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Abstract: The bonding interface of 7B52 Al alloy laminated composite (ALC) fabricated by hot rolling was investigated using
optical microscopy (OM), transmission electron microscopy (TEM), scanning electron microscopy (SEM), ultrasonic flaw detection
(UFD), and bonding strength tests. The results show that metallurgical bonding is achieved at the interface after composite rolling.
The TEM analysis and tensile tests indicate that the 7B52 ALC plate combines high strength of the hard individual layer and good
toughness of the soft individual layer. However, UFD technology and SEM analysis prove that the defects (thick oxide films, acid
washed residues, air, oil and coarse particles) existing in the bonding interface are harmful to the bonding strength. To sum up, the
composite rolling process is suitable for 7B52 ALC plate, and the content and size of the defects should be controlled strictly.

Advanced surface treatment of each individual layer would be beneficial to further improve the bonding quality.
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1 Introduction

Al alloys are essential structural materials for
vehicle, aviation, marine and power generation systems
as a means of weight reduction [1,2], and the demand of
these alloys keeps increasing in modern industry.
However, a single alloy does not always satisfy the strict
requirements for special application. High-performance
composite materials with special structures and functions
are considered as the ideal approaches.

As one of the most important composite materials,
laminated composite metals consisted of two or more
alloys with different properties
manufactured by special manufacturing processes [3—7].
Specifically, Al laminated composites (ALCs) with
combined high strength and good toughness have been
successfully designed by reasonably bonding distinct Al
alloys with higher strength or higher ductility [8—14].
They have the excellent particular performances, such as
ballistic ~ protection,  blast  mitigation, thermal
management, heat exchange and vibration damping [15].
The projectile-resistance property of 7B52 ALC plate has

metal can be

been improved by 10%—15%, compared with that of
7A52 Al homogenous plate [16].

The ultrasonic flaw detection (UFD) technology has
been wused in extensively applications
(aeronautical ~ materials  testing, welding seam
organization, pressure vessel, petroleum pipelines and
automotive engines [17]) due to the great demand for
non-destructive testing (NDT), which is an effective
measurement to evaluate the manufacturing quality and
operation integrity of those structures and systems [18].
Here, we explore the interface bonding of the 7B52
laminated plate by UFD.

The goals of this work are to investigate the
bonding interface and the interfacial strength of the
laminated plate and thus to evaluate the manufacturing
quality of the 7B52 ALC plate. UFD method was used to
characterize the bonding interface and analyze the factors
generating interface flaw thoroughly, which will provide
guideline for optimizing composite rolling process.

industrial

2 Experimental

Triple ingots of Al-Zn—Mg, Al-Zn and Al-Zn—
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Mg—Cu alloys were homogenized at 470 °C for 24 h
with subsequent air cooling. After surface treatment by
acid washing, the triple homogenized ingots were hot
rolled and deformed into a composite plate. This
composite plate is defined as 7B52 Al alloy. Next, the
plate was solution treated at 470 °C for 2 h with
immediate quenching in water at room temperature and
artificially aged at 120 °C for 24 h (T6 treatment).
Finally, the 7B52 ALC plate with the dimensions of
60 mm x 100 mm x 400 mm was obtained.

Microstructure of 7B52 ALC plate was examined by
optical microscopy (OM, LEICA MEF4M) and
transmission electron microscopy (TEM, FEI TECNAI
G2), and the bonding interface of the alloy was observed
using scanning electron microscopy (SEM, QUANTA
FEG250) equipped with energy dispersive spectroscopy
(EDS). The specimens for OM and SEM observation
were prepared by standard metallographic procedures
using Keller’s reagent. The thin foils for TEM
observation were prepared by twinjet electro-polishing in
the solution of 70% methanol and 30% nitric acid at
—20 °C. The flaws of bonding interface of 7B52 ALC
plate were studied using ultrasonic flaw detection
C-SCAN system, which was based on conducting and
propagating ultrasound waves, generated by a transducer,
through the structural materials. Then, when there is a
flaw in the wave path, part of its energy will be reflected
back from the flaw surface and transformed into C scan
data acquisition and imaging. Mechanical property tests
and bonding strength tests were carried out on a
CMT—4105 test machine at room temperature with a
nominal strain rate of 1x107 s "

3 Results

3.1 Microstructure

Analyzing the structure and interface characteristics
of individual layer of the 7B52-T6 ALC plate is the
premise and foundation of establishing the relationship
of mechanical properties. Obviously, Fig. 1 shows a good
metallurgical bonding without micro-cracks between
three Al alloys (Al-Zn—Mg alloy/Al-Zn alloy/Al-Zn—
Mg—Cu alloy) which was attained by the roll bonding
and heat treatment. Besides the Al-Zn—Mg and
Al-Zn—Mg—Cu alloys composed of the elongated grains,
two visibly straight interfaces were obtained by
composition design and matching thickness. The straight
interfaces are different from the visible warped interfaces
of 1100/7075 laminated composite sheets reported by
CHEN et al [14]. The shape of these interfaces depends
on the hot-roll bonding process. Figure 1 also shows that
some insoluble second particles, such as S (Al,CuMg)
phase and Fe-rich (Al,Cu,Fe) phase exist in AlI-Zn—-Mg—
Cu alloy, but T (Al,Mg;Zn;) phase and Fe-rich phase

exist in Al-Zn—Mg alloy. The mechanical properties of
the 7B52-T6 ALC plate will depend on both the
individual layer and the bonding interfaces.

Figure 2 shows the TEM images of Al-Zn—Mg
alloy and Al-Zn—Mg—Cu alloy in the 7B52-T6 ALC
plate. A large number of nano-scaled particles precipitate
from the matrix, which mainly induce the precipitation
hardening during artificial aging for Al-Zn—Mg alloy
and Al-Zn—Mg—Cu alloy. The size of the nano-scaled
particles and the distance between particles in the
Al-Zn—Mg alloy (Fig. 2(a)) are slightly larger than those

Al-Zn-Mg—Cu Al-Zn Al-Zn-Mg

alloy alloy alloy

Fig. 1 OM image of 7B52-T6 ALC plate composed of
Al-Zn—-Mg, Al-Zn and Al-Zn—Mg—Cu alloys

Fig. 2 TEM images of nano-scale particles and grain boundary
precipitates in individual layers of Al-Zn—Mg alloy (a) and
Al-Zn—Mg—Cu alloy (b) in T6 treatment
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in the Al-Zn—Mg—Cu alloy (Fig. 2(b)), indicating that
the strength of Al-Zn—Mg—Cu alloy will be higher than
that of Al-Zn—Mg alloy. The grain boundary precipitates
in the Al-Zn—Mg alloy are small sphere-like and
discretely distributed (Fig. 2(a)), while those particles in
the Al-Zn—Mg—Cu alloy are coarse rod-like and
continuously distributed (Fig. 2(b)). These small
sphere-like and discontinuously distributed grain
boundary particles are believed to beneficial for the
toughness of the Al-Zn—Mg alloy [19], and actually the
elongation of the Al-Zn—Mg alloy is higher than that of
the Al-Zn—Mg—Cu alloy. The mechanical properties of
Al-Zn—Mg and Al-Zn—Mg—Cu alloys in the 7B52 ALC
plate are as shown in Table 1. Hence, the 7B52 ALC
plate combines the high strength of the Al-Zn—-Mg—Cu
alloy and the good toughness of the Al-Zn—Mg alloy
together, thus, it can perform the excellent ballistic

property [16].

Table 1 Mechanical properties of Al-Zn—Mg and Al-Zn—-Mg—
Cu alloys in 7B52 ALC plate
Ultimate Yield

Alloy Temper tensile strength/ Elonogation/
strength/MPa  MPa &
Al-Zn—-Mg T6 >450 >350 =7
Al-Zn—-Mg—Cu Té6 >500 >430 >5

3.2 Non-destructive test and mechanical tensile test of
bonding interfaces

UFD technology was used to examine the shapes
and locations of the defects throughout the bonding
interfaces of 7B52 ALC plate, and the flaws could be
detected by ultrasonic pulse-echo signals during
ultrasonic testing. It is found that the large nummular
defects nearly align parallel to the rolling direction at the
Al-Zn—Mg—Cu/Al-Zn interface (Fig. 3(a)), but the
small defects array irregularly at the Al-Zn/Al-Zn—Mg
interface (Fig. 3(b)), indicating that the Al-Zn alloy does
not bond well with the Al-Zn—Mg alloy and
Al-Zn—Mg—Cu alloy. In order to analyze the formation
mechanism of this phenomenon, the samples with 15 mm
in diameter and defects (marked by two circles in
Figs. 3(a) and (b)) were cut from the 7B52 ALC plate.

The Al-Zn—Mg—Cu/Al-Zn interface and the
Al-Zn/Al-Zn—Mg interface were separated during
tensile test, and their interfacial tensile strengths of 120
and 180 MPa were measured, respectively. The fracture
surfaces of two interfaces are shown in Fig. 4. It is seen
that the former with large defect is smooth except for the
central dimple fracture (Fig. 4(a)), but the latter with
small defect is the ductile fracture except for the
unbonding zones (Fig. 4(b)). The fracture surface
presents three stages (crack initiation, stable crack
growth and final fracture) of the fracture marked by

Rolling direction

Rolling direction

Fig. 3 Ultrasonic flaw detection detecting graphs of
Al-Zn—Mg—Cu/Al-Zn interface (a) and Al-Zn/Al-Zn—Mg
interface (b)

Fig. 4 Photographs of macro-fracture surfaces of Al-Zn—
Mg—Cu/Al-Zn interface (a) and Al-Zn/Al-Zn—Mg interface (b)
with defects
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rectangles in Fig. 4(a). Obviously, this dimple fracture
verifies the existence of good metallurgical bonding
interface in 7B52-T6 ALC plate. The metallurgical
bonding mode induces the failure of the individual
Al-Zn layer rather than the fracture of the bonding
interface, which also contributes to the high bonding
strength of 180 MPa.

3.3 SEM analysis of bonding interfaces with defect
For revealing the formation reason of interface
defects, the enlarged fracture areas on the Al-Zn—Mg—
Cu/Al-Zn interface were observed. There are dark and
light morphologies in the transition zones, which
contains the area from crack initiation to crack growth
(Fig. 5(a)). At the same time, many impurities distributed
in the dark morphology in Figs. 5(a) and (b) show the
crack growth zone mostly comprised of light morphology.
In Fig. 5(d), it is observed that the failure interface is
characterized by tearing ridges. The dimples (Fig. 5(c))
are originated from the ductile fracture process, which
indicates that the fracture occurs within the layer of
Al=Zn alloy. This result also implies that the bonding
strengths of the metallurgical bonding interface free of
the defects are higher than that of the Al-Zn alloy. Hence,
the dimple fracture confirms that the composite rolling

process is advanced.

Figure 6(a) shows the impurities and clusters of
constituent particles existed evidently on dark smooth
fracture surface. The impurity marked by 4 in Fig. 6(a)
was determined as metal oxide with oil. By the EDS
analysis, the impurity contains O, Al, Zn and Na
(Fig. 6(b)), the clusters marked by B in Fig. 6(a) consist
of many polyhedral particles containing Al, Zn, Na and
Cl, which are deemed to be residues of acid wash
(Fig. 6(c)). Moreover, Fig. 6(a) also shows that fracture
surface is smooth, and no deformation occurs in the
matrix, indicating that the air is sandwiched between two
individual layers. These lead to bubble-like defects
paralleling to the rolling direction, which is consistent
with the observation shown in Fig. 3(a). Figure 6(d)
shows the light and dark morphologies of the fracture
surface. The light morphology free of the defect is
characterized by tearing ridges, and the dark morphology
with thick oxide layer is cracked during the rolling
process, as shown in the locations marked by the
rectangles. There is an obvious crack at the junction of
the light and dark morphologies, and clusters of coarse
particles located on the boundary of this crack contain Al,
Zn, Cu, Mn and Fe detected by EDS (Fig. 6(e)). The
analysis of the peak ratios of multiple spectra suggests

Fig. 5 SEM images of fracture surfaces of Al-Zn—Mg—Cu/Al—Zn interface at rectangles 1(a), 2(b) and 3(c) in Fig. 4(a), and rectangle

4 in Fig. 5(b) (d)
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Fig. 6 SEM images of fracture surface of defects on bonding interface (a, d), and EDS spectra of impurities marked by 4 (b) and B (c¢)
in Fig. 6(a) and constituent particles marked by C (e) and D (f) in Fig. 6(d)

that these are coarse constituent phase particles, namely
Fe-rich phase (Fig. 6(f)). The presence of metal oxide, oil,
air, thick oxide films and coarse particles on the fracture
surface suggests that they were not cleaned out during
the surface treatment. These defects promote the
development of microcracks easily. These reveal that
surface treatment technology before composite rolling
needs to be further improved, because the surface quality
of the individual layers directly affects the bonding state
of the interface.

4 Discussion

The deformation and individual layer shapes of
7B52 ALCs are affected by the composition and
thickness of the individual layer (Fig. 1). The design and
effective control of individual layer’s shape play
important roles in enhancing the performance of 7B52
ALCs during the rolling bonding process. The previous
work [16] shows that the material optimum option of
single layer is necessary (as shown in Fig. 2), and
compared with the 7A52 single alloy, the 7B52 ALC has
the excellent particular performances by the reasonable
design of the composition and structure. Under impact,
energy is mainly dissipated in the AlI-Zn—Mg—Cu layer,

and crack expanding is obviously impeded by the Al-Zn
layer and the Al-Zn—Mg layer. The non-uniform
deformation of component metals can lead to the
complex individual layer shapes of ALCs [14]. The
complex interface shape affects the mechanical
properties of ALCs, and brings great difficulties for the
prediction of performance.

Composite rolling process can play an important
role in enhancing the interface bonding quality. This
process generates extremely large interfacial pressures by
large plastic deformation, ultimately causing strong
adhesion of the components. The characterizations of
composite hot-roll bonding (CHRB) techniques are as
follows: 1) the interfaces of composite plates have good
bonding quality (Fig. 1); 2) the thickness of composite
plates is hard to control, there are poor consistency and
stability (defects like bubbles shown in Fig. 3(a)). The
CHRB technology in this work is suitable for the
production of 7B52 composite plates with the unbent
interface, as shown in Fig. 1. During the composite
rolling, the bonding must be provided with essential
bonding energy. The bonding energy E is expressed as:
E=FE.tE—E,, where E, is the dissipating energy, E;is the
bonding energy of metallic bond, and E, is the internal
energy during heating and deformation.
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Surface treatment can significantly influence the
composite roll bonding quality, as clearly illustrated in
Figs. 3(b), 5 and 6. The open literature studies [20] have
indicated that the mechanism governing hot roll bonding
is the fragmentation of the oxide layer due to the
deformation of metal through the fragmented cracks to
achieve the intimate contact between nascent metal
surfaces. However, it is shown that, in every case, the
cracked layer of oxides was detected on the surface of
the unbonded area, as marked by the red box in Fig. 6(d).
This finding, similar to the reported work [20], indicates
that the thick oxide layer leads to the unbonded area. The
thick oxide layer is difficult to break, thus impeding the
establishment of the close contact between nascent metal
surfaces. In addition, large amounts of acid washed
residues are found at the interface with the unbonded
area (Figs. 5(a) and 6(a)). As a result, the inferior
bonding quality and delaminated areas are yielded at the
Al-Zn—Mg—Cu/Al-Zn interface (Fig. 4(a)).

In this work, we focused on the interface analysis of
7B52 ALC plate. In order to enhance the bonding quality,
the improvement of the surface treatment process and the
control of the thickness of the oxide layer at the interface
require further exploration. It should be noted that the
bonding quality is also affected by many other factors
such as materials, thickness of individual layer and
CHRB parameters (rolling temperature, reduction, etc).

5 Conclusions

1) 7B52 ALC plate fabricated by composite hot-roll
bonding techniques possesses good metallurgical
bonding and straight interfaces.

2) The oxide layer on the surface of metal and the
surface treatment process can play important roles in
affecting the bonding quality. If the thickness of oxide
layer on the surface can be well controlled or the present
surface treatment process can be reasonable improved, it
is possible to further improve the bonding quality.

3) The ultrasonic test results are consistent with the
SEM analysis. It is shown that the ultrasonic testing is a
quantitative measurement which is capable of assessing
the bonding interface of 7B52 ALC plate.
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