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In-situ investigation of deformation behavior and
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Abstract: In-situ bending and stretching were conducted on hot-rolled and annealed Ti/Al/Mg/Al/Ti laminates, with a
focus on crack initiation and propagation of intermetallics and component layers, which helps to clarify their
deformation behavior and fracture forms. The results show that delamination is the early fracture form of laminate with
or without intermetallics at Al/Mg interface, so Al/Mg interfacial bonding strength determines the mechanical properties
of laminate. Various and irregular intermetallics cracks lead to Al/Mg interface delamination in annealed laminate and
help to release stress. Necking and fracture of component layers are observed at the late deformation stage, and the
sequence is Al, Mg and Ti layers, resulting from their strength. Angle between crack propagation direction and
stretching direction of Mg layer both in rolled and annealed laminates is around 45° due to the effect of shear
deformation, and crack convergence leads to final complete fracture of Mg layer.
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1 Introduction

Mg alloy is a commonly used component
sheet owing to its high specific strength and
stiffness [1,2], and other metal sheets including Al,
Ti, stainless steel, etc, are often cladded to the
surface of Mg sheet by rolling, pressing, welding or
extruding to obtain metal laminates [3—8]. These
metal laminates have attracted much attention
owing to their excellent comprehensive physical
and mechanical properties [9,10].

Compared with single metal sheets, apart
from the common failures including necking and
fracture [11,12], metal laminates exhibit interfacial

delamination in practice [13,14] because of the
following reasons: (1) limited interfacial bonding
strength of rolled or pressed metal laminates due
to their layer-by-layer stacking nature [15,16];
(2) new intermetallics with high hardness and low
ductility formed at a certain temperature during
processing or application [17,18]. Therefore,
interfacial delamination is an important failure form
of metal laminates, which could significantly
reduce the strength and stiffness of laminates. If
microcracks at the interfaces or in component layers
can be found at early stage of deformation,
some industrial accidents can be prevented in
advance. Therefore, it is of great importance to
understand crack initiation and propagation process
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of metal laminates.

In-situ scanning electron microscopy (SEM)
investigation is a novel and effective method to
detect crack initiation and propagation [19-21].
SADEGHI et al [22] studied the deformation
behavior of steel/Mg/steel laminate using in-situ
stretching, and clarified the relationship between
fracture mode and slip activation by texture analysis
of Mg layer at different strains [22]. In-situ
stretching experiment of Al/Ti laminate indicates
that ductile shear fracture is the main failure form
of laminate rolled at low temperatures, while
delamination is the main failure form of laminate
rolled at high temperatures [23]. However, reports
on crack initiation and propagation of Ti/Al/
Mg/Al/Ti laminate are few.

In this work, three-point bending and uniaxial
stretching deformation process of Ti/Al/Mg/Al/Ti
laminate were observed wusing in-situ SEM
technique at room temperature. In order to
obtain a comprehensive understanding of fracture
mechanism of Ti/Al/Mg/Al/Ti laminate, two kinds
of samples are prepared. One is rolled laminate,
which focuses on the interfacial delamination,
necking and fracture of component layers; the
other is annealed laminate, which emphasizes on
cracks of intermetallics themselves, and the effect
of intermetallics on the failure of the whole
laminate.

2 Experimental

2.1 Fabrication of Ti/Al/Mg/Al/Ti laminate
Commercial TA2 Ti, 5052 Al and AZ31 Mg
were chosen as the component layers of Ti/Al/Mg/
Al/Ti laminate. After surface polishing and cleaning,
these component layers were stacked and then
rolled at 450 °C with a single pass of 50% rolling
reduction. The specific rolling process has been

(@) (b)
4 6
30
TD
Thickness=2.1 mm
RD

reported in our previous work [24]. Annealing
temperature was 300 °C and the holding time was
1 h. Here, the rolled and annealed samples are
denoted as R450 and A300, respectively.

2.2 In-situ tests and characterization

The dimensions of in-situ three-point bending
and uniaxial stretching samples are given in
Figs. 1(a) and (b), respectively. Before in-situ tests,
samples were ground and polished. A Mira-3 SEM
was used to observe the microstructure evolution of
R450 and A300. In-situ deformation speed was set
as 1 pm/s.

3 Results and discussion

3.1 Microstructures of Ti/Al/Mg/Al/Ti laminate

Figure 2 shows the microstructures of R450
and A300, both of which have well-bonded
interfaces without delamination and voids. R450
presents a straight Ti/Al interface and a wavy
Al/Mg interface, which is similar to three-layered
Ti/Al/Mg laminates in our previous work [25].
A300 exhibits an obvious difference that two
intermetallic layers appear at the Al/Mg interface.
According to Mg—Al binary alloy phase diagram
and literature [26], the layer near Al alloy is Al;Mg,
and the layer near Mg alloy is Mg;Al,.

3.2 In-situ bending test results

Figure 3 presents the whole three-point
bending process of R450, and bending direction is
marked in Fig.3(a). The top Ti/Al and Al/Mg
interfaces are chosen to investigate microstructure
evolution, because top zone above the neutral layer
of R450 undergoes tensile stress, which is easier to
break than bottom zone under the compressive
stress.

First, delamination locally happens at A/Mg
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Fig. 1 Schematic of sample used in in-situ tests: (a) Three-point bending; (b) Uniaxial stretching (unit: mm)
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Fig. 2 Microstructures of Ti/Al/Mg/Al/Ti laminates: (a) R450; (b) A300
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Fig. 3 Microstructure evolution of R450 during in-situ three-point bending

interface, as shown in Fig. 3(b). Then, it can be seen
in Fig. 3(c) that interface crack grows and new
delamination appears. With the increase of bending
degree, crack initiation is observed in Mg layer in
Fig. 3(d). Crack quickly propagates in Mg layer and
new parallel crack appears, as shown in Fig. 3(e).
Figures 3(f) and (g) are enlarged views of the red
rectangle box in Fig. 3(e), which mainly shows the
crack tip and secondary crack. It should be noted
from cracks (Fig.3(f)) and slip lines in shear
deformation zone (Fig. 3(g)) that crack in Mg layer
propagates in the 30° direction.

The same bending experiment is conducted on
A300, as shown in Fig. 4(a). It can be seen in
Fig. 4(b) that delamination at Al/Mg interface is
still the first failure form of annealed laminate.

Therefore, mechanical properties of Ti/Al/Mg/Al/Ti
laminate depend on its weak link, i.e., the bonding
strength of Al/Mg interface. Figure 4(c) shows the
enlarge view of red rectangle box in Fig. 4(b), and
four kinds of cracks are observed: (1) cracks at
AlzMg,/Mg Al interface, which parallels the RD
and accounts for the largest proportion; (2) cracks at
Al/AlsMg, interface; (3) cracks at Mg;;Al;/Mg
interface, which occurs at serrated crack zone;
(4) short cracks, parallel to the ND. The first three
types are marked by white arrows, and the last one
is marked by white ellipses.

With the increase of load, the gap between Mg
and Al layers increases, and the short cracks in
white ellipses also become wider in Figs. 4(d) and
(e). However, no facture occurs in Mg layer under
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the same displacement as that of R450. The reason
may be that hard and brittle intermetallics in
annealed laminate help to bear and release stress.

3.3 In-situ stretching test results
Figure 5 illustrates the whole in-situ stretching
test of R450, and the stretching direction is marked

in Fig. 5(a). At the early stage, Ti/Al and Al/Mg
interfaces are bonded well, as shown in the enlarge
view of Fig. 5(b). Then, delamination appears at
Al/Mg interface, but there exist some bonded zones,
as shown in Fig. 5(c). As stretching test continues,
Al/Mg interface presents a complete delamination
in Fig. 5(d). It is interesting in Fig. 5(e) that gap
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Fig. 5 Microstructure evolution of R450 during in-situ stretching



1660 Hui-hui NIE, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1656—1664

between Al/Mg interface further increases, and the
crack initiation can be found in Mg layer. The crack
propagates rapidly until Mg layer completely
breaks into two parts in Fig. 5(f), and the angle
between stretching direction and crack propagation
1s around 45°, which is the direction of shear stress
during uniaxial stretching.

It should be noted that crack growth in Mg
layer is very fast, so the process from Figs. 5(e) to
(f) only needs a few seconds. Previous study [27]
also proves that once delamination appears, it
propagates quickly until the whole laminates
fracture. Figures 5(g—i) are partial enlarged views
of three red rectangle boxes numbered @O, @) and
® in Fig. 5(f), respectively, which are beneficial to
further studying the specific deformation process of
component layers of R450. Combining Figs. 5(g)
and (i), it can be found that the top Al layer
fractures earlier than bottom Al layer, and Ti layer
would be the last broken component layer owing to
its highest strength compared with Mg and Al
layers.

The specific deformation process is as follows:
at the early stage of stretching, five component
layers of the laminate experience synchronous
elastic and then plastic deformation. Then,
synchronous deformation cannot continue due to
the difference in ductility between Mg and Al
layers. At this time, hindrance of delamination at
Al/Mg interface comes from two aspects: (1) the
peaks and valleys of wavy interface, which are
perpendicular to stretching direction; (2) the friction
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at Al/Mg interface. Therefore, the larger the wavy
extent of Al/Mg interface is, the Ilater the
delamination appears. After delamination appears at
Al/Mg interface, the thickness of Al layer in the
delamination region determines the fracture time of
Al layer. Combining with Fig. 2(a), it can be known
that actual cross-sectional area of Al layer in
different regions during stretching
process. The smaller the thickness of Al layer is, the
earlier the fracture occurs.

Obviously, fracture of Mg layer results from
the combined action of a crack from top zone of
R450 and a crack from bottom zone. The top crack
and the bottom crack start at the asymmetric
locations, propagate separately, and finally
converge around the neutral layer of R450, so a
sharp corner can be seen in Fig. 5(h). Besides,
secondary crack can also be found around the sharp
corner of Mg layer.

Crack initiation and propagation of A300
during in-situ uniaxial stretching process are more
complicated than those of R450, because of the
effect of intermetallics and component layers
deformation and their interaction in fracture mode
of Ti/AI/Mg/Al/Ti laminate. Hence, intermetallics
and component layers are observed, respectively, as
shown in Figs. 6 and 7. Moreover, in order to give a
comprehensive and detailed presentation of fracture
process of A300, the early deformation stage before
crack or delamination appeared is omitted.

Figure 6(a) illustrates that delamination occurs
locally at the top Al/Mg interface, indicating that
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Fig. 6 Intermetallics microstructure evolution of A300 during in-situ stretching
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Al/Mg interface delamination is the earliest failure
form of Ti/AI/Mg/Al/Ti laminate with or without
intermetallics. Figures 6(b) and (c) show the
enlarged views of red rectangle box in Fig. 6(a),
indicating that cracks at Al/Al;Mg, interface and in
AlzMg, itself are the main reason of layer
delamination. Besides, short cracks are also found
and marked by white ellipses.

As tensile strain increases, delamination at top
Al/Mg interface becomes wider and longer, and
new delamination at bottom Al/Mg interface
appears, as shown in Fig. 6(d). Figures 6(e) and (f)
show the enlarged views of red rectangle box in
Fig. 6(d). In addition to the crack in Al;Mg, itself
(Fig. 6(e)), a new kind of crack accruing Al;Mg,
and Mg;Al;, layers is observed in Fig. 6(f).
Meanwhile, the width of short cracks parallel to the

ND becomes larger (see Fig. 6(e)).

Figure 7 shows the whole fracture process of
five component layers of A300, which can be
divided into four stages. At stage I, from the
delamination gap of top and bottom Al/Mg
interfaces in Fig. 7(a), it can be deduced that
necking and fracture of component layers of A300
first happen at the severest delamination zone.
In-situ stretching of Ti/Al laminate also shows that
intermetallics tend to induce microcrack initiation
in Ti layer [28]. In its enlarged view (Fig. 7(b)),
necking of bottom Al layer can be seen, leading to
Al/Ti interface delamination. After a few seconds,
bottom Al layer fractures, but Mg layer and bottom
Ti layer show no obvious change, as shown in
Fig. 7(¢c).

At stage I, when bottom Al layer completely

F_rgé.fufé'of bottom Al layer

y

SRR ST
acture of bottom T1 layer ™

Necking of top
Ti and Al layer

1 h ¥

Mp Al layer

Fig. 7 Microstructure evolution of component layers of A300 during in-situ stretching
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A A

Fig. 8 Microstructure showing fractures of R450 after in-situ stretching: (a) Ti/Al/Mg fracture; (b) Ti layer; (¢) Al layer;

(d) Mg layer

fractures, crack initiation in Mg layer is found, as
shown in Fig. 7(d). Figures 7(e) and (f) show the
enlarged views of red rectangle boxes numbered by
@ and @ in Fig. 7(d), respectively. Secondary
crack and shear deformation zone can be observed
around the main crack tip, and an angle of about
45° between stretching direction of crack
propagation is also found.

At stage III, Mg layer has been completely
broken in Fig. 7(g). According to length of the top
crack and the bottom crack in Mg layer, there are
reasons to believe that the top crack appears in a
short period of time after the bottom crack initiation
happens. The serrated crack around the center
region of Mg layer is the result of propagation and
convergence of the top and bottom cracks. At this
moment, the section area of bottom Ti layer
decreases, as shown in Fig. 7(h) (enlarged view of
red rectangle box in Fig. 7(g)), which indicates that
necking happens. After a while, bottom Ti layer
fractures (Fig. 7(1)).

At stage 1V, it is interesting that the top Al/Ti
interface keeps bonding well (Fig. 7(j)) until Al and
Ti layers neck (Fig. 7(k)) and fracture (Fig. 7(1)) at
the same time. The effective section area of A300 at
this stage is too small to bear stretching strain, so

top Ti and Al layers break in a very short time.

Figure 8 gives the fracture of Ti/Al/Mg/Al/Ti
laminate. It can be seen in Fig. 8(a) that Ti/Al
interface delaminates later than Al/Mg interface, so
the gap between Mg and Al layers is much larger
than that between Al and Ti layers. All the
component layers are characterized by ductile
fracture, but they exhibit completely different
fractures, as shown in Figs. 8(b—d). Tear ridge can
be observed in Al layer. A large number of equiaxed
tiny dimples appear on the fracture surface of Ti
layer. Comparatively, the size of the dimples of Mg
layer is much large and distributed unevenly.

4 Conclusions

(1) Top and bottom Ti/Al and AI/Mg interfaces
are bonded well both in R450 and A300, and
intermetallics Mg;;Al;; and Al;Mg, form at the
Al/Mg interface. In-situ bending test shows that the
crack of intermetallics helps to release stress.

(2) In bending and stretching tests, there exist
two kinds of failure forms of R450 and A300. The
first is the delamination of Al/Mg interface, and the
second is necking and fracture of component layers.
However, crack of intermetallics or interface of
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intermetallics is the main reason of delamination of
Al/Mg interface in A300. Hence, the mechanical
properties of Ti/Al/Mg/Al/Ti laminate depend on
the bonding strength of Al/Mg interface.

(3) Cracks of intermetallics are complex and
irregular in A300. Cracks can be seen at interfaces
including  Alz;Mg,/Mg;,Al,,,  Al/AlsMg,  and
Mg;Al /Mg, in AlsMg, layer itself, and crossing
Al;Mg, and Mg;;Al;,. Besides, some short cracks
parallel to the ND are found.

(4) The sequence of necking and facture of
component layers is Al, Mg and Ti in most cases,
because Al layer has the lowest strength while Ti
layer has the highest strength. Angle between crack
propagation direction and stretching direction of
Mg layer both in R450 and A300 is around 45° due
to the effect of shear deformation, and final
complete fracture of Mg layer is the result of
propagation and convergence of top and bottom
cracks.
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