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Fabrication of ultrafine-grained AA1060 sheets via accumulative
roll bonding with subsequent cryorolling
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Abstract: Ultrafine-grained (UFG) AA1060 sheets were fabricated via five-cycle accumulative roll bonding (ARB) and
subsequent three-pass cold rolling (298 K), or cryorolling (83 K and 173 K). Microstructures of the aluminum samples
were examined via transmission electron microscopy, and their mechanical properties were measured via tensile and
microhardness testing. Results indicate that ultrafine grains in ARB-processed sheets were further refined by subsequent
rolling, and the grain size became finer with reducing rolling temperature. The mean grain size of 666 nm in the sheets
subjected to ARB was refined to 346 or 266 nm, respectively, via subsequent cold rolling or cryorolling (83 K).
Subsequent cryorolling resulted in ultrafine-grained sheets of higher strength and ductility than those of the sheets
subjected to cold rolling.
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WANG et al [10] reported that pure UFG Al alloys

1 Introduction

Ultrafine-grained (UFG) materials demonstrate
many superior properties, gaining continuous
attention from scholars [1—4]. To fabricate UFG
materials, researchers have developed various
severe plastic deformation (SPD) techniques, such
as equal channel angular pressing (ECAP) [5], high
pressure torsion (HPT) [6], accumulative roll
bonding (ARB) [7], cryorolling [8,9], and friction
stir welding (FSW) [10]. Compared with other
coarse-grained materials, UFG aluminum (Al)
alloys have demonstrated excellent performance in
various modes, such as high-cycle fatigue strength,
machinability, low-temperature superplasticity, and
ultimate tensile strength [10—12]. For example,

possessing a uniform and stable microstructure
could be produced via FSW to achieve significantly
higher high-cycle fatigue strength than coarse-
grained alternatives. SKIBA et al [11] demonstrated
that the machinability of UFG AA5083 alloy was
improved significantly when the material was
subjected to SPD. JAFARIAN et al [12] found that
UFG AA6063 alloy offered excellent low-
temperature superplasticity, exhibiting a low peak
stress of 40 MPa and maximum elongation up to
270%.

In particular, Al alloys have demonstrated
excellent mechanical properties at cryogenic
temperatures [13—16]. NAYAN et al [13] reported a
tensile elongation of 11% in AA2195 sheets at
cryogenic temperatures, while only 9% was observed
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at room temperature. Similarly, the elongation of
AA8090 Al-Li alloy was found to be 15.5% at
77 K and only 7.6% at room temperature [14]. As
such, the cryorolling process has been widely
implemented to produce UFG Al alloys. For
example, VIGNESHWARAN et al [15] found that
cryorolling improves strength in both AA6061 and
pure Al sheets. To further elucidate this
phenomenon, the influence of initial base
microstructures on the mechanical properties of
cryorolled A356 alloy was studied. The overall
strength was maximized in cryorolled materials
possessing a supersaturated base microstructure,
due to the dominance of dislocation strengthening
and precipitation strengthening mechanisms.
However, cryorolled materials with a precipitated
base  microstructure  demonstrated  superior
microstructural stability, retaining ultrafine grains
upon annealing at temperatures up to 573 K [17].
Recently, studies have reported that combining
ECAP, HPT, or ARB with subsequent rolling can
further improve the mechanical properties of
UFG materials. PARK et al [18] reported that
the superplastic elongation of an aluminum-—
magnesium (Al-Mg) alloy was significantly
improved from 381% (ECAP) to 812% (ECAP +
rolling). In that study, rolling facilitated the
formation of an ultrafine elongated substructure
delineated by lamellar boundaries. However, the
deformation of the unrolled ECAP sample was
governed by viscous dislocation glide, while that of
the subsequently cold-rolled ECAP sample was
dominated by the grain boundary sliding. TAO
et al [19] examined the influence of subsequent
rolling on mechanical properties of a Cu—7wt.%Al
alloy processed via HPT. After HPT processing,
alloy disks were rolled and then annealed for 90 or
120 min at selected temperatures ranging from 473
to 583 K. It was found that the highest strength was
obtained by annealing at 523 K for 120 min.
Subsequent rolling has also been shown to
influence the properties of ARB-processed sheets.
For instance, mechanical testing has indicated that
cold rolling at low strains (10% and 15%) leads to
softening of the sheets that allows for greater
elongations, while cold rolling at large strain (50%)
results in significant strengthening [20]. Rolling
can also improve the bonding strength of
ARB-processed sheets. RUPPERT et al [21]
exposed crossed ARB samples to one pass of cold

rolling to successfully reduce the impact of weak
bonding on ultimate tensile strength. YU et al [20,22]
examined the bonding strength of ultrathin UFG
bimetallic foils produced via ARB and asymmetric
rolling, finding that interfacial bonding strength
increased with the number of rolling passes. The
thermal stability of ARB-processed samples is also
affected by rolling. HOMOLA et al [23] reported
that the ARB Al-Fe—Mn—Si foils presented
discontinuous  recrystallization, =~ whereas  the
ARB + cold-rolled foils underwent continuous
recrystallization during annealing.

In light of the aforementioned studies, a
process that combines ARB with subsequent
cryorolling could offer means to produce high-
performance Al sheets. However, less reports thus
far have detailed the microstructure evolution and
resulting mechanical properties of ARB-processed
materials upon subsequent rolling at different
cryogenic temperatures. In this study, commercially
pure (CP) AA1060 sheets were processed via ARB
with subsequent rolling treatments at different
temperatures, and relationships among the grain
size, mechanical properties, and the cryogenic
temperature were analyzed. The effects of cold
rolling (298 K) and cryorolling (83 and 173 K)
were compared.

2 Experimental

The chemical composition of AA1060 sheets
used in this study is presented in Table 1. The
dimensions (length x width % thickness) of AA1060
strips were 200 mm x 80 mm x 1 mm before
rolling.

Table 1 Chemical composition of AA1060 sheets (wt.%)
Si Fe Cu Mn Mg Zn Ti V Al
0.12 0.14 0.03 0.01 0.02 0.03 0.02 0.03 99.60

Before rolling, the CP AA1060 sheets were
annealed at 673 K for 2 h. Then, the sheets were
processed via five-cycle ARB. The ARB-processed
sheets were further processed to a thickness of
0.2 mm via cold rolling (298 K) or cryorolling (83
and 173 K). The rolling processes were carried out
under dry friction, using a four-high rolling mill
with a work roll diameter of 170 mm. Figure 1
presents the schematic diagrams of the ARB and
subsequent cryorolling processes.
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Fig. 1 Schematic diagrams of accumulative roll bonding and subsequent cryorolling process

For the ARB process, AA1060 sheets were
surface treated and stacked, heated to 473 K for

5 min, and then rolled with a reduction ratio of 50%.

After rolling, the sheets were cut into two parts, and
the above processes were repeated. To obtain
sufficient bonding strength, the surfaces of two
sheets to be bonded were degreased and scratch
brushed using a stainless-steel brush with a wire
diameter of 0.4 mm. For subsequent cryorolling,
ARB-processed sheets were first cooled by a
cryogenic container for 20 min, and then rolled.

The overall five-step process is summarized as
follows. Step 1: sheets were annealed; Step 2:
sheets were processed by five-cycle ARB; Step 3:
ARB-processed sheets were further rolled for two
passes to a rolling reduction ratio of 50%, and the
thickness of UFG sheets was reduced to 0.5 mm;
Step 4: two more rolling passes were carried out to
obtain a total reduction ratio of 70% and sheet
thickness of 0.3 mm; Step 5: sheets were further
rolled to a total reduction ratio of 80% and final
thickness of 0.2 mm.

The microstructures and mechanical properties
of sheets subjected to ARB, ARB + cold rolling,
ARB + cryorolling (173 K), and ARB + cryorolling
(83 K) were examined. A Thermo Fisher Helios G4
PFIB was used to prepare TEM specimens from
processed sheets via the in-situ lift-out technique. A
Philips CM200 field emission gun transmission
electron microscope (FEG-TEM) operating at
200 kV was used to examine the cross-sectional
microstructures in the rolling direction and across
the sheet thickness. The processed sheets were
machined to strips (36 mm x 6 mm) for tensile tests

to obtain engineering stress versus strain curves.
Tensile tests were carried out at room temperature
with an initial strain rate of 1.0x107s™' using a
Shimadzu AGS-X 10 kN tensile tester. The fracture
surfaces of tested tensile samples were analyzed
using scanning electron microscopy (SEM).

3 Results and discussion

3.1 Microstructure evolution

Figure 2(a) presents TEM images of the
microstructures of sheets subjected to five-cycle
ARB. These images demonstrate that grains became
elongated along the rolling direction. For CP Al
sheets, grains were difficult to refine via five-cycle
ARB [7], but grains became much finer through
subsequent cold rolling and cryorolling, as shown
in Figs. 2(b—j). Moreover, grains were more
significantly refined through cryorolling than cold
rolling.

The grain size distributions in sheets subjected
to ARB and subsequent cold rolling or cryorolling
are shown in Figs. 3(a—j). Samples exposed to only
five-cycle ARB process demonstrated a mean grain
size of 666 nm. During subsequent rolling, the grain
size was further reduced with increasing rolling
reduction ratio. When the rolling reduction ratio
reached 80%, the mean grain size was further
refined to 346 nm via cold rolling, 335 nm via
cryorolling (173 K), and 266 nm via cryorolling
(83 K). The grain size of cold-rolled samples at the
rolling reduction ratio of 80% (346 nm) was smaller
than that of samples subjected to cryorolling (83 K)
at a rolling reduction ratio of 50%.
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Fig. 2 TEM images of microstructures of rolled samples of CP Al sheets: (a) ARB; (b) ARB + cold rolling (Step 3);
(c) ARB + cold rolling (Step 4); (d) ARB + cold rolling (Step 5); (¢) ARB + cryorolling at 173 K (Step 3); (f) ARB +
cryorolling at 173 K (Step 4); (g) ARB + cryorolling at 173 K (Step 5); (h) ARB + cryorolling at 83 K (Step 3);
(i) ARB + cryorolling at 83 K (Step 4); (j) ARB + cryorolling at 83 K (Step 5)

Figure 4(a) presents the relationship between Figure 4(b) provides the relationship between
rolling reduction ratio and mean grain size. Upon rolling temperature and mean grain size. For a
cryorolling, the mean grain size was reduced given rolling reduction ratio, mean grain size was
linearly with increasing rolling reduction ratio. reduced linearly with decreasing temperature.
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Fig. 3 Grain size distributions of rolled samples of CP Al sheets: (a) ARB; (b) ARB + cold rolling (Step 3); (¢) ARB +
cold rolling (Step 4); (d) ARB + cold rolling (Step 5); (e) ARB + cryorolling at 173 K (Step 3); (f) ARB + cryorolling at
173 K (Step 4); (g) ARB + cryorolling at 173 K (Step 5); (h) ARB + cryorolling at 83 K (Step 3); (i) ARB + cryorolling
at 83 K (Step 4); (j) ARB + cryorolling at 83 K (Step 5)
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Prior study has demonstrated that the mean
grain width of AA1050 samples subjected to
eight passes of ECAP at room temperature was
730 nm [24], while eight passes of ECAP at
cryogenic temperatures resulted in grains of
480 nm [25]. CHEN et al [26] reported that the
mean grain size of AA1060 subjected to six-pass
accumulative extrusion bonding was 440 nm, and
WANG et al [27] reported that the mean grain size
of UFG AA1060 subjected to cryogenic ARB
processing was 351 nm. Thus, it is apparent that
processing at cryogenic temperatures can contribute
significantly to grain refinement. Results presented
here suggest that the combination of ARB and
subsequent cryorolling can offer improved grain
refinement over ECAP, cryogenic ARB, and
accumulative extrusion bonding.

3.2 Mechanical properties
The yield strength and hardness of
AA1060 sheets are difficult to enhance via
five-cycle warm ARB. However, this study
demonstrated that both tensile strength and
microhardness could be increased through further
rolling treatments (Fig. 5). Compared with cold
rolling, cryorolling (83 K) resulted in much higher
ultimate tensile strength of the aluminum samples.
After annealing, the tensile strength and
microhardness of AA1060 sheets were only 75 MPa
and HV 28, respectively, but increased to 126 MPa
and HV 41 after five-cycle ARB. When the sheets
reached a rolling reduction ratio of 80%, their
tensile strength and microhardness, respectively,
were increased to 157 MPa and HV 49 via cold
rolling, while cryorolling (83 K) resulted in
increases to 166 MPa and HV 55. Thus, the
combined use of ARB + cryorolling improved these
mechanical properties by approximately 100%.
During subsequent rolling, the grain size in
AA1060 sheets decreased with increasing rolling
reduction ratio as well as decreasing cryogenic
temperature. Figures 2 and 3 demonstrate that the
mean grain size of samples subjected to cryorolling
was much smaller than that of samples subjected to
cold rolling, which contributed to the enhancement
of strength and microhardness in accordance with
the Hall—Petch relationship.
As shown in Figs. 5(b, ¢), the tensile strength
and microhardness of samples subjected to
cryorolling (83 K) reached 160 MPa and HV 52 at
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Fig. 5 Engineering stress vs strain curves (a), tensile
strength (b), and microhardness (c) of CP Al sheet
samples subjected to different processes

Step 4 of the process, demonstrating improved
performance over samples subjected to Step 5 of
cold rolling. This suggests that the wuse of
cryorolling over cold rolling can shorten the process
required to achieve a certain extent of grain
refinement and desired mechanical strength.
Furthermore, WANG et al [27] reported micro-
hardness reaching HV 50 in AA1060 sheets after
five-cycle cryogenic ARB, while LEE et al [28]
fabricated UFG AA1060 with a tensile strength of
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142 MPa via eight-cycle ECAP. This study thus
demonstrates that a combined process of ARB +
cryorolling (83 K) can better enhance the
performance in UFG materials.

As shown in Figs. 3 and 5, lower rolling
temperature resulted in finer grain size, which
corresponded to better mechanical properties. As
shown in Fig. 2(b), incomplete subgrains were
formed by dislocation entanglement. At increased
rolling reduction ratios, complete subgrains were
formed (Fig. 2(d)), resulting in subgrain boundary
strengthening. It is apparent that cryorolling
(Figs. 2 (e—j)) suppressed dynamic recovery and
contributed to the formation of the UFG
microstructure, which enhanced the mechanical
properties of the sheets.

The observed improvements in strength can be
attributed to grain refinement, according to the
Hall—Petch relationship [29]. YU et al [30] reported
a similar trend, finding that both the yield stress and
elongation of CP Al sheets increased with finer
grain size, more significantly in samples subjected
to asymmetric cryorolling than to asymmetric
rolling. Furthermore, WEI et al [31] reported that
grains were significantly refined and dislocation
densities were greatly increased in ECAP-processed
pure copper upon subsequent cryogenic treatment.

3.3 Fracture surface

Images of the fracture surfaces obtained after
tensile testing of the ARB-processed samples are
shown in Fig. 6(a). A sharp interface is apparent

Fig. 6 Morphologies of fracture surfaces of processed CP Al sheet samples after tensile testing: (a) ARB; (b) ARB +
cold rolling (Step 3); (¢) ARB + cold rolling (Step 4); (d) ARB + cold rolling (Step 5); (¢) ARB + cryorolling at 173 K
(Step 3); (f) ARB + cryorolling at 173 K (Step 4); (g) ARB + cryorolling at 173 K (Step 5); (h) ARB + cryorolling at
83 K (Step 3); (i) ARB + cryorolling at 83 K (Step 4); (j) ARB + cryorolling at 83 K (Step 5)



Qing-lin DU, et al/Trans. Nonferrous Met. Soc. China 31(2021) 33703379 3377

between two separated layers, indicating low
bonding strength. Bonding strength was increased
significantly via both cold rolling and cryorolling,
with no gap observed at the layered interface, which
is in good agreement with other studies [21,22]. In
samples subjected to ARB + cold rolling, the
maximum size of dimples on the fracture surface
decreased with increasing rolling reduction ratio,
rapidly from 102 to 41 pm, and gradually to 26 um
(Figs. 6(b—d)). The sizes of dimples observed after
fracture ranged from 63 to 51 um in samples that
were cryorolled at 173 K and from 65 to 48 um in
samples cryorolled at 83 K (Figs. 6(e—j)). This
suggests that combining ARB with subsequent
cryorolling to process UFG AA1060 sheets resulted
in better ductility than use of cold rolling. Thus,
cryogenic deformation methods should be further
considered in comparison with room-temperature
processes to optimize the ductility in UFG
materials.

4 Conclusions

(1) Ultrafine-grained commercially pure
aluminum sheets were successfully fabricated via
accumulative roll bonding with subsequent cold
rolling (298 K) or cryorolling (173 and 83 K). The
cold rolling and cryorolling treatments were both
found to improve bonding between laminate sheets
formed via the accumulative roll bonding process.

(2) With decrease in rolling temperature from
298 to 173 and 83 K, the mean grain size in Al
samples decreased from 346 to 335 and 266 nm,
respectively, while the mean grain size of ARB-
processed samples was 666 nm before subsequent
rolling treatments. One pass of subsequent
cryorolling (83 K) resulted in grains that were
slightly finer than those resulted from three passes
of cold rolling.

(3) In contrast to material softening that occurs
during traditional ARB, the mechanical properties
of ARB-processed AA1060 increased continuously
from 126 to 166 MPa upon introducing subsequent
cryorolling (83 k) to a reduction ratio of 80%.

(4) The depth of dimples observed after tensile
testing on the fracture surfaces of cold-rolled
samples decreased with increasing rolling reduction
ratio. Cryorolled samples, however, showed much
slighter variation. Cryorolling could therefore offer

better improvement in the ductility of UFG Al
alloys in comparison to cold rolling.
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ZREBLH IR EESTLZEHFZ
B 1060 B &S

HEHRD & 9512 B 2 Charlie KONGY, “rig g 2

LR FLH AR AR, mERE A i [ X sk ie &, Kb 410083;
2. WHRY BESHYE, Kb 410083;
3. IR T AR MU AR ABE, fEEH 414000;
4. Mark Wainwright Analytical Centre, University of New South Wales, Sydney, NSW 2052, Australia

R 5 ERRR B EANRL 1060 Hh& S, JERMRL I HEAT =38 RV HL(298 K) IRV LI (L
R 83 K AN 173 K)o SRATE ST A7 2 B A A it (K S AL 2R, o aed (s 6 A S e B P32 X6 ) e e
BRI RE . G5 RARY, FEBE G AL AR, RAEFLA R B SR R 3P Rk, I HLBE S LR R A RIS,
ae R RS ARAF EEAN  PRVA ALIRI(83 K)J i A 1) ek RO SR B FLAE A 1) 666 nm 4146 % 266 nm, X LTkt )A
72 5L(346 nm) ) ERLRST SEINAR/IN o [R5 FUAHEL, B 5 B TRV LA B 0 iy A1 A e ) iR EE A e b
KR RS 1060 FE e hs s AL TR ALE] RBEAL
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