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Microstructural Simulation of a 5052 Aluminum Alloy Strip

for a Hot Tandem Mill
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Evolution of microstructure in a 5052 hot-rolled strip has been investigated using the hot plane strain compres-
sion test with a Gleeble 3800 simulator. Single and two pass compressions were carried out respectively during
which fast cooling at the end of the compression was applied. As-compressed samples were annealed by the
cooling pattern of mill coiling to simulate the hot-rolled strips. The annealing effect was analyzed by Arrhenius
law and Avrami equation. Effects of rolling parameters on recrystallization behaviors was quantitatively
assessed by isothermal annealing. It was found that an as-deformed structure recrystallizes during the subse-
quent annealing and the recrystallization is promoted by decreasing rolling temperature, interpass time, or by
increasing strain rate, accumulated strain as well as coiling temperature. Simulated microstructures match
those observed in a hot tandem mill and production of the hot-rolled coils with superior quality has been suc-
cessfully achieved.
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1. INTRODUCTION

5052 aluminum alloy is used in a wide range of
applications from beverage can ends, formable parts, to
various 3C components having superior surface quality.
Successful applications dictate a fully recrystallized
microstructure under as hot-rolled condition. When frac-
tion of recrystallized grains is low, defects of surface
streaking or high earing ratio appear during the down-
stream processings.

To understand the evolution of microstructure dur-
ing hot rolling, techniques have been explored. Pilot roll-
ing linked with water quenching was widely used in
Japan. Unless work rolls are well heated, large tempera-
ture drops occur and rolling temperature is hard to
define. Quench time can be manually adjusted and be
compatible to interpass time of a reverse mill because
the time interval is relatively long. However, the interpass
time is less than two seconds in a modern hot tandem
mill so that this method can hardly be approached.

Hot-rolling simulators were thus developed and the
experimental results were formulated as Eq.1,

tOAS/ drex: a- dob' €% [5 . eXP(Qdef /R Tdef)]d'
eXP(Qrex /R Trex) cveevverveenverieiiesieneenn, )
where tOAS’ dreXa do: g, £ 5 Qdefa R: Tdefa Qrex and Trex denote

time of 50% recrystallized, final grain size, initial grain
size, strain, strain rate, activation for hot deformation,

universal gas constant, deformation temperature, activa-
tion for annealing and annealing temperature and a, b, c,
d are numerical constants, respectively. Compound fac-
tor € - exp (Quef /R Teer) is Zener-Hollomon parameter.

On the basis of earlier reports, equations for alumi-
num alloys are listed in Table 1. Effect of rolling param-
eters, e.g., rolling temperature or strain, can be assessed
accordingly. Nevertheless, mill application was found
difficult because roles of accumulated strain, interpass
time and coil cooling are undefined. The aim of this
work was to identify their influences on the recrystalli-
zation behaviors of a 5052 aluminum alloy for the pro-
duction of hot-rolled coils with superior quality.

2. EXPERIMENTAL

A transferred bar was cut as the starting material. Its
chemical compositions are listed in Table 2 with the bal-
anced composition of aluminum. Along the center part,
samples of 25 mm (rolling direction) X 40 mm(b,) % 12
mm (h,) as shown Fig.1A were machined for plane strain
compression test and they had an average grain size of
116+ 10 pm (Fig.2).

Hot plane strain compression tests (Fig.1B) were
carried out in a Gleeble 3800 simulator having a maxi-
mum force of 20 ton and strain rate, 120 s™\. A typical
heating cycle for a two-pass compression is demon-
strated in Fig.3: samples were initially heated with 2°C/s
to a predetermined temperature and soaked there for 30s,
cooled with -5°C/s to the target temperature and soaked
there for another 5s, then the first compression was made
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Table 1 Published recrystallization equations for aluminum alloys(-4

Alloy Prediction formula Ref.
Basic form: to.s/ drex=a - do®& [£ - exp(Qudef /R Tacf)]® exp(Qrex /R Trex)

5052 t0.5=1.25%10°6- do! 3561923, [¢ . exp(196,000/RT)[*%. exp(200,000/RT) (1)
drex=8.463x 103075, [£ - exp(156,000/RT) 013

5182 t0.5=8.34x107- do!35-£093. [£ - exp(196,000/RT)]*7- exp(200,000/RT) 1)
drex=12.69%10%-937. [£ - exp(156,000/RT)]17

5182 t0.5=[7.259%1077- [¢ - exp(187,800/RT)455. exp(197,500/RT)]/ (4.879+ 2.81-62) 2)
drex=13.5%do3-605. [£ - exp(187,800/RT)] 145

ALIMg  t05=9.8x10°6- do!35.627. [¢ - exp(156,000/RT)]"-1- exp(230,000/RT) 3)

drex=1.85%10% do!3-60%. [¢ - exp(156,000/RT)] 24

Ixxx to.5=1.5%104-15. [£ - exp(158,000/RT)]*75- exp(220,000/RT) &)

dre=1.15%10%05. [£ - exp(158,000/RT)]*33- exp(30,000/RT)

Table 2 Chemical compositions of the starting material (wt%).

Si Fe Cu Mn Mg Cr
0.10 0.27 0.03 0.05 2.53 0.22

Aa)

N ‘

| sample Iho

Fig.1. (A) Schematic diagram of plane strain compression test, (B) an as-compressed sample and thermal couples (TC land
TC 2).
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Fig.2. The starting material had an average grain size of Fig.3. The heating cycle for a two-pass plane strain compres-
116 pm. sion test.
where a sharp temperature rise can be seen. The second after the final compression, a cooling rate -60°C/s was
compression was subsequently made using a predeter- introduced to preserve the deformed structure.

mined interpass time in a hot tandem mill. Immediately
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Fig.4 shows profiles of flow stress and sample tem-
perature during a compression test. The stress increased
sharply but displayed as wave forms during the initial
10ms because of load cell ringing. It was corrected using
a moving averaged method as published elsewhere® 9.
A temperature rise of 40°C was observed. Since the com-
pression was carried out with a constant strain rate,
Zener-Hollomon parameter can be written as Eq.2 where
T; is instantaneous temperature and Tq.r can be derived
by Eq.2a.
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Fig.4. Profiles of flow stress and sample temperature dur-
ing a compression test. (started at 360°C with strain 1.6 and
strain rate 50 s)

Z= ¢ [exp(Quer /RT1)+ exp(Qqer /RT2)+...
exp(Quet /RT)] = € exp (Quet /RTdef) wovervevevennnnee @)
VTaer =(1/i) ST+ UTabee AT o (2a)

A programmable annealing furnace was used to
simulate coil cooling of mill production. The furnace

was heated to a sufficiently high temperature and cooled
down at -80°C/h, similar to the cooling rate of a hot-
rolled coil. When it dropped to the predetermined tem-
perature, the as-compressed sample was put into the fur-
nace and taken out for metallographic examination when
cooled down to room temperature.

In addition, isothermal annealing was carried out
for quantitative assessment over the parameter effects of
hot rolling. Volume fraction of the recrystallized grains
X, was measured according to ASTM E562(. Observed
data were fit into the Avrami equation (Eq.3) where t is
annealing time, constants 3 and n were derived by a lin-
ear regression analysis. Accordingly, an isothermal
recrystallization curve was constructed and Eq.3 was
modified as Eq. 3a using the observed ty s and n.

Xy = 1-€XP(= P) oo 3)
Xy = 1-exp[- Ln2: (trex/t0.5)"] eovveervveerreenveenneanns (3a)

When tg5 at other temperatures are available, Qpex
can be derived by the Arrhenius law (Eq. 4) where A is
a constant and T is temperature, respectively®.

1/6=A - eXP(-Qrex/RT) covveeereeeeeeeeeeeeeereeeseeeeeneones @)

Coil cooling was quantitatively assessed as follows.
The cooling curve was transformed into tiny stepwise
isothermal and isochronal segments as shown in Fig.5A.
When coiling temperature T, drops to T, (Fig.5B), cor-
rection factor for t, is given in Eq.4a and that of t; is sim-
ilarly made for another temperature Ti. trx, overall effec-
tive anneal time at T; for the cooling curve, can be
derived by Eq.4b through the aid of integration. Xy can
be predicted when the tr is fit into Eq.3a.
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Fig.5. Coiling effect was assessed by (A) stepwise isothermal and isochronal function, (B) a close-up of A.
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t2=t1- exp[(Quex/R): (1/Ta- 1/T1)]...; ti = t;-
expL(Quex/R): (1/Ti 1/T1) oo (4a)

tx=2 ti = ti- exp [(Quex/R) - (Z1/Ti- (i-1)/T1)] . (4b)

The nucleation rate N, was measured from the early
stage of recrystallization in each curve, e.g., when X,
was less than 30%. While drx was measured according
to ASTM E112 from samples having X, more than 95%
©), Examinations with transmission electron microscopy
(TEM) was carried out for the deformed samples.

3. RESULTS AND DISCUSSION
3.1 As-deformed microstructure

An as-deformed microstructure for the sample of
Fig.4 is shown in Fig.6. It can be seen that in response to
the vertical compression, the original grains (Fig.2) were
flattened and greatly extended along the horizontal di-
rection. No recrystallized grain was observed indicating
that the fluctuations of flow stress (Fig.4) originated
from load cell ringing rather than from the occurrence of
dynamic recrystallization. Thus, it was confirmed that
the cooling rate -60°C/s after the compression was fast
enough to preserve the microstructure of hot-deformed
samples.

Examinations with TEM revealed that laminar
structure in the deformed samples consisted of inter-
locked subgrains. Fig.7A shows a dark-field micrograph
for the sample compressed at 300°C having an average
size 0.5 pm. Subgrains coarsened to about 1.6 um when
the temperature was increased to 400°C (Fig.7B).

3.2 Simulated hot-rolled microstructure

The as-deformed sample of Fig.6 was subsequently
annealed by a cooling cycle started from 360°C and
cooled down at a rate of -80°C/h. Annealed grains
(Fig.8) are similar to those of as-hot-rolled strips. Based
on these results, it can be concluded that recrystallization
occurs during the coiling stage of a hot rolling mill.

Fig.7. Dark-field image for a sample compressed at (A)
300°C and (B) 400°C having a strain of 1.6 and strain rate
of 50 s7!.

Fig.8. Microstructure of the as-deformed sample annealed
by a cooling cycle to simulate mill coiling.

3.3 Parameter effect of single pass rolling

Effect of rolling temperature was assessed under the
conditions of constant strain and strain rate. Fig.9 shows
isothermal recrystallization curves over the start rolling
temperatures from 300°C to 400°C. It is clear that the
curve shifted to the left hand side with decreasing the
temperature.
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Fig.9. Isothermal recrystallization curves of samples hav-
ing different rolling temperatures.

Results of recrystallization behaviors and flow
stress are summarized in Table 3. Clearly, tos and drex
increased with the temperature as predicted from the for-
mula in Table 1. In contrast, N, decreased with the tem-
perature. While growth rate of the nucleated grains was
found to fall within the range of 0.12- 0.20 um/s regard-
less the temperature. It is considered that low nucleation
rate resulted in coarse grains at high rolling tempera-
tures. The observed ty s was suitably fit by Eq.5. In addi-
tion, flow stress decreased with the temperature reflect-
ing the coarsening effect of subgrain size as reported pre-
viously% 1D,

Ln tos = 6.5 1000/Taet+ 15.9 vorvvovvoorerrorrrrn. )

Effect of strain rate was subsequently investigated
during which challenges were encountered because of
temperature variations as shown in Fig. 10. It can be seen
that temperature rise occurred at higher strain rates while
it dropped at 2s!. Tyer was kept at a relatively constant

level by adjusting the start rolling temperatures. Param-
eter design and results of the strain rate effect are listed
Table 4. It is clear that tys decreased, as formulated as
Eq. 6; N, and flow stress increased with the strain rate.
Then effect of the strain rate was combined with that of
rolling temperature as Zener-Hollomon parameter,
another formulae Eq. 7 was obtained using the reported
Quer 200 KJ/mol™. 1t should be noted that linearity of the
data based on Eq. 7 is governed by the value of Qger.
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Fig.10. Temperature profiles during the compression for
various strain rates.

Lntos=-0.14-Ln - +5.89 wcooooooooooreeccrreerrrn (©6)
Lntos=-025LnZ+ 16.13 cooooorooororeecerroerr 7

Experiments over the effect of strain could be simi-
larly made but in a hot tandem mill, several passes are
consecutively rolled within a short time so that the
applications of Table 3 and 4 are practically limited. For
this, another approach using two-pass rolling was carried
out.

Table 3 Effect of rolling temperature during single pass rolling.

Tstart Taet to.5 drex Na Gmax
300 °C 342 °C 175s 30 um 13.3/mm?-s 210 MPa
330 °C 367 °C 291s 30 um 6.0/mm?-s 190 MPa
360 °C 391 °C 433 s 37 um 2.3/mm?-s 176 MPa
400 °C 429 °C 738 s 51 um 1.1/mm?-s 162 MPa

Remarks: with common parameters of rolling strain 1.6, strain rate 50 s™! and isothermal annealing at 340 °C. Na denotes nuclea-
tion rate and pimax, the maximum flow stress, respectively.

Table 4 Parameter design and the results of strain rate effect.

Strain rate Tstart Taer Tpeak to.s Na Omax
65! 330°C 351°C 356 °C 285s 9.7/mm?-s 165 MPa
18 57! 310°C 350 °C 363 °C 242 s 8.3/mm?-s 172 MPa
50! 308 °C 349 °C 379 °C 222s 9.2/mm?-s 177 MPa
120 s 318°C 349 °C 388 °C 183 s 14.3/mm?-s 184 MPa

Remarks: isothermal annealing at 340 °C
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3.4 Parameter effect of two-pass rolling

Parameter design of two-pass rolling is listed in
Table 5 where strain rates and rolling temperatures were
kept similarly, but the reduction in each case was
adjusted as follows.

A: heavy reduction in pass 2.

B: equal reduction.

C: equal and light reduction.

D: longer tip, equal and light reduction.

E: longer tip, heavy reduction in pass 1.

F: single pass rolling.

Results of tos, N, and d;ex are summarized in the
right columns of Table 5. It can be seen that to s and dex
decreased with increasing the accumulated strain, arith-
metic sum of the strains of pass 1 and 2. For instance, to s
of samples A, B, E and F, the accumulated strain 1.6,
were much shorter than those of samples C and D, the
accumulated strain 1.4. Minor differences among the to s
of samples A, B and E suggesting that recrystallization
behavior remains similarly when heavy reduction in the
pass 2 is moved forward to the pass 1. Thus, control of
dimension quality becomes more efficient during mill
production because flatness control is difficult when

heavy reduction was made at the final pass.

Effect of interpass time can be found over the dif-
ferences between samples C and D. It shows that tos
increased with the interpass time presumably due to the
recovery effect of the alloy. A short interpass time, i.e.,
high speed rolling, was reported to have merits by
decreasing the earing ratio of the final products!?.

Quantitative formulation for the two-pass rolling
suffered from the effect of the accumulated strain. For
instance, sample D and E had the same reduction of final
pass but different accumulated strain resulting in differ-
ent recrystallization behaviors. Moreover, difficulties
come from effects of rolling temperature (Table 3) and
strain rate (Table 4). Although experimentally possible,
it is impractical to mill application when both parameters
for pass 1 and pass 2 are kept constantly. As a result, no
further analysis over the parameter effect of two-pass
rolling was made. On the other hand, annealing effect
during coiling stage was quantitatively carried out.

Prior to this, Qrex Was measured using isothermal
annealing curves for sample B as shown in Fig.11A. ts
in the two curves are rearranged according to Arrhenius
law as given in Fig.11B. The slope suggests an activation

Table 5 Parameters of two-pass rolling and experimental results.

Sample Pass 1 tip Pass 2 tos Na drex
A 380°C /40 s7/0.70 1.75s 350°C /80 s1/0.90 161s 13.1/mm?-s 26 um
B 370°C /40 s71/0.80 1.75s 345°C /80 s°1/0.80 154 s 12.4/mm?-s 29 pm
C 370°C /40 s7'/0.70 1.75 s 350°C /80 s71/0.70 195s 5.7/mm?-s 33 pm
D 370°C /40 s71/0.70 3.66s 340°C /80 s71/0.70 265 s 2.4/mm?-s 32 pm
E 380°C /40 s7'/0.90 4.07 s 350°C /80 s1/0.70 190's 8.4/mm?-s 30 pm
F - - 340°C /50 s/1.60 172s 13.3/mm?-s 30 um

Remarks: ti, denotes time interval between pass 1 and pass 2; isothermal annealing at 340 °C
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(A) Isothermal recrystallization curves for sample B, (B) measurements of activation energy for annealing.
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energy for annealing 293 KJ/mol. It was slightly higher
than that measured from the cold-rolled strips of the
same starting material.

The observed Qrx was fit into Eq. 4b for analyzing
the annealing effect during the coiling process. Experi-
mentally, the annealing furnace was heated to a high
temperature and then cooled down at a rate -80°C/h.
Samples were put into the furnace at 350°C, 338°C and
328°C, respectively.

Fig.12 shows a simulated microstructure annealed
from 328°C. Experimental results are summarized in
Table 6 where predicted tx were calculated according to
Eq.4b using a reference temperature 340°C and X, by
Eq.3b using the observed ty s and n of isothermal anneal-
ing at the same temperature. Evidently, the predicted val-
ues are very close to the observed X, as well as mill
observations. Similar results were obtained when the
cooling rate during coiling was changed. As a result,
coiling temperature for the deformed sample could be
predetermined to ensure a fully recrystallized condition.

ey e = ol

Fig.12. A simulated microstructure annealed from 328°C.

Xy = 1-exp[- Ln2- (tex/200)>2] oo, (3b)

4. CONCLUSIONS

Evolution of microstructure in a 5052 hot-rolled
strip has been thoroughly investigated by hot plane strain
compression test with a Gleeble 3800 simulator. Hot-
deformed samples were made using fast cooling at the

end of the compression and annealed by a cooling curve
of mill coiling to simulate the microstructure of hot-
rolled strips. The curve was stepwised and quantitatively
analyzed over the effect of coiling temperature and cool-
ing rate. Isothermal annealings were also carried out to
characterize the effect of rolling temperature, strain rate,
accumulated strain and interpass time of a hot tandem
mill. The following conclusions can be drawn on the
basis of this present work.

1. A hot-deformed structure could be preserved by fast
cooling at the end of the compression and it recrys-
tallizes during the subsequent annealing.

2. Recrystallization of the deformed samples was pro-
moted by decreasing rolling temperature, interpass
time, or by increasing strain rate, accumulated strain
as well as coiling temperature.

3. Activation for annealing was 293 KJ/mol for the hot-
deformed samples being slightly higher than that of
cold-rolled strips using the same material. It fit well
with the observed annealing effect of coil cooling.
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