- s

v, Science
ELSEVIER Press

N

- St

Available online at www.sciencedirect.com

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 22(2012) 1169-1175

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Prediction of flow stress of Mg—Nd—Zn—Zr alloy during hot compression
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Abstract: Isothermal hot compression tests were carried out on Mg—3.0Nd—0.2Zn—0.4Zr (mass fraction, %, NZ30K) alloy using a
Gleeble—3500 thermo-simulation machine at temperatures ranging from 350 to 500 °C and strain rates from 0.001 to 1 s\ A
correction of flow stress for deformation heating at a high strain rate was carried out. Based on the corrected data for deformation
heating, a hyperbolic sine constitutive equation was established. The constants in the constitutive equation of the hyperbolic sine
form were determined as a function of strain. The flow stresses predicted by the developed equation agree well with the experimental
results, which confirms that the developed constitutive equations can be used to predict the flow stress of NZ30K alloy during hot

deformation.
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1 Introduction

In the field of process modeling, finite element
method (FEM) is used as a common tool to find out the
optimum thermo-mechanical process parameters in metal
forming processes, such as hot rolling, extrusion and
forging. Constitutive equation which represents the flow
behavior of materials is commonly used as input to the
FEM code for simulating the material’s response under
specified loading conditions [1]. Therefore, the
prediction accuracy of the constitutive equation has a
significant effect on the reliability of simulation results.
In the past, a lot of work has been done to establish
constitutive equation of materials from the experimental
data [2—5] and the sine hyperbolic law in an Arrhenius
type of equation has been extensively used to describe
and predict high temperature flow behavior [6,7].
Various modifications to this equation have also been
proposed to improve the prediction accuracy of flow
stress. The influence of strain was incorporated in the
constitutive equation considering the effect of strain on
material constants to predict high temperature flow stress
in modified 9Cr—1Mo (P91) steel, Al6061 and
Ti—6A1-4V alloy [1,8,9]. A strain-dependent parameter

was introduced in the sine hyperbolic constitutive
equation to predict the flow stress in a wrought
magnesium alloy Mg—Al4—Znl [10]. A revised
sine-hyperbolic constitutive equation was developed
considering strain and strain-rate compensation to predict
the flow behavior in a 42CrMo steel and Ti-modified
austenitic stainless steel [11,12]. Moreover, at a high
strain rate (>1 s '), the specimen temperature may
change from the preset temperature during testing due to
deformation heating, which can cause a noticeable
change in the flow stress. Therefore, the measured data
should be corrected for deformation heating before
constitutive analysis [10,13].

Mg—3.0Nd—-0.2Zn—0.4Zr (mass fraction, %; NZ30K)
alloy has good specific strength and high corrosion
resistance [14,15], and shows great potentials for
application in aerospace and automotive industries.
Industrial processes such as extrusion and forging for
this material were carried out at a high deformation
temperature [16,17]. Although many investigations have
been carried out on the behaviors of NZ30K alloy, a
thorough study on the hot deformation behavior of this
alloy is still needed to optimize the thermo-mechanical
process parameters. To date, very limited efforts have
been made to understand and predict the flow behavior
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of NZ30K alloy during hot deformation. In this study,
isothermal hot compression tests were carried out on
NZ30K alloy. Based on the corrected data for
deformation heating, a hyperbolic sine constitutive
equation was determined to describe and predict the flow
stress of NZ30K magnesium alloy during hot
compression. The validity of the developed constitutive
equations was also investigated over the entire
experimental range.

2 Experimental

The material used in the present study was a cast
NZ30K magnesium alloy with chemical composition of
Mg—3.0Nd—-0.2Zn—0.4Zr (mass fraction, %). Cylindrical
specimens with 15 mm in height and 10 mm in diameter
were machined from the DC-cast NZ30K ingot after
homogenization treatment at 540 °C for 2 h for
compression test. The isothermal hot compression tests
were carried out on a Gleeble—3500 thermo-simulation
machine at temperatures of 350—500 °C with strain rates
of 0.001, 0.01, 0.1 and 1 s'. To reduce the friction,
graphite foils were put between the specimen and platens.
Each specimen was heated to the deformation
temperature at a rate of 10 °C/s and held isothermally for
5 min before compression test, in order to obtain the heat
balance. The specimens were deformed up to a true
strain of 1.0 and then quenched in water immediately.

3 Results and discussion

3.1 Flow stress corrected for deformation heating

In hot deformation of metals, it is commonly
accepted that the relationship between the stress, strain
rate and temperature can be expressed as one of the
following forms:

3 2 — m

gexp( RT)_ Ao (1)

sexp(-2) = yexp(fio) @)
RT

éexp(g) = A[sinh(ao)]" (3)
RT

_ o
Z = gexp( RT) 4)

where A, Ay, Ay, n, ny, B and a are materials constants;
o=pf/n=f/ny; Z is the Zener-Hollomon parameter; Q is the
deformation activation energy; R is the mole gas constant;
& 1is the strain rate; T is the deformation temperature in
Kelvin. The power law, Eq. (1), and the exponential law,
Eq. (2), are applicable for a low stress and for a high
stress, respectively. The hyperbolic sine law, Eq. (3), is a
general form of constitutive equation suitable for stresses

over a wide range.

In order to determine a constitutive equation of flow
stress, isothermal hot compression stress—strain data are
usually employed. However, because of the deformation
heat, the flow curves for high strain rate do not
correspond to isothermal conditions. Figure 1 shows the
measured specimen temperatures during hot compression
test at temperatures of 350—500 °C for various strain
rates. It can be seen from Fig. 1(a) that during the
compression test at a pre-set temperature of 350 °C and a
strain rate of 1 s~', the specimen temperature rose from
350 to 369 °C, at a strain of 0.45, and then decreased
continuously as a result of heat loss through the anvils.
At a lower strain rate of 0.1 s ', the measured specimen
temperature at this strain rate dropped a few degree
under the pre-set temperature during the compression test.
At an even lower strain rate of 0.01 s ' or 0.001 s, there
was enough time for heat loss and also for heat
compensation by the external heat so that the measured
specimen temperature remained stable throughout the
test. Similar results can be obtained under temperatures
0f 400 °C, 450 °C and 500 °C (Figs. 1(b)—(d)). From Fig.
1, it is obvious that increasing strain rate will increase the
temperature variation, and the maximum temperature rise
obtained at a strain rate of s ' for various temperatures
is greater than 5 °C. Therefore, it is necessary to make a
correction for deformation heating at the strain rate of 1
s for determining a flow curve at a constant
temperature. By contrast, the effects of temperature
variation on the flow stress at a strain rate of 0.1, 0.01 or
0.001 s !, which is less than 5 °C, could be neglected.

The flow stress for strain rate of 1 s™' was corrected
using Eq. (2). Because there was no correlation of flow
stress with strain in Eq. (2), the correction was made at
various strains in the range of 0.1-1.0 with step size of
0.1. Taking the strain of 0.5 as an example, the
correction of flow stress for deformation heat was made
by plotting ¢ against 7' for the strain rate of 1 s', as
shown in Fig. 2, and then extrapolating back to the
pre-set test temperatures.

Figure 3 shows the comparison between the
corrected and measured flow curves. It can be seen that
at high temperature above 400 °C, the differences
between the corrected and measured flow stresses are
negligible. At low temperature of 350 °C, however, the
differences become significant, and the maximum
difference in flow stress reaches as much as 12.6% at the
strain of 0.5. It can be seen that at a given strain rate of 1
s, the flow stress increases with decreasing temperature.
Under all the deformation conditions, the samples
showed typical flow softening curves, including a peak
followed by a gradual decrease in flow stress or a long
steady state. Flow softening is a common characteristic
of flow curves for many alloys deformed at a high
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Fig. 1 Measured instantaneous specimen temperatures during compression tests with different strain rates at pre-set temperatures of

350 °C (a), 400 °C (b), 450 °C (c) and 500 °C (d)
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Fig. 2 Plot of ¢ against 1000/7 at a strain of 0.5 and strain rate
of 15

temperature, and it is associated with microstructural
evolution such as dynamic recrystallization (DRX),
dynamic recovery (DRV) and dynamic coarsening of
precipitates during hot deformation [18,19].

3.2 Determination of materials constants as functions
of strain

It is assumed that the influence of strain on high

temperature flow behavior is negligible and thereby not
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Fig. 3 Comparison between corrected and measured true
stress—true strain curves at strain rate of 15 '

considered in Eqgs. (1) to (4). However, at the lower hot
working temperature and higher strain rate, the flow
stress increases to a peak and then decreases with
increasing strain (Fig. 3). Hence, compensation of strain
should be taken into account in order to derive
constitutive equations to accurately predict the flow
stress. The influence of strain in the constitutive equation
is incorporated by assuming that the material constants
(i.e. a, n, Q and A4) are polynomial functions of strains.
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The following takes the strain of 0.5 as an example to
determine the material constants.

Taking the natural logarithm of both sides of Eqs. (1)
and (2), respectively, gives,

- 0
Iné=In4 ———+nIno 5
1T Q)

: 0
Iné=In4, ——+ 6
2 RT po (6)

In the above equations, the slopes of the plots of
Ing versus In ¢ and In £ versus o can be used to
obtain the values of n; and S, respectively, as shown in
Fig. 4. Obviously, linear relationships are obtained in a
double log plot at the temperatures of 450 °C and 500 °C
(Fig. 4(a)) while the behavior is better represented by Eq.
(6) at the temperatures of 350 °C and 400 °C (Fig. 4(b)).
The exponent »; rises from 3.34 at 500 °C to 3.52 at 450
°C and the power law breaks down at even lower
temperatures where £ decreases from 0.051 at 400 °C to
0.045 at 350 °C. Therefore, a mean values of n; and S are
calculated as 3.43 and 0.048, respectively. Then a=p/n,=
0.014 MPa™".

Taking the logarithm of Eq. (3) gives,

lné+%(l/T) =In 4+ nln[sinh(ao)] (7

Differentiating Eq. (7) gives,
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In this equation, the slopes of the plots of Iné¢
versus In[sinh(ao)] and In[sinh(ao)] versus 1/T can be
used to obtain the value of Q. The relationship between
flow stress (at the strain of 0.5) and strain rate, and
deformation temperature are shown in Fig. 5. Therefore,
Q is calculated as 184.99 kJ/mol.
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Fig. 5 Plots of In ¢ and In[sinh(ao)] (a) vs In[sinh(ao)] vs 1/T
(b)

According to Egs. (3) and (4), Z can be rewritten as:
Z = A[sinh(ao)]" (€))

Taking the logarithm of both sides of Eq. (9) gives,
InZ =In A+ nn[sinh(ao)] (10)

Therefore, the plots of In Z against In[sinh(ao)] can
be used to obtain the value of n and In A. The
relationship between In[sinh(ac)] and InZ is plotted in
Fig. 6. From the slope of the fitting line, » and In 4 can
be calculated, respectively: n=2.977, In 4=28.34.

In the same way, the values of material constants (a,
0, A and n) of the constitutive equations were calculated
under different deformation strains within the range of
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Fig. 6 Relationships between In Z and In[sinh(ao)]

0.1-0.9 and the interval of 0.1. The results are shown in
Fig. 7. It is observed that a, n, Q and In A show
significant variation with strain. The solid lines in the
figure represent the best fitted polynomial to these data.
The material constants (i.e. a, n, Q and In A) are the 5th
polynomial function of strains, as shown in Eq. (11). The
coefficients of the polynomial are listed in Table 1.
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Table 1 Coefficients of polynomial for a, O, n and In 4

O/(kJ*mol™)

1.0

1.0

For a For O For n

Forln 4

€p=3.45592

ay=0.04401  b,=245.82667

dy=32.41525

a1=—0.25966 b;=—619.55259 ¢,=—1.88276 d,=—54.15033
a;=0.90493  h,=2283.55186 ¢,=—0.68306 d,=215.75675
a;=1.55768 b;=—4049.76399 ¢;=9.14612 d;=—400.11378
as=1.30959 b,=3541.31702 c4=—10.14423 d,=368.88258
as=0.42628 bs=—1199.35897 ¢5=3.49359 ds=—131.37821

3.3 Verification of constitutive equation

According to Eq. (9), the flow stress of the material

at a particular strain can be expressed as:
o= Linf(Z/ )" +[(2) )P +1]72)
o

Figure 8 shows the comparison

(12)

between the

experimental and predicted flow stresses by Eq. (12). It
could be observed that the predicted flow stress value
from the developed constitutive equation agrees well
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Fig. 8 Comparison between experimental and predicted flow stresses from constitutive equation at deformation temperature of 350

°C (a), 400 °C (b), 450 °C (c) and 500 °C (d)

with the experimental data throughout the entire strain
rate and temperature ranges.

The ability of this constitutive equation is evaluated
by calculating root mean square error (RMSE) as
follows:

1 N
RMSE = /;Z(UE -0p)°
i=1

where og is the experimental stress; op is the predicted
stress; N is the total number of data employed in the
investigation. The value of RMSE for modeling of 16
flow curves by Eq. (13) was determined as 3.93 MPa,
which reflects the good prediction capability of the
developed constitutive equation.

(13)

4 Conclusions

1) A correction of flow stress for deformation heat
at a high strain rate was carried out. Based on the
corrected data for deformation heat, a hyperbolic sine
constitutive equation was established. The constants in
the constitutive equation were determined as a function
of strain.

2) The developed hyperbolic sine constitutive
equation was used to predict flow stress of NZ30K alloy
during hot compression. A good correlation between
experimental and predicted results has been obtained,
and the value of root mean square error (RMSE) for
modeling of 16 flow curves by the developed
constitutive equation was determined as 3.93 MPa,
which suggests that the developed constitutive equation
is able to accurately predict the flow stress of NZ30K
alloy during hot deformation.
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