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Multilayer composites have recently attracted considerable attention due to their ability to take advantage
of the benefits of various metallic materials simultaneously. The present study is the first to use parallel
tubular channel angular pressing (PTCAP) as a severe plastic deformation method to fabricate a bimetal
Al/Mg tube. This process was applied on commercially pure aluminum along with an AM60 magnesium
alloy at the temperature range of 250-400 �C. According to the microstructural and mechanical tests, there
is a strong bond between layers besides the grain refinement after the process. Additionally, microhardness
examinations showed that there is an excellent homogeneity in addition to the dramatic increase in the
hardness of bimetallic PTCAP processed Al/Mg tube. Scanning electron microscope and energy-dispersive
x-ray spectroscopy analyses in the interface between the layers and also the results of the shear strength test
showed that by increasing the temperature, the diffusion rate at the interface increases. For instance, the
significant bonding strength of 30 MPa was achieved after the PTCAP specimen at 400 �C. Therefore, these
investigations substantiate that the PTCAP process can be used as an appropriate cladding technique for
obtaining simultaneous severe plastic deformation microstructures and sufficient bonding strength in the
production of bimetallic tubes.
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1. Introduction

In recent years, magnesium and its alloys have flourished in
the aerospace and automotive industry due to their special
properties, such as high strength-to-weight ratio, good casta-
bility, and high thermal and electrical conductivity (Ref 1-3).
While magnesium has been used extensively, there are limits to
its use due to its poor ductility, which can be attributed to its
hexagonal closed packed (hcp) crystal structure and limited slip
systems at the ambient temperature, and its low corrosion
resistance (Ref 4-6). Regarding corrosion properties, there is no
self-healing passivation layer for magnesium, rendering it
highly vulnerable to galvanic attack (Ref 7). One of the
successful methods to overcome these drawbacks is to fabricate
multilayered composite materials. Recent studies have shown
that combining various materials can effectively optimize
mechanical properties, corrosion, and abrasion resistance while
decreasing total weight (Ref 1-4). Among the materials to
combine with Mg alloys, Al and its alloys are excellent
candidates. In fact, proper corrosion resistance and better

ductility of aluminum alloys have made them suitable candi-
dates for magnesium coatings (Ref 8). Thus, magnesium/
aluminum bimetallic products have attracted considerable
attention.

Several methods have been proposed for cladding dissimilar
metals, which can be classified into two general groups based
on their nature. First, their focus mainly is on bonding of layers,
namely roll bonding (Ref 9), diffusion bonding (Ref 10),
explosive welding (Ref 11, 12), friction stir welding (Ref 13,
14), extrusion (Ref 15), twin roll casting (Ref 16), casting (Ref
17, 18), hot pressing (Ref 19), cold rolling (Ref 20), and
transient liquid phase (TLP) (Ref 21). Besides, the second
group�s approaches focus on the bonding of layers and grain
refining of metals simultaneously, including SPD-based meth-
ods such as accumulative roll-bonding (ARB) (Ref 22). SPD
techniques are among the most effective methods to produce
multilayered components. In fact, they are able to clad
dissimilar materials while imposing very high strain on
materials, leading to the production of ultrafine-grained mate-
rials (Ref 23).

Recently, researchers have put much effort into developing
complicated components, notably multilayered tubes. Conse-
quently, their effort resulted in some proper approaches based
on the SPD-based process and the fundamentals of cladding the
tubular components. Some well-known SPD processes used for
processing tubular bimetallic components are as follows: high-
pressure tube twisting (HPTT) (Ref 24), tube extrusion shearing
(TES) (Ref 25), equal channel angular pressing (ECAP) (Ref
26), accumulative extrusion bonding (AEB) (Ref 27). The
methods mentioned above have some drawbacks, including
poor bonding strength, requiring advanced equipment, and low
microstructural homogeneity through the materials. We conduct
a new method to produce ultrafine-grained multilayer tubular
components based on the PTCAP method to overcome these
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drawbacks. The PTCAP process was introduced by Faraji et al.
as a suitable method to produce single-layer ultrafine-grained
tubes (Ref 28, 29). Since then, this method has been used to
process many materials, all of which were single-layer tubes.
The PTCAP has been used to enhance single-layer tubes’
mechanical properties through severe plastic deformation with
a low required force and homogenous strain distribution (Ref
30-33). Based on this research work, the PTCAP process
allows for the fabrication of multilayered tubes with less
required force and better bonding strength between layers
without requiring special equipment, while the tubes become
ultrafine-grained, resulting in a considerable improvement in
the mechanical properties of the materials.

The PTCAP process for tube cladding consists of two half-
cycles. As illustrated in Fig. 1, in the first half-cycle, the upper
punch presses the tubes through the gap between the mandrel
and the die. After passing through the shear zone, the tubes
reach their maximum size in the first half cycle (Fig. 1a). In the
second half-cycle, the double-layered tube with an increased
size was pressed back by the lower punch into the shear zone
again. The tube will reach its initial size by completing this
step, as illustrated in Fig. 1(b). In other words, the PTCAP
process is able to fabricate bimetallic tubes with excellent
bonding strength and superior mechanical properties, while
there would be no change in the final geometrical dimensions
of the specimens.

The total accumulative strain eT in the first half cycle of the
PTCAP processing can be calculated using the following
equation (Ref 28), which is derived from the common
engineering formulae as well as the geometry presented in
Fig. 2(a)

eT ¼
X2

i¼1
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3
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where u and w are the angles of the channel and curvature,
respectively.
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where the R1 and R2 are shown in Fig. 2.

After N passes, the total equivalent strain can be estimated
by the following equation (Ref 28):
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Although the Al/Mg bimetallic tube plays a vital role in
industries, particularly those exposed to a chemical environ-
ment, most cladding techniques were applied to Al/Cu
components. Therefore, this paper presents the first application
of the PTCAP method to fabricate Al/Mg (commercially pure
aluminum and magnesium alloy AM60). It is noteworthy that
the article focuses mainly on the Mg layer since the AM60
component has a more complicated microstructure than the Al
component.

2. Experimental Procedure

The experimental materials consisted of as-cast magnesium
AM60, which contains 5.65% Al, 0.24% Zn, 0.27% Mn, 0.07%
Si, 0.01% Cu, 0.004% Fe, 0.003% Ni (all expressed in wt.%)
for the outer tube and sheet-formed pure aluminum 1050 for the
inner one. The inner tube (Al1050) with an outer diameter of 17
mm, a thickness of 1 mm, and a length of 400 mm was
precisely cut through a wire cut machine. The outer tube
(AM60) with 20 mm in outer diameter, 1.5 mm in thickness,
and 40 mm in length was also cut through the wire-cut electro-
discharge machine for better accuracy in size. Figure 3
illustrates the specimens before and after the PTCAP process.
Then, all specimens were annealed at 350 �C for 2 h prior to
the processing in order to obtain a homogeneous microstruc-
ture. The die, the mandrel, and the punches were manufactured
from H13 hot-worked die steel and subsequently were hardened
up to 55 HRC. The die parameter, which is illustrated in
Fig. 2(a), is presented in Table 1.

To reduce friction, molybdenum sulfide (MoS2) was sprayed
on all surfaces involved in the PTCAP process, except the
interface between Al and Mg. Al and Mg tubes were fitted
together through the sliding fit. Afterward, Al/Mg tubes were
PTCAPed at temperatures of 250, 300, 350, and 400 �C with 10
mm/s ram speed. Vickers microhardness was conducted at a
transverse cross section of the Al/Mg tubes using the Coopa
model microhardness machine at a load of 50 gr applied for 15 s.

Fig. 1 Schematic of the PTCAP process (a) first-half pass, (b) second-half pass
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For characterization, the specimens were polished and etched
with a solution containing 4.2 gr pitric acid, 70 ml ethanol, 10 ml
acetic acid, and 10 ml distilled water. Then, optical microscopy
was used in order to investigate the microstructure of the AM60
surfaces at a transverse cross section of tubes. Furthermore, the
surfaces of the Al1050 in the bimetallic tubes were also polished
and electro-etched for optical microscopy. Measurements of
grain size are conducted using the linear intercept method
according to the ASTME112-13 standard. The PTCAPedAM60
layer at various temperatures was also characterized by the
scanning electron microscope (SEM) using the FEI NOVA
NANOSEM 450 model machine. The phase constitutions of the
AM60 layers of each specimen were analyzed using an x-ray
diffraction analysis with Cu Ka radiation by the PHILIPS
PW1730machine. The chemical compositions of the AM60 tube
were detected by an SEM equipped with an energy-dispersive x-
ray spectroscopy (EDS) analysis. Furthermore, the microstruc-
ture of Mg layers was analyzed by the transmission electron
microscope (TEM) model FEI Tecnai G2 F20 SuperTwin at
20KeV. The samples for the TEM analysis were cut 29 29 0.1
mm fromMg layers, whichwas PTCAPed at the 300 and 400 �C.
The samples were prepared by double jet polishing using 50 cm3

perchloric acid, 25 cm3 2-butoxyethanol, 450 cm3 ethanol
solution at 230-240 K, 8-10 V.

Additionally, the shear bond test was performed in order to
investigate the bond strength between the two layers of each

specimen at room temperature (Fig. 2b). All samples for the
mentioned test were cut with a length of 2 mm in the transverse
cross section direction (TD). A load with a constant ram speed
of 0.5 mm/min at the ambient temperature was applied
continuously until the specimens were failed. The shear bond
strength was calculated by the following equation.

rt ¼
Fmax

A
¼ Fmax

pdh

where rt is the bond strength, Fmax is the maximum compres-
sion force, A is the area of the shear plane, d is the diameter of
the interface, and h is the ring thickness.

3. Results and Discussion

3.1 Microstructure

The microstructure of the as-cast AM60 Mg alloy after
annealing at 350 �C for 2 h is shown in Fig. 4(a). The
microstructure contains coarse grains of the a-Mg phase with
an average linear intercept length of 300 lm and isolated
particles of intermetallic b-phase (Mg17Al12). The eutectic b-
phase (Mg17Al12) in the as-cast microstructure is generally
distributed in grain boundaries (GBs) as a network-like

Fig. 2 (a) Die parameters diagram, (b) schematic of shear bond test

Fig. 3 The specimens, (a) before the process, (b), and (c) after PTCAP processing

Table 1 The die parameter�s value

Parameter R1 (Al) R1 (Mg) R2 (Al) R2 (Mg) Channel angle (u1, u2) Curvature angle (w1, w2) Total equivalent strain

Value 8 9.25 10.5 11.75 120� 0� AM60 2.5
… … … … … … … Al1050 3.28
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structure that reduces the strength of Mg alloy (Ref 34). On the
other hand, although the heat treatment at high temperature (T
> 400 �C) for a long time causes the dissolution of the coarse
b-phase network, that process is time-consuming and has
drawbacks such as grain growth and oxidation. According to
previous research, based on the improvement of ductility, the
annealing around solvus line for a short time has caused the
conversion of b-phase network structure to the isolated particles
via partial dissolution (Ref 35). As can be seen in Fig. 4(a), this
phase is distributed along the GBs as isolated particles, and its
presence after annealing was subsequently verified by XRD
patterns as shown in Fig. 4(b).

AM60 alloy�s optical micrograph after one pass of PTCAP
at the temperature of 250 �C is displayed in Fig. 5(a). As it is
seen, remarkable grain refinement happened by dynamic
recrystallization (DRX), developed broadly along initial GBs,
in the regions with precipitates near the original GBs, inside
and on boundaries of twins (Fig. 5a and b). Due to the storage
of high energy in the course of deformation, twins are favorable
sites for nucleation of new grains (Ref 36); hence, twining
plays a crucial role in low-temperature deformation. Bimodal
distribution of grains and undissolved Mg17Al12 phases are

visible in the structure, and the SEM image shows that the grain
size in some recrystallized regions reaches � 0.1 lm (Fig. 5c).

In order to investigate the effect of process temperature on
microstructure, the representative microstructure of PTCAPed
AM60 alloy at temperatures of 300 and 400 �C is shown in
Fig. 6(a) and (c). As shown by the results, due to the operation
of the non-basal slip systems, no twinning can be found at the
high deformation temperature of 300 and 400 �C and
microstructures composed of large unrecrystallized zones
surrounded by the fine-grained DRX necklace structure. The
necklace structure is a typical microstructure in Mg alloys after
deformation at high temperatures so that with the progress of
deformation, DRX sets in the bulged GBs, and gradually the
initial grains are replaced with equiaxed DRX grains, which are
formed as a necklace along the initial GBs (Ref 37, 38). In
addition, metallographic observations reveal that with the
increasing temperature of deformation, a fraction of DRX was
enhanced. When the PTCAP temperature was higher than 350
�C, the homogenous microstructure appeared due to full
crystallization. The grain size distribution histograms for the
AM60 section of the tubes PTCAPed at temperatures of 300 �C
and 400 �C are presented in Fig. 6(a) and (c). As it can be seen,
the average primary grain size of about 300 lm was refined to

Fig. 5 (a) and (b) Optical micrographs and (c) SEM image after one pass of PTCAP at the temperature of 250 �C for AM60 magnesium alloy

Fig. 4 (a) Optical micrographs and (b) XRD pattern for AM60 magnesium alloy after annealing at 350 �C for 2 h
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about 3.98, and 7 lm after one pass of PTCAP at 300, and 400
�C, respectively. Increasing the average grain size and moving
the grain size distribution histograms toward coarser recrystal-
lized grains by increasing PTCAP temperature can be attributed
to the further activity of non-basal slip systems, dynamic
restoration mechanisms, and limited grain growth processes.
These results are in good agreement with other reports
regarding the microstructure evaluation of AM60 alloy (Ref
34).

TEM images from the transverse section of samples
PTCAPed at 300 and 400 �C (Fig. 6b and d) show the high
density of dislocation in microstructure, although some grains
are free of dislocations. Observations have shown that as the
temperature rises, the number of free dislocation�s grains
increases. Sharp grain boundaries without any considerable
wavy shape can be seen in sample PTCAPed at 400 �C as well.
This may be linked to restoration phenomena and the
consequent low magnitude of dislocations density.

As can be seen in Fig. 7(a), (b), and (c), besides the DRX,
dissolution and fragmentation of Mg17Al12 phases simultane-
ously occur in the PTCAP process in AM60 alloy. In other
words, during the PTCAP process, the previous b-phase was
broken down and distributed along the newly formed DRX
grain boundaries and inside the grains. Figure 7(a), (b), and (c)
shows the distribution of this phase after the PTCAP process at
temperatures of 250, 350, and 400 �C. The crushed precipitates,
like pinning obstacles, can prevent grain growth, which limits
the growth of DRX grains. By increasing PCAP temperature (T
> 350 �C), the amount of pinning precipitates decreases due to
the dissolution of b-phase, and the DRX grain size becomes
larger. In fact, the dissolution of b-phase and consequently the

slight growth of grains at temperatures above 350 �C are one of
the factors contributing to the increase in the average grain size.
It should be noted that the EDS analysis of precipitates
demonstrated that the Mg/Al ratio of Mg17Al12 phases is
slightly higher than the stoichiometric composition ratio, 1.42,
and a similar phenomenon has been reported by Zhao et al. (Ref
39) (Fig. 7d). The excessive Mg content in the spectrum could
be due to the excess Mg by the a-Mg solid solution matrix.
TEM analysis of the PTCAP samples processed at 350 �C
(inserted in Fig. 7b) and 400 �C (not shown) demonstrated that
the Mg17Al12 precipitates have relatively oval morphology,
although irregularly shaped precipitates are also clearly found
in the microstructure. The size of the b-Mg17Al12 precipitate
ranges from 0.2 to 1 lm in both samples; however, with
increasing temperature, the size distribution shifts to smaller
sizes.

Although a detailed study of the microstructure of Al is not
included in this study, the optical images of the microstructure
show that the PTCAP technique also leads to a significant
refinement in the microstructure of the Al layer by recrystal-
lization of the microstructure. As a result, after one pass of
PTCAP at 350 �C, the as-annealed microstructure of Al with an
average grain size of 200 lm is reduced to 70 lm (Fig. 8b).

3.2 Microhardness

As shown in Fig. 9, the hardness of the initial Al and AM60
tubes has increased dramatically after a pass of the PTCAP
process. The Al layer�s average hardness has risen from 31 to
49 Hv, and the average hardness of the Mg layer has increased
from 67 to 105 Hv after a pass PTCAP at 250 �C. According to

Fig. 6 Optical micrograph, grain size distribution histogram, and TEM bright-field image of PTCAPed AM60 alloy at a temperature of (a, b)
300 �C, and (c, d) 400 �C
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the Hall–Petch equation, there is a general agreement that the
mechanical properties of metals, such as hardness, depend on
their grain size (Ref 40). Therefore, the considerable decrease
in grain size stemmed from the PTCAP process is the main
reason for increasing the hardness in both layers. Al 1050 with
an initial grain size of between 200 lm and 300 lm after two
passes of equal channel angular extrusion (ECAE) at room
temperature shows roughly the same hardness compared to
specimens PTCAPed at 250 �C (Ref 41). The higher equivalent
plastic strain values in the PTCAP method (� 3.2) are the key
factor for this method�s advantage over ECAE. As displayed in
Fig. 9, by increasing PTCAP temperature from 250 to 400 �C,
the average hardness of Al and AM60 sections decreased. This

phenomenon can be explained by the occurrence of softening
processes in the deformed structure, which are controlled by the
rate of dynamic recovery. For AM60 alloy, the abatement of
hardness for the temperature increasing from 300 to 350 �C is
about 9% and � 20% for the temperature enhancement from
350 to 400 �C. According to the microstructural study of the
previous part, one of the other factors to justify this sudden
drop in microhardness is probably related to the dissolution of
b-phase and subsequent grain growth. In order to determine the
level of homogeneity of the samples, the Vickers microhardness
was measured across the cross sections of the tubes processed
by PTCAP. Figure 10(a) schematically shows the distribution
of microhardness points in cross sections of the PTCAPed

Fig. 7 SEM image of PTCAPed AM60 alloy at a temperature of (a) 250 �C, (b) 350 �C, (c) 400 �C, and (d) EDS patterns of point A in (c)

Fig. 8 Optical micrograph of Al1050 alloy (a) annealed (b) PTCAPed at 350 �C
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tubes. The hardness values showed a slight trend toward the
exterior sides due to the distribution of applied strains.
However, all values were within a very narrow range,
indicating a high degree of structural homogeneity in PTCAP,
as shown in Fig. 10(b).

Furthermore, it can be seen that by increasing the temper-
ature, the hardness distributions become more uniform.

Undoubtedly, the increase in the formability of Al and AM60
caused by the increase in temperature is the strongest argument
for this uniform distribution. However, at temperature 250 �C,
some fluctuations in the microhardness curves of AM60 are
observed that with increasing temperature to 400 �C have
almost disappeared (Fig. 10b). These fluctuations are feasible
because of the existence of massive b-phases and some

Fig. 10 (a) Schematic of microhardness points distribution and (b) microhardness distribution across the cross sections of the tubes after
PTCAP processing of bilayer tube at different temperatures

Fig. 9 Microhardness (Hv) of AM60 Mg alloy and Al1050 after one pass of PTCAP at different temperatures
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unrefined grains, which have a larger mean grain size. This area
is compared with the refined grain regions. This comparison
revealed that distributed b-phase regions have a higher
hardness. A similar trend in hardness distribution has been
reported by Faraji et al. for AZ91 magnesium alloy after the
TCAP process (Ref 30).

3.3 Interface analysis

Al 1050/AM60 bimetallic tube�s interface PTCAPed at 400
�C is depicted in Fig. 11(a). The results of EDS (Table 2) for
selected points in Fig. 11(a) indicate that there are two
intermetallic compound layers inside the reaction layer. The
intermetallic compound layers from Mg to Al are indicated as
Al12Mg17 and Al3Mg2. With regard to Al-Mg binary phase
diagram (Ref 42), in this case, it is observable that the peak
temperature is lower comparing the eutectic temperature (430
�C), and it does not reach melting conditions at the interface.
This suggests that the solid-state inter-diffusion of Mg and Al
atoms produces the reaction layer. The presence of these
intermetallic compounds at the Al and Mg interface at high
temperatures by other researchers has also been confirmed (Ref
43-45). Observations of microscopic specimens indicate the
presence of intermetallic layers at temperatures of 250-400 �C
and with thicknesses between 2 and 15 lm. The EDS line scan
of the Mg, Al distribution across the interface of tubes at
different temperatures is shown in Fig. 11(b), (c), and (d). As is
seen, there has been shown only a small amount of diffusion on
Al and Mg after the PTCAP process at 250 �C and the diffusion
region between the Al and Mg alloy is increased by increasing
the temperature up to 350 �C and then 400 �C. Indeed, the
diffusion process is a phenomenon that is activated thermally,
and it accelerates by increasing temperature, which results in
thickening the intermetallic compounds at the interface of tubes
(Fig. 12).

The optical observation shows that the thickness of the
boundary layer fluctuates a lot because of the fragmentation of
the primary intermetallic compounds interface layer. Actually,
we can say that the primary mechanism for bonding tubes is
likely due to this fragmentation. In other words, the primary
intermetallic layer is formed in the first half of a PTCAP pass.
Next, this intermetallic compound layer is fragmented at the
start of the second half PTCAP pass when the materials are
passing through the shear zone of the PTCAP mold, and after
that, materials again come into contact between two fragments

and so it results in the formation of a new secondary layer. The
same bonding mechanism for hydrostatic extruded Al-Mg-
compound has been evaluated by Kirbach et al. (Ref 46).

Figure 12 indicates the bonding strength and average
thickness of intermetallic compounds for bimetallic tubes
PTCAPed at various temperatures. Here, it is worth noting
that in order to minimize the impact of local fluctuations on the
thickness, five measurement points at both outer edges were
selected. The increased bond strength of tubes with increasing
the temperature based on the observation is justifiable through
this way that the thickness of the primary intermetallic
compounds layers is increased in the first half of a PTCAP
pass by increasing the temperature and then the thicker primary

Fig. 11 (a) SEM image of the Al/Mg interface after the process at the temperature of 400 �C and EDS line scan of the Mg and Al distribution
across the tube�s interface after the process at (b) 250 �C, (c) 350 �C, and (d) 400 �C

Fig. 12 Shear bonding strength graph (t is the thickness of the
interface)

Table 2 EDS results of selected zones specified in
Fig. 11(a) (at.%)

Region of interest Al Si Mn Zn Mg

Magnesium alloy 5.65 0.06 0.27 0.26 93.74
Al12Mg17 (layer 1) 44.7 0.07 0.25 0.24 54.74
Al3Mg2 (layer 2) 59.4 0.08 0.1 0.2 40.22
Aluminum alloy 99.68 0.08 0.055 0.015 0.020
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intermetallic compounds layer results in severe fragmentation
in the second half of the PTCAP pass in less strains; finally, it
will produce more distance for a new secondary boundary.
Besides, a stronger secondary boundary is likely to exist at
higher temperatures within fragmented areas.

After separation by the shear bond test, the surfaces of the
tubes were examined by SEM, and the phases were determined
by EDS. After the shear bond test, in all samples, the tubes had
brittle surfaces with Al12Mg17 presented on both sides of the
bond interface and Al3Mg2 on the side bordering Al, indicating
that fracture occurred along the Al12Mg17 layer. Figure 13
illustrates the fracture surfaces in the PTCAPed sample at
400 �C.

4. Conclusion

In this study, PTCAP was successfully introduced as a new
approach to produce bimetallic tubes. This process consists of
two half-cycles. In the first half-cycle, the tube reaches its
maximum diameter, and by passing through the shear zone in
the second half-cycle, the tube returns to its initial size.
According to experimental results, it is proved that this process
is an effective and successful method to produce the bimetallic
tube, which not only provides the desired shear strength but
also results in the properties of the SPD materials. The
following results can be concluded:

• Dynamic recrystallization as the dominant deformation
mechanism in this process causes significant grain refine-
ment in both the pure Al and the AM60 magnesium alloy
after one pass.

• The crushed precipitates could act as pinning obstacles
against the grain growth of DRXed grains. By increasing
PTCAP temperature (T > 350 �C), due to the dissolution
of b-phase, the amount of pinning precipitates decreases,
and the average size of the DRXed grains becomes larger.

• Remarkable grain refinement after one pass PTCAP led to
a striking increase in hardness of the initial Al and AM60
tubes, which is justified by the Hall–Petch equation.

• By increasing the temperature from 250 �C up to 400 �C,
the shear bond strength increased from 7 to 30 MPa,
which corresponded to the increasing diffusion region be-

tween the Al and Mg alloy. For this reason, it can be said
that diffusion is the major controlling mechanism of shear
bond strength during this process.

• Fragmentation of the primary intermetallic layer at the
start of the second half PTCAP pass and production of
new binder between intact surfaces of tubes can be the
main mechanisms for acceptable shear bond strength of
the PTCAP technique.
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