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Abstract: To investigate the flow behavior of 2219 Al alloy during warm deformation, the thermal compression test was conducted
in the temperature range of 483—573 K and the strain rate range of 0.001—5 s~ on a Gleeble—3500 thermomechanical simulation unit.
The true stress—true strain curves obtained showed that the flow stress increased with the decrease in temperature and/or the increase
in strain rate and the softening mechanism primarily proceeded via dynamic recovery. The modification on the conventional
Arrhenius-type constitutive model approach was made, the material variables and activation energy were determined to be dependent
on the deformation parameters. The modified flow stresses were found to be in close agreement with the experimental values.
Furthermore, the activation energy obtained under different deformation conditions showed that it decreased with the rise in
temperature and/or strain rate, and was also affected by the coupled effect of strain and strain rate.
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1 Introduction

2219 Al alloy (i.e. AI-Cu—Mn alloy), as one of Al
alloys that can be strengthened by heat treatment, has
very good mechanical properties like high heat resistance,
good weldability, and high strength [1]. Thus, it has been
widely applied in the manufacturing of structures and
components in aerospace industry [2—4]. During the
forming process of a certain component, required
mechanical properties and microstructures can be
obtained by setting appropriate deformation parameters
such as temperature, strain rate and strain [5]. Therefore,
it is essential to determine the flow properties of 2219 Al
alloy under different deformation conditions during the
forming process.

The constitutive model is a mathematical
relationship established between the flow properties of
the material and deformation parameters [6]. Many
efforts [7-20] have been made in developing the

accurate constitutive model. The hyperbolic sine model,
as one of the widely used phenomenological model, has
been successfully constructed and used to predict the
flow properties of various materials. SELLARS and
MCTEGART [7] firstly proposed a hyperbolic sine
model with Z parameter to describe the flow behavior of
the material. Also, CEPEDA-JIMENEZ et al [8]
established the constitutive model of 2024 Al-T351 alloy
using the Arrhenius-type model. However, one major
disadvantage of this model is that the effect of strain was
not considered [9]. Then, the modified sine hyperbolic
model considering strain compensation approach (SCA)
was put forward to enhance the prediction accuracy of
the model, and the method has been widely used in
42CrMo steel [10], H62 brass [11], IMI834 titanium
alloy [12,13] and Al alloy [14,15]. LIN et al [16—18]
have established many effective constitutive models for
different metals and alloys, such as a physically-based
constitutive model considering dislocation density for a
typical nickel-based superalloy [16], a revised Johnson—
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Cook model for AI-Cu—Mg alloy [17] and Al-Zn—Mg—
Cu alloy [18] by modifying the material parameters. In
addition, QUAN et al [19-21] mainly focused on the
comparison between the improved Arrhenius-type
constitutive models by SCA and artificial neural network
models for 20MnNiMo alloy [19], 7050 Al alloy [20]
and Ti—6Al-2Zr—1Mo—1V alloy [21]. Basically, all the
models above agree that the activation energy is a
constant under different deformation conditions or just
strain dependent. However, many scholars [22—24] have
criticized this idea and thought that activation energy can
be influenced by temperature and applied stress.
However, the influence of deformation parameters on
material parameters and activation energy is rarely
considered.

Recently, intermediate thermo-mechanical treatment
(ITMT) has been applied to improving the grain refining,
the strength and the plasticity during material forming
process [25]. WARD et al [26] used this method to refine
grain size of the 7050 Al alloy plate to 30 um in length
and 15 pm in width, and the elongation rate in the width
of the plate increased by 52%. Warm deformation is
adopted in ITMT process to obtain adequate storage
energy for further static recrystallization. Therefore, it is
of great significance and necessity to investigate the flow
properties of 2219 Al alloy during warm deformation for
ITMT. Some studies focused on the flow behavior
of 5000 and 6000 series Al alloys during warm
deformation [27,28]. However, the study of the
constitutive model of 2219 Al alloy under warm
deformation was rarely reported.

In this work, the flow properties of 2219 Al alloy at
different temperatures and strain rates were studied based
on a thermal compression test. By considering the
temperature compensation, the modified hyperbolic sine
model was established on deformation parameters. The
evolution of activation energy was described under
different deformation conditions as well.

2 Experimental

The 2219 Al alloy was subjected to the thermal
compression test, and its chemical composition is shown
in Table 1. The samples were taken from hot-rolled
plates and were machined according to the shape of
Rastegaev sample. The schematic diagram and the
picture of the real sample are shown in Fig. 1. This
sample is characterized by shallow grooves at both ends
filled with lubricants (graphite and lubrication oil).
During deformation, the lubricant in the closed cavity
can reduce the friction between the sample and the mold.
A uniaxial thermal compression test was conducted on
the Gleeble—3500 thermomechanical simulation unit.

For the actual industrial production, the temperature
range of 2219 Al alloy during warm deformation is 500—
550 K, and the strain rate in the processing is less than
5 5. Therefore, in this experiment, the samples were
deformed in a moderate temperature range of 483—573 K
and strain rates range of 0.001-5 s ' to the maximum
strain of 0.8. Before the compression, the samples were
firstly heated to deformation temperature at a speed of
5 K/s for 3 min. The samples were then deformed under
a constant strain rate to the maximum strain of 0.8, and
then immediately water quenched to preserve the
deformed microstructure. The curve of the compression
process is shown in Fig. 2. Temperature, displacement,
speed and other conditions were numerically controlled
from the computer system, and the true stress—true strain
data were collected.

Table 1 Chemical composition of 2219 Al alloy (mass
fraction, %)

Cu Mn Si Zr Fe
5.8-6.8 0.2-0.4 <0.2 0.1-0.25 <0.3
Mg Zn v Ti Al
<0.02 0.10 0.05-0.15  0.02-0.1 Bal.

(_LI:0.0011

I
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Fig. 1 Schematic diagram of thermal compression specimen (a)
and picture of real sample (b)

3 Results and discussion

3.1 Flow behavior

A lot of energy will be consumed for metals and
alloys during plastic deformation, a small part of which
is kept in the form of storage energy, and most of which
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is converted to heat energy [29]. Under low strain rate
(<1 s, the deformation time is relatively long. Thus,
it can be approximately considered as isothermal
deformation process by heat dissipation and equipment
compensation. However, the deformation time is much
shorter under high strain rate (>1 s™'), which makes that
the heat energy generated by the deformation energy will
not dissipate in time. Therefore, the temperature of
sample rises sharply and the true stress—true strain data
obtained from thermal compression test are influenced
by the temperature rise [30]. The temperature variation
under different strain rates of the whole process is
collected from the computer, as shown in Fig. 3.

Compression

3 min holding

Temperature

Temperature: 483-573 K

Strain rate: 0.001-5 ™! Water

quenching

Heating rate

5K/s
Time
Fig. 2 Thermal simulation process curve
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Fig. 3 Temperature variation of whole compression process

with time under different strain rates

From Fig. 3, it can be observed that the temperature
rises with the increase in strain rate during the
compression process. Moreover, the temperature rise is
higher than 5 K under the strain rates of 1 and 5 s /;
however, the overall temperature rise is negligible at the
strain rate of 0.001-0.1 s~'. Temperature rise that occurs
within the samples due to rapid plastic deformation may
lead to flow softening, and a correction should be applied
to the data obtained to account for this [31]. The
magnitude of the associated softening (Ao) caused by

temperature rise can be estimated from the following

formula described by Baragar [32]:

Ao = (0] 1 1

= ( -—) (1)
noR T;elected Treal

where Q is the activation energy (J/mol), n and a are
material parameters, R is the mole gas constant
(J/(mol'K™), Tiuiecea is the selected temperature (K), and
Teal 1s the measured temperature (K).

According to Eq. (1), the true stress values under
the strain rate of 1 and 5 s ' are corrected, and all the true
stress—true strain curves are shown in Fig. 4. It can be
observed that the modified stress is greater than the
experimental value. Therefore, the temperature rise is
one of the most important factors for the flow softening
of the material in the rapid deformation process.

It can be seen from Fig. 4 that flow stress is very
sensitive to strain rate and temperature. Moreover, the
flow stress usually increases with the decrease in
temperature or increase in strain rate. In the whole
compression process, the flow stress increases rapidly at
the initial stage, and then remains stable or slightly
decreases after peak stress reaches. This is because the
strain is relatively small and the distribution of
dislocation in grains is also relatively homogeneous in
the initial stage. With the increase in deformation, the
dislocation density is higher, and the dislocation
movement is becoming more difficult, which makes the
stress increase dramatically. With the rise in dislocation
density, the dislocation in the grain and at grain boundary
can be reorganized due to slip and climb, so the
dislocation density is reduced and the alloy is softened.
The equilibrium between work hardening and dynamic
softening makes the flow stress almost constant. In
general, the dynamic recovery keeps the flow stress
curves to be straight while the dynamic recrystallization
causes them to decrease [33]. Therefore, the softening
mechanism of 2219 Al alloy during warm deformation is
mainly dynamic recovery.

Also, it can also be observed that the flow stress
decreases with the increase in the temperature under the
same strain rate. This is because the increase in
temperature makes the thermal activation effect
strengthened, the kinetic energy of the atoms increased,
and the critical shear stress of the atoms decreased in the
deformation process. Moreover, the increase in
temperature leads to the rearrangement of the dislocation,
which is favorable for the reduction of dislocation
density. Thus, the stress level of the alloy is decreased.
On the other hand, the flow stress rises as the strain rate
increases at the same temperature because the
deformation time decreases when the strain rate is high,
which makes the dynamic recovery process incomplete,
so the flow stress will increase. This also indicates that
2219 Al alloy is sensitive to the positive strain rate.
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3.2 Modeling of constitutive equation by SCA

The true stress—true strain data obtained by the
unidirectional thermal compression test can be used to
determine the material parameters in the constitutive
equation [34]. The relationship between flow stress and
deformation parameters is usually expressed by the
Arrhennius equation containing Z parameter and can be
mathematically expressed as follows:

: 0
Z=¢€ eXp(E) = Af (o) (2)
o" (00 <0.8)
f(o)=<exp(fo) (ao>0.8) 3)
[sin(co)]" (forall o)

where 7T is the thermodynamic temperature (K), o is the
flow stress (MPa), Q is the activation energy of



452 Lei LIU, et al/Trans. Nonferrous Met. Soc. China 29(2019) 448—459

deformation (J/mol), 4, n, n;, a and f are the material
parameters. These material parameters can be obtained
experimentally by linear fitting.

The stress multiplier (), is an additional variable
which modifies the stress value, by making the plots of
Iné against In[sinh(co)] at different temperatures
linear and parallel [35]. And it can be calculated from o=
p/ny, in which f and n, are the slopes of ¢ against In¢g
curve and Ino against In€ curve, respectively. n and 4
can be obtained from the slope and intercept of
In[sinh(co)] against InZ curve, respectively. O can be
obtained by the following equation:

O=R dlné dIn[sinh(co)]
| 9In[sinh(ao)]f, |  A(/T)

“4)

Taking the strain of 0.1 as an example, all the
material parameters are obtained and shown in Table 2.

Repeating the above operations, and the material
parameters at different strains can also be obtained. The
parameters from the strains of 0.1 to 0.8 at the interval of
0.1 in this study were obtained and shown in Fig. 5. After
polynomial fitting, the constitutive model of 2219 Al
alloy by SCA is established and shown as follows:

0.0093F (2) !

= Polynomial fit
0.0090

0.0087

3 0.0084

T

0.0081

0.0078

0.0075

0 0.2 0.4 0.6 0.8

901G i

Polynomial fit

0 0.2 0.4 0.6 0.8
&

Table 2 Values of material parameters under strain of 0.1

Material parameter Value
o 0.0092
n 8.83
A 9.94x10"
O/(J-mol ™" 177291.93
. . - £
& = A(€)sinh[a(€)0]"® exp Q)
RT
o(€) = By + Bie + B, + B;&* + Bye”* + Bs&” (5)

0(&) = Cy+Cie+ Cre? + Cie® + Cye* + Cse°

A(€) = Ey+ E\e+ E,€* + Ex&° + E,e* + Ese® + Ege®

All the coefficients of the polynomial for the
material parameters are shown in Table 3. The validation
of the constitutive model by SCA will be discussed later.

3.3 Modification of constitutive model

In the previous studies, the material parameters and
thermal activation energy were regarded as independent
of deformation parameters or just strain dependent. The
modification made in this work is that the material

(b)

L775¢ — Polynomial fit
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Fig. 5 Relationships between material parameters o (a), Q (b), n (c) and 4 (d) and true strain ¢ by polynomial fitting
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Table 3 Coefficients of polynomial for material parameters

Coefficient value

Parameter
BO Bl Bz B3 B4 BS
o 0.011 -0.019 0.054 -0.079 0.051 —0.0096
Coefficient value
Parameter
Co Cl C3 C4 CS
O/(Jmol™) 170008.26 148361.73 —947400.68 2.13x10° —2.11x10° 813365.11
Coefficient value
Parameter
DO Dl D2 D3 D4 DS
n 14.2 —84.83 387.55 —841.86 867.11 —339.93
Coefficient value
Parameter
E, E, E, E; E, Es Es
4 -3.17x10' 6.75x10"7 —4.88x10"7 1.67x10" —2.94x10" 2.59x10' -8.96x10"
parameters are dependent on the deformation parameters. 0.011F (@) 573K
So, the material parameters and thermal activation
energy are assumed to be functions of the deformation 0.010F
parameters [36]. That is, 4, n, a and Q in Eq. (5) also 0.0091
become material variables. Therefore, Eq. (5) can be o ' 543K
rewritten as follows: < 0.008F
3
. . . —-0(g,,T
0.0061
where a and 7 are the functions of strain and temperature, \\
. . . —a 483 K
QO and A are the functions of strain, strain rate, and 0.005F . L .
temperature. These material variables can be obtained 0 0.2 0.4 0.6 0.8 1.0

experimentally by nonlinear surface fitting.
3.3.1 Determination of a(e, T)

The values of a under different temperatures and
strains can be obtained as shown in Fig. 6(a).

From Fig. 6(a), it can be clearly seen that the stress
multiplier o increases from 0.0055 to 0.01 with the
increase in temperature from 483 to 573 K, while the
effect of strain is not apparent. The curved surface was
used to describe the relationship among the multiplier a,
the strain, and temperature as shown in Fig. 6(b). In
general, the degree of accuracy of the model can
be expressed by the correlation coefficient (R®) as
follows [37]:

S (E,~E)F~F)
i=1

\/iu:",» CEPY (- F)
i=1 i=1

where E; and F; are the experimental and the predicted
values, respectively, E and F are the means of the
experimental and the predicted values under all
conditions, respectively. According to the data analysis,
the correlation coefficient R’=0.990, this justified the
accuracy of the data obtained as shown in Fig. 6(b). Thus,
it is mathematically described below:

R*= (7

540

520
(&

0.9 480
Fig. 6 Variation of stress multiplier a(e, 7) at different
temperatures and strains (a) and 3D illustration of a(e, T) and
curved surface regression fit (b)

o(€,T) = 0.0398-0.0123e—1.629x 10 *T+0.004265™+
1.946x10 7T +1.628x10-5¢T (8)

3.3.2 Determination of n(e, T)
Taking the natural logarithm of both sides of Eq. (6)
and simplifying result in the following equation:



454 Lei LIU, et al/Trans. Nonferrous Met. Soc. China 29(2019) 448—459

Ing = [Mﬂn A(g,é,T)}+
RT

n(g,T)In{sinh[ax(e,T)o]} 9)
Therefore, n(e,T) can be obtained from the curve
slope of Iné against In[sinh[a(e,T)o]] at different
temperatures and strains, and the values are shown in
Fig. 7(a).

(a)
14}

0.9~ 480
Fig. 7 Variation of n(e, T) at different temperatures and strains
(a) and 3D illustration of n(e, T7) and curved surface fitting (b)

As shown in Fig. 7(a), n(e,T) decreases signi-
ficantly with the increase in temperature but keeps
almost unchanged above the temperature of 543 K. At a
constant n(e,T) decreases with the
increase in strain. So, it can be clearly seen that 7 is very
sensitive to temperature and strain. Therefore, n is
considered to be a function of temperature and strain as
shown in Fig. 7(b). The nonlinear 3D surface fitting of

temperature,

n(e,T) at different temperatures and strains has the
correlation coefficient R?=0.974. Thus, the mathematical
relation for n(e,T) can be expressed as follows:
n(e,T) =188.42508 —25.93864¢ —0.62712T +
6.87263€% +5.46498x107*T2 +0.03161¢T (10)

3.3.3 Determination of Q(&,€,T)

For a specified strain and strain rate, Eq. (9) can be
rewritten as

0(,eT) 1 _ In A(€,€,T)-In¢ + In{sinh[a(e. 7))}
Rn(e,T) T n(e,T)
)
Therefore, the activation energy can be obtained
from the slope of In{sinh[a(&,T)c]} against 1/T curve.
dIn{sinh[a(e,T)o]}
a(1000/T) }6 :

=1000Rn(e,T)M (¢, ) (12)

0(e,6,T) = IOOORn(e,T){

Equation (12) shows that Q consists of two separate
parts: n(e,T) and M(&g,€). n(g,T) is a function of
strain and temperature, which has been obtained
previously, and M (g,€) is a function of strain and strain
rate, which can be obtained from the slope of
In{sinh[a(&,T)o]} against 1000/7 curve. Considering
that a(g,T) itself is dependent on temperature, a(&,7)
is determined to be the mean value under different
temperatures to ensure the linear relationship between
them. It has been proved that they have good linear
relationship at different strains and strain rates. Figure 8
shows the linear relationship under a strain of 0.6.

1.5
557!
1 =1
1.0} s
E 0.1s!
& 0.5¢ 0.01s7!
O
S
f§ ot 0.001 57!
e
-0.5}
_10 1 1 1 1
1.7 1.8 1.9 2.0 2.1

T7171073K™!
Fig. 8 Relationships between In{sinh[a/(g,T)o]} and 1000/T
at strain of 0.6 and different strain rates

The slopes at different strains and strain rates,
which are also known as M (g,€), have been calculated
and displayed in Fig. 9(a). It can be seen that M(g,€)
increases with the increase in strain and decreases with
the increase in strain rate. In other words, M (&g,€) is
dependent on strain and strain rate, so M(&,€) is
considered as a function of strain and the natural
logarithm of strain rate in this work. The 3D surface
fitting of M (&,€) is shown in Fig. 9(b). The correlation
coefficient was determined to be R*=0.933. So, M (&, &)
can be expressed as follows:

M(€,€)=1.82345+1.93485¢ —0.14507 In & —
0.83007£2 —0.00898(In ) +0.11338&1n € (13)

Therefore, the activation energy can be obtained by
substituting n(e,T) and M (g,€) from Egs. (10) and (13)
respectively into Eq. (12).
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3.3.4 Determination of A(¢,€,T)

According to Eq. (9), [InA(&,&,T)-0(¢&,€,T)/
(RT)] can be obtained from the intercepts of
In{sinh[e(e,T)c]} against In€ curves under different
temperatures and strains, and recorded as W (g, T). The
variation of W (¢g,T) at different strains and temperatures
is calculated and shown in Fig. 10(a). W (e, T) is very
sensitive to strain and temperature, so it is written as a
function of temperature and strain. The 3D surface fitting
of W(e,T) is shown in Fig. 10(b). The correlation
coefficient R*=0.972 is employed. Therefore, its
mathematical expression can be written as follows:

W(e,T)=—47.32577+4.27287¢+0.15389T —
1.175831e® —1.35831x107*72 —0.00559¢T (14)

By substituting Q(¢,€,7) from Eq. (12) into
[In A(g,€,T)— Q(g,€,T) I(RT)], the following equation
is derived:
1000n(e, T)M (&,€)

InA(e,&,T) =W(e,T)+ .

(15)

(a)
-3.0f
_3 3 L
o -3.61 A 573K
< 543K
X -3.9r 513K
-4.2r
483K
-4.5r
_48 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Fig. 10 Variation of W(e,€) at different strains and
temperatures (a) and 3D illustration of W(g,&) and curved
surface fitting (b)

3.3.5 Modified constitutive model of 2219 Al alloy

According to the previous calculations, the flow
behavior of the 2219 Al alloy during warm deformation
can be expressed in temperature range of 483—573 K,
strain rate range of 10°—5 s~' and strain range of 0—0.8
via the following equations:

"~ a(e,T) A(e,€,T)
n(e,T) =188.42508—25.93864¢ —0.62712T +
6.87263€2 +5.46498x107*T% +0.03161€T
O(e,¢,T) =1000Rn(e,T)M (&, )
M (e,€) =1.82345+1.93485¢ —0.14507 In & —
0.83007£* —0.00898(In£)* +0.11338¢ In &
1000n(e, T)M (&, €)
T
W(e,T)=—-47.32577+4.27287¢ +0.15369T —

1.17518¢% —1.35831x107*T% = 0.00559¢T

(16)

L {éexp[Q(s,é,T)/(RT)]}W(S’T)

In A(e,6,T)=W(e,T)+
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3.4 Verification of conventional model by SCA and

modified model

A good constitutive model not only depends on the
degree of fitting to the modeling data used, but also is
capable of making accurate predictions under the limited
deformation conditions. Therefore, both the modeling
and prediction sets should be verified using the
conventional model by SCA and the modified model,
respectively. The comparison between the computational
stresses calculated by Eqs. (5) and (16) and the
experimental stresses under different deformation
conditions are shown in Fig. 11. It can be observed that
the calculated stresses obtained from the modified model
are in good agreement with the experimental values.
However, the calculated stresses by the conventional
model exhibit noticeable deviation from the experimental
values in both modeling and prediction set.

2s0l® o,
o .
o 8B B BT8513K 55
200+ ;
& g,
£ 150f o s
% s 513K, 0.1
Lool ©-0° ’-g 543K, 0.01s™!
A .. A, R -1
=42 . . 573K, 0001s
50t o EeAe—h—_
—— Experimental
-0 Preldicted byl SCA . BI\I/Iodiﬁedl
0 0.2 0.4 06 0.8 1.0
&
2401 (b) LR
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< 180F
= . o,
S o * _
150 o B e 5433(,0.351
0. O- O
120+
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9oL - O-Predicted by SCA 8 Modified
0 0.2 0.4 0.6 0.8 1.0

&
Fig. 11 Comparisons between predicted by SCA, modified and
experimental flow stresses of 2219 Al alloy for modeling set (a)
and prediction set (b)

Also, to quantitatively assess the accuracy of the
model, the correlation coefficients (R*) and the average
relative error (AARE) parameters (as shown in Eq. (17))
of the two models are calculated respectively and
illustrated in Fig. 12. The results show that the
correlation coefficient is 0.994, and AARE is 2.12% as

obtained from the modified model. But, the correlation
coefficient is only 0.932, and A4ARE is 9.00% based on
the conventional model. This fully demonstrates that the
modified constitutive model has better performance in
both modeling and prediction than the conventional
model by SCA.
1 Yol —a)
AARE =— 3" |—=—L1x100% (17)
i=l1 Oex

where o, is the experimental flow stress, o, is the
computational stress calculated by the constitutive
model, N is the total number of the experimental data.
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Fig. 12 Correlation between experimental and calculated flow
stresses by obtained conventional model by SCA (a) and
modified constitutive model (b)

Conclusively, the modified constitutive model
considering deformation parameters can be used to
simulate the flow behavior of 2219 Al alloy during warm
deformation.

3.5 Evolution of activation energy

The activation energy can be calculated using the
modified constitutive model (Eq. (16)) under different
deformation conditions. The charts of the activation
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energy against temperature and strain rate were obtained
under different strains respectively; the results are shown
in Fig. 13.

It can be clearly seen from Fig. 13 that the
activation energy varies significantly at different
temperatures, strain rates and strains in the range from
121.5 to 266 kJ/mol. Further, it is found that the
activation energy decreases with the increase in
temperature and strain rate. This is related to the
thermodynamic mechanism of the dislocation motion.
Plastic deformation of Al alloy is mainly due to the slip
of dislocation on slip surface. When the energy barrier
(activation energy) can be overcome, the dislocation can
be moved randomly, which is a thermal activation
process. In addition, the energy barrier can be overcome
when the external shear stress on the sliding surface is
more than the Peierls—Nabarro stress, and then the
dislocation can be moved freely [38].

The activation energy decreases with the increase in
temperature, this is due to the beneficial effect to
overcome the barriers of dislocation movement at high
temperature. Specifically, dislocations can move with
higher kinetic energy when the temperature is increased,
and also it makes the deformation much easier. Moreover,
the dynamic recovery is strengthened, and the dislocation
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density is decreased with the increase in temperature,
which is also beneficial to the dislocation movement.
Therefore, it can effectively reduce the resistance of the
dislocation movement and the thermal activation energy
by increasing the deformation temperature.

On the other hand, the applied external force will
increase with the increase in strain rate, which will
increase the shear stress to activate the dislocation
movement. Furthermore, the multiplication rate of
dislocation will increase with the increase in strain rate,
which is beneficial to the occurrence of dynamic
recovery, thus promoting the dislocation movement.
However, the increase in strain rate can also result in the
entanglement of dislocation structures and incomplete
dynamic recovery due to the shorter deformation time.
That is to say, the first two factors can reduce the thermal
activation energy and facilitate plastic deformation,
whereas the other two factors play the opposite role. This
experiment proves that the first two factors play a major
role in the warm deformation process so that thermal
activation decreases with the increase in strain rate.

The effect of strain on the thermal activation energy
is shown in Fig. 14. It can be observed that the effect of
strain on the thermal activation energy is coupled with
the effect of strain rate. In the case of low strain rate
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(<1 s, the activation energy reduces with the increase
in strain, while in the case of high strain rate (>1 ), the
activation energy increases with the increase in strain.
This is because the activation time of dislocation is
prolonged at a lower strain rate, and the dynamic
recovery process can be fully carried out by increasing
the amount of deformation. This makes the activation
energy gradually decrease with the increase in strain.
While at the high strain rate, the tangled dislocation
structures become severer with the increase in strain,
which is not conducive to further dislocation movement,
thus resulting in the increase in activation energy.

4 Conclusions

(1) The flow stress of 2219 Al alloy is very sensitive
to deformation temperature and strain rate, and it
increases with the decrease in temperature or the increase
in strain rate. The softening mechanism of 2219 Al alloy
during warm deformation is mainly dynamic recovery.

(2) Considering the activation energy and material
parameters as variables of deformation parameters, a
modified hyperbolic sine constitutive model of 2219 Al
alloy is established, and the flow behaviors are predicted
with R*=0.994 and AARE=2.12%.

(3) The evolution of the activation energy indicates
that the deformation process is a thermal activation
process, which is affected by temperature, strain rate, and
strain. The range of activation energy obtained is 121.5—
266 kJ/mol. Furthermore, it decreases with the increase
in temperature and strain rate, and it is also influenced by
the coupled effect of strain and strain rate.
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