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 A flat roll bonded composite material based on aluminum matrix and reinforcing steel mesh inlets can be applied in aero-
space, automotive, train, ship building, and household industries. However, the development of its manufacturing technology 
requires complete understanding of transformation of its components during the roll bonding process as well as an impact of 
technological parameters on its bonding quality. Thus, bonding properties between aluminum clad layers AA6060 and steel 
meshed reinforcement inlets AISI 304 (expanded sheet) and ASISI 321 (wire mesh) of roll-bonded reinforced composite 
have been investigated in this study. The applied reduction was 30 and 20 %, the temperature of the roll bonding process 

was 500 and 400℃, the temperature of the heat treatment process was 520℃ with holding time 45 minutes. 
 During the peel test, the destruction of inlets was observed in all cases, therefore, no data were obtained regarding the 
correlation between the reduction magnitude and the peel strength. At the same time, the effect of temperature and heat 
treatment on the bonding strength between layers have been studied by means of peel test.  
 In addition, a simulation of the hot roll bonding process of aluminum with expanded mesh inlets was developed using the 
finite element method (FEM) via QForm software. Conditions of FEM simulation corresponded to experimental ones and the 
simulation was verified with the experiment by the comparison of deformation parameters of whole composites and angles 
between strands during the opening of expanded mesh cells. 
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 Плаский композиційний матеріал на основі алюмінієвої матриці та армувальної сталевої сітки що виготовлений 
шляхом гарячої пакетної прокатки може використовуватись в аерокосмічній, автомобільній, залізничній, суднобу-
дівній та побутовій промисловості. Однак, розроблення технології виготовлення такого композиційного матері-
алу вимагає повного розуміння характеру пластичної течії його складових під час процесу пакетної, а також 
впливу технологічних параметрів процесу пакетної прокатки на його якість зчеплення між шарами композиту. 
Таким чином, в даній роботі було досліджено властивості зчеплення між шарами алюмінієвого сплаву марки АД31 
та сталевими армувальними сітчастими вставками на основі сталей марок 08Х18Н10 (просічно-витяжна сітка) і 
Х18Н0Т (плетена сітка) композиційного матеріалу. Степінь відносного обтиснення під час пакетної прокатки 

становив 30 і 20%, прокатка відбувалася при температурі 500 і 400 ℃, при цьому температура процесу терміч-
ної обробки склала 520 ℃, а час витримки –  45 хвилин. 

 При випробуванні на розшарування зразків у всіх випадках спостерігалося руйнування вставок, тому не отрима-
но даних щодо кореляції між ступенем обтиснення і силою відшарування. При цьому, було досліджено вплив тем-
ператури та наявності термічної обробки на міцність зв'язування між шарами за допомогою випробовування на 
розшарування. 
 Крім того, було розроблено моделювання процесу гарячої пакетної прокатки алюмінію з вставками із просічно-
витяжної сітки з використанням методу скінченних елементів за допомогою програмного забезпечення QForm. 
Умови процесу моделювання відповідали експериментальним, при цьому апробація моделювання було була прове-
дена шляхом порівняння параметрів деформації композиційних матеріалів і кутів між нитками під час розкриття 
вставки на основі просічно-витяжної сітки. 
 Ключові слова: пакетна прокатка, композиційний матеріал, алюміній, сталь, сітка  
 

Introduction. Roll bonding is widely used for manu-

facturing of flat layered metal composites. In this re-
search it is investigated the process of manufacturing of 
layered composite material that consists of aluminum 

layers and reinforced with meshed austenitic steel in-
lets. One of the most important quality criterion of a 
product made by this process is the strength of bonding 
between layers, since it determines an opportunity to 
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apply a product in engineering fields. 
Utilizing of inner layers made of stainless steel may 

be a promising way to enhance not only the strength of 
the composite material itself but also its bonding 
strength. Thus, aluminum reinforced with steel may al-
low broadening the use of aluminum in aerospace, au-
tomotive, shipbuilding and household industries, de-
creasing of specific weight of structural parts and, 
hence, minimization of fuel consumption. Thus, in this 
study it is proposed to apply steel mesh materials as re-
inforcement inserts, this might help to decrease specific 
weight comparing to a solid steel sheet, in addition, it is 
interesting to study the effect of aluminum flowing into 
mesh cells on the bonding strength, since the perimeter 
of bonding increases. Moreover, in this case bonding 
appears not only between horizontal surfaces of metals 
but also between surfaces inside meshed cells, thus, it 
provides new spatial orientation of bonding between 
layers. 

Purpose of the research. The target of this re-

search is to study the impact of roll bonding parameters 
on the bonding quality and clarify a character of plastic 
deformation of the composite compounds. 

Analysis of publications. Numerous researches 

have clarified the influence on the bonding strength of 
such main parameters of the roll bonding process as a 
reduction [1-13], a temperature [1,2,4,6-10,14,15], a 
heat treatment process [2,6,8,10,14,17,19], a surface 
treatment [4,19,20], a rolling speed [5,10,20], it was also 
studied the effect of asymmetrical rolling on bonding 
strength [17,21].  Researchers [5,8], who studied the roll 
boning process of aluminum clad sheets 1050, 1100 
and medium carbon steel have found that in case of 
cold roll bonding the threshold of deformation for 
achieving bonding between layers is around 10%. The 
same result is described in the work [6], where alumi-
num clad sheets 1050 and austenitic steel were roll 
bonded. This is considerably lower than that of roll 
bonded simple aluminum sheets 1100/1100 with reduc-
tion threshold 30% [6,10]. And in the research [6] 38% 
was enough to achieve bonding strength equaled to 
strength of aluminum clad layers and austenitic steel in-
ner layer. 

There are studies of reinforcing of aluminum solid 
sheet material with steel wire mesh by means of roll 

bonding [22-24] and twin-roll casting [25]. However, the 
researchers were focused on enhancing of the tensile 
strength and the effect of such inlet on the bonding 
strength is unrevealed. Nevertheless, it is reported that 
there is a high concentration of stress at the its manu-
facturing technology due to the combination of the longi-
tudinal strain while the rolling process and intensive 
compression due to the wire overlaying which can result 
in destruction of steel wire in this region. In that way 
wire mesh constrains reduction that can be applied to 
the composite as well as it limits an opportunity to per-
form further operations such as stamping, bending, et-
cetera.  

According to works [22-25], technologically, wire 
mesh should be oriented with 45° to the rolling axis, this 
direction provides the best plasticity of the composite, 
since cell of the steel wire mesh have an opportunity to 
lengthen due to rotation of wires at the zones of inter-
section. In addition, in the works [24,25] it is shown that 
zones of complicated penetration of metal appear near 
the overlaying of wires resulting in voids in this zones 
and, consequently, in decreasing of bonding strength. 
Thus, the presence of knots in wire mesh is rather a 
disadvantage in condition of roll bonding, therefore, it 
was decided to apply also an expanded steel sheet ma-
terial as a reinforcement inlet for the roll bonded com-
posite. 

Experimental procedure. Specimens consisted of 

two layers of aluminum alloy AA6060 and two meshed 
steel inserts located at the edges of aluminum strips. 
Constituents workpieces were degreased via alcohol, 
fastened with four rivets at forward and backward ends, 
preheated and hot roll bonded under conditions repre-
sented in table 1. The steel inlets were installed be-
tween aluminum layers around the edges as it is shown 
in the figure 1. Two types of inlets were utilized: wire 
mesh inlet made of austenitic steel AISI 321 and ex-
panded sheet inlet made of austenitic steel AISI 304, in 
addition, specimens without inlets were used as refer-
ence ones. The specification of the initial geometry of 
the composite and parameters of the process are pre-
sented in the table 1.  Roll bonding of each composite 
was performed per one rolling pass. 

 

 
Figure 1 – Scheme of half composite with 
steel meshed inlets (a – expanded sheet; b 
– wire mesh) 
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Table 1 – Condition of the roll bonding process 

Parameter Value 
Aluminum layer thickness, mm 3 
Aluminum layer width, mm 70 
Aluminum layer/steel inlet length, mm 200 
Steel inlet thickness (exp. sheet/wire), mm 0,5 
Expanded sheet cell parameters: Lc×Bc, mm 2×4 
Wire mesh cell parameters: Lc×Bc, mm 2×2 
Angle between strands, exp. sheet, ° 60 
Angle between strands, wire mesh, ° 90 
Steel inlet width (exp. sheet/wire), mm 20 
Gap between inlets, mm 50 
Working roll diameter, mm 135 
Temperature, ℃ 400; 500 
Reduction, % 20; 30 
Rolling speed, mm/sec 300 

 
A part of specimens was exposed to annealing after 

roll bonding in order to investigate the effect of heat 
treatment on bonding properties. The specimens were 
held up for 45min at 520℃ degrees. After the all exper-
imental procedures, a peeling test via “MTS Landmark” 
was performed with parameters shown on the fig. 2. 
Specimens for testing were taken from the part of strips 
with reinforcing inlets.  

 
Figure 2 –  Schematic illustration of the spec-

imen for peeling test 
Simulation procedure. The FEM simulation of 

the roll bonding process was developed via QForm 
software. Geometrical parameters and temperature in 
the simulation correspond to experimental ones; as a 
model of friction between tools and worpiece the Zil-
berg’s model was applied. Between billets it was set up 
“Full sticking”. This admission suggests existence of ini-
tial bonding between elements of worpiece and ab-

sence of sliding of layers relative to each other.  Due to 
the presence of a plane of symmetry, only half of the 
process was simulated as it can be seen in figure. 3 The 
presence of curvatures in the finite element model of 
expanded sheet inlet was neglected.  

 
Figure 3 – Finite element model of the initial 

workpiece in QForm cut off in the plane of symmetry 
 
The flow stress curves of aluminum alloy 6060 was 

taken from the study [26]. The flow stress of steel inlets 
was set via Hansel-Spittel model [27]. With correspond-
ing coefficients that consider initial strain resistance, 
temperature, strain and strain rate presented in the ta-

ble 2.
31 2 4

1

mm T m mA e e         . (1) 

 
Where where A is a constant, m1 to m8 are expo-

nents containing the influence of the deformation condi-
tions on the flow stress. 
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Table 2 – Coefficients of Hansel-Spittel model for steel AISI 304 

A1 m1 m2 m3 m4 

1335,332 - 0.00148 0,36219 0,01014 0,003372 

 
Results and discussion. Geometrical parame-

ters and parameters of deformation of the roll bonded 
composites obtained experimentally and in FEM simula-
tion are presented in the table 3. It can be seen that pa-
rameters of reduction and expanding obtained in simu-

lation have a good agreement compared to experi-
mental ones, however, there is a deviation of elongation 
parameter obtained in FE model compared to the ex-
perimental one. 

Table 3 – Geometrical parameters of roll bonded specimens  

Reduction 
 
 

Initial 
width, 
mm 

Initial 
length, 
mm 

Thickness 
after pass, 
mm 

Width 
after  
pass, 
mm 

Length 
after pass, 
mm 

Expand-
ing, 

% 

Elongation, 
% 

Angle 
between 
strands, ° 

(exp. 
sheet) 

Simulation 

20%  70 20 4,8 70,8 26 1,14   30  80 

30%  70 20 4,2 71,76 29,4 2,51  47  90 

Experiment 

20%  70 200 4,8 71,5 290 2,14  45  86 

30%  70 200 4,2 72 325 2,86  62,5  90 

The effect of technological parameters upon the 
peel force. The bonding strength is evaluated by 
means of peel force parameter that is defined during the 
peeling test. After roll bonding, in all cases a destruction 
of inner austenitic steel inlets was observed. As a result 
of such destruction, the analysis of the peel force ap-
peared to be impossible, therefore, is not presented in 
this study. 

On the other hand, the effect of the annealing can be 
seen by the comparison of the peel force of 
specimens directly after the roll bonding pro-
cess and those after the post heat treatment. 
The effect of the heat treatment is presented in 
the fig. 10. The list of the roll bonded compo-
sites are presented in the table 4.  

It can be seen in the diagram on the fig. 5 
that almost in all cases bonding strengthening 
was observed. In two cases (number 2 and 6) 
the peeling force dropped after the heat treat-
ment.  

Since a part of specimens in case of 20% 
reduction and expanded sheet inlets or without 
inlet disbonded unpromptedly, they are not 
presented in the list. Specimens with wire mesh 
inlets are presented fully. A number of each 
couple of specimens in the table corresponds 
to that one in the diagram. In case of reference 
specimens, where no inlets were applied spec-
imens after rolling at 400℃ without the heat treatment 

and specimens after the rolling at 500℃ with the heat 
treatment were compared.  

It can be seen that specimens with inlets after heat 
treatment presented better results than reference ones, 

thus, meshed steel inlets provide positive effect upon 
the bonding strength, however further developments of 
such process is necessary in order to avoid disad-
vantages obtained in the current stage. Moreover, peel 
strength of specimens with wire mesh inlet appeared to 
be higher than that of specimens with expanded metal 
owing to higher destruction rate of expanded metal 
compared to wire mesh.  

 

Figure 5 – Effect of the heat treatment on the peeling 
force 
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Table 4 – couples of specimens for peel tests  

Number Reduction, % Temperature, ℃ Type of an inlet 

1 20 400/500 – 

2 30 400 – 
3 30 500 – 
4 20 500 Expanded sheet 
5 30 400 Expanded sheet 
6 30 500 Expanded sheet 
7 20 400 Wire mesh 

8 20 500 Wire mesh 

9 30 400 Wire mesh 
10 30 500 Wire mesh 

  
 
Conclusions. Due to uncontrolled destruction of 

steel inlets the studying of the dependence of peel 
force upon the reduction appeared to be impossible. 
At the same time, the effect of heat treatment on its 
magnitude appeared to be positive in almost all cases 
except of two observations. At the same time, heat 
treatment allowed an increase of peel force up to 35 
N/mm.  

It can be seen that the specimens with wire mesh 
inlets provided higher magnitude of peel force com-
pared to specimens with expanded mesh inlets and 
those without any inlet. The possible reason of that is 
higher rate of destruction of expanded metal. Howev-

er, high level of fluctuation of obtained results is ob-
served.  

Developed FE simulation via QForm software has 
shown an agreement with experimental results. There 
is a deviation of elongation magnitude that can be ex-
plained by common immersion of finite element mesh 
into one another. However, the simulation presented 
very similar results of expanded mesh cells opening. 

The possible reason of destruction of expanded 
sheet inlets is their work hardening due to their manu-
facturing procedure. This will be clarified in future 
studying. At the same time, the destruction of wire 
mesh inlets is expected, since it is explained by previ-
ous researchers [22-25].  
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