.

This is consistent with the observations in Fig, 13
{23]. On the other hand, the random distribution
of fine carbide of HTMT largely reduces the brittle
fracture. Consequently, the fracture surface for
the HTMT specimen reveals a more ductile frac-
ture mode having a dimple structure as shown in
Fig. 13b.

4. Conclusions

(1) HTMT improves the mechanical properties,
especially the toughness, of steel compared to CT
(conventional heat treatment). The strength and
toughness increase with increasing degree of defor-
mation by HTMT, particularly since ductile—
brittle transition temperature as a measure of
toughness decreases steeply with increasing degree
of deformation. In view of this, the CT specimen
shows the brittle fracture mode of interlath cleav-
age while the HTMT specimen reveals the ductile
fracture mode having a dimple structure.

(2) The kinetics of carbide precipitation during
tempering are enhanced by the HTMT process.
The change of hardness with tempering time at
600° C shows that tempering resistance corre-
sponding to secondary hardening due to fine alloy
carbide occurs faster as the degree of deformation
increases.

(3) From the analysis of line broadening on
(110)y and hardness change with holding time
after hot-deformation, the dynamic recovery and
recrystallization during HTMT are believed to be
inhibited. Owing to this, the random distribution
of fine carbide in martensite structure is hardly
affected, and from observation of the microstruc-
ture, HTMT also refines the martensite structure.

(4) Considering points 1 to 3, the improvement
of mechanical properties by HTMT is due to the
distribution of fine carbide precipitates within the
martensite lath and the refinement of martensite

structure.

Figure 13 Fracture surfaces of tempered martensite specimens impact tested at — 40°C. (a) CT, (b) HTMT 54%.
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