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[ Abstract] Numerical simulation on microstructural evolution during multipass hot-rolling of aluminum alloys was per

formed by using DEFORM™ software and incorporating Zener Hollomon parameter Z. The distributions of equivalent

stress, equivalent strain, equivalent strain rate and temperature, as well as the distribution of recrystallization fraction

through the thickness of deformed specimen during multipass hot-rolling of 5182 aluminum alloy, were all calculated. The

results agree well with the metallographic examination of the deformed specimen on Gleeble 1500.
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1 INTRODUCTION

In the past twenty years, great deals of quantita
tive relationships on microstructural evolution in hot
rolling and hot working have been established based
on many experimental simulations, which provide es-
sential mathematical model for numerical simulation
on microstructural evolution. Finite element method
(FEM) was widely used to simulate various physical
varieties in metal forming, and today has become an
acceptable valid tool for numerical simulation on mi
U=71 " Chen et al»* used the
explicit dynamic relaxation method and coupled ther

crostructural evolution

mal analysis, as well as incorporated the quantitative
relationships established by Sellars and Raghunathan
et al to predicate the evolution of grain size in hot
rolling of AF5Mg and subgrain size during hot rolling
of purity Al and compared with the experimental re-
sults done by Sheppard. Timothy et al>! used two dir
mensional nonlinear FEM and coupled thermal stress
analysis to simulate the microstructural evolution such
as recrystallization fraction and grain size in single
pass hot rolling of 5083 aluminum alloy and compared
by plane strain compression tests. University of Le
icester'® has developed the LEFFR software to simu-
late the microstructural evolution during industrial
thermo-mechanical processing of aluminum alloys and
other metals. The physical and numerical simulation
on evolution of microstructure and texture during hot
rolling of aluminum alloys and prediction to three pass
tandem mill as well have been successfully studied by
Wells! 7.

Design environment for forming DEFORM soft-
ware is a general FEM software, which is widely used
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in the analysis of metaFforming. Kim et al'® used
DEFORM to predict the hardness distribution in cold

Shen et all” used DE-
FORM to investigate the flow stress and microstruc

backward extruded cups.

ture development in nomrisothermal forging of Tr
6242. Zhe et al''”' used DEFORM-2D to predict the
grain size in hot forging of vanadium microalloyed
steels.

In this paper,
crostructural evolution during multipass hot-rolling of

numerical simulation on mi-

aluminum alloys has been developed by using DE-
FORM™ software. The distribution of recrystalliza-
tion through the thickness of deformed specimens
during multipass hot-rolling of 5182 aluminum alloy
was calculated and compared with the metallographic
examination of the deformed specimens on Gleeble

1500.

2 COUPLED THERMALI:STRESS MICROSTRU-
CTURAL EVOLUTION

2.1 Pre processing

For users, the pre processing includes inputting
boundary conditions, creating geometry models and
generating mesh. The automatic mesh generation sys-
tem was used to generate mesh, check mesh distor
tion, remesh and transfer from the old mesh to the
new one in the simulation of multipass hot-rolling,
only the temperature change was considered during
the holding period between passes.

The flow stress model was inputted on user de-
fined flow stress routines according to the following

SENRY
expression = :
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Z = ‘Eexp %]*ff = Aexp( Bo) (1)
InA = 22.56614-
1. 689 826Xp|

(e— () 07502)21
0. 1l177

B= 0.08578+ 0.02826exp 40 645791

where Z is Zener-Hollomon parameter, T is defor-
mation temperature, R is gas constant, (g is hot
deformation activation energy giving a value of
174200 )/ mol™ ! for 5182 aluminum alloy.

Constant shear friction between anvils and speci-
men was considered and the friction factor m = 0.3
was assumed in the analysis, the hot-rolling process
parameters which included pass strain, strain rate,
temperature and interpass time and other simulation
controls were inputted manually on the DEFORM
keyboards.

2.2 Post processing

The DEFORM post-processing was used to view
and extract data from the simulation results in the
database. The equivalent stress, equivalent strain, e
quivalent strain rate and temperature at each step in
deformation were viewed and stored in the database,
then the variables relating to the microstructural evo-
lution such as Zener-Hollomon parameter Z, the time
for 50% recrystallization 9.5 and recrystallization
fraction X described in Eqn. (2)!"* were defined on
user defined routines:

lp
X = 1- exp| - 0.693 i (2)
B ~1.267] 230000
tos= 7.7712x 7 RTP

where ¢, and T, are interpass time and holding
temperature between passes respectively.

Here, two problems must be noticed. One is the
treatment to strain rate after deformation, because
only the temperature changes during the holding peri-
od between passes. The other is overflow in calcula
tion of t¢. 5 using Eqn. (2) because strain rate €= 0 in
undeformed zones. In the study, it was assumed that

Z=10, tos= Oand X= 0as Z <10 s .

2.3 Numerical simulation on microstructural evo-
lution during hot-rolling

In general, there are three typical microstruc
tures during multipass hot-rolling of aluminum alloys:
as X; <0.05, a full recovered substructure; X, >
0. 95, a full recrystallization; and 0. 05< X;< 0. 95,
a partial recrystallization.

Numerical simulation on microstructural evolu-
tion during multipass hot-rolling of 5182 aluminum
alloy has been performed by dividing multipass into a
series of nomisothermal hot deformation and sequent
norr isothermal annealing processes. The distributions
equivalent

of equivalent stress, equivalent strain,

strain rate and temperature across the thickness of the
specimens during hot deformation were calculated by
using DEFORM-2D rigid plastic coupled thermal
stress FEM analyses software. By using these results
and by incorporating Zener-Hollomon parameter Z,
the distribution of recrystallization fraction through
the thickness of deformed specimens during multipass
hot-rolling of 5182 aluminum alloy is calculated.

The material parameters of 5182 aluminum alloy
employed in calculation include density P= 2 660 kg/
m’, thermal conductivity coefficient k= 123 W/ mK,
specific heat ¢= 904 ]/ (kg*K).

3 RESULTS AND DISCUSSION

The multipass hot-rolling of 5182 aluminum al-
loy was considered as a simple plane strain. The
length of the anvils is shorter than the specimen to
deep the contact length of the anvils and specimen
constant during deformation. The ratio of length to
width is 5. The FE(finite element) mesh generated
by the automatic mesh generation system of DE-
FORM uses 4-nodes quadrilateral element for specr
men and anvil at start of deformation, its total num-
ber of codes is 2102, the total number of elements
2013, the time increment per step 0. Ol s.

Numerical simulation on microstructural evolu-
tion during multipass hot-rolling of 5182 aluminum
alloy has been performed according to the typical hot-
rolling schedule given by Alumax. The distributions
of equivalent stress, equivalent strain and equivalent
strain rate in the deformed specimen after 12th pass
whose process variables are shown in Table 1, are
Fig. 1

through thickness of the deformed specimen.

demonstrated in showing inhomogeneity

Deformation is inhomogeneous as frictional ef-
fects between the anvil and specimen, as well as ge-
ometry shape factor 1/ h is the contact length of the

anvil and specimen ( h is the average height of the de-
formed specimen) . The resulting gradient in equiva
lent strain and equivalent strain rate from the centre
to the surface of the specimen decreases in the pass.

The temperature of deformation is another im-
portant parameter that affects the kinetics of recrys
tallization. The temperature distribution in the de-
formed specimen is shown in Fig. 1(d). There is a
significant temperature difference of about 12 C be
tween the surface (455.19 C) and the centre
(467. 14 C) of the deformed specimen in the defor
mation zone owing to the effects of plastic deforma-
tion heat. This implies that it is necessary for indus-
trial hot-rolling to consider the effects of plastic defor
mation heating.

The effect of temperature of deformation on the
kinetics of recrystallization was included in the Zener-
Hollomon parameter, which was determined from
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knowledge of the distributions of strain rate (see Fig.
1(c)) and temperature (see Fig. 1(d)). The distri-
bution of Z in the deformed specimen is shown in
Fig. 2(a), varies from Z= 0 in undeformed zone to Z
= 2.4883x 10" s™ " at centre of the deformed speci-
men which is found to be in reasonable agreement
with the mean value of Zener-rHollomon parameter Z
(9.15x10% s ).

However, during the pass the strain rate rises
rapidly to a maximum at the centre and falls to zero in
undeformed zone, whereas the temperature in the
centre tends to be increased by deformational heating.
Thus there would be a decrease from Z in the centre
The conditions for re-
crystallization ( .5 in Eqn. (2)) will be reached first
in the centre, leading to an X-shape distribution
(Fig.2(b)), found to be in reasonable agreement
with the mean value of recrystallization fraction X =

to zero in undeformed zone.

68. 8% . Experiments show that the polarized optical
microstructure fraction after 12th pass is very closed
to the simulation results.

4 CONCLUSIONS

Numerical simulation on microstructural evolu-
tion during multipass hot-rolling of 5182 aluminum
alloy has been performed by dividing multipass into a
series of norrisothermal hot deformations and sequent
norr isothermal annealing processes. The distributions
of equivalent stress, equivalent strain, equivalent
strain rate and temperature across the thickness of the
specimen during hot deformation were calculated by
using DEFORM™ software. By using these results
and by incorporating Zener-Hollomon parameter Z,
the distribution of recrystallization through the thick-
ness of deformed specimens during multipass hot-

Table 1 Process variables in 12th pass

Starting temperature Finishing temperature Reduction Strai Strain rate Holding time
) E /C /% e /s /s
459 450 21.8 0.246 3.39 22
—6.6( ) ~6.6
R A=0,B=6.97, C=13.93
D=20.90, E=27.86
-9.2 g) -9.2
§~11.8 -~ §-11.8
E r= &
g 5 s
5—14.4 5—14.4
-17.0 -17.0}
F=24.83, G=41.80 . F=1.82, G=2.18
9.7 H=48.76, I=55.72, ] =62.69 H=2.25, i=2.91, J=3.27
-19. . . 1 -19.7 L . L "
-7.15 -4.26 -1.36 1.53 4.43 7.43 -7.15 -4.26 -1.36 1.53 4.43 7.43
Radius/mm Radius/ram
13.4
@
P=455.2
2.6 4
: o)
~N ~ i Q
] _"a P
g 2 -19.1
$=462.4
-30.7F T=464.7
F=11.29, G=13.55 U=467.1
H=15.81, 1=18.01, J=20.33
-19.7 . f . . ~40.8 ;
-1.15  -4.26 -1.36 1.53 4.43 7.43 -30.0 -18.1 ~6.1 5.8 17.8 29.8
Radius/mm Radius/mm

Fig. 1 Distributions of deformation parameters in deformed specimen after 12th pass
(a) —Equivalent stress; (b) —Equivalent strain; (c¢) —Equivalent strain rate; (d) —Temperature
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