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Abstract A transient thermo-mechanically coupled Finite
Element Method based model for single pass hot rolling of
AA 5083 aluminum alloy is developed. The formulation is
based on thermo-viscoplastic behavior expressed by the
Perzyna constitutive equation and rolling under plane-
strain conditions. The finite element model is integrated
with a microstructural model where dynamic recrystal-
lization through particle stimulated nucleation and static
recrystallization is considered. The dynamic recrystalliza-
tion model is an adoption of discontinuous dynamic
recrystallization model while static recrystallization model
is based on Avrami equation. The simulation results indi-
cate that accurate estimates of constitutive behavior of the
alloy, efficiency of conversion of plastic deformation to
heat, and heat transfer at the roll/metal interface are critical
for precise hot rolling model.
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1 Introduction

Hot rolling is a thermo-mechanical process of plastically
deforming a wrought metal to a desired dimension and
mechanical property. Thus, an appropriate selection of the
process variables (i.e. temperature, rate of heating/cooling,
strain, strain rate) during hot rolling is critical to achieve
the optimum physical properties. Experimental approach to
optimize thermo-mechanical processing is very costly as
well as time consuming, forcing researchers to increasingly
focus on simulation techniques [1-16]. Nonetheless, the
strongly coupled multi-physics nature of such processes
makes it one of the challenging simulation problems in
materials processing. The present work consists of two
parts. The first part comprises of a two dimensional FEM
based model for single pass hot rolling of AA 5083 alu-
minum alloy to predict the temperature, strain and strain
rate variation during rolling. The second part comprises of
a microstructure evolution model with sub-models for (1)
dynamic recrystallization and (2) static recrystallization, to
predict its evolution during rolling. The thermo-mechanical
data generated from the FEM model is used as an input to
the microstructure model. The microstructure and the
temperature history data predicted from this, hot rolling
Through Process Model (TPM), is then validated with the
experimental works of Wells et al. [8].

A survey of hot rolling simulation literature reveals that
majority of the published research is in the area of steel.
Reports on TPM of Aluminum alloys are comparatively
less [8—12] which is in part, a result of the complexities
arising in the heat transfer process (boundary condition)
from the work-piece to the roll. In Table 1, the heat transfer
coefficient for steel work-piece/roll and aluminum work-
piece/roll is presented. The heat transfer coefficient used
for Al alloy simulations is observed to be lower than that
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Table 1 Heat transfer coefficient values used between roll and work-
piece (steel/aluminum alloys) during hot rolling

Work-piece Heat transfer coefficient References
material (kW/m” K)

Steel 50 [14]

Steel 30 [15]
Aluminum alloy 18 [12]
Aluminum alloy 11 [16]
Aluminum alloy 25 [17]

assumed during steel rolling [12—16]. Apparently, this is
inconsistent with the fact that Al alloys are at least 3—4
times more conductive than steel. On the other hand, Wells
and co-workers assumed a high heat transfer coefficient
values between 200 and 450 kW/m” K [8, 9] which is an
order of magnitude higher than other works [12, 15, 16].
Thus, an ambiguity exists with respect to the heat transfer
coefficient values. The work roll temperature during rolling
simulation is another aspect which is dealt with tentatively
in most published literature [8, 9, 12—-16]. Wells et al. [8, 9]
dealt this aspect as a boundary condition where the roll is
assumed to behave adiabatically at a distance of 5 cm from
the surface while Shahani et al. [16], used a distance of
10 cm from surface. No specific reason for the choice has
been given by these researchers. Moreover, use of bound-
ary conditions which are experimentally unverifiable,
makes it unrealistic to compare the simulation results with
practical experiments. The heat transfer coefficient and the
roll temperature influences the heat flow from the work-
piece during hot rolling and incorrect assumptions would
result in an erroneous estimate of the final microstructure.
Similarly, the simulation of microstructure evolution has its
own share of inconsistencies. Thus, during hot working, Al
alloys can exhibit dynamic recovery, recrystallization or
even a combination of both depending on the alloying
elements used [17]. The dynamic recrystallization process
can again be of discontinuous or continuous type, where
processes like particle stimulated nucleation further com-
plicates the recrystallization process. Thus, aluminum
based alloys require a more complex physical based
approach to model the microstructure evolution. Internal
variable based models for dynamic recovery or recrystal-
lization have already been proposed in literature [18, 19].
But, the extension of the same to particle stimulated
nucleation has not been examined.

The principal aim in this work is to implement a TPM
for hot rolling of AA 5083 alloy under warm rolling con-
ditions where particle stimulated nucleation is expected to
occur. The simulated results are compared with experi-
mental data obtained from literature. In the next section,
the modeling details have been discussed in more details.
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2 Model Details

In this work the thermo-viscoplastic process during hot
rolling has been modeled using a commercial FEM soft-
ware ANSYS. The rolls have been modeled as a rigid body
which deforms an AA 5083 aluminum alloy strip under
plain strain conditions [9]. The temporal change in tem-
perature, strain and strain rate obtained from the simulation
model during rolling have been used to determine the final
microstructure. The next sub-section discusses the finite
element model for rolling in more details.

2.1 Finite Element Model

The single pass hot rolling model developed in this work
uses a coupled approach, where the thermal and structural
loads are applied and solved simultaneously. The mathe-
matical model for the same is represented as [20],

o &) ()-8 w(i7)- (@)
(1)

where {T} is the vector of the temperature rate, {7} is the
vector of the temperatures, {F'}is the vector of structural
load, {Q} is the vector of the total heat flow (given by the
sum of the contributions due to convection at the surface
and the heat generated internally), {u} is the vector of the
velocity, {u} is the vector of the displacements, [K] is the
stiffness matrix, [K'] is the thermal conductivity matrix and
[C'] is the specific heat matrix. The governing equation for
the thermal flow is represented as,

kV2T + g zpca—T (2)
ot

where p (in kg/m3) is the density, ¢ (in J kg{l °C™ 1 is the
specific heat capacity, k (in W m~"' °C™") is the thermal
conductivity and ¢ (in W m ™) is the heat generation term.
The heat generation (¢) is considered to be both volumetric
(due to plastic deformation) and due to friction at the roll/
strip interface [21]. The transformation of deformation
energy to heat g, is calculated as [2]

q.pl = ’165 (3)

where & (in MPa) is the effective flow stress, é (in s_l) is
the effective strain rate and # the conversion efficiency of
plastic deformation energy to heat is assumed to be 0.9
[22, 23]. The frictional heat generation (gy.) occurring at
the roll/strip interface is given as [3],

4fric = TeritV (4)

where v is the sliding velocity and 7., is the shear stress
which is related to the coefficient of friction by,
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Teri = PP (5)

where P is the normal force acting on the strip and u is
coefficient of friction assumed to be 0.3 [8].

The strip geometry is modeled using the 2D 8-node
coupled field element, PLANE223, while the contact
between the rigid roll and the strip is modeled using a 2D
3-node surface to surface contact element, CONTA172. In
a practical rolling condition, the contact between roll and
strip is imperfect, which results in a temperature disconti-
nuity at the contact interface. This imperfection is incor-
porated in the model by using a thermal contact
conductance [20]. The geometrical model for strip and roll
is identical to the experimental work of Wells et al.
[8, 9, 24] where an initial strip length and thickness of 50
and 9.6 mm respectively at an initial temperature of
315 °C have been used. The rolling is performed with a roll
of diameter 400 mm at an average strain rate & of 11.5 s
and a total strain (single pass) of 0.26 [8]. The rolling speed
is calculated using the analytical equation [25]

= 2nR*N* 1nH0 (6)
§=——"In—2
60vVR*AH Hy

where R* is the roll radius, N* is the roll speed in RPM
(revolution per minute) and AH is the difference in initial
(H,) and final strip thickness (Hp). A summary
flowchart for FEM model is provided in Fig. 1.

The visco-plastic behavior of AA 5083 at the rolling
temperatures is modeled using the Perzyna model given as
[26],

o=

@ e

where ¢ is the dynamic yield stress, expressed as a function
of plastic strain rate &”/, the material viscosity parameter
p(T), strain rate hardening parameter m(7T), and the static
yield stress o,. The uniaxial static behavior of the material
is assumed to be bilinear isotropic where the initial slope of
the stress—strain curve is defined by the Young’s modulus
(70 GPa) and is assumed to be independent of temperature.
Above the yield stress the plastic strain is assumed to
depend on the tangent modulus defined by the slope of the
plastic curve and is a function of temperature. In Tables 2
and 3, the different material constants used in the FEM
model are presented.

In any modeling effort, the choice of boundary condi-
tions are critical. In the given problem, the thermal
boundary conditions used are as follows [16]:

1. At the centerline of the strip, a symmetry condition is
assumed, i.e.

or
_Kvtripa =0 att> Oa y = 0 (8)

Start Load
Stepn

Geometrical Modeling-Combined
Thermal and Structural

Specifications-
Meshing with a common element
Heat due t
ea . ueto | ApplyB.C’s, I.C’'sand both Thermal
~> Plastic work > R
e and Structural Loadings
and friction
Solving Thermal and Structural
Equations
Solution
Converged
Yes
LOAD STEP =
n+l

Fig. 1 Flow chart of finite element model for hot rolling process

Table 2 The thermo-physical properties of AA 5083 alloy used in
the FEM model [8]

Temperature Heat capacity Thermal conductivity
0) Jkg'K™H (Wm™' K™

14 930 143.4

280 990 167.1

306 1010 170.2

410 1050 174.1

505 1160 185.4

Table 3 The yield stress and tangent modulus variation for AA 5083
(32]

Temperature (°C) Yield stress (MPa) Tangent modulus (GPa)

100 145 1.61
283 62.3 1.31
350 36.5 1.15
400 26.5 1.04
450 21.1 0.85
500 16 0.77

indicating a symmetric heat withdrawal irrespective of the

roll position. The simulation is therefore conducted on only

one half of the strip.

2. At the interface between the strip and the roll surface,
the heat transfer is assumed as,

@ Springer
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strip = —4roll = h(Tstrip - Troll) att >0 (9)

The interface heat transfer coefficient & between the
work roll and the strip is considered to be a function of
interface pressure (P*) [27-30] and is calculated using the
relationship

h =11.394P" 4 137.53 (10)

where P* is obtained from the experimentally measured
roll load [8]. Substituting the value in Eq. (10) yields a heat
transfer coefficient value of nearly 450 x 10° Wm 2K~
The temperature of the roll in contact with the strip is
assumed to be 90 °C. The heat transfer coefficient value for
the air exposed portion of the strip is assumed to be
10 Wm K™ [8] and the ambient temperature is
assumed to be 45 °C [31].

2.2 Microstructure Model

The AA 5083 alloy used in this work is a non-heat treat-
able alloy which is expected to recrystallize (dynamic/
static) during hot rolling [17]. For a high stacking fault
energy metal like Al, discontinuous DRX (dDRX) is
observed only at high purities [17]. In AA 5083, the
presence of AlMng dispersoid particles with sizes ranging
from 0.2 to 2 pum result in alternative DRX mechanism
[17]. Particles with size >1 pum are known to cause particle
stimulated nucleation (PSN) type of DRX (henceforth
PSN-DRX) [17, 33]. This occurs at warm rolling temper-
atures where the strain rate is greater than 1 st [17]. The
present work therefore proposes a PSN-DRX model for AA
5083 where a modified version of the physically based
internal variable method for meso-scale dDRX [18, 25] is
used. During the post rolling period or in between the roll
strands, SRX is considered and is modeled using the
Avrami equation [31]. In the next subsections, the details
of the different recrystallization models used have been
discussed.

2.2.1 Dynamic Recrystallization Model

In the PSN-DRX model proposed in this work, average
dislocation density is assumed as the controlling internal
microstructural variable. The recrystallized fraction is
computed as a function of the average dislocation density
that varies during the hot rolling process. The present
model is a simplified version of the original model devel-
oped by Sandstérm and Lagneborg [19] where dislocation
density distribution is replaced by an average dislocation
density (p) [25, 34, 35]. The temporal evolution of p(¥) is
expressed as a function of strain hardening, recovery and
recrystallization,

@ Springer

dp—(t)zi_];gp(t) _

dar bl m*ﬁfp(t)’l?[p(t)—p(cr)] (11)

D

where the first term on the right hand side is the
contribution to p from strain hardening and is a function
of ¢ the instantaneous strain rate, b the Burger’s vector and
[ the mean free path of dislocation movement. The second
term expresses the dislocation density reduction due to
recovery which is a function of strain rate, instantaneous
dislocation density () and k is the self-diffusion coefficient.
The third term indicates the reduction in dislocation density
due to recrystallization, where m is mobility of high angle
boundary, y* is the fraction of mobile high angle boundary,
D is the grain size, T is the energy per unit length of
dislocation, ¥ and r being constants. The recrystallization
process is active when p is above a critical value and is
controlled by the function R[p(t) — p(cr)], which is defined
as [36],

= 0 p<p

Rip(t) — p(cr)| = r 12
o) ol ={ Dy B3N (12)
The above recrystallization process occurs due to mobile

high angle boundary movement where the mobile high

angle boundary fraction (y*) is expressed as [25],

P q1
= - e X)) (13)
where ¢; is a constant and p,, is the critical dislocation
density required for recrystallization expressed as [25]

8o,

;== 14
Per = (14)
where o, is the energy of high angle grain boundary, and T
and [ are the variables as mentioned previously. The
variable X in Eq. (13) is the fraction recrystalzed at the
given time instance such that [25]
ax y*

— = nip; 15
o= p (15)

where 9 is a constant with value of 6 [19], while all other
variables are as mentioned earlier. The grain boundary
mobility m. which characterizes the ability of mobile high
angle boundaries to move is given as [25]:

i = imyexp <_Q’”). (16)

RT

where 1, is the constant of mobility, Q,, is the activation
energy for grain boundary movement and R is the gas
constant. The self-diffusion coefficient k. is given as [33],

k = kexp (_Q“> (17)

RT;

where k, is a constant and Q is the activation energy for
self-diffusion. The mean free path (/) for mobile dislocation
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movement (Egs. 11, 14) is considered to be equal to the
subgrain size (d;) and is given as [17]

I''=d ' =a; +blogZ (18)
wherere a; (—0.55E6) [17] and b; (0.044E6) [17] are

constants while, Z is the Zener Hollomon parameter given
as

7 gexp<‘R§D) (19)

where ¢ and T are the strain rate and temperature during
deformation (obtained from the FEM model) and Qp, is the
activation energy for deformation. Apart from the
evolution of dislocation density, the grain size also
evolves with time. The velocity of grain boundary
movement is considered to be a function of (a) the grain
boundary curvature which is always positive and (b)
reduction in grain size due to nucleation of new grains at
the old grain boundaries. The change in grain size (D) is
therefore given as [25],

‘2—? - mgg D‘i—flnzv (20)
where N is the number of possible nucleation sites on a
given grain and is given by the expression,

N = Constant (21)

In this work, the value of N is assumed to be ~ 2 particles/
mm? and is based on the distributions reported in literature
for similar commercial Al alloys [37]. This value of N is
assumed to remain unchanged with each rolling pass.
Using the above Egs. (11-21) along with the data for
temporal evolution of temperature (obtained from the FEM
model) the extent of dynamic recrystallization during
rolling is predicted. The values of different constants used
in the microstructural model are summarized in Table 4.

2.2.2 Static Recrystallization Model

The model for static recrystallization is based on the
Avrami equation given as [31]

X=1-exp <—0.693 (;S) > (22)

where, n is a constant, ¢ is the time elapsed after
deformation and f#ys is the time required for 50 %
recrystallization given as [31],

tos = Adyf (6)Z° x exp (g;x) (23)

where, A, a, c¢; are constants and 7, is the static
recrystallization temperature. The Eqs. 22 and 23 are
used for isothermal conditions only. For cases where the

Table 4 The list of different material constants used in the
microstructure model and the numerical values thereof

Parameters used Values (units) [ref.]

A 2.7 x E=5 [31]
dy 77 (um) [8]

a 245 [31]

f(e) (9.75 + 3.8282) '[31]
o —0.58 [31]

N 2 [37]

Orx 183,000 (J/mol) [31]
G (shear modulus) 26.4 (GPa) [38]

b 0.286 (nm) [38]

Qq 175,000 (J/mol) [8]
k, 170 (mm? s™") [33]
Q 142,000 (J/mol) [33]
Oy 0.324 (J/m?) [39]

i 1072 (m* J s71) [40]

temperature changes with time, the variable ‘¢’ is replaced
by a temperature compensated time W, expressed as [31],

W=> texp (RQT’:") (24)

and 7 5 is replaced by Wy 5 given as,
Wo.s = Adlf (e)Z° (25)

where, Z is calculated using an averaging process [31].

3 Results

In this section, the temperature, strain and microstructural
evolution predicted from the hot rolling model described
above is presented.

3.1 Temperature Distribution During Hot Rolling

The predicted temperature of the deformed strip indicates
that the temperature increases at the strip center but is
reversed at the surface (Fig. 2) indicating heat dissipation
from strip surface. Figures 3 and 4 presents the temperature
profile predicted at the centerline and surface of the strip.
Depending on the material model used, the predicted val-
ues differ from the experimental data [8], the implication of
which is discussed later.

3.2 Strain During Hot Rolling
The von Mises equivalent strain predicted through the

thickness of the strip is compared with the actual mea-
surements reported by Wells et al. [8] in Fig. 5. The

@ Springer
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Fig. 2 Simulated temperature
profile along the strip during hot
rolling
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Fig. 3 Temperature profile predicted at the centerline of the strip
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Fig. 4 Temperature profile predicted at the surface of the strip

computed values are less compared to the measured values
but are within the limits of variance for the experimental
data [8].

@ Springer

Fig. 5 Comparison of predicted strain with experiment (black
squares with error bars)

3.3 Dynamic Recrystallization During Hot Rolling

Analysis of dynamic recrystallization indicates that for a
node along the strip surface, a nominal fraction is recrys-
tallized (Fig. 6). The grain size is also similar to the orig-
inal (Fig. 7). The temporal change in dislocation density
and the critical density of dislocation required to recrys-
tallize is presented in Fig. 8. The dislocation density is
observed to increase beyond the critical density for
recrystallization only for a very short time period at the
point of exit from the rolls.

3.4 Static Recrystallization After Rolling

The static recrystallization after rolling predicted using the
Johnson—-Mehl-Avrami—Kolmogorov (JMAK) equation
shows a variation in fraction recrystallized from the center
to the strip surface (Fig. 9). The calculation is performed
using the fys value used in Ref. [8]. The results indicate
that static recrystallization is higher at the surface com-
pared to the center.
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Fig. 6 Fraction dynamic recrystallized as predicted by internal
variable method. The DRX effect is negligible and is on expected
lines since dynamic recovery effect is more viable
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Fig. 7 Grain size evolution during rolling predicted by the internal
variable method

4 Discussion

The predicted temperature, strain and fraction recrystal-
lized at the surface and center of the strip are similar in
trend with the experimentally measured data. The extant
deviations are due to sensitivity of thermo-mechanical
simulation to modeling parameters as are discussed below.

4.1 Effect of Constitutive Equations and Friction
on Temperature Prediction

The viscoplastic flow equation adopted plays a critical role
in predicting the temperature. Depending on the dynamic
flow stress, the work done during rolling and the defor-
mation heat generated varies significantly. As an example,

5x10" . - . -
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(72}
2 ‘
]
el
S 2x10" .
®
[$]
o
L
a 1x10° .
1 1

0.00

0.05

0.10

0.15

Time from roll entry to roll exit (s)

Fig. 8 Evolution of p and p,. with time as predicted by the internal
variable method
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Fig. 9 Percentage recrystallization through thickness of specimen as
predicted by the Avrami model used in this work

the flow formulation introduced by Hensel and Spittel
depends on equivalent strain, strain rate, temperature and is
given as [41]

G — SelT g g piil/e (26)

where, S, ji, ja, J3, J4 are material constants. For AA 5083
the values are 953.655 MPa, —0.00524, 0.01407, 0.11 and
—0.00913 respectively [31]. In comparison to the Perzyna
constitutive equation used in this work, the Hensel and
Spittel equation [31] for AA 5083 shows a positive devi-
ation of ~ 50 MPa in average flow stress. The difference
is negative in the low strain region and becomes positive at
higher strains (Fig. 10). An additional influence of strain on
flow stress in the Perzyna equation is with respect to the

@ Springer
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Fig. 10 Comparison of Hensel-Spittel behavior with Perzyna behav-
ior at a temperature of 283 °C and strain rate of 0.81 s~ for AA 5083
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Fig. 11 Variation of dynamic flow stress as predicted by Perzyna
equation compared with experimental data for a temperature of
450 °C

effect of static yield stress. In Fig. 11, the experimentally
measured stress strain rate data for AA 5083 [42] at
450 °C, is plotted and compared with the Perzyna equation
values used in this work. The results indicate that the
experimental stress plots with strain rate for different
temperature deviate considerably from the Perzyna pre-
diction. In fact, the simpler bilinear isotropic model for
plasticity predicts the center and surface temperature more
accurately compared to the Perzyna model or the hyper-
bolic sinh model used by Well’s et al. [8] (see Figs. 12,
13). The results suggest that accurate determination of the
high temperature flow stress is essential for a correct
temperature prediction. Another variable influencing the
temperature distribution significantly is the friction

@ Springer

e Current Perzyna Model
e Experimental

e BISO model

e \\\lell's simulated

350

300

250

200

Temperature (°C)

150

" 1 " J
-0.4 -0.2 0.0 0.2 0.4
Time (s)

Fig. 12 Variation in the predicted temperature at the strip surface
using different models and compared to the experimental results
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Fig. 13 Variation in the predicted temperature at the strip center
using different models compared to the experimental results

coefficient (n). The actual value of p depends on factors
like roll surface finish, surface oxidation of the workpiece
which are unaccounted in this simulation and can affect the
temperature predictions.

4.2 Heat Transfer Coefficient and Roll
Temperature

Another factor which affects the temperature profile is the
temperature at the roll surface and the heat transfer coef-
ficient values used. The discrepancy in choice of heat
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transfer coefficient in literature is quite significant. Thus, in
the rolling simulation of Al-5 %Mg by Chen et al. [22], a
heat transfer coefficient (HTC) of 10-50 kW/m? K is used.
Most of the published literature uses a HTC value in the
above range [12, 16, 17]. However, in the current work this
value of HTC fails to simulate the measured experimental
temperature drop along the strip surface as it raises the
temperature of the strip beyond melting point. Conse-
quently, the HTC along the surface is estimated according
to the work of Hlady et al. [43]. In fact, Wells et al. [8] also
used the estimates of Hlady et al. [43] for their simulation.
Hlady et al. [43] experimentally measured the heat transfer
coefficient during hot rolling of AA 5052 and AA 5182
alloys and proposed it to be a function of roll pressure
[Eq 10]. According to their work, HTC for these Al alloys
are found to vary between 200 and 450 kW/m? K. A heat
transfer coefficient in the range between 200 and 450 kW/
m? K reproduces the experimental temperature drop
observed in Figs. 12 and 13. However, similar simulation
study carried out on an initial plate thickness of 50 mm and
percent reduction of 5.74 % uses a HTC value in the range
of 10-50 kW/m? K [31]. In fact, hot rolling experiments on
various steel compositions finds a similar variation in HTC.
This work done by Chen et al. [44] observed that the heat
transfer coefficient is controlled by rolling parameters like
percent reduction, rolling speed, rolling temperature and
the alloy type. An increase/decrease in the HTC occurs
mainly as a result of the contact pressure during rolling. A
high reduction percentage increases the contact pressure
which raises the HTC value. For low reduction percent, the
contact pressure diminishes, resulting in reduced HTC
values.

It may be observed that in the present model, a strip of
initial thickness 9.6 mm is reduced by ~20.16 % com-
pared to ~5 % in Duan and Sheppard’s work [31]. The
higher percent reduction and contact pressure will result in
high HTC (in the range 200-450 kW/m? K). On the other
hand, the lower percent reduction in Ref. [31] favors a
decrease in HTC. Another factor affecting HTC is the
speed of rolling. At higher rolling speeds, the HTC is high
[44]. For the present work, the angular velocity value is
3.5527 radians/second while that obtained from the Duan
& Sheppard’s experiment is 1.0823 radians/second only.
The higher rolling speed in the present work will entail an
additional increase in the HTC. Similarly, rolling temper-
ature can also influence heat transfer coefficient. A low
rolling temperature causes higher deformation resistance
and a higher contact pressure leading to high heat transfer
coefficient [44]. Both the present work and the model of
Duan & Sheppard [31] have temperature values near to
each other. Therefore, the difference in HTC is not on
account of any rolling temperature differences.

4.3 Estimate of Coefficient of Friction

As already discussed in Sect. 4.1 the heat generated during
rolling depends on both coefficient of friction and the
extent of bulk plastic deformation. The value of p is
recalculated using the calculated xy shear stress and pres-
sure obtained from simulation (Eq. 5). The analysis is
conducted at three locations, (a) at the entry of strip,
(b) middle of the roll-strip interface and (c) at the exit. A
coefficient of friction value of 0.48 is obtained at the entry
followed by a value of 0.37 at the middle and a value of
0.18 at the exit point. The average coefficient of friction
value (0.3) used in the simulation is observed to be in close
proximity to the average coefficient of friction for the three
points. To further understand the influence of p on the
temperature profile during rolling, the friction coefficient is
varied from 0.3 to 0.5 (Figs. 14, 15). A high p value
increases the temperature transient at the strip center while
strip surface remains unaffected. The final steady state
temperature however increases due to overall increase in
heat generation (Figs. 14, 15). The change in p however
results in a slight increase in the strain from the center to
the strip surface (Fig. 16).

4.4 Recrystallization During Rolling

As already observed in Fig. 6 the fraction recrystallized
during rolling is insignificant. This is on expected lines as
for Al-Mg-Mn alloys of the AA 5083 type, particle
stimulated DRX is observed at temperatures above 400 °C
and at strain rates higher than 1 s~ [17]. Instead a

—a— Temp_p=0.5
—o— Temp_p=0.3

Temperature (OC)

150

-0.10 -0.05 0.00 0.05 0.10
Time (s)

Fig. 14 Temperature profiles at strip surface for different coefficient
of friction values of 0.3 and 0.5
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Fig. 15 Temperature profiles at strip center for different coefficient
of friction values of 0.3 and 0.5
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Fig. 16 Strain plots for different coefficient of friction values

significant amount of static recrystallization after rolling is
predicted (Fig. 9). For the corresponding experiment by
Wells et al. [8], the total post rolling time is 4 s., after
which the strip is water quenched to ambient temperature.
No actual measurements for the fraction recrystallized is
however available for the given experiment [8]. However,
recrystallization studies conducted on similar plate thick-
ness and roll diameter at a higher inlet temperature of
397 °C with average strain rate of 11.8 s~' and total strain
of 0.28 exhibit fraction recrystallized at the surface as
~20 % at ~2.5 mm from the strip center and between 7
and 10 % near the center. The predicted statically recrys-
tallized fraction at ~2.5 mm is ~10 and ~5 % near the

@ Springer

center. The predicted results therefore appears reasonable,
considering that the present simulation is for low inlet
temperatures (315 °C) and a shorter post rolling period (3 s
compared to 8 s). This indicates that the internal variable
method in tandem with Avrami equations can predict the
microstructure evolution of AA 5083 in a fairly accurate
manner.

4.5 Effect of n on Temperature Distribution

Another factor which drastically affects the temperature
profile is the value of n i.e. the efficiency of converting
deformation energy into heat. In general most of the pub-
lished literature assumes a value greater than 0.9. However,
Hodowany et al. [45] experimentally investigated the par-
tition of plastic work into heat for AA 2024-T3 aluminum
alloy and observed that the fraction of plastic work rate
converted to heat for plastic strains in the range of 0.2-0.3
lies in the range of 0.4. A reduction in n value from 0.9 to
0.4 results in an accurate peak temperature prediction,
although the overall profile differs from the experimental
profile (Fig. 17). Although, experimental values of n for
AA 5083 alloys is unavailable in literature, variations
between different Al alloys is expected. It is to be added
that the n value at a given strain can vary with strain rate,
although for AA 2024 this sensitivity is observed to be
nominal [45].

m Model predicted

350 ® Experimental

L |
m N
a0 - %
n

n

[
330 @
L]

Temperature (OC)

" 1 " J

0
0.0 0.1 0.2
Time (s)

Fig. 17 Temperature profile at the center with heat generated due to
plastic deformation for # value of 0.4 compared with experimental
plot
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5 Conclusions

An integrated thermo-mechanical and microstructure
evolution model for hot rolling of a non heat-treatable Al
alloy has been developed. The FEM model developed for
the thermo-mechanical prediction of the hot rolling pro-
cess is able to estimate the effect of the temperature and
strain and is in overall agreement to experimental results
available in literature. The microstructure evolution pre-
dictions during static and dynamic recrystallization anal-
ysis performed using Avrami and internal variable method
fairly agree with the predicted literature results. However,
a proper experimental estimate of different process and
material parameters plays a vital role in accurate predic-
tion. The effects of some of the process and material
parameters on the thermo-mechanical simulation can be
summarized as,

(a) The dynamic flow stress estimate from the constitu-
tive equation will significantly influence the temper-
ature profile in the rolled material.

(b) The heat transfer coefficient at roll and material
interface depends on the rolling pressure. For the
5XXX series Al alloys studied here, the value varies
in the range of 200450 kW m 2 K.

(c) Proper estimation of efficiency for the conversion of
plastic deformation energy to heat is important
particularly at low strain levels.

(d) At low strain levels and low entry strip temperatures
used in this model, dynamic recrystallization is
expected to be nominal.

(¢) The microstructure analysis using JMAK equation
shows a variation in fraction recrystallized from 0.09
to 0.26 from the center to surface of the strip. This
variation is due to the gradient in strain and temper-
ature from center to surface.
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