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Abstract: To improve the understanding of coupling effect between dynamic recrystallization (DRX) behaviors and flow behaviors
of as-cast AlCu4SiMg, a finite element (FE) simulation equipped with the models of DRX evolution was implemented. A series of
isothermal compression tests were performed primarily on a Gleeble—3500 thermo-mechanical simulator in a temperature range of
648—748 K and a strain rate range of 0.01-10 s '. According to the measured true stress—strain data, the strain hardening rate curves
(do/de versus o) were plotted to identify the critical strains for DRX initiation (g.). By further derivation of the related material
constants, the DRX volume fraction equation and the strain for 50% DRX (gs) equation were solved. Accordingly, the
aforementioned DRX equations were implanted into the FE model to conduct a series of simulations for the isothermal compression
tests. The results show that during the evolution of DRX volume fraction at a fixed strain rate, the strain required for the same
amount of DRX volume fraction increases with decreasing temperature. In contrast, at a fixed temperature, it increases with
increasing strain rate. Ultimately, the DRX kinetics model of AlCu4SiMg alloy and the consequence of the FE analysis were

validated by microstructure observations.
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1 Introduction

AlCu4SiMg, one of the most popular alloy of
2000-series aluminum alloys, has been widely used in
aerospace industry in view of its high specific strength,
superior high-temperature properties, resistance to
fatigue crack propagation, and fracture toughness [1,2].
Generally, the products of AlCu4SiMg were
manufactured by the hot forming process such as
extrusion and forging, during which three metallurgical
phenomena including work hardening (WH), dynamic
recovery (DRV) and DRX occurred [3.4].

The microstructures and corresponding mechanical
properties of products, in a large extent, are determined
by the interaction of three above-mentioned metallurgical

phenomena [5,6]. It is commonly believed that the
occurrence of DRX is conducive to the grain refinement
and homogenization, hence, the mechanical properties
were improved correspondingly [4,7].

So, it is a significant issue to investigate how to take
advantage of DRX for achieving the adjustment of
microstructures.  Moreover, during hot plastic
deformation, the evolution of DRX is a continuous
dynamic course related to the processing parameters such
as temperature, strain rate and true strain. Nevertheless, it
is extremely difficult to dynamically observe the DRX
evolution process in a physical experiment, while the FE
simulation equipped with the models of DRX evolution
provides an efficient solution. In addition, the DRX
kinetics model, the relationships between the DRX
volume fraction and processing parameters, is the essential
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portion of finite element model (FEM) for dynamically
observing DRX evolution process of deformation
materials. Hence, to improve the macro-mechanical
properties of AlCu4SiMg products through adjusting the
microstructures, a prepared DRX kinetics model with
deformation conditions effect is indispensable.

QUAN et al [8,9] mentioned that the flow curves, a
direct consequence of microstructural changes, directly
reflected the hot working behaviors of alloys. According
to the stress—strain data collected from a series of
isothermal compressions, it is realizable to model the
DRX Kkinetics. Over the last few decades, the researches
about the modeling of DRX kinetics attracted vast
investigators [10]. ZHOU et al [11] studied hot tensile
deformation behaviors of Al-Zn—Mg—Cu alloy and
developed the Arrhenius-type constitutive model to
predict the peak stress under the tested deformation
conditions. CAI et al [12] established DRX kinetic model
of AZ4AIM magnesium alloy on the basis of Avrami
equation to characterize the evolution of DRX volume
fraction. WEN et al [13] proposed DRX kinetics models
which quantitatively reveal the influences of initial
phase upon the DRX behavior. CHEN et al [14]
proposed a new method to establish DRX kinetics model,
in which only the DRX volume fractions in the center
part of deformed specimens need to be employed. Up till
now, the FE simulation equipped with the DRX kinetics
model has been widely used to guide the production of
alloy parts. As for aluminum-based alloy, LI et al [15—17]
investigated hot deformation behaviors, DHAL et al [18]
and LI et al [19] focused on the influence factors on the
grain growth mechanism of the recrystallized grains.
KAIBYSHEV and MALOPHEYEV [7] reviewed the
mechanisms of DRX operating at severe plastic
deformation in a wide temperature range for aluminum
alloys. TAJALLY and HUDA [20] analyzed the
isothermal recrystallization kinetics for 7075 aluminum
alloy within the framework of the Johnson—Mehl-
Avrami—Kolmogorov equation. The researches for
AlCu4SiMg focus on the hot deformation behaviors and
the mechanisms of DRX, but few attentions have been
paid to the modeling of DRX kinetics and its application
in FEM. In this work, the main work is to investigate the
hot deformation behaviors of AlICu4SiMg alloy based on
experimental results from isothermal compression tests,
and then the relevant DRX kinetics model including the
temperature and strain rate effects was developed. Based
on the finite element platform, the true stress—strain data
and the developed DRX kinetics equation describing the
microstructure evolutions were programed into finite
element codes for establishing a simulation model, which
is prepared for dynamically observing DRX evolution
process of deformation materials. Ultimately, the DRX
kinetics model of AICu4SiMg alloy and the consequence

of the FE analysis are validated by microstructure
observations.

2 Experimental

The material selected in this work is AlCu4SiMg,
whose detailed chemical compositions (wt.%) are as
follows: 4.47 Cu, 0.63 Si, 0.58 Mg, 0.49 Mn, 0.23 Fe,
0.021 Zn, 0.021 V, 0.017 Ti, and balance Al. Twenty-one
specimens with a diameter of 10 mm and a height of
12 mm were wire-electrode cut from the radial middle
region of an as-cast cylindrical billet with a diameter of
360 mm and a height of 90 mm.

The compression experiment schedule considering
strain rate and temperature effects was designed as
follows: twenty specimens were compressed with a fixed
height reduction of 60% resulting in a true strain of 0.916
under four strain rates of 0.01, 0.1, 1 and 10 s ' at five
temperatures of 648, 673, 698, 723 and 748 K. In this
isothermal compression experiment, a Gleeble—3500
thermo-mechanical physical simulator was employed. It
is a fully integrated digital closed loop control thermal
and mechanical testing system. The direct resistance
heating system in it with a thermo-coupled-feedback-
controlled AC current provides rapid and precise
temperature control.

Before the compression, two thermocouple wires
were welded on the circumference of the specimen in the
mid-height. Then the specimen was placed between two
anvils, meanwhile two graphite foils with a diameter of
20 mm serving as a lubricant were placed between
specimens and anvils. The hot compression test scheme
is shown in Fig. 1. Each specimen was resistance heated
to the proposed temperature at a heating rate of 10 K/s,
and was held at a certain temperature for 180 s to
decrease the material anisotropy. The temperature signals
of this specimen were collected and transmitted to a
computer for accurate monitoring and adjusting by the
thermocouple wires. Subsequently, the specimen was
compressed according to the pre-designed schedule.
After the compression, the specimen was quenched by
water as soon as possible to retain the high temperature

T
Holding Isothermal uniaxial
(180 s) compressions
(7,
10 K/s/ IT=648-748 K! é=0.01-10s"", Water
£=-0.916) quenching
Time

Fig. 1 Hot compression test scheme of AlICu4SiMg
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microstructures. Besides the deformed specimens, one
specimen without isothermal compression was remained
for original grain morphology observation.

During the compression process, the nominal
stress—strain data were monitored continuously by a
computer equipped with an automatic data acquisition
system. The true stress and true strain were derived from
nominal stress—strain data according to the following
formulas: or=on(1—¢n), er=In(1—¢y), where ot is the true
stress, er is the true strain, oy is the nominal stress, and
éx 1s the nominal strain [21,22].

After the compression experiment, all the
twenty-one specimens were sectioned into two halves
with their cylinder axes parallel to the compression axis
direction by wire cutting. The sections were ground by
abrasive papers of SiC, and were electro-polished at 25 V
for 20 s in an electrolyte consisting of 30 mL C,H4O and
10 mL HCIO,. Then, the sections of all specimens were
coated with anodic film in a solution consisting of 95 mL
H,0 and 5 mL HBF,. Finally, the microstructures of the
prepared sections were observed by the metallographic
microscope.

3 deformation

Flow Dbehaviors and

mechanisms

3.1 Flow behavior
The true compressive stress—strain curves of as-cast
AlCu4SiMg obtained at different deform conditions are

60
648 K (2)
48 673 K
698 K

[+]
[a W)
% 36 723 K
é S 748 K
o 24
=
=

12 f

0 0.2 0.4 0.6 0.8 1.0
True strain
100 648 K ©

80 673 K
8 698 K
2 60
g 748 K
o 40
2
=

20

0 0.2 0.4 0.6 0.8 1.0
True strain

True stress/MPa

True stress/MPa

Guo-zheng QUAN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1138—1151

presented in Fig. 2. The flow stress evolution along with
strain exhibits three distinct stages [23]. At the first (WH)
stage, the flow stress increases rapidly with the increase
of strain. During the stage, the dominating metallurgical
phenomenon is WH, which is caused by the generation
and multiplication of dislocation. Meanwhile, the
accompanying DRV caused by the annihilation of
dislocations due to ease of cross slip, climb, and
dislocation unpinning is too weak to exceed WH.

In the second (softening) stage, with the increase of
strain, the gradually-accumulated energy at the grain
boundaries augments rapidly to DRX activation energy,
which facilitates the generation of equiaxed DRX grains.
Subsequently, the DRX occupies a major role in
softening mechanism, which leads to a slowdown in the
upward trend of flow stress. When dynamic softening
rate is equal to WH rate, flow stress reaches a peak value,
and then exhibits a smaller and smaller decrease till a
steady stage. In the third (extensive steady) stage, the
flow stress maintains at a fairly constant level regardless
the increase of strain.

From Fig. 2, it can be obviously found that the flow
stress increases monotonically with increasing strain rate
or decreasing deformation temperature, accordingly,
lower levels of flow stress usually appear at higher
temperatures and lower strain rates. This is mainly due to
the fact that higher strain rate not only induces more
tangled dislocation structures as barriers to dislocation
movement but also decreases the growth and coalescence

80

(b)
64
48
32
16}
0 0.2 0.4 0.6 0.8 1.0
True strain
120
@
48
24 F
0 0.2 0.4 0.6 0.8 1.0
True strain

Fig. 2 True compressive stress—strain curves of as-cast AlICu4SiMg obtained at different deform temperatures with strain rates of

0.01s'(a),0.1s ' (b),1s'(c)and 105! (d)
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time of microvoids or microcracks. Moreover, with the
increase of the temperature, the grain boundary mobility
for annihilating dislocations is promoted, meanwhile the
dynamic softening is enhanced. When the strain rate rises
to 10 s', the flow stress curves at 648—698 K possess a
wave phenomenon in time domain, which are identified
as the Portevin-Le Chatelier (PLC) effect. The
microcosmic mechanism accounting for PLC effect is
dynamic strain aging caused by the dynamic
comprehensive function of dislocations and solute atoms.
A lot of investigators were attracted by the PLC effect, a
multi-scale coupling issue, which involves macro-
scopical deformation, micro-grain deformation and
micro dislocation movement.

3.2 Deformation mechanism

AlICu4SiMg alloy is a typical FCC crystal, the basal
slip systems of it are {110}, {112}, {123}, and all with
the Burgers vector of <111>. During the hot deformation
process, the dominant deformation mechanisms of
AlCu4SiMg are solute drag creep and grain boundary
sliding, which were examined and discussed as a
function of temperature and strain [24]. In the first stage
of deformation, the increasing dislocation density
promotes the lattice strain increasing. As the degree of
strain increases, the generation of the small-angle grain
boundaries and medium-sized crystallites results in the
decrease of dislocation density, as well as the decrease of
lattice strain [25]. In addition, the dynamically
precipitated dispersoids Al;Zr and Al Cu,Mn; pin
dislocations resulting in the absence of dramatic
softening behavior and the increase of deformation
activation energy [26]. Meanwhile, continue dynamic
recrystallization (CDRX) occurs at merged subgrain
boundary because those particles pin grain boundary and
retard boundary migration.

4 Constitutive modeling for DRX Kkinetics

4.1 Initiation of DRX

In order to characterize the evolution of
DRX fraction, the Johnson—Mehl—
Avrami-Kolmogorov (JMAK) type equation Xprx=

volume

e-¢,

kd
] was adopted. It is associated

1—exp| —f; (

0.5
with critical strain ¢, and the strain gy s corresponding to
the recrystallization volume fraction of 50%, both of
them are related to a number of parameters such as
temperature, strain rate and grain size. The modeling of
DRX kinetics based on the discrimination of critical
conditions for the onset of DRX, which can be identified
from do/de versus o curve, in which an inflection exists

corresponding to strain hardening rate #=do/de reaches
the negative peak [27]. The true compressive stress—
strain data are shown in  Fig. 2, and twenty deformation
conditions with distinct DRX characteristic were selected
to derive the plots of & versus ¢ (Fig. 3). The distinct
inflections of plots in Fig. 3 indicate the onset of DRX
explicitly, and the horizontal coordinate of the inflection
points was considered as critical stress. In addition, the
corresponding critical strains can be obtained from true
stress—strain curves. The details about the solution
method of critical strain ¢, and the strain for peak stress
&p, are shown in Fig. 4. The relationships between &, and
g, are summarized as Eq. (1) [28]. Equation (2) clearly
shows that ¢, depends on the initial grain size d,
deformation temperature 7, strain rate & , and
deformation activation energy O, [28—30].

£, = ag, (1)
£, = ady' ™ exp[Q; /(RT)] )

where a is a material constant; a;, n; and m, are material
constants, which were derived from the true stress—strain
data in the next section; R is the universal gas constant.
Comparing with the other two dominate key factors, the
influence of initial grain size on the critical strain is too
feeble to be ignored in this study. Then, Eq. (2) can be
simplified to

£ = @™ expl[Q, /(RT)] 3)

(1) Calculation of material constant a

From the plots of 6(do/de) versus o and the true
stress—strain curves, the values of ¢, and e  under
different strain rates and temperatures are achieved, as
shown in Table 1. The relationship between & and ¢, is
described as linear relation (Fig. 4) and the slope value of
the fitted line is accepted as constant a, the concrete
value is 0.35083.

(2) Calculation of material constants m;, Q; and a;

Equation (4) can be obtained by taking natural
logarithms on both sides of Eq. (3):

Ing, =lna +mIné+Q /(RT) 4)

According to the linear relationships of In g,—Iné&
(Fig. 5) at different temperatures, the material constant
m can be derived from the equation m; =dln &/ dlné,
and the concrete value is 0.101114.

According to the relationship between In ¢, and 1/T
(Fig. 6) under different strain rates, the material constant
Qi can be derived from the equation Q,=R0ln &,/0T" L
and the concrete value is 14110 J/mol. Ultimately, the
constant a; was obtained as 0.0073 through substituting
mj and Q) into Eq. (4).
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Table 1 ¢, and &, under different temperatures and strain rates

& &
Temperature/K ’
0.01s™! 0.1s"! 1s! 10s™! 0.01s™! 0.1s"! 1s! 105!
648 0.055 0.096 0.100 0.120 0.019 0.033 0.040 0.041
673 0.053 0.075 0.081 0.119 0.018 0.026 0.031 0.037
698 0.052 0.073 0.075 0.110 0.016 0.023 0.027 0.035
723 0.049 0.067 0.070 0.100 0.015 0.020 0.025 0.034
748 0.038 0.066 0.068 0.082 0.014 0.017 0.022 0.029
800 1000
(@) (b)
640 800
748K 723K 698K 673K  \648K 748K 723K 698K \673K 648K
< 480F < 600f
A a W)
< =
= 320t S 400t
160 [ 200+
0 . . . . 0 . . .
25 32 39 46 53 60 30 40 50 60 70
o/MPa o/MPa
800 600
© \ \ \ (d)
640 | 480+
748K 723 K|698 K |673K 648 K 748 K723 K 698 K 673 K 048 K
5 4801 5 360F
oW [a )
S S
S 320t S 240t
160 120
0 1 1 1 0 | 1 1 1
50 60 70 80 90 100 70 78 86 94 102 110
o/MPa o/MPa

Fig. 3 6 versus o plots under different deformation temperatures and strain rates of 0.01 s ™' (a), 0.1s™' (b), 1s ™' (c)and 105" (d)

0.045 -2.00
y=0.35083x
0.038F . 2261
0.031r ) 250t
[3) @
= =
0.024r 278k
*—673K
- L 4—698 K
0.017r 3.04 —T3K
*—748 K
0.010 1 1 1 1 _330 hd 1 1 1 1
0.03  0.05 0.07 0.09 0.11 0.13 -5.0 -34 -1.8 -0.2 1.4 3.0
&p In(é/s™")
Fig. 4 Linear fitting relationship between ¢, and & to obtain Fig. 5 Linear relationships between In ¢, and In¢ at different

material constant a temperatures
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Fig. 6 Linear relationship between In ¢, and 1/7 under different
strain rates

4.2 DRX kinetics model

During thermo-plastic deformation process, DRX
nucleus form and grow up along grain boundaries,
deformation bands and twin boundaries, because
dislocations continually increase and pile-up. According
to JIMAK type equation, the evolution of the recrystallized
volume fraction can be predicted by Eq. (5) [25-28],
in which the true strain ¢, the strain &y 5 and critical strain
&, were significant parameters.

kq

£-¢,

Xprx =1-exp _ﬁd( - j Q)
0.5

where f4 and k4 are the Avrami material constants. The
strain gy s when the volume fraction of DRX reaches 50%
is presented as Eq. (6) [29,30]:

€5 = aydy’ €™ exp[Q; /(RT)] (6)

where a,, n, and m, are material constants, Q, is the
activation energy for recrystallization, all of them can be
obtained from true stress—strain curves in the next
section. In this study, the true stain and strain rate were
considered as the dominating parameters of the strain
0.5, while the initial grain size was ignored because the
original average grain size of one specimen is same to
others. Hence, the equation representing the strain &g
was simplified as

€5 = a,&™ exp[Q, /(RT)] (7)

The method to determine the DRX volume fraction
by microstructure is not adopted, because it needs
extensive and quantitative metallography measurements
under different deformation conditions. But the true
stress—strain curves obtained from the isothermal
compression provide the valuable
information about DRX. When strain ¢ satisfies g.<e<eg,
(& 1s the steady strain when the DRX is complete), the
DRX volume fraction of a material also can be calculated

experiment

by [31]

Xprx = % ®)
Odrvss — Odrxss

where o4y and oy are instantaneous and steady flow

stresses of the true stress—strain curve (Fig. 7) with

dynamic

instantaneous and steady flow stresses of the true

stress—strain curve (Fig. 7) with ideal

recrystallization feature.

recovery feature, ogxx and Oy are

dynamic

Strain harding

Cold deformation
Dynamic recovery

Ogryss - = ~| =

Stress

Hot deformation

Dynamic recryallization

Odrxss = =

Strain
Fig. 7 Typical flow curves during cold and hot deformation

To determine Xprx and gys under different
deformation conditions, the four exact parameters in
Eq. (8) must be determined in advanced. As for
aluminum alloys, the occurrence of DRX cannot be
determined unambiguously from the shape of the flow
stress curve. Therefore, the plot of 6—¢ (Fig. 8) was
established for defining the occurrence of DRX, from
which the o, and o4 Were obtained [24]. Then, the oy,
Ogrx aNd Oy Were achieved from the stress—strain
curves (Fig. 7). After a series of calculation processes,
the predicted DRX volume fractions in a temperature
range of 698—748 K and a strain rate range of 0.01—1 s
are shown in Fig. 9. It is noted that the DRX volume
fraction nearly reaches a constant value of 1 with the
increase of strain. For a fixed strain rate, the true strain

600
400
<
o
2
T 200 :
|
|
|
0 i ;
O ] | Odryss
70 80 90 100
o/MPa

Fig. 8 Plot of §—¢ employed to determine oy, by intercept
with horizontal axis
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&
1.0
(b)
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02+ — 723K
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0 0.18 0.36 0.54 0.72 0.90

&
Fig. 9 Predicted DRX volume fractions in temperature range of
673748 K at strain rates of 0.01 s' (a), 0.1 s ' (b)and 1 s~ (c)

required for the same amount of DRX volume fraction
increases with decreasing deformation temperature,
which means that DRX is delayed to a longer time. In
contrast, for a fixed deformation temperature, the true
strain required for the same DRX volume fraction
increases with increasing strain rate. This effect can be
attributed to the mobility of grain boundaries decreased
with increasing strain rate and decreasing temperature.
Thus, under lower strain rates and higher temperatures,
the DRX volume fraction approaches to 1, which means
that the deformed material tends to complete DRX.

(1) Calculation of material constants k4 and /4

Equation (5) can be represented as Eq. (9) by taking

natural logarithm on both sides of the equation:
In[—In(1- Xpex )] =In f; + kg In[(e - £.)/ £ 5] ©)

Thus, the material constant k4 can be calculated by
taking the partial derivative of Eq. (9). The
corresponding strain gys and critical strain ¢, have been
determined on the basis of true stress—strain data. Then,
the corresponding DRX volume fraction can be
calculated by Eq. (8). As a series of Xprx, €05, 0c and o
have been substituted into In[—In(1-Xprx)] and
In[(e—¢&.)/ey 5], the relationship between them can be fitted
linearly as Fig. 10. Thus, the material constants k4 and 4
were obtained as 1.51747 and 0.762889, respectively.

2.60
1.84r
3
>FD 1.081
= 032}
=)
-0.44
_].20 L 1 1 1
-0.80 -0.24 0.32 0.88 1.44 2.00
In[(e=€.)/ 5]
Fig. 10 Relationship between In[—In(1-Xprx)] and

In[(e—e.)/e0 ]

(2) Calculation of m,, O, and a,
Equation (10) was obtained by taking natural
logarithm on both sides of Eq. (7).

Ingys=Ina, +myIné+Q, /(RT) (10)

From Eq. (10), it can be derived that
m,=0Ing,s/0Iné, Q,=RAlng,s/dT"". The stress
oos when 50% DRX occurred can be calculated by
Eq. (8), then the corresponding strain &5 can be found in
the true stress—strain data. According to the values of &5
under various deformation conditions, the plots of
Ingys—Iné and Ingys—1/T are shown in Figs. 11
and 12, respectively. After linear regression fitting and
averaging, the material constants are calculated as:
my=0.074815, 0,=26920.7 J/mol. Substituting m, and Q,
into Eq. (10) can obtain different twelve values of material
constant a,, under four strain rates and three temperatures,
and the mean value is considered as the material constant
a,, the concrete value is 0.00854489.

5 Analysis of DRX fraction by finite element
method

The true stress—strain data achieved from isothermal
tests and the developed DRX kinetic equation were



Guo-zheng QUAN, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1138—1151 1145

—673 K
B v *e—698 K
217 sa—723K
v—748 K
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-5.0 —4|.1 -32 —2‘.3 -1.4 —6.5 0.4
In(é/s™")

Fig. 11 Linear fitting relationship between Ingys and Iné to

obtain material constant m,

-1.20
-1.42}
A
. —l.64r
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=
-1.861
=—0.015s7!
—2.08F e—(.15s!
a—15s7!
_230 1 1 1
0.1172  0.1199 0.1226 0.1253 0.1280
T71/1073K™!

Fig. 12 Linear fitting relationship between Ingys and 1/7T to
obtain deformation active energy

programed into finite element codes on DEFORM-3D
platform. And then, an FE simulation model, displayed
the forming process of a preformed blank dynamically,
was established. During a large plastic deformation of
workpiece at a high temperature, the elastic deformation
is usually negligible. Thus, in the FE simulation, the
workpiece was set as rigid—plastic body, and the tools
were set as rigid body. In addition, a half of the
symmetry specimen is given as a deformation model
based on the consideration of reducing the time of finite
element simulate. It should be noticed that the friction at
the contact interfaces between workpiece and tools was
set as shear type, and the value was selected as 0.3. As a
series of compressions in agreement with experimental
conditions had been simulated, the DRX volume fraction
distribution in deformed materials was revealed.

The DRX volume fraction of deformation specimen
under the temperature of 723 K and the strain rate of
0.1 s~' were taken as the example to discuss the influence
of true strain. With the increase of true strain, the average
DRX volume fractions in relevant deformation degree

gradually increase, as shown in Fig. 13. Moreover, the
DRX appears in the center region of cylindrical billet
primarily, and then increases and extends along the
symmetric line.

80 Dynamic rex. vol. fraction
@ 1.000
- —

0.667
64

e ey 0333

R
E— L
D

True stress/MPa
w N
e} S0
N
oo
]

[o)}
T

0 1 1 1
-0.30 -0.05 0.20 0.45 0.70 0.95

True strain

Fig. 13 Evolution of DRX volume fraction with increasing true

strain

From the DRX kinetics model, the DRX volume
fraction was considered as a function of the deformation
conditions. The results of the present finite simulation
data (Fig. 14) clearly show the relationship between the
DRX volume fraction distribution and temperature under
deformation strain rate of 1 s and deformation degree
of 60% (reduction in height). For this specific strain rate,
the average DRX volume fraction rises from 0.45 to
0.683 with the increase of temperature. Figure 15 shows
the relationship between the DRX volume fraction
distributions and strain rates under deformation
temperature of 723 K. It is noted that the average DRX
volume fraction decreases from 0.766 to 0.532 with the
increase of strain rate. Because the nonlinearly
interactions of strain field, strain rate field and
temperature field are inhomogeneous, the distribution of
DRX volume fraction is inhomogeneous in the deformed
material, as clearly shown in Figs. 14 and 15. The
maximum DRX volume fraction usually locates at the
central region of the billet, while the minimum DRX
volume fraction locates at the central region on the two
end surfaces with a downward trend.

The histories of microstructural evolution during the
whole hot forming processes for AlCu4SiMg alloy can
be uncovered and described numerically through the FE
simulation. Meanwhile, the results of FE simulation
confirm that the theoretical DRX kinetics model can be
successfully incorporated into the FE model to predict
and observe the microstructural evolution of hot
upsetting process. Hence, the FE simulation with DRX
kinetics model can be utilized to guide actual process,
which will gradually replace the traditional time-
consuming trial-and-error approach.
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6 Microstructure

Observing the microstructures of deformed
specimens (Fig. 16) is a universal method to quantify the
results of microstructural evolution. To observe the
microstructure of deformed specimen across-the-board
under a fixed strain rate of 1 s ' at 723 K, the
microstructures of different three regions P1-P3 (Fig. 17)
on the section plane of the deformed specimen are shown
in Figs. 18(b—d). The microstructure of end surface (P1)
is thick dendrite with diminutive deformation, which is
more similar to original as-cast texture shown in
Fig. 18(a). As compared with the end surface (P1), the
microstructure of central region (P3) illustrates that the
deformation extent is significantly enhanced. The
orientation of deformation crystal has a trend to along the
radial direction of specimen as the deformation proceeds.
The flow localization disappears and the uniform
elongated grains appear in the microstructures, which
show the typical features of dynamic recovery. As can be
seen from Figs. 18(b) and (c), the extent of dynamic
recrystallization at the end region is weaker than that at
the central region, which brings about the inhomogeneity
of the microstructure. The cause lies in the fact that the
deform degree of the material is inhomogeneous, which
directly affects the DRX volume fraction distribution of

deformation material.

It is most widely accepted that the usual
deformation mechanisms of AlCu4SiMg are DRV, DRX
and super-plasticity, which are impacted by the
deformation parameters such as strain rate and
temperature. In Fig. 19, the microstructures of the central
region with DRX grains on the section plane at strain

Fig. 16 Contrast structure pictures of specimens before and

after experiments

Normal
direction

@ Observation location

Radial
direction

Fig. 17 Three regions (P1-P3) selected for microstructure
observation

Fig. 18 Microstructures of original cast texture (a), and regions P1 (b), P2 (c), P3 (d) on section plane of deformed specimen
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Fig. 19 Microstructures at temperature of 723 K and strain rates of 0.01 s (a), 0.1s™' (b), 15" (c)and 10s™" (d)

rates of 0.01—10 s™' and temperature of 723 K are shown
distinctly. During hot forming, the precipitated second
phases such as Al;Zr and AlyCu,Mn; contribute to pin
the dislocations effectively. At higher strain rates, it can
be noted that the fine recrystallized grains can be found
along with the banded grain boundaries. With the
decrease of strain rate, the number of the recrystallized
grains with wavy or corrugated grain boundaries increase
and the size of grains becomes uniform. This is due to
the fact that lower strain rate provides longer time for the
diffusion of atoms, slip of dislocation and migration of
grain boundaries.

As for 1 s', the microstructures of the central
region which disclose the influence of the deformation
temperature on deformation material are shown in
Fig. 20. At lower temperatures, recrystallization
microstructure transformed from the original grains is
nearly inexistent. With the increase of the deformation
temperature, the number of deformation band in
deformed material increases and the slip of dislocation is
reinforced, which result in greater deformation of grains
and stronger DRV. When the temperature reaches 698 K,
the fine recrystallized grains occur in the interior of
deformed material. With increasing temperature, the
number of the fine recrystallized grains rises, and the
grain size becomes more and more homogeneous. The
degree of dynamic recrystallization presents an

escalating trend due to higher mobility of grain
boundaries (growth kinetics). When the deformation
temperature reaches 748 K, the dynamic recrystallization
was completed at incipient compression stage, and then
the new grains have been compressed to banded structure.
It is worth emphasizing that the recrystallized grain size
has increased gradually with increasing temperature, and
all the grains tend to be more and more homogeneity
because of stronger adaptivity for grain boundary
migration.

7 Conclusions

(1) During isothermal deformation, the stress—strain
curves of AICu4SiMg alloy indicate three distinct stages.
With deformation temperature increasing, the critical
stress decreases under a constant strain rate. Inversely, it
increases while increasing strain rate at a fixed
temperature.

(2) The kinetic model of DRX including the
deformation parameters’ effects was established. And the
evolution model of DRX volume fraction can be
concluded as follows: the strain required for the same
DRX volume fraction increases with decreasing the
deformation temperature under a fixed strain rate, on the
contrary, it increases with increasing strain rate at a fixed
temperature.
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Fig. 20 Microstructures at strain rate of 1 s~ and different temperatures of 648 K (a), 673 K (b), 698 K (c), 723 K (d) and 748 K (e)

(3) From the FE simulation results, the DRX

volume fraction distributions were various under

different deformation conditions. It increases with
decreasing the strain rate and increasing the deformation
temperature, which is completely in conformity with the
evolution law of DRX volume fraction.

(4) According to the microstructural observations of
deformed specimens, the theoretical predictions and

numerical results of DRX volume fraction were verified.
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