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Abstract: Experimental results on processing, structural and mechanical characterization of a multilayer composite based on 
commercially pure aluminum foils were presented. A multilayer composite was produced by hot-rolling of anodized and 
non-anodized aluminum foils alternately sandwiched. In addition, the same process was applied for bonding of non-anodized foils. In 
both cases, obtained multilayer composites were compact and sound. In order to study composites microstructural evolution and 
mechanical properties, optical and scanning electron microscopy (SEM), energy dispersive spectrometry (EDS), X-ray diffraction 
(XRD) analysis, hardness, tensile and three-point flexural tests were performed. Microstructural characterization confirmed that the 
rod-like particles distributed in parallel rows in the composite aluminum matrix with anodized foils correspond to Al2O3. Maximum 
and minimum peaks of oxygen and aluminum, respectively, suggest that after the final hot-rolling of composite with non-anodized 
foils, a small amount of coarser particles were formed at boundaries between foils. Hardness, strength, modulus of elasticity and 
flexural strength of both multilayer composites were much higher than those of pure aluminum, whereas ductility was significantly 
less. The composite with anodized foils exhibited the highest strength and modulus of elasticity, but lower ductility compared to 
composite processed from non-anodized foils. Fracture failure corresponded to the change of ductility. 
Key words: aluminum foils; anodization; multilayer composite; Al2O3 particles; strength; fracture 
                                                                                                             

 
 
1 Introduction 
 

Metallic multilayer composites with different 
component metals have some special advantages in 
mechanical, electrical and magnetic properties [1−3], 
which cannot be obtained simply by the counterparts. 
Many processing methods for multilayer composites, 
such as physical vapor deposition [4], magnetic 
sputtering [5], jet-vapor deposition [6] and electro- 
plating [7] have been reported in the literature. Recently, 
much attention has been focused on the development of 
multilayer composites in the form of bulk via 
deformation processes such as repeated folding and 
rolling of two or more sheets stacked securely on top of 
the other, the process called accumulative roll bonding 
(ARB) [8,9], and repeated extrusion and rolling  
methods [10]. ARB, regarded as a new kind of severe 
plastic deformation method, is an efficient way to 
produce metallic multilayer composites [11−13] with 
ultra-fine grains and different interface structures [14]. 

Due to their high corrosion resistance and thermal 
stability, aluminum and its alloys are popular material 
choices for structural applications in the aerospace and 
automotive industries [15−17]. Over the past few years, 
ARB has been successfully used to produce multilayer 
structures of different Al-based systems, including Al− 
Cu [18,19], Al−Zn [20−22], Al−Ni [23], Al−Mg [24,25], 
Al−Mn [26], Al−Ti [27,28]. 

The particle reinforced aluminum matrix compo- 
sites are widely used in aerospace [27], military [29,30] 
and automotive industries [31] because of their 
properties such as high specific strength, improved 
elastic modulus, high wear resistance, high thermal 
conductivity and excellent corrosion resistance [16−31]. 
Al2O3 particles are the most commonly used 
reinforcements in aluminum matrix composites and 
addition of this reinforcement to aluminum alloys has 
been the subject of several research works [24,31]. In 
spite of the matrix strengthening and fine grain size 
which certainly lead to the improvement of mechanical 
properties, in composites prepared by the conventional 
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liquid metallurgy route, Al2O3 nano-particles as 
reinforcement often tend to agglomerate even when 
mechanical stirring is applied before casting [32,33]. The 
influence of the non-uniform distribution and poor 
wettability of reinforcing oxides on mechanical and 
electrical properties of composites is the main drawback 
of this process [34]. 

To avoid the problem of agglomeration, fine Al2O3 
particles were uniformly dispersed between strips of 
Al1100 and subjected to thirteen cycles of ARB [35]. 
The excellent distribution of Al2O3 particles in the 
aluminum matrix and the sound bonding between Al2O3 
particles and the matrix were reported. In another work, 
fine Al2O3 powders with 0.47 µm particle size were 
dispersed between commercially pure aluminum sheets 
to produce aluminum-Al2O3 composite by ARB [36]. In 
both works, the strength of composites was significantly 
increased compared to aluminum used as original raw 
material. The ARB process coupled with Al2O3 particles 
is applied for manufacturing high-strength and highly- 
uniform composites as a new technique [37−41]. 

Many of above mentioned processing routes are 
usually expensive and their manufacturing parameters 
are rather difficult to maintain. The objective of this 
work was an attempt to introduce economical and 
controllable parameters in processing aluminum matrix 
reinforced with Al2O3. The process involved the 
formation of thin Al2O3 film on commercially pure 
aluminum foil by anodizing. The bonding between foils 
was achieved by hot-rolling in order to crush the Al2O3 
film and disperse it into the aluminum matrix. 
 
2 Experimental 
 
2.1 Material and processing 

The commercial household aluminum foils 17 µm 
thick (technical specification: alloy 8011; temper O; 
chemical composition (mass fraction, %): 98.73 Al,   
0.5 Si, 0.68 Fe, 0.024 Cu, 0.01 Mn, 0.009 Ti, up to   
0.15 residual; brand name: Shenzhou Aluminum) were 
used as a material (referred as “pure aluminum” in the 
following text) for multilayer composite processing. The 
chemical composition of the commercial household 
aluminum foils was specified by the supplier (Jiangsu 
Shenzhou Aluminum Industry Co., Ltd., China). 

Strips with dimensions of 25 mm × 70 mm were cut 
for anodization which was performed in a 20% water 
solution of H2SO4, with 100 A/m2 of current density. A 
round platinum grid was used as a cathode. Anodization 
was performed at room temperature with duration 
ranging from 5 to 30 min. Experiments showed that the 
optimal results were obtained after 20 min of anodization. 
Such foils together with pure aluminum foils were used 
for processing of multilayer composites. After 

anodization, foil was rinsed with water jet, dried with hot 
air, whereas the upper part of the foil not immersed into 
the acid was cut. The total number of foils was 100, i.e., 
50 anodized and 50 non-anodized foils were alternately 
packed (designation as A in the further text). 

Another “package” of 100 non-anodized foils with 
the same dimensions as those anodized was also 
prepared (designation NA). “Packages” were wrapped 
with wider aluminum foil to prevent the dismount of 
foils during annealing and hot-rolling. 

The binding of foils was performed following the 
procedures: 

1) Foils were wrapped with a wide aluminum foil to 
prevent the dismount of foils during the first stage of 
annealing and hot-rolling. The thickness of such a 
“package” was approximately 3 mm; 

2) All annealings were performed using the 
laboratory furnace in air at 500 °C and duration of the 
first annealing was 2 h, whereas the temperature of rolls 
was maintained at 250 °C; 

3) Hot rolling (hot rolling procedure was performed 
using the rolling mill supplied by Albert Mann 
Engineering Co. Ltd.) to the thickness of “package” up to 
3 mm, when the binding started to occur; 

4) Intermediate annealing at 500 °C for 15 min; 
5) Three passes of hot-rolling up to D0=2.3 mm 

thickness (starting thickness); 
6) Intermediate annealing at 500 °C for 15 min; 
7) Three passes of hot-rolling up to D1=1.5 mm 

thickness (between 10% and 15% reduction per pass, and 
about 35% reduction in total for the first stage); 

8) Final annealing at 500 °C for 1 h; 
9) Three passes of rolling to the final thickness 

D2=0.7 mm of compact material (approximately 15% per 
pass, and about 50% reduction in total for the second 
stage). 

The total amount of hot deformation, i.e., 
(D0−D2)/D0, was about 70%. 

The same process was applied for the “package” of 
100 non-anodized foils. 

It was expected that during annealing the thin film 
formed on the surface of anodized foil would be 
transformed to the oxide layer. The purpose of the 
subsequent hot-rolling was twofold: 1) to crunch the 
oxide layer and to embed oxide particles into the 
aluminum matrix; 2) to enable the stable and strong 
interconnection and bonding between alternately arranged 
pure aluminum foils and those with oxide layers. 

In both materials (A and NA), in the form of sheet 
approximately 4 mm wide, hot-rolling induced strong 
mutual bonding of foils, i.e., obtained multi layer 
material was compact and sound, with relatively straight 
and non-ragged edges, without peeling of the surface 
(Fig. 1). 
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Fig. 1 Two different compact multilayer composite sheets after 

final hot-rolling: (a) Composite obtained from non-anodized 

foils (NA) and composite obtained from alternately arranged 

anodized and non-anodized foils (A); (b) Tensile test specimen 

 
2.2 Metallographic preparation 

Specimens (cut as shown in Fig. 1) were mounted in 
epoxy resin and prepared according to standard 
metallographic technique, i.e., ground with abrasive 
papers up to 2000 grit and polished with 3 μm diamond 
suspension. Specimens for optical microscopy were 
etched for 3 min in a mixture of 100 mL H3PO4 and   
90 mL H2SO4. 
 
2.3 Investigation of microstructure and mechanical 

properties 
Optical microscope of type Zeiss Axiovert 25 and 

scanning electron microscope (SEM) of type JEOL 
Camscan FEG30 equipped with energy dispersive X-ray 
spectrometer (EDS) were used for microstructural 
characterization. The presence of phases in the material 
was detected by an X-ray diffractometer of type Siemens 
D500 using Cu Kα radiation (λ=0.15406 nm). The data 
were collected at room temperature with a 2θ range from 
10° to 100° with a step size and scan rate of 0.02 (°)/s 
and 0.01 (°)/s, respectively. An intersection method 
applied on at least 10 SEM photomicrographs was used 
to measure dimensions of particles formed in the matrix 
of A composite. 

A universal Instron TT-CM-L testing machine was 
used for room temperature tensile tests at strain rate of 
1.3×10−3 s−1. ASTM D 1708 micro-tensile specimens 
with the gauge length l=25mm, width b=4 mm and 
thickness d=0.7 mm, were used for tensile tests     
(Fig. 1(b)). Three point flexural tests were carried out on 
Instron machine with applied load of 1 kN and a loading 
speed of 0.01 cm/s. The dimensions of specimens were 
l=3 mm, b=20 mm and d=0.7 mm. For the sake of 
comparison, the specimen of pure aluminum with same 
dimensions was also subjected to flexural tests. Vickers 
hardness tests were performed using Carl Frank GmbH 
hardness tester with applying load of 20 N, whereas the 
time of indentation was 20 s. Results of hardness, tensile 
and flexural tests represent the average values of at least 

five measurements. 
After tensile and flexural tests fracture surfaces of 

specimens were examined by SEM of type JEOL JSM 
5800LV. 
 
3 Results and discussion 
 
3.1 X-ray diffraction analysis 

X-ray diffraction (XRD) patterns of foils and 
multilayer composites are shown in Figs. 2(a)−(d). 

XRD patterns of a pure aluminum foil show only 
the presence of aluminum peaks (Fig. 2(a)). Together 
with aluminum peaks in XRD patterns of NA composite, 
peaks of Al(OH)3(s) also appear (Fig. 2(b)). At 
temperature of hot-rolling and in the presence of water 
vapor from the air formation of Al(OH)3 is the result of 
the reaction: 
 
2Al+6H2O2Al(OH)3(s)+3H2(g)               (1) 
 

The thin white-colored layer on aluminum foil after 
anodization corresponds to Al2(SO4)3(s) (Fig. 2(c)), 
which was formed according to the reaction: 
 
2Al+3H2SO4Al2(SO4)3(s)+3H2(g)             (2) 
 

After the final hot-rolling besides aluminum peaks, 
and remaining Al2(SO4)3(s) peaks, peaks of low intensity 
corresponding to Al2O3 may be seen in XRD patterns of 
multilayer A composite (Fig. 2(d)). At 500 °C in the 
presence of water vapor Al2(SO4)3(s) dissociates 
according to  
Al2(SO4)3(s)+6H2O2Al(OH)3(s)+3H2SO4       (3)  

Many metal hydroxides undergo thermal 
decomposition to produce the metal oxide and water [42]. 
For example, during hot-rolling at 500 °C Al(OH)3(s) 
from Eq. (3) will decompose forming Al2O3(s):  
2Al(OH)3(s)Al2O3(s)+3H2O                  (4)  

In any case, the presence of Al2O3 was detected in 
the multilayer composite obtained by alternately 
arranged pure aluminum foils and those previously 
anodized. The main “source” for Al2O3 formation was 
obviously a solid compound Al2(SO4)3. According to  
Ref. [43], the amounts of Al2O3 obtained from 
calcination of Al2(SO4)3 at 400 and 600 °C are 12.31% 
and 16.31% (mass fraction), respectively. 
 
3.2 Optical microscopy 

Figure 3 shows the microstructure of the multilayer 
composites with final thickness of 0.7 mm. The 
boundaries between the individual foils which are not 
noticed in polished condition are discovered only after 
etching. It can be seen that good bonding occurs between 
foils and no gaps and pores are observed in 
interconnecting spaces (Figs. 3(a) and (b)). At higher 
magnification, a few coarser particles may be seen at 
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Fig. 2 XRD patterns: (a) Pure aluminum foil; (b) NA composite after hot-rolling at 500 °C for 1 h; (c) Aluminum foil after 

anodization; (d) A composite after hot-rolling at 500 °C for 1 h 

 

 
 
Fig. 3 Optical micrographs of multilayer composites after hot-rolling at 500 °C for 1 h: (a, b) NA composite; (c, d) A composite 
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boundaries between foils of NA composite (Fig. 3(b)). To 
the contrary, the boundaries between foils of A composite 
consist of a rod-like particles arranged in series of 
interrupted parallel rows (Fig. 3(d)). The tiny dark 
globules are distributed over the entire matrix of both 
composites, but their density is much higher in the 
matrix of A composite. 
 
3.3 SEM and EDS analysis 

SEM microstructures of NA composite with 
corresponding EDS are shown in Fig. 4. The boundaries 
between foils may be clearly seen, except when their 
appearance is sporadically disrupted (Fig. 4(a)). Black 
globules (Fig. 4(a)) may be either the result of 
over-etching or they represent the locations with particles 
pulled out during the previous metallographic 
preparation. A small rupture at the boundary between two 
foils may be seen (Fig. 4(b)). Change of the chemical 
composition along the line L shows that an increase of 
oxygen content clearly appears when the line crosses a 
particle at the boundary between two single foils, 
whereas at the same spot the decrease of aluminum 
content occurs. The maximum content of sulfur, although 
relatively low, corresponds to oxygen peak (Fig. 4(c)). In 
addition, when the line L crosses the white spot, a rather 
little increase of oxygen content is accompanied with the 

slight decrease of aluminum content. Similarly, when the 
line L crosses two particles formed on neighboring 
boundaries, the chemical composition changes, i.e., the 
content of oxygen increases, with the opposite effect 
occurring with aluminum. The maximal contents of 
sulfur appear at spots corresponding to oxygen      
(Fig. 4(d)). Oxygen contents are rather low and do not 
exceed 10% (molar fraction). The appearance of sulfur, 
with contents varying between 2% and 4% (molar 
fraction) at peaks, may be explained considering that 
H2SO4 is one of the components of etching mixture. It 
has to be added that these values should be regarded only 
as qualitative. Maximum and minimum peaks of oxygen 
and aluminum, respectively, suggest that a small amount 
of a solid phase, probably Al2O3, is formed at the 
boundaries between foils. The appearance of small 
amount of Al2O3 is the result of a few factors. First of all, 
the formation of a protective very thin oxide film present 
on the surface of the aluminum-based alloys should not 
be ignored. On the other side, based on Eqs. (1) and (4), 
it could be expected that small amount of Al2O3 will be 
also formed after the final hot-rolling of NA composite at 
500 °C. However, the presence of Al2O3 has not been 
detected in XRD pattern of NA composite either due to 
the small amount of Al2O3 or the low detection limit of 
this instrument (Fig. 2(b)). 

 

 

Fig. 4 SEM micrographs of NA composite after final hot-rolling: (a, b) SEM images; (c, d) SEM microstructures with corresponding 

EDS concentration lines along single boundary between two foils and along two adjacent boundaries, respectively 
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SEM images of A composite together with the 
change of chemical composition along the line L are 
shown in Fig. 5. Rod-like particles are arranged as a 
chain-like structure (Figs. 5(a) and (b)), and based on  
Fig. 3(d), it is supposed that they are mostly formed on 
boundaries between foils. Approximately, the length and 
width of these particles vary between 20 and 100 µm, 
and 3 and 10 µm, respectively. Particles of the same 
morphology, but significantly smaller are formed right 
next to the both edges of the specimen (Fig. 5(a)). Some 
particles were pulled out from the matrix surface 
(denoted by arrows) which probably occurred during 
metallographic preparation (Fig. 5(b)). The previously 
described “rods” are probably side planes of plate-like 
Al2O3 particles. Namely, in the longitudinal plane, these 
particles are seen as “rods” as they are broken by rolling 
along the rolling direction. However, these “rods” are 
fractions of much larger plate-like particles embedded in 
the interface between two adjacent aluminum foils [44], 
and according to these facts, “rods” will be designated as 

plates in the following text. Change of chemical 
composition along the line L shows the abrupt decrease 
of aluminum and steep increase of oxygen at locations 
when the line L crosses over three parallel plate-like 
particles (Fig. 5(c)). At their maxima and minima, the 
amount of oxygen and aluminum varies between 30% 
and 35%, and approximately 60% (molar fraction), 
respectively. These values are much higher if compared 
to corresponding amounts of oxygen and aluminum in 
NA composite (see Figs. 4(c) and (d)). The amount of 
sulfur is also higher (up to 10%, molar fraction) than in 
NA composite, which is the result of the previous 
anodization in diluted H2SO4, and disintegration of 
Al2(SO4)3(s) at 500 °C. According to these results, it is 
reasonable to suppose that these plate-like particles are 
formed according to Eqs. (3) and (4). The molar  
fractions of aluminum and oxygen in Al2O3 calculated by 
a simple formula [45] are 63% and 37%, respectively. 
These results are very well matched with the    
chemical composition of plate-like particles in Fig. 5(c). 

 

 
Fig. 5 SEM images of A composite after final hot-rolling: (a, b) SEM images; (c) SEM image with corresponding EDS along line L 

connecting three adjacent plate-like particles (Pulled-out particles are denoted by arrows) 
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Accompanied with XRD pattern (Fig. 2(d)), these results 
clearly indicate that the chemical composition of 
plate-like particles corresponds to Al2O3 in A composite. 

To resolve the identification of black globules and 
white particles which appear in both NA and A 
composites, and plate-like particles present only in the 
matrix of A composite, a spot EDS analysis was 
performed. Due to rather small particles, SEM 
microstructures of these particles with their 
corresponding EDS spectra are presented in Fig. 6, 
whereas chemical compositions are given in Table 1. To 
obtain quantitative results of the chemical composition of 
small-sized particles and taking into account the 
relationship between the radius of the electronic EDS 

beam and the particles size, statistical study of many 
particles has been performed applying technique. 
Particles were analyzed by EDS in such a way that 
particles of the same morphology and the same level of 
darkness were chosen, and EDS analysis was performed 
at 3−10 different positions on each type of the particle. 
For this purpose, EDS point analysis was used. 

The white particle contains aluminum in large 
excess and small amount of other alloying elements  
(Fig. 6(a)). However, content of alloying elements is 
higher in the dark particle (Fig. 6(b)). The results of 
several references [46−48] revealed that the dark 
particles in the matrix of alloy 8011 were intermetallic 
α-AlFeSi (Al8Fe2Si) phase, whereas the white particles 

 

 
Fig. 6 SEM images and corresponding EDS spectra of particles in matrix of multilayer composites: (a, b) White globular particle;  

(c, b) Dark globular particle; (e, f) Plate-like particle 
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were identified as silicon-rich particles. Except for the 
content of oxygen, the chemical composition of dark 
particles is rather similar to the composition of particles 
defined as α-AlFeSi intermetallic phase in the matrix of 
8011 alloy [46]. On the other side, the chemical 
composition of white particle from this work does not fit 
into the literature results [47]. The highest content of 
aluminum and oxygen was detected in plate-like particle 
(Fig. 6(c) and Table 1). This content is very similar to 
that measured along the line L (Fig. 5(c)). Sulfur may be 
always found in A composite, although somewhat less 
amount of sulfur was detected by spot analysis than 
along the line L. In any case, this result confirms 
previous findings that the chemical composition of 
plate-like particles corresponds to Al2O3. 
 

3.4 Mechanical properties 
Figure 7 illustrates the load−displacement plots 

obtained during flexural tests of A and NA composites. 
The characteristic of these curves was bending stiffness 
to peak load, much higher for A composite, due to no 
delamination observed and no oscillations before peak 
load. The curves can be divided into two regions. The 
first region, mostly linear in appearance, can be 
explained by the elastic deformation of both composites. 
The second region occurs after the load reached a peak 
value, when a significant load drop of about 55% of the 
peak load in the load−displacement curve was observed 
in A composite. This drop which is associated with both 

 

 
Fig. 7 Three-point flexural test showing load vs displacement 

plot of A and NA composites (Circles correspond to 

delamination region) 
 
delamination and the fracture of Al2O3 plate-like 
particles suggests the brittle behavior of A composite, 
while the drop of the load curve of NA composite is 
under much subdued angle, suggesting that the process 
of delamination is very slow. 

Mechanical properties of multilayer composites are 
listed in Table 2. The results show that the values of 
strength, hardness and elastic modulus of both NA and A 
composites are several times higher than those of the 
pure aluminum. However, the ductility of the composites 
is significantly lower. In addition, the same applies if  

 
Table 1 Chemical analysis result of different particles in microstructure of A multilayer composite 

Particle 
x/% 

O Al S Si Mn Fe 

White particle 1.5±1 94±3 0.03±0.02 1.7±0.5 0.05±0.01 2.5±0.6 

Dark particle 6±1 78.5±2 0.25±0.02 5±1 0.9±0.1 9.4±0.3 

Plate-like particle 32±5 65±3 3±1 − − − 

EDS results given as mean values 

 

Table 2 Mechanical properties of NA and A composites 

Mechanical property 
Commercial 8011 Al 

sheet (Temper O) 

“Package” of 100 

non-anodized foils 

(NA composite) 

“Package” of 50 anodized and 

50 non-anodized foils 

(A composite) 

Hardness (HV2) 25* 50 60 

Yield strength, 0.2/MPa 36* 90 135 

Ultimate tensile strength, T/MPa 110* 115 170 

Elongation, /% 34* 4 2.5 

Modulus of elasticity**, E/GPa 71** 75 85 

Maximum load at deflection/N 85 142 180 

Maximum deflection, N/mm 8.5 4.2 2.0 

Ultimate flexural strength, f/MPa 124 435 560 
* From Ref. [49]; ** Modulus of elasticity was experimentally determined from tangent to linear portion of slope of a stress−strain curve created during tensile 
tests 
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these properties are compared between NA and A 
composites: A composite, i.e., the “package” of 50 
anodized and 50 non-anodized foils, exhibits higher 
strength, hardness and elastic modulus than composite 
NA, “package” of 100 non-anodized foils. Ductility of 
NA composite is 1.6 time higher than that of A 
composite. 

An attempt was made to calculate modulus of 
elasticity of A composite and to compare calculated 
value with that experimentally obtained. There are 
several equations in the literature which may be used for 
comparison of the experimentally obtained modulus of 
elasticity of the multilayer composites with the 
theoretical value. KARAM’s equation [50] is based on 
the simple rule of mixture, whereas HALPIN [51] 
introduced in his equation more parameters that can 
affect the value of modulus of elasticity: 
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 
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where EMMC is the modulus of elasticity of composite; 
EM is the modulus of elasticity of the matrix, Al; Vf is the 
volume fraction of reinforcing particles. 

Parameters  and  are defined by Eqs. (6) and (7), 
respectively, 
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2
l

d
                                     (7) 

 
where Ef is the modulus of elasticity of reinforcing 
particles, Al2O3; l is the length of the particle; d is the 
diameter of the reinforcing particle. 

Applying intersection method to measure 
dimensions of 300 particles, the following average 
results were obtained: l=50 µm, d=5 µm, whereas Vf=0.1. 
According to the literature data [52], EAl=62 GPa, and 
EAl2O3

=220 GPa. By calculating Eqs. (6) and (7) and 
replacing the relevant results in Eq. (5) gives the value 
EMMC=76.5 GPa. Comparing this result with that in Table 
2, the value of 76.5 GPa is nearly the same as that 
experimentally obtained for NA composite, i.e., the 
“package” of 100 non-anodized foils. The difference 
(10%) between the calculated value and 85 GPa can only 
be attributed to the insufficient measuring accuracy of 
values l, d and Vf, the main parameters of Eq. (5). 

The appearance of specimens after three point 
flexural tests is shown in Fig. 8. It may be seen that only 
Specimen A was fractured during the test. 

For calculation of the maximum flexural    
strength, f, for a rectangular cross section, the following  

 

 

Fig. 8 Pure aluminum and multilayer NA and A composites 

after three-point flexural tests 

 
expression is used: 
 

f 2

3

2

FL

bd
                                   (8) 

 
where F is the maximum axial load (force) in N; L is the 
length of the support span in mm; b is the width of the 
specimen in mm; d is the the thickness of the specimen 
in mm. 

Concerning three point flexural tests, the flexural 
strength would be the same as the tensile strength if the 
material is homogeneous. However, in many cases, this 
is not the case [53]. In fact, in non-homogeneous 
materials such as composites, flexural strength depends 
on properties of present defects, phases formed in the 
matrix, fibers, precipitates, inclusions, etc. Therefore, it 
is common for flexural strength to be higher than tensile 
strength for the same material. Values of flexural strength 
and tensile strength of pure aluminum are similar, but 
values of flexural strength of both NA and A composites 
are much higher than tensile strength of corresponding 
composites. Also, the maximum load at deflection and 
ultimate flexural strength behave in the same way as 
previously described mechanical properties, i.e., 
according to the rising sequence: pure AlNA 
composite  A composite. The opposite situation is 
when deflection is concerned. 

According to the results presented in Table 2, it is 
unambiguously clear that multilayer composites possess 
hardness, tensile and flexural strength higher than pure 
aluminum. Exception is ductility which decreases with 
increasing strength. Densely packed and arranged at a 
short distance, boundaries between foils represent 
obstacles to dislocation motion thus contributing to the 
strengthening of the matrix. Additional factors 
contributing to the unexpectedly large values of flexural 
strength could be ascribed to the strengthening effect of 
Al2O3 plate-like particles and the friction forces imposed 
by these particles to the aluminum matrix during flexural 
tests. Thus, hardness, tensile and flexural strength, as 
well as modulus of elasticity of composite A are superior 
compared to corresponding properties of two other 
materials investigated in this work. 
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3.5 Fracture morphology 
Fracture surface morphologies of multilayer 

composites after tensile tests are shown in Fig. 9. 
The microfractographs of NA composite after 

tensile test show dimples which indicate the microvoid 
coalescence mechanism of ductile fracture (Figs. 9(a) 
and (b)). A dual dimple size may be observed in the 
matrix. Majority of dimples are stretched elliptic, 
suggesting that the fracture is affected by shear stresses. 
These micrographs show that the failure mode was shear 
ductile fracture. Two parallel cracks at a distance of 
approximately 20 µm, which may be seen at higher 
magnification (marked with arrows in Fig. 9(b)), 
probably correspond to the insufficient connection 
between two pure aluminum foils which lead to the 
appearance of rupture. 

It is known that fracture in metal matrix composites 
is governed by three different mechanisms [54]. These 
mechanisms are fracture of reinforcing particles, 
detachment of interface and nucleation and growth of 
dimples. The big difference in elastic moduli of the 
matrix and reinforcing particle may produce the local 
stress concentration near or around the reinforcing 
particle. At some extent, this concentration reaches the 
critical value, causing the fracture of the reinforcing 
particle and separation of matrix ligaments from the 
fractured particles. Such a situation occurred during 
tensile test of A composite (Figs. 9(c) and (d)). Al2O3 
plate-like particles (P) are embedded in the parallel rows 
in aluminum matrix, and a few shallow dimples (D) may 

also be seen (Fig. 8(c)). Parallel rows of plate-like and 
cracked plate-like particles (CP) are separated by ductile 
matrix ligament L (Fig. 9(d)). Rectangular hole (H) with 
regular shape is the original site where the plate-like 
particle was pulled out from the matrix. The fracture 
failure of A composite is mostly brittle due to  
decohesion of Al2O3 plate-like particles in the interface 
with some presence of ductile fracture of aluminum 
ligaments. 

Fracture surface morphologies of multilayer A 
composite after three point flexural tests are shown in 
Fig. 10. 

Fracture modes after flexural tests are rather 
difficult to define and resolve and due to their 
non-characteristic appearance they can hardly be 
classified into any of existing modes. The general 
morphology of the fracture is that the regular 
arrangement of foils was completely disrupted and 
destroyed during the test. Parts of single foils (F) with 
the uneven surface (FS) may be clearly seen (Fig. 10(a)), 
whereas a row of wrinkled foils exists between bundles 
of foils (BF) (Fig. 10(b)). At higher magnification, 
bundles of foils (BF), showing presence of dimples, are 
interrupted by Al2O3 plate-like particles (P) (Fig. 10(c)). 
At even higher magnification, delamination and sporadic 
fracture of plate-like particles (P) may be clearly seen 
(Fig. 10(d)). The fracture mode after flexural tests of A 
composite must be due to delamination of Al2O3 platelets 
combined with the ductile fracture of aluminum 
ligaments. 

 

 

Fig. 9 SEM images of fracture surfaces after tensile tests: (a, b) NA composite; (c, d) A composite (D—Dimple; P—Plate-like 

particle; CP—Cracked plate-like particle; L—Matrix ligament; H—Hole) 
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Fig. 10 SEM images of A composite fracture surfaces after three-point flexural tests (D—Dimples; R—River markings; BF—Bundle 

of foils; F—Single foil; FS—Foil surface; P—Plate-like particles) 
 

 
4 Conclusions 
 

1) 50 anodized and 50 non-anodized household 
commercial aluminum foils (17 µm thick) were 
alternately packed (composite A). Hot-rolling at 500 °C 
was applied in the final process with the total amount of 
hot deformation of about 70%. Another “package” of 100 
non-anodized foils was also prepared (composite NA) in 
the same way. In both materials (A and NA) hot-rolling 
induced strong mutual bonding of foils, i.e., obtained 
multilayer material was compact and sound. 

2) Microstructural characterization confirmed that 
the plate-like particles distributing in parallel rows in the 
aluminum matrix of A composite correspond to Al2O3. 
Also, maximum and minimum peaks of oxygen and 
aluminum, respectively, suggest that after the final 
hot-rolling of NA composite, a small amount of coarser 
particles were formed at boundaries between foils. 

3) Values of strength, hardness and elastic modulus 
of both NA and A composites are several times higher 
than those of the pure aluminum. However, the ductility 
of composites is significantly lower. In the same time, 
the “package” of 50 anodized and 50 non-anodized foils, 
exhibits higher strength, hardness and elastic modulus 
than NA composite, the “package” of 100 non-anodized 
foils. Ductility of NA composite is 1.6 times higher than 
that of A composite. 

4) An attempt was made to calculate modulus of 
elasticity of A composite and to compare it with 

experimentally obtained value. A fairly good agreement 
(the difference was 10%) of experimental (85 GPa) and 
calculated (76.5 GPa) values was obtained. 

5) Maximum load at deflection and ultimate flexural 
strength behave in the same way as tensile properties, i.e., 
according to the rising sequence: pure AlNA 
composite  A composite. The opposite situation is 
when deflection is concerned. 

6) Fracture failure after tensile tests corresponds to 
the change of ductility, i.e., fracture surface of NA 
composite with higher ductility possesses characteristics 
of ductile fracture, whereas mostly brittle fracture 
prevails in fracture of less ductile A composite. The 
fracture mode after flexural tests of A composite must be 
due to delamination of Al2O3 platelets combined with the 
ductile fracture of the pure aluminum ligaments. 
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通过轧制纯铝箔和阳极铝箔制备多层铝基复合材料 
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摘  要：介绍了一种以商业纯铝箔为基体的多层复合材料的加工过程、组织结构和力学性能。采用热轧制交替排

布的纯铝和阳极铝箔制备多层复合材料；此外，采用同样的工艺制备纯铝箔多层复合材料。在这两种情况下，均

得到紧实致密的多层复合材料。为了研究复合材料的微观组织演变和力学性能，分别进行了光学和扫描电镜

(SEM)、能谱(EDS)、X 射线衍射(XRD)分析以及硬度、拉伸和三点弯曲试验。微观组织表征显示，阳极铝复合材

料铝基体中平行分布着棒状 Al2O3颗粒，而且铝箔界面间生成少量粗大颗粒。两种复合材料的硬度、强度、弹性

模量和抗弯强度均高于纯铝材料的，而延展性明显降低。与纯铝箔多层复合材料相比，阳极铝箔多层复合材料具

有较高的强度和弹性模量以及较低的延展性。材料的断裂失效方式与延展性的变化一致。 

关键词：铝箔；阳极氧化；多层复合材料；Al2O3颗粒；强度；断裂 
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