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V]IK 539.4

Omnpenessiionine ypaBHeHHsI U cXeMa 00pad0TKU He3aKAJeHHOH U 3aKaJIeHH Ot
craam 49MnVS3

10. @. Yeu™™', K. /. Menr™, X. B. Key™, X. JI. xanr™, T. X. 'yan®’

* MaKkyIbTET MATEPHATIOBEIEHNS U MAIIMHOCTPOEeH s, YOHTKUHCKHMi yHuBepcuteT, Yonrkunr, Kutaii

6 . .
DakybTeT MaTePHANOBEACHHUS U MAalIMHOCTPOCHUs, YOHTKUHCKUN TEXHOJIOTHYECKUIl YHHBEPCHTET,
Yourkuur, Kurai

Usmenenue nanpsiicenuss meueHusi He3aKaieHHOU u 3axaneHuou cmanu 49MnVS3 uccredosanu
nymem npogeoenusi UCNbIMAanull Ha usomepmuieckoe coicamue Ha ycmanoske Gleeble-1500D, mooe-
Jupyoweil 8blcoOKomeMnepamypHvle yciosus, npu memnepamypax oegopmayuu 950, 1000, 1150,
1200°C u cxopocmsx depopmayuu 0,1; 1; 5 u 10 ¢! ¢ nokasamenem cmenenu deghopmayuonno2o
VAPOUHEeHUs N U 3HAYeHuem dHepeuu axmueayuu oepopmayuu cniasa Q. Yemarnosenenvl onpeoens-
jowue ypasHenust u cxemvl 00pabomKu KOMIPECCUOHHO20 PedcumMa meyenus Ol He3aKANeHHOU U
saxanennou cmanu 49MnVS3 npu evicoxoii memnepamype. Ananuz ypasHeHuli nokazau, 4mo Makcu-
ManbHOe 3HAUeHUe HANPANCEHUS SHAUUMETbHO YMEHbUUACTCS NPU CHUICEHUU CKOPOCHU Oeopmayuu
U noevluleHUU memnepamypvl depopmayuu, eciu Cnias noogepeaemcs degopmayuu npu EblCOKOU
memnepamype, a 3HaueHue 3Hepeuu akmusayuu depopmayuu cocmasisem 350,98 k/lc/monv. Eciu
3HAUeHUs UCMUHHOU Oeghopmayuu Hezarkarennou cmanu 49MnVS3 u evicokomemnepamypnou degop-
mayuu mMuxpoaecuposanno cmanu cocmasigiom 0,5, mo onmumanvbhvle napamempuvl npoyecca
obpabomku cniasa onpedensiiomcs npu memnepamype oegpopmuposanus 1150...1200°C u ckopocmu
odeghopmayuu 2...10 ¢! na ocnose Kpumepus, KOmMopbvlil cnocobcmayem omoopy napamempos c
bosee bICOKOU IPHEKMUBHOCBIO PACCeUBAHU MOWHOCIMU 6 00ACU OUHAMUYECKOU PEeKPUCTAT-
auzayuu 8 Kawecmee ONMUMAIbHOU MEXHON02UU 00pabomKu.

Kniouesvie cnosa: nesakaneHHas U 3akaneHHas ctaib 49MnVS3, HampspkeHHe TOTOKa,
OIpeIeTIsIiolIee ypaBHEeHHe, cxeMa 00paboTKu.

Introduction. 49MnVS3 non-quenched and tempered steel is a microalloyed medium-
carbon steel with microstructure of ferrite and pearlite. There is tiny vanadium-containing
precipitated phase in pro-eutectoid ferrite and pearlite. The 499MnVS3 alloy has been
applied to various significant parts in automobiles, engineering machinery and machine
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tools due to its excellent comprehensive performance, such as manufacture of critical
automotive parts of bent axle, knuckle spindle and constant velocity cardan joints at hot
forging state without quenching and tempering treatment. However, the plasticity of
49MnVS3 alloy processed at room temperature is poor. Thereby, the plastic processing is
generally performed at high temperatures, usually employing forging as the processing
technique [1, 2].

The flow stress value of the metal in the plastic processing is not only an important
index to measure plastic processing capacity of material, but is also the basis of equipment
selection and basic premise of design of mold and related devices. The flow stress in
thermal deformation is one of the basic material properties at high temperatures, occupying
extremely important positions in terms of developing a reasonable thermal processing
technology, as well as theoretical research in the plastic deformation of metals [3]. The
constitutive equations of materials describe the quantitative relationships between flow
stress and strain and between strain rate and temperature deformation in material
deformation. Thus, the constitutive equations are the basic data for developing thermal
processing technology and are also instrumental for the finite element method to simulate
manufacturing process [4, 5]. The thermal processing map is superposition of dynamic
material model-based energy consumption diagram and instability diagram, and is capable
of proper description of the relation between structural change and plasticity parameters of
the material deformation at high temperatures, providing the option range for determining
process parameters in the alloy deformation [6, 7].

The 49MnVS3 steel is non-quenched and tempered steel which is widely used for
crankshaft of heavy-duty automobile. The aim of present investigation was to establish the
constitutive equations and processing maps for the thermal deformation behavior of the
alloy by calculating and simulating the stress and strain data of 49MnVS3 non-quenched
and tempered steel obtained at different temperatures and strain rates via thermal simulated
test machine, and supply the theoretical basis for the selection of processing parameters in
alloy deformation.

1. Experimental Materials and Test Methods. The tested material is 49MnVS3
non-quenched and tempered steel under hot-rolled state with composition of Si=<0.6%,
0.6% <Mn=<1.0%, P<0.035%, 0.045% <S=<0.065%, 0.008 <V <0.13%, and 0.42% <C
=<0.50%.

The thermally compressed specimen taken from the air-cooled hot-rolled bar is
subjected to isothermal compression test on Gleeble1500D thermal simulated test machine.
The specimen for compression test has a size of J10X12 mm with 0.2 mm-deep grooves
at both ends. In order to reduce influence of friction on the stress state, graphite is casted to
both ends of the specimen, and then graphite sheets are pasted to the ends. The deformation
temperature is set as 950, 1000, 1150, and 1200°C, and strain rate is set as 0.1, 1, 5, and
10s7 !, respectively. At first, the tested specimen is heated to 1250°C with heating rate of
10 °C/s and then incubated for 3 min at 1250°C. Then the specimen is cooled to the
deformation temperature with a rate of 5 °C/s and incubated for 30 s at deformation
temperature, in order to eliminate the temperature gradient. Finally, the isothermal
deformation proceeds at deformation temperature. Argon protection is used to prevent the
surface of the specimen from oxidation. After the deformation is finished, water quenching
starts immediately. The strain rate is kept constant during the compression process. The
temperature is automatically compensated by computer system of Gleeble1500D thermal
simulated test machine and is maintained constant. The data on stress, strain, and
temperature are collected automatically by Gleeble1500D thermal simulated test machine
so as to plot curve of true stress—true strain.

2. Results and Discussion.

2.1. True Stress—True Strain Curve. Figure 1 shows the true stress—true strain curve
of isothermal compression of 499MnVS3 non-quenched and tempered steel. As can be seen
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Fig. 1. True stress—strain curves of 499MnVS3 steel during hot compression.

from Fig. 1, the process parameters, such as heating temperature, deformation and strain
rate, have a significant impact on the flow stress.

During the thermal compression deformation of 49MnVS3 non-quenched and tempered
steel, the flow stress increase first rapidly and then slower with the increase of strain. Under
higher temperatures and lower strain rates, the stress is gradually decreased after peak value
appears and the peak stress gradually decreases with rise of deformation temperature when
the strain rate is constant. Under lower temperatures and higher strain rates, the stress
shows a slow upward trend instead of the apparent stress peak, and the material deformation
exhibits a significant dynamic softening phenomenon as the temperature rises. In the
experimental temperature range, the flow stress increases with the lift of strain rate in case
of constant temperature.

2.2. Establishment of Constitutive Equation. The strain rate is an important factor
affecting the flow stress. As can be seen from Fig. 1, under the same deformation
temperature, the stress level of the material is increased with the rise of strain rate,
indicating that the material is positively sensitive to strain rate. The reported studies have
demonstrated that there are various expressions to describe relationship between the strain
rate of the flow stress and deformation temperature under the high temperature deformation
[4, 5, 8, 9], such as exponential relationship, power exponent relationship and hyperbolic
sine formula, revealed as follows:

&= A4,0™ exp(;g), (1)
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&€= A, exp(fo)exp (;g) , 2)
¢ = A[sinh(ao)]” exp (;g) 3)

where ¢ is strain rate, A is structural factor, 4, and A, are constants, n; and f§ are
material constants, « is parameter of stress level, o is material flow stress, n is hardening
exponent of stress, O is deformation activation energy which reflects the ease or difficulty
of material thermal deformation, R is molar gas constant, and 7 1is the absolute
deformation temperature.

Taking the natural logarithm on both sides of formulas (1) and (2), respectively, the
following equations can be obtained:

. 0
Ine=InA4,+n Ino———,
ne=InA4;+n In RT )
1né=lnA2+ﬁo—g. 5)
RT
dlnég dln ¢
From formula (4) and (5) it can be seen that n; = alne and = ng.Based on the

no do

experimental data of flow stress and strain rate under different compression conditions, the
corresponding relational graphs of Iné—1Ino » and Ine—0o p are plotted as shown in
Fig. 2, wherein the value of o, is set as peak stress.
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Fig. 2. Relation between strain rate and peak stress of 49MnVS3 steel.

It can be seen from formulas (4) and (5) that In ¢ is linearly related to o p andlno .
The values of n; and f can be calculated as the average slopes through monadic linear
regression with the minimum multiplication, respectively. The slopes of the curves in Fig. 2
mean values of n; and f,respectively. n; = 7.4375 and = 0.0825 MPa ™! are obtained

by calculating and averaging. Then, a= /n; = 0.011092.

Taking the natural logarithm on both sides of formula (3) and assuming that
deformation activation energy is irrelevant of temperature, when the temperature is
constant, the following relation can be obtained:
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Ing +% = In A+ nIn[sinh(co)]. (6)

It can be found from formula (6) that In & and In[sinh(co )] have a linear relationship
whose slope is the stress hardening index 7. On the basis of true stress—strain curve of
49MnVS3 non-quenched and tempered steel and a constant strain of 50%, a straight line is
fitted out with In[sinh(czo)] as x coordinate and Iné as y coordinate, as shown in Fig. 3.
The stress exponent n= 5.44 is acquired by calculating the slope of the curves in Fig. 3
and taking the average. Thus, the strain rate sensitivity index m= 1/n= 0.1838 is obtained.
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Fig. 3. Relation between strain rate and flow stress for 499MnVS3 steel.

Under a constant strain rate, assuming that Q remains unchanged within a certain
temperature range, and taking the logarithm on both sides of formula (3), the following
equation can be obtained:

1. ¢ 10
In[sinh(ao)]=—In—+——=.
[sinh(co)]= In -~ +- -~ ™)

As can be seen from formula (7), In[sinh(zo)] has a linear relationship with 1/7.
Through fixing the strain as 50% and incorporating the values of peak stress under different
deformation conditions into formula (7), linear regression is conducted to draw the
corresponding In[sinh(ao ,, Y= YT curve, obtaining the relational graph between flow
stress and deformation temperature as shown in Fig. 4.

Figure 4 indicates that for the same rheological rate, a linear relationship exists
between the logarithm of hyperbolic sine of flow stress and the reciprocal of temperature,
suggesting that 0 and 7 fairly meet the linear relationship of formula (7), demonstrating
that under high-temperature deformation the relationship between flow stress o of
49MnVS3 non-quenched and tempered steel and deformation temperature 7' satisfies the
Arrehenius relation, and also stating that the thermal compression plasticity deformation of
49MnVS3 non-quenched and tempered steel is also controlled by the heat-activated
reaction.

Treating the data in Fig. 4 by linear regression analysis, an average slope of 0.77 is
obtained for the four curves, that is

Qo _
=077 ®)
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Fig. 4. Relation between flow stress and temperature of 49MnVS3 steel.

Through formula (8) the deformation activation energy Q of 49MnVS3 non-quenched
and tempered steel is calculated to be 350.98 kJ/mol.

According to the definition of Zener—Hollomon parameter, formula (9) can be
derived:

Z= gexp[Q/(RT)]. (€))

Taking natural logarithm on both sides of formula (9), the following equation is
established:

.9
InZ=Ine+—.
n ne RT (10)

By inserting the deformation activation energy @ and deformation conditions into
formula (10), the corresponding values of InZ under different test conditions can be
calculated (Table 1).

Table 1
InZ Values of 499MnVS3 Non-Quenched and Tempered Steel
under Different Deformation Conditions

Strain rate Temperature 7, K
g s 1223 1273 1423 1473
0.1 322154 30.8597 27.3640 26.3570
1 34.5180 33.1623 29.6666 28.6596
5 36.1275 34.7717 31.2760 30.2690
10 36.8206 35.4648 31.9692 30.9622

By combining Egs. (3) and (9), it can be obtained that

Z=&gexp[Q/RT]= A[sinh(ao)]".
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Formula (12) is presented as follows by taking natural logarithm on both sides of
formula (11):

1 1
In[sinh(ao )] = " In Z+; In A. (12)

Substituting o into formula (12) with steady-state stress o, and utilizing
In[sinh(ao i )] and In Z to the plot, the relationship between flow stress and Z parameter
is acquired, as shown in Fig. 5.

According to the definition of hyperbolic sine function, formula (12) is solved to
obtain

o= éln{(Z/A)”” +[(Z/ )Y +11V2y. (13)

It can be seen from formula (12) that 1/n is the slope of In[sinh(cto i )]—In Z curve,
while (1/n)ln 4 is the intercept. Disposing the data in Fig. 5 with linear regression
analysis, the average slope of the straight line is obtained to be 0.1894, that is 1/n= 0.1894,
thus n= 5.28, and the average intercept of the straight line is acquired as —6.06, that is

(/n)In(4—1)=—6.06, then 4= 7.8711-10"3.

Table 2
Calculation of Parameters in Modeling Process for Flow Stress

of Non-Quenched and Tempered 49MnVS3 Steel

Parameter Value
5.28

Hardening exponent of stress n

Parameter of stress level a 0.011092
Deformation activation energy Q, kJ/mol 350.98
Structure factor A 7.8711-10"
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Fig. 5. Relation between flow stress and parameter Z.

The material parameter values of n, a, O,and A (Table 2) are incorporated into
Eq. (3) to obtain the Arrehenius equation for non-quenched and tempered 499MnVS3 steel

under thermal compression, as shown in (14):
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—350980)
RT )

é='Z871L10B[QMK0011&IHSBexp( (14)

The material parameter values of n, a, O,and A are put into Eq. (13) to obtain the
expression for Z parameter of steady-state flow stress of 499MnVS3 non-quenched and
tempered steel under thermal compression, as seen from formula (15):

1/2

| 1/5.28 2/5.28
o= In Hlo————|  *1 b 15
0.0115 (7.8711-1013] (7.8711-10‘3] >
. (350980
where Z= eexp( )
RT

Formula (14) is the constitutive equation of 499MnVS3 non-quenched and tempered
steel under high-temperature conditions. Formula (15) is a high-temperature flow stress
model of 49MnVS3 non-quenched and tempered steel.

2.3. Construction and Analysis of Processing Map.

2.3.1. Theory of Processing Map. In the dynamic material model, the thermal
processing material is considered as a nonlinear energy dissipation body. The power P
absorbed by the material of unit volume per unit time in the thermal processing is converted
into two parts, including power G dissipated by plastic deformation and power J
consumed by the structure change in deformation process [10, 11]. The relation between G
and J can be expressed by the following equation:

J d(logo)
-== =m, (16)
G d(loge)
£ o
P=o0ot=G+J= fodé+féda. (17)
0 0

Here m is the sensitivity factor of strain rate. Under certain temperature and strain
conditions, the stress ¢ born by the workpiece during thermal processing and strain rate &
are related as follows:

o=Ke". (18)

The above equation is a dynamic constitutive equation.
By substituting formula (18) into (16) and combining formula (17), the following
equation is obtained [11]:

&
J=0€—fksmde=mas. (19)
0

When the material is in the ideal linear dissipative state, m= 1, then J reaches the
maximum value, that is J . = J(m= 1)= 0/2. The dimensionless parameter J/J ,,, that
reflects the power dissipation characteristic of material is defined as #, and is termed as
energy dissipation efficiency factor. Value of # can reflect microstructure deformation
mechanism of material for certain deformation temperature and rate [12], and is expressed
with the strain rate sensitivity factor as follows:
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2m

= (20)

The instability graph is based on the extremum principle of irreversible thermo-
dynamics. The dimensionless parameter &£(¢) is used to represent the criterion for
continuous instability under large-scale plastic deformation. Prasad obtained the instability
criterion according to the maximum entropy principle of material [13]:

_ dIn[m(m+1)]
B dlne

E(é) +m<0. Q1)

2.3.2. Plotting of Processing Map. The values of true stress under strain of 0.5,
different deformation temperatures and various deformation conditions are supposed to be
calculated by fitting curves in Fig. 1 with a cubic polynomial. The fitting function is as
follows:

logo = a+blogé+c(logé)? +d(logé)°. (22)

The curve log o —log ¢ is shown in Fig. 6. The values of a, b, ¢,and d in the fitting
function can be determined. It can be obtained from formula (17) that

d(log o) ) .2
m= a(logé)=b+2610g8+3d(10g8) . (23)

There the sensitivity factor m under different conditions can be gained from the values
of strain rate. Moreover, the values of dissipation efficiency factor # at different deformation
temperatures and different strain rates can be obtained through equation (20). Then the
equivalent contour line of power dissipation efficiency factor # is drawn in the 7—logé
plane, that is the power dissipation efficiency map. Substituting formula (23) into (21), the
variable &(¢) is expressed as

m
alog|- " .
0g(m+1) _ 2c+6d(log £)

dloge " m(m+1)In 10

(&)= 24

By deriving the values of &(&) under different deformation conditions, the rheological
instability graph can be obtained for a certain deformation temperature and a strain rate.
Then the processing map can be obtained by superimposing power dissipation graph with
instability graph, as shown in Fig. 7, wherein the shadow area is the instability region [that
is the zone of £(¢)< 0], and the contours line represents the order of magnitude of the
values of energy dissipation efficiency #.

2.3.3. Analysis of Processing Map. When the plastic deformation of the alloy proceeds
with the corresponding process parameters in the rheological instability region, there will
be a variety of defects. Thus thermal processing should be avoided in this region. As can be
seen from Fig. 7, as the strain is 0.5, three instability zones (that is the three shadow areas)
appear under the thermal deformation of the alloy. Moreover, the safe processing region
comprises three regions, including region I with strain rate of 2—-10 s7!and temperature of
950-1050°C, region II with strain rate of 0.1-0.5 s~ and temperature of 1075-1175°C, and
region III with strain rate of 2—10 s and temperature of 1150—-1200°C. The contour line
in Fig. 7 represents the dissipation efficiency factor. It can be discovered that the value of
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Fig. 7. Processing map of 49MnVS3 steel at 0.5 true strain.

energy dissipation efficiency factor varies in different parts, implying that the deformation
temperature and strain rate have impact on the alloy dynamic consumption. The deformation
of alloy in the low-temperature region is inclined to cause the flow strain localization and
thus initiate shear cracking [14].

The higher dissipation efficiency factor does not necessarily mean that the processing
conditions are more suitable for processing. It can be found from Fig. 7 that although the
dominated region of higher values belongs to safe processing area, part of the region is the
instability zone and is unfit for thermal processing. Remarkably, there is a criterion that the
processing parameters of greater power dissipation efficiency values in dynamic
recrystallization region should be chosen as the best processing technology. According to
Fig. 7, as the strain is 0.5, the optimum thermal processing parameters for this alloy lie in
the region of deformation temperature of 1150-1200°C and strain rate of 2—10 s7h
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Conclusions. Hot deformation behavior of 49MnVS3 non-quenched and tempered
steel was analyzed by constitutive equations and processing map. The most noteworthy
results are listed below:

1. In the temperature range of 950-1200°C, the high-temperature compression
deformation behavior of 49MnVS3 non-quenched and tempered steel is greatly influenced
by deformation temperature and strain rate. At the same deformation temperature, flow
stress increases with the rising of strain rate. In case of the same strain rate, the flow stress
decreases with increase of deformation temperature.

2. The basic material constants of 49MnVS3 non-quenched and tempered steel under
high-temperature deformation are calculated by analyzing the flow stress, obtaining
structure factor A =7.8711-10", the parameter a of stress level of 0.0115, stress

hardening exponent n= 5.28, thermal deformation activation energy Q= 350.98 kJ/mol,
and a hyperbolic sine relation for the high-temperature flow stress.

3. For 49MnVS3 non-quenched and tempered steel under high-temperature
compression condition, the flow stress relates with temperature and strain rate.

4. When true strain of non-quenched and tempered microalloyed 49MnVS3 steel is
0.5, the optimum parameters’ range of thermal processing for this alloy is determined to be
deformation temperature of 1150-1200°C and strain rate of 2—10 s7h according to the
guideline that the optimal processing parameters should be selected from the processing
parameters of greater power dissipation efficiency values in dynamic recrystallization
region.
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Pe3wome

3MiHy Hampy»XeHHs Tedii He3arapToBaHoi i 3araproBanoi crani 49MnVS3 mociipkyBaiu
LIJISIXOM IPOBEAEHHs BUIPOOYBaHb Ha 130TepMiyHMI cTUCK Ha ycraHoBLi Gleeble-1500D,
III0 MOJICIIIOE BHCOKOTEMIIEpaTypHi YMOBH, 3a Temreparyp aedopmanii 950, 1000, 1150,
1200°C Tta mBuakocti gedopmarii 0,1; 1; 51 10 ¢! i3 nokasnukom cremens nedop-
MAIfHOTO 3MIIHCHHS 7 1 3HA4YCHHSM eHeprii akrtuBamii gedopmarii cruiaBy (. Ycra-
HOBJICHO BH3HAUY&JIbHI PIBHSHHS 1 CXeMH OOpPOOKM KOMIPECIHHOTO pexXumy Tedil Juis
He3arapToBaHoi 1 3araproBanoi craini 499MnVS3 3a BucOKOi TemrepaTypu. AHai3 piBHSIHb
MI0Ka3aB, 1[0 MaKCHMaJIbHE 3HAYCHHS HANPYXXCHHS 3HAYHO 3MEHIIYETHCS 31 3HIKCHHIM
mBHUAKOCTI Aedopmariii i miABHINEHHI TeMmepaTypu aedopMariii, SKIIO CIJIaB 3a3HAE
nedopmaliii 332 BHCOKOI TeMIepaTypH, a 3HAYCHHs SHeprii akTuBallil aedopmaiiii 10piBHIOE
350,98 x/lx/Monb. SIkiio 3HavYeHHs icTHHHOI aedopmariii HezaraproBanoi ctaini 499MnVS3
1 BHCOKOTeMIlepaTypHoi aedopmarii Mikposieropanoi craii gopiBHoOTh 0,5, TO onru-
MaJbHI TTapaMeTpu Tporecy OoOpoOKH CIDIaBy BH3HAYAIOTHCS 3a TEMIIEpaTtypu Jeopmy-
BaHHg 1150...1200°C i mBuakocti aepopmanii 2...10 ¢! na ocHosi KPHUTEPIlO, SIKHH
Crpusie BiOOpy MapaMeTpiB i3 OLIBII BHCOKOK C()EKTHUBHICTIO PO3CISTHHS MOTY>KHOCTI B
o0iacTi AMHAMIYHOI peKpHCTaTi3allii K ONTHMAIBHOI TEXHOIOTii 00pOOKH.
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