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Effect of heat treatment on microstructure and mechanical property of
roll-bonded 1060/7N01/1060 laminates

Shun-giang LI, Guo-sheng SUN', Rui-sheng ZHANG', Xiao CHENG!, Ji-zi LIU'?

1. Nano and Heterogeneous Materials Center, School of Materials Science and Engineering,
Nanjing University of Science and Technology, Nanjing 210094, China;
2. Center of Analytical Facilities, Nanjing University of Science and Technology, Nanjing 210094, China

Received 4 July 2022; accepted 15 December 2022

Abstract: 1060/7N01/1060 laminated composites with reliable bonding interfaces were successfully fabricated via
single-pass hot rolling at 475 °C. The effects of layer thickness ratios on microstructure and mechanical property of
synthesized laminates were studied using scanning electron microscope, transmission electron microscope and electron
backscattered diffraction technique accompanied with hardness and tensile testing. Moreover, microstructure and
mechanical property of DCR (direct cold rolling) and ACR (solution annealing and peak ageing plus cold rolling)
samples were also explored. The results show that layer thickness ratios have little effect on microstructure of each
layer in hot-rolled sheets, and their mechanical properties are consistent with theoretical predictions based on the rule of
mixture. In comparison, extra heat treatment has no obvious effect on grain size of pure aluminium layers. However,
smaller strip-like grains along with dispersed, finer precipitates are formed in 7NOI layer of ACR samples, leading to
stronger grain refinement strengthening, precipitation strengthening and dislocation strengthening.
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1 Introduction

As one kind of the structural materials,
Al-alloys, with high specific strength, have been
widely used in many fields including civil aviation,
railway traffic and lightweight automobile and so
on [1,2]. As a main strengthening approach,
alloying can effectively improve the strength of
Al-alloys. However, the contribution of further
adding new alloying elements or increasing their
contents to the strength improvement of mature Al-
alloy systems has been very limited. Additionally,
this may lead to the increase of stress corrosion
sensitivity, and decrease of fracture toughness and
fatigue life [3—5]. Since the concept of plainified
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materials has been proposed to meet the demand
for resource sustainability [6], it must be very
meaningful to explore approaches to combine
advantages of different materials (such as the
superior corrosion resistance and good plastic
processing performance of pure Al, and the good
strength—ductility combination of Al-alloys) by
simple manufacturing processes. The development
of metallic laminated composites is one of the
representative achievements.

Many ways, including explosive welding
[7-9], extrusion [10,11], diffusion bonding [12,13],
friction stir welding [14], electrodeposition [15],
physical vapor deposition [16] and magnetic
sputtering [17], have been developed depending
on material type to fabricate laminated composites
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with good bonding quality. Among them, roll-
bonding is considered to be the most economical
and promising process for industrial application due
to its advantages in relatively low cost and high
production rate [18]. Up to now, various metal
laminated composites have been successfully
achieved via roll-bonding with/without post-heat
treatment, and the effect of rolling parameters (such
as rolling reduction and rolling temperature) on
bonding quality and integrated mechanical property
has been widely studied. For example, three-layered
Ti/Cu/Ti clad materials were prepared by cold
rolling at room temperature and the results
indicated that higher post-heat treatment
temperature accelerated the formation of inter-
metallic compound at the interface and promoted
the ductility of the laminated composites [19].
The 7B52 Al-alloy laminated composites were
fabricated by hot-roll bonding techniques and good
metallurgical bonding and straight interfaces were
achieved [20]. Multilayer 1100/7075 laminated
composites with excellent interface state were
synthesized by hot accumulative roll bonding
technology, and the effect of lamellar structural
parameters on the bending fracture behavior was
explored [21]. In addition, pure Al laminates with
various heterostructures were engineered via
extrusion, rolling and annealing, and the
hetero-deformation induced (HDI) strengthening
and strain hardening should be responsible for the
superior mechanical property [22].

However, studies on the effect of thickness
ratios on microstructure and mechanical property
during rolling process are limited and the effect of
subsequent precipitation behavior of synthesized
laminates on microstructure and mechanical
property has not been focused on. Hence, in the
present study, Al (1060)/Al-alloy (7NO1)/Al (1060)
three-layered laminates with different thickness
ratios (1:1:1, 1:2:1, 1:4:1) were designed and
fabricated via hot rolling at 475 °C. The inner layer
(7NO1 Al-alloy) provided strength and the outer
ones (pure Al) maintained a good corrosion
resistance. The bonding interfaces were analyzed

and the effects of layer thickness ratios on
microstructure features and mechanical properties
of the synthesized laminates were studied
contrastively. Moreover, the significant effects of
extra solution annealing and peak ageing treatment
before cold rolling on the microstructure evolution
and mechanical property were explored.

2 Experimental

The experimental materials used in this work
are commercial Al-alloy 7NO1 and pure Al 1060,
and the chemical compositions are given in Table 1.
Cold rolling was used to thin the initial 7NO1 alloy
and Al 1060 sheets (6 mm in thickness) down to
different thickness (2, 3 and 4 mm for 7NO1 alloy,
and 1, 1.5 and 2 mm for Al 1060). The diagrammatic
illustration of the experimental procedures is shown
in Fig. 1. After homogenization annealing at 475 °C
for 2 h, the sheets were cut into cuboids with length
of 80 mm and width of 60 mm. After surface
treatment, these 1060/7N01/1060 cuboids were
stacked and fastened, to obtain initial sandwich
structure with different constituent layer thickness
ratios of 1:4:1, 1:2:1, and 1:1:1, respectively. Thus,
the total thickness of the primary sandwich-
structured sheets was 6 mm. After being preheated
at 475 °C for 5 min, these sheets were roll-bonded
immediately via a single-pass hot rolling. The
rolling speed was 0.34 m/s, and the total thickness
reduction was about 55%. For simplicity, the
corresponding hot-rolled sheets with initial layer
thickness ratios of 1:1:1, 1:2:1 and 1:4:1 were
referred to as Sheet A, Sheet B, and Sheet C,
respectively. The sheet C was then divided into two
equal pieces. One was directly cold rolled (DCR) at
room temperature with a total thickness reduction
of ~60%, which was referred to as Sheet D. The
other piece was first solution-annealed at 475 °C for
2 h, then artificial ageing at 120 °C for 48 h was
performed in the oil bath furnace, and finally, the
obtained specimen was suffered similar cold
deformation (ACR), and the cold-rolled sample was
marked as Sheet E.

Table 1 Chemical compositions of 7N0O1 Al-alloy and 1060 pure Al (wt.%)

Alloy Zn Mg Cu Mn Fe Si Cr Ti Zr Al
7NO1 4.86 1.22 0.131 0.345 0.08 0.038 0.171 0.047 0.133 Bal.
1060 0.018 0.004 0.002 0.003 0.257 0.078 0.002 0.021 - Bal.
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Fig. 1 Schematic illustration of experimental procedures

Microstructure and layer morphology of the
composites were characterized via a scanning
electron microscope (SEM, FEI Quanta 250F)
equipped with an Oxford energy dispersive X-ray
spectrometer (EDS), a Carl Zeiss Auriga crossbeam
focused ion beam electron microscope equipped
with electron backscattered diffraction (EBSD), and
transmission electron microscope (TEM). All the
samples were ground and polished using standard
metallographic technique, and all the microstructure
characteristics were captured from the rolling
direction—transverse direction (RD—ND) sections.
The EBSD examinations were performed at
operating voltage of 15kV, aperture of 120 mm,
working distance of 14 mm, and step size of
0.4 um. TEM examinations were conducted in FEI
Titan G2 60—300 Cs-corrected HRTEM instrument
operated at 300 kV.

Hardness measurements were performed using
HMV—-G 21DT micro Vickers hardness tester with
an applied load of 0.49 N and a dwelling time of
10s, and each hardness value is the average of
more than 10 measurements. Flat dog-bone tensile
specimens with gauge length of 5 mm and width of
2 mm were sectioned along RD. Uniaxial tensile
tests were carried out at ambient temperature on an
Instron—5982 testing machine with a crosshead
speed of 0.3 mm/min. Three specimens were
prepared for each condition to ensure the data
reproducibility.

3 Results and discussion
3.1 Microstructural features of hot-rolled

laminated composites

The microscopic morphologies of the hot-
rolled laminated composites are shown in Fig. 2.
No obvious cracks and voids can be seen at the
straight bonding 1060/7N01 interfaces regardless of
the constituent layer thickness ratios, as shown in
Figs. 2(a—c), indicating that different layers are
bonded together after single pass hot rolling with a
thickness reduction higher than 50%. The thickness
reduction of each layer in the three samples are
calculated, as given in Table 2, according to the
thickness change of the layers before and after hot
rolling. Obviously, pure Al layers suffer larger
deformation due to the superior plastic process-
ability. In higher magnification (Fig. 2(d)), a few of
discontinuous island-shaped oxides inlaid in the
interface appear occasionally. TEM observations
further prove that two types of interface
morphologies have been formed during hot rolling.
One is the straight and clean interface without any
oxides (Fig. 2(e)), and the other is the formation
of an oxidation transition layer between pure Al
and 7NO1 Al-alloys (Figs. 2(f, g)). Actually, the
oxidation behavior at the interface is hard to avoid
in this case due to the higher rolling temperature.
The EDS map-scanning analysis of the transition
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Fig. 2 Interface morphologies of hot-rolled laminated composites: (a—d) SEM image; (e, f) TEM images of Sheet C;

(g) HAADF-STEM image and corresponding EDS map-scannings of interface morphologies of Sheet C

Table 2 Actual reduction of hot-rolled 1060/7N01/1060
laminated composites with various thickness ratios

Sheet Reduction of Reduction of Total
1060 layer/% 7NO01 layer/%  reduction/%

A 56.6 50.3 54.5

B 56.7 51.9 54.3

C 58.3 52.7 54.6

layer shows that these compounds are mainly
Mg—Al mixed oxides (Fig. 2(g)). Anyway, reliable
interfacial metallurgical bonding between pure Al
and Al alloy layers has been achieved except the
occasionally appearance of small amounts of
oxides.

The microstructure of pure Al and 7NO1 layers
after hot rolling were characterized by SEM and
EBSD, respectively. Figures 3(a—c) show typical
SEM micrographs of pure Al layers after hot rolling.
As shown, dynamic recrystallization takes place,
leading to the formation of equiaxed grains. The
grain size of pure Al is measured carefully using
the linear intercept method based on the SEM
micrographs, and the corresponding grain size
distribution histograms are shown in Figs. 3(d—f).
The average grain size (AG) of pure Al layers of

Sheets A, B and C are 1.53, 1.48 and 1.4 um,
respectively. As  expected, higher thickness
reduction results in finer grains.

EBSD analysis maps showing microstructure
features of 7NO1 layers are shown in Fig. 4. From
the inverse pole figure (IPF) maps (Fig. 4(a)), one
can note that the hot-rolled 7NO1 layers in all
the specimens are mainly composed of severe
elongated grains. The grain size along normal
direction is estimated based on the EBSD data,
and the average values of Sheets A, B, C are 2.83,
2.95 and 2.87 um, respectively (Fig. 4(d)). The
corresponding  grain  boundary  distribution
histograms are also shown in Fig. 4(e), indicating
that the percentage of high-angle grain boundary
(HAGB) increases gradually with the increase in
thickness of 7NO1 Al-alloy layer. This indicates that
the microstructure in 7N0O1 layers does not undergo
obvious recrystallization. The corresponding
recrystallization distribution maps (Fig. 4(b)) give
direct experimental evidences for this. The
percentages of different grain types of the three hot-
rolled specimens are summarized in Fig. 4(f). This
should be attributed to the higher recrystallization
temperature (~370 °C) of 7NO1 Al-alloys and the
short duration during hot rolling. Corresponding
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Fig. 3 SEM images (a—c) and corresponding grain size distribution histograms (d—f) of pure Al layers of Sheet A, Sheet
B and Sheet C (AG—Average grain size; N-Number of measured grains)

Kernel average misorientation (KAM) maps are
shown in Fig. 4(c). KAM maps give a direct vision
on the distribution of micro-strain, and higher KAM
value refers to higher number of dislocation density
because local misorientation is proportional to
geometrically necessary dislocations [23]. The
measured average KAM values of the three
hot-rolled samples are 1.14°, 1.05° and 1.03°,
respectively. Sheet C has the lowest KAM value,
indicating a relatively stronger dynamic recovery
and recrystallization effects, which is in accord with
the results in Fig. 4(b). The higher deformation
degree in 7NO1 layers of Sheet C may accelerate
the recovery and recrystallization processes.

The hot-rolled microstructure in 7NO1 layer
of Sheet C was further characterized by TEM
observation, as shown in Fig. 5. The elongated
grains with ~3.6 pm in width are observed in
Figs. 5(a, b), which is in accord with the EBSD
results (Fig.4). It can be found that the large
elongated grains mainly consist of tangled
dislocations and many sub-grains. The insert in
Fig. 5(a) shows the selected area electron
diffraction (SAED) pattern of the low angle grain
boundary with the misorientation angle of ~8.3°.
Additionally, large amounts of particles are formed

dynamically during hot rolling, which can be
clearly captured from the HAADF-STEM micro-
graph (Fig. 5(c)). The corresponding elements
mapping images of the selected area (Fig. 5(d))
indicate that the larger rod-like particle is formed by
the enrichment of Mn and Cr elements, and the
small ones (marked by 1-3) contain the Mg and Zn
elements. EDS composition analysis displayed in
Table 3 shows that these small precipitations are
MgZn; phases.

3.2 Mechanical properties of hot-rolled laminated
composites

The hardness of pure Al and 7NO1 layers in the
hot-rolled laminated composites are presented in
Fig. 6(a). The micro-hardness of pure Al layers
keeps a same value of 0.37 GPa regardless of the
constituent layer thickness ratios, showing similar
degrees of dynamic recrystallization, which is
consistent with SEM observation (Fig. 3). For the
7NO1 layers, the average hardness value decreases
slightly from 1.05 to 0.98 GPa, with the increase in
the thickness of 7NO1 layers. The gentle softening
must be related to the decrease of the amounts of
deformed structure (Fig.4), which corresponds to
the increase of thickness reduction (Table 2).
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Fig. 4 EBSD analysis maps of 7NO1 layers: (a) IPF maps; (b) Recrystallization distribution maps; (c) KAM maps;
(d) Grain size distribution histograms; (e) Misorientation angle distribution histograms; (f) Relative proportion of
different types of grains for samples; (g) KAM distribution histograms (The average grain size (AG), the average
orientation angle (6), the fraction of high-angle grain boundaries (Fuacss) and the average KAM values (K ) are also
shown)
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Fig. 5 Bright (a) and dark (b) field TEM micrographs of 7NO1 layer for Sheet C; (¢c) HAADF-STEM image observed
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Table 3 Chemical compositions obtained by EDS point
scanning in Fig. 5(d) (at.%)

Point No. Al Zn Mg
1 96.5 2.35 1.15
2 97.36 1.72 0.93
3 97.36 1.84 0.8

Figure 6(b) shows the engineering stress—
engineering strain plots of hot-rolled laminated
composites, and the mechanical properties are
summarized in Fig. 6(d). Undoubtedly, the hot-
rolled 7NO1 Al-alloy exhibits much higher strength
and better uniform elongation than the hot-rolled
1060 pure Al. However, for the hot-rolled laminated
composites, the values of yield strength (0.2%
strain offset stress) of Sheets A—C are measured as
180, 210 and 240 MPa, respectively. Their values
of tensile strength are 196, 239 and 279 MPa,
respectively. Both the yield strength and tensile
strength increase greatly with increasing the
proportion of 7NO1 Al-alloy component. Mean-
while, the ductility (uniform elongation) is also
improved gently from 6.3% of Sheet A to 8.4% of
Sheet C. The good strain hardening ability should
be responsible to the considerable ductility.

For the laminated composite structure, the

yield strength (os) and uniform elongation (eug, true
strain) can be expressed as [24,25]

O-s :ZViO-[,s (1)

P ZV:U:',UEgi,UE
UVE~= ~71,_
ZViaz‘,UE

()

where V; and o;; are the volume fraction and yield
flow stress of the component i (1060 pure Al and
7NO1 Al alloy), respectively; o;ue and &;ug refer to
the true stress and true strain of the component i
at necking point, respectively. The theoretically
predicted values of yield stress from the rule of
mixture (ROM) are 176, 214 and 250 MPa,
respectively, indicating a good agreement between
experimental results and theoretical calculations.
With regards to ductility, the calculated values of
uniform elongation (true strain) from ROM of
Sheets A, B and C are 0.048, 0.054 and 0.058,
respectively. The predicted values are obviously
lower than the experimental observations (they are
0.06, 0.065 and 0.08, respectively). It seems that
extra strain hardening has been introduced in the
laminated sheets, which leads to a tensile ductility
higher than predication by the ROM. Similar
phenomenon has been reported in a coarse-grained/
nanostructure laminate material [26]. The authors
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Fig. 6 Hardness in 7NO1 Al-alloy and pure Al layers (a); engineering stress—engineering strain curves (b); strain
hardening rate curves (c); comparison of tensile properties of experimental materials of hot-rolled laminated composites

with various thickness ratios (d)

stated that the well-bonded interface maintained the
overall uniform deformation for the whole sample,
and mechanical incompatibility between different
layers during tensile deformation generated high
strain hardening. In this case, pure Al layers have
limited uniform elongation owing to the lack of
sufficient strain hardening capacity, while the 7NO1
alloy has considerable strain hardening capacity
(Fig. 6(b)). Thus, the outer pure Al layers start
necking early at deformation stage. However, this
necking process is stopped by the middle 7NO1
layer. The formation of instable outer layers and
stable middle layer mutually restrict each other,
resulting in the converting from uniaxial applied
tensile stress to bi-axial stresses [26]. As a result,
geometrically necessary dislocations (GNDs) are
generated and pile up around the interface in order
to accommodate the mechanical incompatibility
across the interface, which can produce an extra
strain hardening [27].

As can be seen in Fig. 6(c), Sheet C with layer
thickness ratio of 1:4:1 exhibits the highest strain
hardening ability. It is conventionally believed that
the strain delocalization and strain gradients
originate from the internal stress induced by

deformation incompatibility between constituent
layers during the tensile deformation [28]. However,
local stress state and strain distributions can be
significantly affected by layer thickness ratio. XIA
et al [29] have shown that layer thickness ratios can
change the affected zone range of strain gradients in
constituent layers. They found that when the
volume fraction of soft layer was reduced to a
certain extent, the compressive strain gradient
regions could cover the entire soft layer, leading to
significant improvement of strain hardening ability.
Thus, it is basically reasonable that the overall
performance of Sheet C is better than that of the
other two laminates. In addition, the heterogeneous
interfaces with strain gradients can produce a
hetero-deformation induced (HDI) hardening effect,
which can simultaneously improve strength and
ductility [30,31].

3.3 Effect of DCR and ACR treatment on micro-
structure features

As can be seen in Fig.5, MgZns-type

precipitates are formed during hot rolling. Different

features of dynamic precipitates and static ones may

exist, and it should be meaningful to explore their
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effects on the corresponding mechanical property.
Thus, the hot-rolled Sheets C were selected to
perform the subsequent DCR and ACR treatment,
respectively, due to its good strength—ductility
combination. During the ACR processing, the
ageing time is very critical for precipitation
evolution. As shown in Fig. 7, the micro-hardness
of 1060 pure Al layer remains largely unchanged
(~0.24 GPa) during ageing regardless of holding
time. However, for the 7NO1 alloy layer, the
hardness values increase rapidly from 0.67 to
1.05 GPa at first stage (0—12 h), then followed by
a relatively moderate increase before reaching a
peak value (1.25 GPa at 48 h), and finally a slight
decrease with further extension of ageing time.
Similar phenomenon has been reported in previous
studies [32—34]. When ageing at 120 °C for 0—48 h,
the formation of GP zones (GPI and GPII) and
metastable 7’ phase is believed to be responsible for
the age hardening in this system [35,36]. However,
the subsequent softening stems from the formation
of the incoherent 77 phase particles [35].

1.4
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0.8 ——7NO01 layer
—=—Pure Al layer
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Fig. 7 Hardness evolution of 7NO1 alloy and pure Al

layers during ageing at 120 °C

Samples after ageing at 120°C for 48 h,
marked as Sheet T6 (Fig. 1), were prepared for
EBSD and TEM observations, as shown in Fig. 8.
For the pure Al layer, obvious grain growth occurs
and the average grain size reaches ~30 pm.
Compared to the hot-rolled samples (Fig. 6(a)), the
hardness decrease of pure Al layer should be mainly
due to grain coarsening during solution annealing
and peak ageing, as shown in Fig. 8(a). The heat
treatments also make a slight softening (from 0.98
to 0.67 GPa) in 7NO1 alloy layers. As can be seen,
though most of the grains still keep stretching, static
recrystallization has occurred and many ultrafine
grains (~0.41 ym) with straight and clear
boundaries are formed in these elongated grains
(Fig. 8(b)). In addition, abundant nano-scaled
precipitates have been formed during the peak
ageing, which can be observed clearly in the
HAADF-STEM image (Fig. 8(c)). It is reasonable
to consider that these particles belong to GP zones
and 7' phase, which has been verified by many
previous studies [34—36]. Larger spherical one
indicated by red arrow is believed to be AlsZr [37].

The effects of DCR and ACR treatment on the
microstructure features of 1060 pure Al layers are
shown in Fig. 9. The equiaxed grains are stretched
along the rolling direction. The grain size has
been refined to wvarying degrees versus their
corresponding  initial microstructure.  Careful
analysis reveals that the average values of grain size
of pure Al layers in Sheets D and E are 0.64 and
0.7 pum, respectively.

Above SEM observation shows that the extra
solution annealing and peak ageing treatments
almost have no effects on the grain size of pure Al
layers. However, two obvious differences can be
captured in the microstructure of 7N0O1 alloy layers.

Fig. 8 Microstructural characteristics of Sheet T6: (a) IPF map; (b) Bright-field TEM image of 7NOI layer;
(c) HAADF-STEM image of 7NO1 layer obtained along (112)4; zone axis
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As shown in Fig. 10, strip-like grains with large
numbers of tangled dislocations are formed during
cold rolling in both samples. However, the average
width of these grains in Sheet E is ~185 nm, which
is much smaller than that in Sheet D (~330 nm).
Another important difference is the formation of

Sheet D
AG: 0.64 pm
N=305

Frequency

0 0103050709 1113151719

Grain size/um

precipitates, as shown in Figs. 10(c, f). Obviously,
the particles in Sheet E are much finer than those in
Sheet D, and the density is also much higher. It
can be concluded that the precipitates in Sheet D
mainly inherit from the hot-rolled microstructures
(Fig. 5(c)), which are stable 5 phases. However,

Sheet E

S

Frequency

0 0.103050709111315171.9
Grain size/um

Fig. 9 SEM micrographs (a, b) and corresponding grain size distributions (c, d) of pure Al layer of cold-rolled samples

Al o

Z. pA=[119]

. "1007nm

Fig. 10 Typical TEM micrographs of Sheet D (a, b) and Sheet E (d, ¢), and HAADF-STEM images of Sheet D (c) and

Sheet E (f) obtained along (112)a1 zone axis
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redissolution of these particles takes place during
solution annealing at 475 °C for 2 h. Therefore, the
finer precipitations in Sheet E must stem from the
subsequent peak ageing treatment. Different from
the coarser particles in Sheet D, these precipitates in
Sheet E should be mainly metastable 7' phases
having semi-coherent interfaces with Al matrix,
which is considered as the main strengthening
phase in T6 condition [38]. And this conclusion
keeps well accordance with the hardness variation
trend (Fig. 7). In addition, the stronger pinning
effect of the finer precipitates in Sheet E results in
the formation of dense dislocation tangles, leading
to higher dislocation density, as can be seen in
Figs. 10(d, e).

3.4 Effect of DCR and ACR treatment on
mechanical properties

Comparisons of engineering stress—strain
curves of cold-rolled samples are shown in
Fig. 11(a), and the corresponding mechanical
properties are in Table 4. For
comparison, the mechanical property of T6 sample
is also given, and its values of yield strength and
tensile strength are 258 and 287 MPa, respectively.
After cold rolling, Sheet E has high strength (yield
strength of 360 MPa and tensile strength of
369 MPa) but poor ductility (uniform elongation of
~1.3%). Although the yield strength and tensile
strength of Sheet D are ~15% and 14% lower than
those of Sheet E, the uniform elongation and total
elongation are increased by ~130% and 160% to
3% and 6.5%, respectively. Strain hardening rate
(do/de) curves are shown in Fig. 11(b). It can be
found that there are two typical strain hardening
stages including a steep decrease stage at small
strain and a steady-state one at larger strain.
However, Sheet E has no obvious steady-state work
hardening stage, and the strain hardening rate
decreases rapidly at a small strain (<0.013) till
necking. By comparison, Sheet D has superior work
hardening ability due to the higher strain hardening
rate at the whole strain stage.

It can be seen from Fig. 8 that obvious grain
growth has occurred in both pure Al layer and 7N0O1
layer. Meanwhile, abundant static precipitates are
formed in 7NO1 layer after solution treatment
and peak ageing. Similar mechanical properties
between Sheet C and Sheet T6 indicate that the
strengthening effect caused by static precipitates

summarized
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n
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Fig. 11 Mechanical properties after heat treatment and
cold rolling treatment: (a) Engineering stress—strain
curves; (b) Strain hardening rate curves

Table 4 Tensile properties after heat treatment and cold
rolling treatment

Yield Ultimate Uniform Total
Sheet strength/ tensile elongation/ elongation/
MPa  strength/MPa % %
C 240 279 8 14.3
T6 258 287 7.4 20
D 305 318 3 6.5
E 360 369 1.3 2.5

can compensate for the strength loss due to
dislocation recovery, grain coarsening and
redissolution of dynamic precipitates during
solution treatment. The enhanced total elongation
can be ascribed to better deformation coordination
ability of the coarse and free-dislocation grains. For
cold-rolled samples, the microstructure discrepancy
between Sheets D and E is not significant for the
pure Al layers, as shown in Fig. 9. Thus, the effect
of soft pure Al layers on the whole strength should
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be limited. As to the 7NO1 Al-alloy layer, three
important microstructure differences exist between
Sheets D and E. First, the width of strip-like grains
formed during cold rolling in Sheet D is larger than
that in Sheet E (Figs. 10(b, e)). According to the
classical Hall-Petch relation [39], stronger grain
refinement strengthening can be generated in Sheet
E. Second, finer precipitates with higher density can
be seen in Sheet E (Figs. 10(c, f)), which is formed
during peak ageing. These particles in Sheet E
should mainly be semi-coherent 7' phase, while the
larger ones in Sheet D is believed to be stable #
phase, which is non-coherent with Al matrix.
Therefore, stronger precipitation strengthening
should be formed in Sheet E. Third, the finer, more
dense and semi-coherent #' phase can be more
effective in hindering dislocation movement,
resulting in higher dislocation density after cold
rolling (Figs. 10(d, ¢)), leading to a stronger
dislocation strengthening. Thus, the synergy effect
of multi-strengthening mechanisms makes Sheet E
much stronger. However, initial higher dislocation
density in cold-rolled Sheet E makes follow-up
dislocations difficult to slip and accumulate during
subsequent tensile testing. This causes pre-mature
necking of Sheet E without evident strain hardening
(Fig. 10), which is typical tensile feature of severely
deformed metals [40,41].

4 Conclusions

(1) The 1060/7N01/1060 laminated composites
with reliable interfacial metallurgical bonding have
been achieved via single-pass hot rolling at 475 °C.
Microstructure features of hot-rolled sheets are
similar, regardless of layer thickness ratios.
Equiaxed grains with average grain size of ~1.5 um
are formed in pure Al layers, and large elongated
grains (~3.6um in width) containing tangled
dislocations and many sub-grains are observed in
7NO1 alloy layer.

(2) The experimental data of yield strength
keep good agreement with theoretical analysis
based on the rule of mixture. However, extra strain
hardening induced by well-bonded interfaces results
in better practical tensile ductility. A good strength—
ductility combination along with considerable strain
hardening ability is obtained in the hot-rolled
1060/7N01/1060 sheets with layer thickness ratio of
1:4:1.

(3) Extra solution annealing and peak ageing
treatment has nearly no influence on the micro-
structural features of pure Al layers. However, two
obvious differences can be captured in the 7NO1
layers. Compared to the DCR sheets, the strip-like
grains in 7NO1 layers of ACR samples are further
refined from 330 to 185 nm, and the precipitates
with higher density inherited from the ageing
processing are also much finer. Thus, grain
refinement strengthening and stronger precipitation
strengthening and dislocation strengthening make
the ACR specimens much stronger than the DCR
ones.
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