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The warm-deformation behavior of 65Mn spring steel was shown with a thermomechanical simulator. The deformation temper-
atures were in a range of 550-700 °C and strain rates were in a range of 0.001-1 s™'. The deformation activation energy was cal-
culated to be 486.829 kJ/mol. A strain-compensated Arrhenius-type constitutive model was established. Relationships between
material constants and strain were fitted with an 8th order polynomial. It was found that the strain has a significant influence on
the instability map. Al a strain of 0.4, there were two flow-instability domains. One domain occurred in a temperature range of
550-630 °C and a strain-rate range of In(0.004) — In(1) s~'. The other domain occurred at a temperature range of 671-700 °C
and a strain-rate range of In(0.09) — In(1) s™'.

Keywords: warm-deformation process, 65Mn spring steel, processing map

V Clanku je opisano obnaSanje vzmetnega jekla 65Mn med toplo deformacijo, izvrSeno na termomehanskem simulatorju.
Izbrane temperature deformacije so bile v obmo&ju med 550 °C in 700 °C, hitrost deformacije pa med 0,001 s™" in 1 s7'. Avtorji
so izraCunali, da je aktivacijska energija 486,829 kl/mol. Ugotovili so tudi, da proces deformacije sledi deformacijsko
kompenziranemu Arrheniusovemu konstitutivnemu modelu. Povezavo med materialnimi kKonstantami in deformacijo so
prilagajali s pomocjo polinoma osmega reda. Ugotovili so, da deformacija pomembno vpliva na potek nestabilnosti. Pri
deformaciji 0,4 nastopata dve podrocji (domeni) nestabilnosti plasti¢nega tefenja maleriala. Prvo podrodje nastopa v
temperaturnem obmoé&ju med 550 in 630 °C ter pri hitrostih deformacije v obmo&ju med In(0,004) s™ in In(1) s™'. Drugo
podro¢je oz. domena nestabilnosti pa nastopa pri temperaturah med 671 °C in 700 °C ter deformacijskih hitrostih v obmodju
med In(0,09) in In(1) s7".

Kljune besede: proces tople deformacije, vzmetno jeklo 65Mn, procesna mapa

1 INTRODUCTION pathy et al.'” studied the warm forming of as-quenched
22MnBS5 boron steels and they found that warm defor-
mation can lower the strength of formed parts by more
than 50 % in comparison with the potential strength of
the material.

The flow stress of spring steel material, an important
guarantee for sufficient plastic deformation in the pro-
cess of material processing, has a direct impact on the
security operation of the equipment.’® Lu et al.'"* investi-
gated the flow behavior and analyzed the microstructure
of spring steel under different compression process pa-
rameters. It was based on a strain-compensated constitu-
tive model of the linear relationship between the Z pa-
rameter and dynamic grain recrystallization. Zhao et al.'
reported on the hot-deformation behavior of ferritic
stainless steel performed on a thermal-mechanical simu-
lator. An Arrhenius-type model can accurately forecast
the flow behavior during a hot-working process. At pres-
ent, there are few studies on the microstructure transfor-
mation and flow characteristics of spring steel during
warm deformation.

*Corresponding author’s e-mail: The focus of this study is on the flow behavior of
zhangpf1007@163.com (Peng-fei Zhang) 65Mn spring steel during a warm-deformation process.

65Mn spring steel is one of well-known spring mate-
rials that has excellent mechanical properties and a good
plastic-deformation ability.'* Thus, 65Mn spring steel
can be used for various types of mechanical springs. mo-
torcycle suspension springs, automotive high-strength
bolt gaskets and so on.*

Over the years, the researchers reporting on the flow
stress of materials have mainly focused on cold deforma-
tion and hot deformation, but there have been few reports
on warm deformation. Warm deformation can enhance
productivity, reduce the cost of raw materials and solve
the problems of high resistance of metal to plastic defor-
mation and insufficient power of production equipment
during cold deformation.>® At the same time, it can pre-
vent defects, including decarburization,” oxidation,
overheating®® and reduce the waste rate. The deforma-
tion parameter is of great importance in the fabrication
of goods.!® Therefore, the deformation parameter can im-
prove the mechanical property of final products.'" Gana-
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Figure 1: Schematic diagram of warm deformation and specimen
morphology

This study is valuable because it provides for an impor-
tant industrial application as its results can be used in ac-
tual production. According to the data obtained with the
warm-deformation test, our model can provide the refer-
ence for the actual forming of flat spiral springs.

2 EXPERIMENTAL PART

We used commercial 65Mn spring steel (its composi-
tion in w/%: 0.64 C, 0.22 Si, 0.99 Mn, 0.022 P, 0.003 S,
0.02 Ni, 0.16 Cr, 0.04 Cu, Bal. Fe.) for warm-com-
pressed cylindrical specimens with a diameter of 10 mm
and height of 15 mm. The compression was tested via a
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Gleeble 3500 GTC thermomechanical simulator. Fig-
ure 1 shows a schematic illustration of the compression
process. Each specimen was heated to the deformation
temperature and held at it for 180 s, then a compression
test was carried out at a certain strain rate. The compres-
sion temperatures were (550; 600; 650; 700) °C, and the
respective strain rates were (0.001; 0.01; 0.1 and 1) s
The true strain was 0.405. The compression chamber
was kept in a vacuum state.

3 RESULTS AND DISCUSSION
3.1. Flow-stress curves

The true stress-strain curves of the experimental
65Mn spring steel deformed at different strain rates and
deformation temperatures are shown in Figure 2. It can
be found that the sensitivity of the flow stress depends on
the strain rate, strain and deformation temperature. It can
also be found that the peak stress increases with the de-
creasing deformation temperature or with the increasing
strain rate. In most of the deformation conditions, the
flow stress increases rapidly to the peak value at first and
then decreases to a stable state, revealing the dynamic-
recrystallization (DRX) behavior. The dislocation den-
sity in the material increases continuously due to a large
number of dislocation multiplications and the non-iso-
thermal progress at the initial stage of deformation, re-
sulting in an obvious work-hardening phenomenon.'®
With the increase in the stress, dynamic recovery (DRV)

True stress (MPa)

True stress(MPa)
g

300
200
100
0
0.0 0.1 0.2 0.3 04
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Figure 2: True stress-strain curves obtained under different compression conditions: a) 0.001 s‘l, b) 0.01 s", c) 0.1 s‘l, d) 1 s
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and DRX softening can offset part of the strain of work
hardening. The dynamic-softening mechanism is more
important than work-hardening mechanism, and the flow
stress decreases gradually, showing the characteristics of
a steady-state flow stress. However, at the deformation
temperature of 700 °C and strain rates of (0.001, 0.01,
0.1; 1) 7', the shape of the true stress-strain curve exhib-
its a typical DRV behavior. Some researchers showed
that the flow stress can be reduced by increasing the de-
formation temperature.

3.2. Constitutive equation

As mentioned above, the flow behavior of 65Mn
spring steel depends on the strain rate, peak stress and
temperature. This relationship can be established using
an Arrhenius-type constitution equation:'’

2
¢ =A[sinh(ao )] e (1)

Here, ¢ is the strain rate, o, is the peak stress, T is the
absolute temperature of deformation, A, n and «
(¢ = p/ny) are temperature-independent material con-
stants, R is the gas constant of 8.3145 J/(mol-K), Q is the
deformation activation energy.

At the flow stress under the low-stress condition
(a 0, < 0.8), Equation (1) can be rewritten as:'®

o
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At the flow stress under the high-stress condition
(e 0, < 1.2), Equation (1) can be rewritten as:"

o
e=A e e © (ao>12) (3)

where Ay, A, n; and f are constants, and the Zener-
Hollomon (Z) parameter can explain the relationship be-
tween ¢ and T:20
_e
Z=ge ™ (4
Taking the natural logarithm of both sides of Equa-
tions (2) and (3), it can be described as follows:

ln£+%:InAl +n, Ino, (3)
I Q =InA 6
“£+E_ nA, +po, (6)

According to the above experimental data, Figure 3
is the fitted linear relationship of In o, — In £ and o, — In &.
Furthermore, the average slope values of n; and § were
calculated to be 11.774975 MPa! and 0.03442 MPa',
respectively. Then, ¢ was 0.0029 MPa-'. By taking the
logarithm of both sides, Equation (1) becomes:

Ine =In A+n[In sinh(ao) |- % )

On Figure 3, n can be obtained from the reciprocal
of the average slope of Ine versus In sinh(ao). So the av-
erage value of n was calculated to be 8.661. Taking the
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Figure 3: 65Mn spring steel plots of: a) In gy — In &, b) gy — In &, ) In & — In[sinh(aop)], d) 1000/T — In[sinh(aop)]
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Figure 4: Relationship between In Z parameter and In[sinh(aap)]

partial derivative of T and ¢ from Equation (7), we get

the following equation:
T £

=

The average slope of In[sinh(ao)] — 1000/T was
6.7604 (as shown in Figure 3d). Thus, the thermal acti-
vation energy O was 486829 J/mol. Further, the Z rela-
tion and flow stress are obtained with a combination of
Equations (1) and (4), which is an exponent-type equa-
tion (Equation (9).
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Figure 5: Variations in the material constants of the relationship with

720

By taking the natural logarithm of both sides, Equa-
tion (9) becomes:

InZ =In A+n In[sinh(ao )] (10)

From Equation (10), n can be obtained with the slops
of InZ — In[sinh(ao,)], which is 8.554 (as shown in Fig-
ure 4). The intercept InA is calculated to be 60.137 s
and thus the value of A turns out to be 1.309 x 10%.
Thus, the flow stress formula can be obtained as follows:

486829

B.554 T
e RT

£=1.0309x10 [sinh(0.00290) | (11)

3.3. Arrhenius-type constitutive modeling

It can also be seen from Figure 2 that the strain has
an obvious effect on the flow stress. Further, the pre-
dicted accuracy of the constitutive model was improved
via the compensated strain. Based on Equations (1) and
(4), the constitutive equation that is about the relation-
ship between the flow stress and Zenner-Holloman (Z)
parameter can be expressed as:?!

2
Z
—J“ +1
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An 8" order polynomial can be fitted as the relation
between the true strain and constants for 65Mn spring
steel, as shown in Figure 5. The constitutive equations
about the relationship between the strain and «, n, Q and
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Table 1: Coefficients of the polynomial for a, n, Q and InA

WARM-DEFORMATION BEHAVIOR OF 65Mn SPRING STEEL

o n Q In A

By = 0.00485 Cp = 38.64556 Dy = 398635.63413 Eg = 65.45965
B =-0.03487 C,=-1723.41927 Dy = 1.79369E7 E| = 1450.84576

B,=0.36173 C>=36221.23681 D, =-3.87052E8 E»=-32505.55649
B3 =-2.30897 C3=-394949.51932 D3 = 3.84198E9 Es = 309538.62669
Bs= 10.06891 Cs=2.50863E6 Dy =-2.15973E10 Es=-1.62012E6
Bs=-31.2351 C s=-9.64237E6 Ds=7.2688E10 Es = 4.94032E6
B = 67.25659 Ce=2.21021E7 Ds=—-1.45231E11 Es = —8.64627E6
B7=—88.85994 C7=-2.78043E7 D;=1.58917E11 E;= 7.89133E6
Bs = 52.75484 Cs=14771E7 Dg=-7.33221E10 Eg = -2.79695E6

a = By+B £*+Be’+B e *+Bse’ + B+ Be + Bye®

1 = Cp+Cie+Coe2+ Cie’+Coe + Cse '+ Coe 4+ Cre '+ Cye® (13)
O = Dy+D\e+De*+D:e*+D e+ Dse’+D e+ D '+ Dge®

In A = Eg+E e+ Ese* + Ese’+ Ee* v Es€ +E e+ Ere '+ Ege®

Where & is the true strain, By — Bs, Cy — Cs, Dy — Ds,
E, — E; are the coefficients of the eighth order polyno-
mial, as listed in Table 1.

Figure 6 shows the experimental and predicted
strain-stress values. It can be seen that the experimental
values and the predicted values are in good agreement re-
garding the flow stress. The correlation coefficient (R)
and absolute value of relative error (AARE) are used for
evaluating the accuracy of the model. A high value of R
and a low value of AARE indicate that the model has
satisfactory predictability. The R and AARE were de-
fined as follows:

Ture stress(MPa)

400

300

Ture stress(MPa)

200

0.0 0.1 0.2 0.3 04
Ture strain

R 3> (PL—P)(EJ. iy ] .
\/ZLJ (P, _P)1 ZL (E, _E)z
aare=2 3B 100 9 (15)

Where P; and E; are the predicted and experimental
flow stress, respectively, P and E are the mean values of
P; and E;, respectively, and »n is the number of data points
employed in the study. Figure 7 displays the comparison
of the predicted values and experimental values for all
the deformation conditions. The correlation coefficient
(R) and the absolute value of relative error (AARE) are
0.981 and 6.98 %, respectively. It is demonstrated that
the strain compensation based on the Arrhenius model
has a good predictability of the flow stress for the 65Mn
spring steel.

L (b)

True stress (MPa)

Ture stress(MPa)

0
0.0 0.1 0.2 0.3 0.4
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Figure 6: Comparisons of the experimental and predicted flow stress at various process parameters: a) 0.001 shpoorstoorstdis!
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Figure 7: Relationship between the experimental and predicted flow
stress

3.4 Processing maps

A processing map is composed of a power-dissipa-
tion map and an instability map. According to the dy-
namic materials model (DMM)?, the absorbed power P
can be described as follows:?

P=o0¢ =G+J=_[ode+jeda (16)
0 (1]

where G is the content, and J co-contents are expressed
as two integrals. If o versus & curve follows the power
law,24
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Here, K is the material constant and m is the strain
rate sensitivity index. Also, form Equation (16), the
strain rate sensitivity index, m, is expressed as:

m:ﬂ _£do :a(lno)
dG ), o0de|,, d(lng)

When m = 1, the power dissipation (J) reaches its
maximum, and J can be expressed by Equation (19):

J = Jrnax = ﬁ

2

Therefore, the efficiency of power dissipation # is de-
fined as:®

(18)

Te

(19)

J J 2m

J :a£f2:l+m

max

(20)

According to the DMM, the extreme value principle
of irreversible thermodynamics is applied to continuum
mechanics with large plastic deformation, and the crite-
rion of instability flow is established. which can be writ-
ten as:?

B_D 42 (21
de ¢
where D is the dissipation function and the instability
criteria could be expressed as:?!

il M
E(e) = i—]m“ m <0

22
dlne (22)

Based on the flow curves, the processing map made
up of the power dissipation map and instability map is
comprised at strains of 0.1, 0.2, 0.3 and 0.4 shown in
Figure 8. The instability map presents the deformation
condition with the shadow area where the instability flow

O
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L

560 SB0 600 620 640 660 680 TOO
Temperature/”C

H
F 3
B
£
E
5
® 0285
: i P (!El
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Figure 8: Processing map of 65Mn spring steel at different strains: a) 0.1, b) 0.2, ¢) 0.3, d) 0.4
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Figure 9: 3D power dissipation efficiency diagrams and plane projection diagrams of 65Mn spring steel under different strains: a) 0.1, b) 0.2, ¢)

0.3, d) 0.4

occurs. It can be seen that the number of contour lines is
almost the same at different strains, indicating that the
strain has an inconspicuous effect on the power-dissipa-
tion efficiency. When the strain is 0.1, the unstable re-
gion is the largest of all the strains, accounting for about
half of flow instability domains. This is due to the dislo-
cation-density increase at the initial stage of the com-
pression, resulting in work hardening.”” It can also be
seen that the strain has a significant influence on the in-
stability map. When the strain is form 0.1 to 0.2, the
flow-instability region changes irregularly with the
strain, indicating that the instability-flow diagram is
highly sensitive to the strain. When the strain is 0.3, an
unstable flow zone may occur below 626 °C and at a
strain-rate range of about In(0.004) ~ In(0.606) s-'.
However, when the strain is 0.4, there are two instability
flow domains. One domain occurs in a temperature range
of 550-630 °C and a strain-rate range of In(0.004) —
In(1) s!. The other domain occurs at a temperature range
of 671-700 °C and a strain-rate range of In(0.09) —
In(1) s-'. Usually, unstable flow areas should be avoided
during warm working.

Figure 9 shows 3D power dissipation efficiency dia-
grams and plane projection diagrams of 65Mn spring
steel. When the strain is 0.1, the high power-dissipation
factor is mainly concentrated in a deformation-tempera-
ture range of 620-680 °C and strain-rate range of
In& =-6.9077 ~ -5 s as well as in a deformation-tem-
perature range of 650-680 °C and a strain-rate range of
In & =0 ~ —1 s7'. When the strain is 0.2, the high

Materiali in tehnologije / Materials and technology 55 (2021) 5, 7T17-724

power-dissipation factor occurs at a deformation-temper-
ature range of 620—690 °C and a strain-rate range of
In e =-6.9077 ~ —4 s~'. When the strain increases to 0.3,
the region of the thermal deformation temperature and
strain rate basically stays the same, indicating that the
strain from 0.2 to 0.3 has little effect on the power-dissi-
pation factor. However, when the strain is 0.4, a higher
power-dissipation factor appears in two domains: the
smaller region covers a deformation-temperature range
of 650-700 °C and a strain-rate range of In ¢ = -1 ~
—4 s7!, while the other region covers a deformation-tem-
perature range of 610-690 °C and a strain-rate range of
Ine =-6.9077 ~ -4 s

4 CONCLUSIONS

The warm-deformation behavior of 65Mn spring
steel was researched with a thermal-mechanical simula-
tor. The conclusions attained are as follows:

e The deformation temperature and strain rate have an
important influence on the flow stress of 65Mn
spring steel. The deformation activation energy of
65Mn spring steel is 486.829 kJ/mol. An Arrhenius-
type constitutive equation was established.

e A strain-compensated Arrhenius-type constitutive
model was established. The correlation coefficient
(R) and the absolute value of relative error (AARE)
are 0.981 and 6.98 %, respectively, indicating that the

723



P-F. ZHANG et al.: WARM-DEFORMATION BEHAVIOR OF 65Mn SPRING STEEL

model has good predictability of the flow stress for
the 65Mn spring steel.

e The established model can be used for the finite-ele-
ment simulation of a spring-forming process. The
processing map can provide the optimal process pa-
rameters for the actual production of spring warm
forming/bending.
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