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INTRODUCTION

Hybrid aluminum is a material composite 
that combines aluminum alloy as a matrix with 
other materials such as steel, polymers, ceramics, 
etc. Hybrid aluminum has drawn much attention 
from various engineers due to its excellent physi-
cal and mechanical properties, like high strength 
compared to weight and low cost, which led to its 
wide use in different industrial applications (1). 
Also, many task features of the hybrid composites 
of the aluminum metal matrix, such as ductility, 
malleability, and corrosion resistance improve-
ments, make it unique in naval and military air 
uses. The material forming operation using equal 
channel angular pressing (ECAP) proved to be 
a reliable production process in enhancing mi-
crostructure by refining the grains of the metal 

composite and improving mechanical properties 
(2). All metal forming processes conducted under 
room conditions, like drawing, extrusion, rolling, 
and ECAP, produce high plastic deformations 
that generate residual stresses. These stresses are 
considered defects created inside the material 
and effectively influence the fatigue life (3–6). 
Therefore, there is an important need to increase 
the research based on experimental methods to 
manufacture high-quality hybrid aluminum com-
posites. El Aal et al. (7) processed pure Al 1080 
samples up to ten passes at room temperature by 
ECAP to improve corrosion, mechanical, and mi-
crostructural properties. Lokesh et al. (8) evalu-
ated the impact of ECAP on grain refinement and 
mechanical characteristics of hybrid composite, 
including aluminum with graphite and silicon 
carbide (Al6061/Gr/SiC) produced by stir casting 
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operation. Lee et al. (9) determined the residual 
stress behavior in Cu billet formed by ECAP 
after 1 pass using neutron diffraction and FEM. 
The results show a nonuniform state of residual 
stresses from the lower to the upper zone of a bil-
let. Although nonuniformity of residual stresses, 
the middle region of the billet had relatively ho-
mogeneous tensile RS. Bharath et al. (10) studied 
the effect of SPD on Al 2618/SiC/E-glass fibers 
prepared by the stir casting method, then ECAP 
was conducted at environment temperature based 
on 1 cycle with a channel angle of 90°. Romero-
Resendiz et al. (11) characterized the mechanical, 
microstructural, and residual stress states of alu-
minum grade 2017 extruded by ECAP at 200 °C. 
The highest microhardness and grain refinement 
were found after the first pass, while the residual 
stresses (RS) gave tensile behavior at 1 pass and 
compression value from 3 to 6 passes. Sureshku-
mar et al. (12) extruded hybrid aluminum sam-
ples reinforced by Cu(NO2)3)p and (β-Si3N4)
p to evaluate mechanical properties and micro-
structure features. Hou et al. (13) checked the mi-
crostructure of pure Al processed by ECAP 90° 
die with various cycles. The results illustrate that 
grain refinement occurs after the ECAP operation, 
and the grains are most uniform at pass 8, with 
a maximum value of tensile strength and hard-
ness in the first pass of ECAP. Güler et al. (14) 
synthesized graphene Nanosheets by the liquid 
phase exfoliation process and added them into the 
aluminum matrix, then ECAP was applied at two 
die angles of 120° and 90° to enhance microstruc-
ture and mechanical features. The tensile strength 
rises with augmenting ECAP passes, while duc-
tility significantly decreases. Shivashankara et al.  
(15) investigated the influence of ECAP using a 
die angle of 90° up to four cycles (passes) with 
route BC on the mechanical characteristics of Al 
7068 alloy at 200 °C to enhance the hardness 
and ultimate tensile strength by ECAP. Al-Alim-
iet al. 2021 (16) applied different ECAP passes 
to asses physical and mechanical properties of a 
composite made of mixing recycled Al6061 alu-
minum chips with boron carbide reinforcements. 
Agarwa et al. (17) studied and examined the me-
chanical behavior of pure Al compressed by the 
ECAP tool with the best factor of die design. 
The grain refinement from 530 to 220 nm was 
reduced, and tensile strength was reached 386 
MPa after three cycles of ECAP. Sureshkumar 
et al. (18) checked the electrochemical corro-
sion of AA6063/ Si3N4/Cu(NO3)2  manufactured 

employing the stir casting method and extruded 
by ECAP. The rate was decreased by 63% af-
ter ECAP, while wear resistance was found to 
be 73% higher than as cast composite, and a 
40.7% reduction in the friction coefficient. Sathi 
et al. (19) used aluminum matrix composites re-
inforced with three types of red mud using stir 
casting and then subjected to ECAP for evalu-
ation of wear and structural behavior. The loss 
of wear was decreased after ECAP due to the 
reduction in grain size. Tolcha et al. (20) evalu-
ated the tensile strength, hardness, and grain size 
of 6061 manufactured by the casting process and 
processed by ECAP. Hassan et al. (21) subjected 
rods of hybrid aluminum composite Al1050/
Al2O3/Gr to severe plastic deformation using 
ECAP with different passes and channel die an-
gles of 120° and 135° to improve microstructure 
and mechanical properties. They revealed that 
the cycle number of ECAP strongly affects grain 
refinements, hardness, and tensile strength. 

Many researchers have studied residual 
stresses and the microstructure of hybrid metal 
matrix composites, while a rare few works have 
investigated the effect of ECAP on residual stress 
and microstructure of Al1050/ B4C/FA, which 
refers to aluminum, boron carbide, and fly ash. 
Although using ECAP improves mechanical fea-
tures and microstructure characteristics, the resid-
ual stresses IRS within the material are generated 
due to severe plastic deformation SPD. In this 
study, Al1050/B4C/FA composite manufactured 
by stir casting operation is adopted to be subject 
to SPD with ECAP passes of 1, 2, 3,4,5, and 6 at 
die angles of 120° and 135°. The IRS in the axial 
direction is measured using the destructive proce-
dure based on the CT, as well as the microstruc-
ture characteristics are examined utilizing SEM.

MATERIALS AND METHODS

In this work, the initial materials are the hy-
brid aluminum matrix composite rods (Al1050/
B4C/FA), fabricated by the stir casting method, 
consisting of 93% 1050 pure aluminum as matrix, 
2% boron carbide, and 5% fly ash incorporated as 
reinforcement materials. The casting temperature 
between 650° and 750° was applied with a mix-
ing time of 2 min at a speed of 650–810 rpm. The 
argon gas was used to prevent oxidation during 
the process. The dimensions of the casted rods are 
represented in a length of 12 cm and a diameter 
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of 1.2 cm. The combination of these materials af-
fords superior mechanical properties with light-
weight for pure aluminum and boron carbide 
(B4C) hard material with a high melting point. 
Boron carbide is an eligible material for strength-
ening because of its high hardness, as well as hav-
ing better mechanical properties with low den-
sity. Energy consumption, toxic gas emissions, 
and cost were reduced by incorporating fly ash 
into aluminum composites (22). Fly ash (FA) is a 
cheap and low-density material that improves the 
durability and strength of hybrid aluminum metal 
composites (HAMCs) (23). The elements of the 
pure aluminum grade 1050 in terms of chemical 
composition are introduced in Table 1 (21). The 
decrease in defects and an increase in the specific 
area of the composite can be obtained with small 
particles. The grain size of B4C particles with a 
purity of 99% is 40–46 µm, while the fly ash par-
ticle size is 44 µm. 

Figure 1 shows the elements of the initial 
composite obtained by energy-dispersive spec-
trometry examination (EDS test). It can be no-
ticed that the base material is Al with other ele-
ments including O, C, Fe, Ca, and Ti. On the other 
hand, the boron element can not be seen due to 
its low atomic weight, which makes it difficult to 
expose during examination (24).

The ECAP die is made of tool steel and in-
cludes two circular channels with a diameter of 1.2 
cm and different channel angles of 120° and 135°. 
The twelfth samples were prepared to be subject 
to SPD, 6 of them were pressed in ECAP at a die 
angle of 120°, and the other were processed at a 
channel angle of 135°. Firstly, the Al1050/B4C/
FA rods were cut to a diameter of 1.2 cm and a 
length of 9 cm. Then, the die channels and samples 

were lubricated using grease (lubricating grease) to 
minimize the friction between the sample surface 
and the channel wall of ECAP. The ECAP parts 
were fixed using the torque wrench to ensure the 
tightening of the bolts, which gives more accurate 
and successful deformation results, and the billet 
can flow easily through the die channels. Finally, 
the assembly parts were placed under the pressing 
device (Universal tensile testing machine), which 
has a maximum capacity of 1000 kN. In this test, 
the load rate of 0.25 kN/s was applied at room tem-
perature for all experiments. After passing through 
the channels of the ECAP die, the two dies were 
dismantled to separate the rod from the ECAP. 

This study adopted a destructive procedure 
employing the CT to determine the strain inside 
the rod composite based on strain gages. The 
principal residual stress measurements using CT 
depend on the cutting of the rod in a circumfer-
ential direction, and then the strain was recorded 
based on the axial direction. The installation of 
strain gages on the surface of the rods and deter-
mining their directions were considered the most 
important tasks that can give accurate results. All 
grease, dust, and rust were carefully removed 
from the surface of the rod composite, then ac-
etone was used to clean the zone glue. After that, 
an adhesive type (total tools super glue adhesive 
THT3521) was utilized to stick the strain gages 
on the surface in the middle of the sample (4.5 
mm from the rod edge). Then, the strain gage 
was covered with epoxy resin glue resistant to 
high temperature and vibration. At the same 
time, it prevents thermal stress and isolates the 
strain gage from any chips or coolant liquid in-
duced through the cutting operation. The strain 
gage type (GB/T13992-2010) with 3 mm length, 

Table 1. The elements of pure Al grade 1050
Al1050 Si Fe Cu Mn Mg Cr Zn Al

Element % 0.064 0.155 0.004 0.004 0.004 0.004 0.008 Bal.

Figure 1. Element ratio of Al1050/B4C/FA obtained by EDS test



341

Advances in Science and Technology Research Journal 2025, 19(7), 338–345

resistance 120.0±0.3 Ω, and gage factor 2.11±1% 
was applied. The data logger was programmed 
in LabVIEW with five strain channels. The ex-
perimental procedure of residual stress measure-
ment was conducted at room temperature. The 
metal band saw cutter model BT-MB 550 U: Ein-
hell Brand was used to cut the samples, while a 
strain gage senses the strain vs time simultane-
ously within the samples. Then the data logger 
recorded the results using DIAdem software. The 
cutting process was achieved at a depth of cut 
(12 mm) and a cutting time 11.3 s. Through the 
cutting operation, cooling liquid was utilized to 
prevent heat generation, which could affect the 
accuracy of strain measurement. The residual 
stresses were calculated based on the measured 
strain using Hook’s law (4). The residual stress-
es were measured for samples before and after 
ECAP at two angles, 120° and 135°, for 1, 2, 4, 
and 6 passes. Figure 2 presents the CT for re-
sidual stress measurement.

The specimens used for microstructure evalu-
ation were cleaned of grease, oil, and dust, then 
cut off 5 mm from the middle of the specimen, 
followed by grinding with silicon carbide paper 
from 180 to 2000 grit, then polished with a velvet 
cloth. For more accurate information about the 
surface morphology of hybrid aluminum com-
posite before and after ECAP with high resolu-
tion of surface texture, shape, topography, and 
magnification, the SEM was applied The speci-
men was exposed to gold water coating using a 
single-target plasma device, which facilitates ac-
curate inspection of the surfaces. The testing was 
conducted by the SEM device (INSPECT S50). 

RESULTS AND DISCUSSION

Figure 3 presents the residual stresses meas-
urement in the axial direction obtained by the 
destructive procedure based on the CT along the 
depth of the cut when the ECAP angle was 120° 
at various cycles. It can be seen that the residual 
stresses were in compressive mode near the sur-
face of the composite rod, while they were in ten-
sile behavior around the rod center for all passes 
of ECAP, as well as the casting rod (initial rod). 
The low magnitudes of these stresses were re-
corded at the initial rod due to the effect of the 
heat through the casting operation that was ap-
plied to manufacture the composite rod. On the 
other hand, the increase in the value of residual 
stresses occurred at the first pass of ECAP due to 
the impact of the cold forming process that led to 
the creation of plastic deformation, and then the 
generation of residual stresses (3–5). The shear di-
rection of the internal stresses that were produced 
due to the impact of the compression force to ex-
trude the hybrid aluminum composite (Al1050/
B4C/FA) through the ECAP is considered an im-
portant factor in determining the behavior of the 
residual stresses. The compression forces were 
determined to be 61, 65, 68, 72, 76, and 88 kN for 
the passes 1P, 2P, 3P, 4P, 5P, and 6P, respectively. 
From Figure 3, the high values for the tensile state 
(positive sign) of the residual stresses were at 
four cycles of ECAP, while the high magnitudes 
of compressive residual stresses (negative sign) 
were measured at pass one of ECAP. 

Figure 4 shows the relationship between re-
sidual stresses and depth of cut at different cycles 
of ECAP when the channel angle of forming was 

Figure 2. Cutting technique (CT) for residual stress measurement
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135°. Both the numbers of passes 4 and 6 gave 
high values of tensile residual stresses near the 
surface of the rod because of the effect of shear 
stresses. In the country, high magnitudes of com-
pressive stresses were recorded at the first pass of 
ECAP. Similar to Figure 3, the initial rod that was 
subjected to the thermal casting process has mini-
mum values of residual stresses compared to all 
ECAP cycles. The compression force has a strong 
effect on the generated residual stresses due to the 
plastic deformations that take place through the 
forming process (3). The compression forces were 
measured at 58, 63, 66, 70, 74, and 79 kN at the 
number of passes 1P, 2P, 3P, 4P, 5P, and 6P in order.

Based on Figures 3 and 4, it can be observed 
that the effect of the number of ECAP cycles 
strongly affects the magnitudes of the residual 
stresses, which correlate with the impact of shear 
stresses due to the compression force impact. In 
the cold forming process, the state of the resid-
ual stresses depends on the amount of reduction 
area as presented in (25). In this work, there was 
no change in the area of the rod before and after 
ECAP; therefore, the state and behavior of resid-
ual stresses were almost the same for all cycles of 
ECAP. The impact of the difference in the angle 
of the channel ECAP (120° and 135°) is quite 
small compared to the number of passes. 

Figure 5 visualizes the images of the rod com-
posite obtained by SEM before and after ECAP 
passes (2, 4, and 6) with a channel angle of 120°. 

The casting material Al1050/B4C/FA composite 
exhibited nonhomogeneous particle distribution 
with few cracks and pores, see Figure 5a. Coarse 
grains for the initial sample were observed, rang-
ing between 4–15 µm. Figure 5b shows the mi-
crostructure of Al1050/ B4C/FA composite after 
two cycles for channel angle 120°, where the 
grains are subject to significant elongation due 
to severe plastic deformation that forms a lamel-
lar structure along the deformation direction. The 
grain size after 2 passes was reduced to 2–12 µm. 
The grains undergo subsequent refinement, rep-
resented in Figures 5c and 5d, reaching 2–10 µm 
after 4 passes at 120° and 1–8 µm after 6 passes, 
indicating the progressive influence of SPD on 
microstructure refinement.

Figure 6 illustrates the microstructural images 
of the hybrid aluminum composite as cast rod and 
after undergoing SPD at 135° die angle using SEM. 
The grain size reduction has varied with the num-
ber of ECAP cycles, which influenced the strain 
accumulation and materials flow as presented in 
Figure 6b. After two passes at 135°, the grain size 
of Al1050/B4C/FA ranged from 4–15 µm, dem-
onstrating lower refinement compared with the 
second pass by 120° of the die angle. Moreover, 
the grain refined further was recorded in the range 
of 3–11 µm as introduced in Figure 6c, while the 
grain size after six ECAP passes at 135°, measur-
ing 2–9 µm as depicted in Figure 6d. Based on Fig-
ures 5 and 6, the grain size of the composite rods 

Figure 3. Results of residual stresses of Al1050/B4C/FA composite obtained by CT at ECAP angle of 120°
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was determined by the ImageJ software. Although 
the reduction in grain size was greater at 120° die 
angle than 135° due to the amount of high defor-
mation force induced at 120°, both ECAP die an-
gles exhibit similar behavior, the reduction of grain 
size and enhancement of the defects increase with 
an increase in the number of ECAP cycles.

CONCLUSIONS

In this work, the effect of SPD by different 
ECAP cycles at two channel die angles, 120° and 
135°, on the residual stresses and microstructure 
of Al1050/B4C /FA hybrid aluminum composite 
produced by the stir casting route was established. 

Figure 4. Results of residual stresses of Al1050/B4C /FA composite obtained by CT at ECAP angle of 135° 

Figure 5. Results of the microstructure of Al1050/B4C/FA obtained by SEM at the channel angle ECAP of 120° 
when (a) as cast, (b) 2 passes, (c) 4 passes, and (d) 6 passes 
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The findings obtained in this investigation were 
summarized as follows:
1. The residual stress values increase at the near 

and center of the rod when the rod is subjected to 
SPD, and they change at various cycles of ECAP.

2. The state of axial residual stresses is in com-
pression near the rod surface and a tension 
state near the rod center for all passes of ECAP.

3. Increasing the number of cycles affects the 
magnitude of residual stresses for both channel 
die angles, 120° and 135°, with nearly similar 
state (tension and compression) of the stresses 
for all passes. 

4. The refinement of grain size can be increased 
in Al1050/B4C/FA composite by increasing the 
number of ECAP cycles. The sixth pass gave 
more grain size reduction.

5. The channel die angle of 120° with the sixth 
pass of ECAP has an impact on the grain size 
reduction of the Al1050/B4C/FA composite 
compared to 135°.
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