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Abstract: The object of this study was to find the optimum conditions for the production of a sandwich composite from the sheets of 
brass-steel-brass. The experimental data obtained during the production process were used to validate the simulation program, which 
was written to establish the relation between the interface morphology and the thickness reduction amount of the composite. For this 
purpose, two surfaces of a steel sheet were first prepared by scratching brushing before inserting it between two brass sheets with 
smooth surfaces. Three sheets were then subjected to a cold rolling process for producing a tri-layer composite with various thick-
nesses. The sheet interface after rolling was studied by different techniques, and the bonding strength for each rolling condition was 
determined by peeling test. Moreover, a relation between interfacial bonding strength and thickness reduction was found. The simu-
lation results were compared with the experimental data and the available theoretical models to modify the original simulation pro-
gram with high application efficiency used for predicting the behavior of the interface under different pressures. 
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Nomenclature: 
B: Width of strips; 
n: Rotational velocity of the roll, r/min; 
R0: Radius of rolls; 
υ*: Shear velocity; 
αn: Contact angle related to neutral points; 
α2: Entrance point angle; 
U: Linear velocity of the roll; 
τs: Shear stress; 
P: Pressure; 
σ : Average stress; 
ε0: Strain rate; 
m1: Friction coefficient between the roll surface and the outer 
surface of the upper layer; 
m2: Friction coefficient between the roll surface and the outer 
surface of the underneath layer; 
t01: Original thickness of the upper brass layer; 
t02: Original thickness of the middle steel layer; 
t03: Original thickness of the lower brass layer; 
σ01: Yield strength of the upper layer; 
σ02: Yield strength of the middle layer; 
σ03: Yield strength of the lower layer; 
tf1: Final thickness of the upper brass layer; 

tf2: Final thickness of the middle steel layer; 
tf3: Final thickness of the lower brass layer; 
Rt : Reduction percentage of the total thickness. 

1. Introduction 
Cold roll welding is one of the solid state welding 

processes that can be used for joining two or more 
sheet metals by passing them through the gap space of 
two prefect rolls at ambient temperature. This tech-
nique is used in the production of composite sheet ma-
terials for various applications [1-3]. The mechanism 
of joining sheet metals in this process is said [4] to be 
primary due to metallic bonding between the surface 
atoms of the sheets. Since this process is performed at 
room temperature, the effect of rolling pressure on 
joining sheet metals becomes very crucial as there is 
no any conventional diffusion at this temperature [5]. 
In fact, in the cold roll welding process, a certain 
amount of rolling pressure can cause the atoms within 
the interface region of sheets to settle in such a way 
that an equivalent atomic distance to those of sheet 
metals involved be established at the interface [6]. The 
preparation of metal sheets before rolling is one of the 
most important factors for joining. This can be carried 
out either by coating the surfaces of the harder layer or 
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by scratch brushing its surfaces [7-10]. In the scratch 
brushing method, asperities (i.e. scratches consisted of 
peaks and troughs) are produced during brushing the 
surface. The peaks undergo the maximum deformation 
during rolling; hence, it becomes harder and subse-
quently some microcracks appear in the surfaces. The 
surfaces of these microcracks consist of virgin metals 
(i.e. non-oxide surfaces), so when they come in con-
tact with the softer metal extruded through micro-
cracks during cold rolling, some metallic bonds can be 
established between the two metals [3, 8]. 

2. Experimental work 
Before the application of cold rolling process in the 

present work, the surfaces of steel cores of the 
three-layer composite, brass-steel-brass were prepared 
by the scratch brushing technique. Then a sheet of 
brass with smooth surfaces was put over each side of 
the brushed steel sheet before rolling the three sheets 
at room temperature. Different thickness reductions 
(Rt=12%-71%) were applied to investigate the effect 
of rolling pressure on bonding strength and to find the 
optimum pressure for the production of the composite 
with enough bonding strength suitable for the next 
stage of operation, which was deep drawing after the 
annealing stage. The details of material compositions, 
the joining operation, and the peeling test for the 
evaluation of bonding strength can be found else 
where [11-12]. However, in this article, the mecha-
nism of locking at the interface region has been simu-
lated adequately, so that it can properly justify the re-
lation between the observed microstructural changes 
during rolling and the pressure used for the cold 
welding process. To make these ends meet, the pres-
sures applied for a certain amount of thickness reduc-
tion were established from the laboratory data, and 
then by use of Ansys-7.1 software, the variation of in-
terface morphology for different thickness reductions 
was estimated. Finally, the relation between the bond-
ing strength of the interface and thickness reduction 
was established, and an efficient mathematical model 
for this relationship was proposed. 

3. Theoretical work 
3.1. Calculation of pressure by the upper bound 

theorem 

The upper bound theorem for the calculation of the 
required pressure for a certain amount of thickness 
reduction was used in the following way. According 
to Ref. [13], the total power by the outer force=the in-
ternal power for heterogeneous deformation + the re-
quired power for ideal deformation. 

0
avr sd *dPU AU v s

v s
σ σ ε τ υ= ≤ +∫ ∫  (1) 

where P is the upper bound force or the roll separating 
load. This force is higher than the actual force re-
quired for deformation and is a function of rolling 
variables. By minimizing this equation on the base of 
independent variables, the predicted required force 
can come near to the actual force. 

(1) Calculation of power. 

Fig. 1 shows a schematically deformation pattern 
produced during the rolling of sandwich layers. The 
calculation of power for rolling three layers, that is the 
estimated upper bound power required for the defor-
mation (J) of the three layers, was determined by us-
ing Eq.(1) in the following way [14-15]. The total re-
quired power during rolling according to the upper 
bound theorem can be expressed as 

it st sfJ W W W= + +  (2) 

where, Wit, Wst, and Wsf are the internal power dissi-
pated during the process, the shear power due to ve-
locity discontinuity in neighboring fields, and the 
shear power losses due to the friction between brass 
sheets and rolls, respectively. The detailed expressions 
of the individual terms in Eq. (2) are as follows. 

(a) Internal ideal power (Wit) of deformation: 
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(b) Shear power (Wst) due to the velocity disconti-
nuity in neighboring fields: 
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(c) Shear power losses (Wsf) due to the friction be- tween brass sheets and rolls: 
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Fig. 1.  Schematic of the deformation pattern, and the significant of the symbols used. 

The symbols used in the above formula are defined 
in nomenclature, and the significance of some of these 
symbols is shown in Fig. 1. The total shear power 
losses due to the friction between sheet composite 
surfaces and rolls are determined by the sum of Wsf1 

and Wsf2. 

Wsf=Wsf1+Wsf2  (6) 

J= Wit+Wst+Wsf (7) 
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             (8) 

This equation is the most suitable equation for the 
calculation of the required power for a certain thick-
ness reduction in a three-layer composite under dif-
ferent variants such as initial sheet thickness, roller 
diameter, friction conditions, and so on. 

(2) Calculation of rolling pressure and torque. 

Rolling pressure was calculated from the required 
power for rolling or compression power (i.e. J) ac-
cording to the published relationship in Refs. [16-17]. 

1/ 2
0 F4π 4π [ ( )]

J JP
aN N R t tλ

= =
⋅ −

 (9) 

where coefficient λ for cold rolling sheets having 
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smooth surfaces is said to be equal to [14]: 

1/ 2
0 F
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a a
LP R t t

λ = = ≈
−

 (10) 

where a is the tangential radius that rolling load is 
supposed to be controlled or in other words, it is the 
effective momentum arm as shown in Fig. 2. 

 
Fig. 2.  Effective momentum arm and the point that the 
load is supposed to be concentrated. 

3.2. Computational modeling 

(1) Flowchart of computational study. 

A computer program on the base of the upper 
bound theorem was used for minimizing the power 
and also calculating the rolling load for a certain 
amount of reduction in accordance with Eq. (4). The 
program flowchart is presented in Fig. 3. 

 
Fig. 3.  Flowchart of the theoretical study and practical 
work used for modeling. 

The primary conditions used in this program are as 
follows. 

The angle, αn, was chosen between zero (i.e., nor-
mal to the rolling direction) and α2 (i.e. 0<αn<α2), 
where α2 is the entrance point angle. Moreover, the 

program was written in such a way that the range of 
thickness reduction (Rt) was chosen between 12% and 
71%. 

tf=t0(1–Rt), 

t0=t01+t02+t03 (11) 

This range of Rt covers all the thickness reductions 
used in this research. By estimating the final reduction 
and the angle αn via the program during the minimiza-
tion process, the rolling pressure for any specific re-
duction was predicted. 

(2) Simulation of the interface region. 

The finite element method (FEM) through Ansys 
7.1 software was used for simulating the interface 
morphology and the required pressure. The total 
thickness of the sheet composite was 4.4 mm. Half of 
the total thickness is shown schematically in Fig. 4. 
Two different types of steels for the middle layer of 
the sandwich were used. The specification of the ma-
terials is presented in Table 1. 

 
Fig. 4.  Schematic model for the interface simulation (unit: 
mm). 

After producing the three sheet brass-steel-brass 
composites under various thickness reductions, the in-
terfaces of steel and brass layers were studied by use 
of optical and scanning electron microscopes. The size, 
shape, and height of the compressed peaks of scratch 
brushes in optimum conditions were investigated and 
the results were compared with those computed with 
the mathematical model through the simulating pro-
gram. The schematic mesh size used in this study for 
modeling the interface region on one side of the sym-
metric axis is shown in Fig. 5.  

4. Results and discussion 
The simulation process for different rolling pres-

sures under various thickness reductions lead to the 
variation of the steel-brass interface bonding strength 
presented in Fig. 6. Meanwhile, the rolling pressure, 
which was calculated by the upper bound theorem, in-
creases as the thickness reduction increases. The 
changes in the shapes of scratch peaks as they sub-
jected to various rolling pressures are illustrated in 
Fig.7. 

Figs. 7(a)-(e) show that the height of the peaks re-
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duces as the rolling pressure (computed by the pro-
posed relation, i.e. Eq. (4)) increases. It is mentioned 
earlier that as the heights of the peaks decrease, the 
material underneath becomes harder. This situation 
continues until further hardening of the material be-
comes practically impossible, which then forms extru-

sion channels or microcracks for the upper soft mate-
rial (Fig. 7(f)). The extruded brass within the micro-
cracks is termed as micropins regions. The details of 
the effect of micropins on the strengthening mecha-
nism of the interface have been published earlier 
[11-12].  

Table 1.  Specification of the material for sandwich sheet composites 

Yield strength / MPa Young’s modulus / GPa Poisson’s ratio Material Position 
285 205 0.29 St13 Middle layer 
125 120 0.32 CuZn10 Lower & upper layers 

 620* 205 0.29 Work hardened St13 Micropins region 
  Note: * was obtained from the microhardness data after rolling. 

 
Fig. 5.  Schematic illustration of meshing in an interface 
region 

 
Fig. 6.  Calculated rolling pressure and bonding strength 
vs. thickness reduction (calculated by the upper bound 
theorem). 

   

   

Fig. 7.  Variation of strain induced in the thickness direction of layers imposed by different Rt: (a) 38%; (b) 52%; (c) 59%; 
(d) 66%; (e) 71%; (f) schematic illustration of microcrack formation on the hardened peak region of scratches. 

Fig. 8 shows that the peak regions are compressed 
and deform severely so that their hardness increases 
subsequently, see Table 2. The peeled surface of the 
steel sheet is presented in Fig. 8(b) and the X-ray 
photograph of copper element on this sheet after the 
peeling test is shown in Fig.8(c). The trace of copper 
element on the steel sheet surface between the troughs 
confirms the penetration of copper element within the 
microcracks produced in the hardened peak regions 
during rolling.  

Fig. 9 shows the amount of reduction occurred on 
the peak heights when the composite thickness re-
duced more. It indicates that after the application of a 
large amounts of thickness reductions (i.e. >66%), the 
interface of brass-steel sheets approximately levels off. 
However, since the bonding mechanism of these 
sheets is mostly due to the formation of micropins and 
the metallic bonding within them [11-12], one can ex-
pect that the strain field in the vicinity of the interface 
be heterogeneously distributed as shown in Fig. 7. 
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Stress concentration around the peak regions is much more than that concentrated on the trough regions. 

 

  
Fig. 8.  Typical profile of the sheet composite after rolling (a), peeled surface of the steel sheet (b), and X-ray map of copper 
element taken from the peeled surface of the steel sheet (c), showing the penetration of softer material (i.e., brass) within the 
hardened peak regions of the steel sheet. 

Table 2.  Hardness of various locations of the steel sheet before and after rolling process 

Central region Peak Trough Location 
90 200 110 Hardness of the original scratch brushed steel, Hv20 

160 327 187 Hardness of the 59% reduction steel, Hv20 
 

  

  

 

Fig. 9.  Optical micrographs show-
ing the peak heights reduction by
increasing the amount of deforma-
tion (Rt):  (a) 38%; (b) 52%, (c)
59%, (d) 66%, (e) 71%. 
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By comparing Figs. 7 and 9 for actual reduction of 
the height of peaks with the increase in the amount of 
thickness reduction, one can conclude that the simu-
lated program used in this research was in a good 
agreement with the experimental data obtained during 
the rolling process. The height of peaks estimated 
from the mathematical model and those calculated 
from the experimental data for different amounts of 
deformations as a function of total thickness reduction 
is presented in Fig. 10. It indicates that the height of 
the peaks obtained experimentally does not change 
critically after 59% of thickness reduction, whereas 
the heights predicted by the model reduce even after 
this percentage of thickness reduction. The reason of 
this observation can be sought in the application of the 
linear elastic-plastic theory in the model for the entire 
thickness reduction range. Whereas deformation in the 
peaks of scratches in the steel sheet is actually loga-
rithmic; the trend of reduction estimated by the model 
is linear and very close to the data obtained experi-
mentally. Fig. 11 also illustrates the differences be-
tween the linear work hardening and true stress-strain 
diagram for the plastic region in a deformation process 
[15].  

 
Fig. 10.  Comparison of the predicted and experimental 
heights of the peaks for various thickness reductions. 

 
Fig. 11.  Comparison between the linear and logarithmic 
work hardening models [14]. 

The work hardening rate of the steel predicted by 
theory is usually less than the actual hardening rate up 
to a certain amount of reduction as indicated in Fig. 11. 
This specific amount of reduction is about 59% for 
this research as indicated in Fig. 10. The peaks of 
scratches initially deform at a higher rate as the mate-

rial is soft and the dislocations can be generated and 
move easily, but the amount of deformation reduces 
gradually to a minimum as the material becomes 
harder. The theoretical peak heights are smaller than 
those produced experimentally up to 59% as indicated 
Fig. 10. Thereafter, the hardness of experimentally 
peaks is less than those produced by theory. Indeed, 
for a thickness reduction more than 59%, nearly full 
strength of the material has been reached, so that the 
material under peak regions becomes fully hardened 
and no more deformation can be applied until the ma-
terial is subjected to thermal treatment. The spherical 
shape of peak regions becomes elliptical after rolling. 
So the model predicts the shape of peak regions is in 
good agreement with the experimental results. Fur-
thermore, the comparison of peak regions for a thick-
ness reduction of 59% for both theoretical and ex-
perimental results show that the predicted rolling 
pressure can be credited for use in the cold welding 
process. It is worth emphasizing that the dominant 
bonding mechanism is independent of the trough re-
gion morphology changes and just relates to the ex-
tremity limitation of micropins creations. Also, the in-
terface strength of the layers can be predicted from the 
theoretical peak heights estimated from the computer 
program used in this work. 

5. Conclusions 

(1) The optimum thickness reduction estimated by 
the upper bound theorem and also obtained experi-
mentally for the cold roll welding of brass-steel-brass 
sheet composites was 59%. 

(2) During the rolling, with brass flowing in the 
trough regions of the steel sheet, mechanical locking 
was initially created prior to the threshold thickness 
reduction of 38%. However, the main mechanism of 
interface strengthening occurred when the soft brass 
extruded within the microcracks separated on the 
hardened peak regions during further reduction.  

(3) Peaks of scratches reduce linearly with increas-
ing reduction amount; however, the reduction rate up 
to 59% is higher than that of further reduction. 

(4) The good agreement between the theoretical 
peak height values obtained by simulation and the 
empirical model developed in this work makes the 
predicted values of rolling pressure for any specific 
reduction credited. 
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