
     e-ISSN: 2587-1110

Nanoindentation evaluation of mechanical 
and wear properties of Zn-3% Cu-9% Al alloy 
processed via ECAP
Serkan Ateş1* ORCID

1Mechanical Engineering Department, Faculty of Engineering and Architecture, Burdur Mehmet Akif Ersoy University, Burdur, 15030, Türkiye

Abstract: This study utilizes equal channel angular pressing (ECAP), also known as equal channel angular extrusion (ECAE), 
to induce severe plastic deformation in Zn-3% Cu-9%Al (ZCA-9 Al) alloy, resulting in ultrafine-grained structures. ECAP is an 
unconventional technique used to impart severe plastic deformation to materials, producing ultrafine-grained (UFG) structures. 
To obtain UFG structures, two well-known Routes, A and Bc, as well as a newly proposed Route, D, were employed and 
evaluated. Following ECAP processing, the samples were subjected to various tests to assess their tensile properties, creep 
resistance, and wear track deformation behavior. The results demonstrated that all tested Routes significantly enhanced the 
tensile properties and creep resistance of ZCA-9 Al alloys. Routes A, Bc, and D increased the ultimate tensile strength (UTS) by 
14.42%, 16.34%, and 12.82%, respectively, although they had minimal impact on wear track deformation. Overall, the findings 
indicate that Routes A, Bc, and D can improve the tensile and creep properties of ZCA-9 Al alloy, with Route Bc showing slightly 
superior results, though it required a higher extrusion force.
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1.	 Introduction

ECAP, or ECAE is a method proposed by V. M. Segal 
that have garnered attention in recent years for pro-
ducing UFG materials. UFG materials undergo severe 
plastic deformation (SPD), which results in superior 
mechanical and physical properties compared to their 
original state. These materials typically have grain siz-
es ranging between 1 µm and 2 µm in diameter. Ad-
ditionally, UFG materials exhibit high electrical resis-
tivity and diffusivity, making them suitable for a wide 
variety of applications [1].

There are numerous techniques for producing UFG 
materials, including plasma processing, chemical and 
physical vapor deposition, inert gas condensation, and 
milling. However, these methods are not suitable for 
mass production. To achieve significant changes in ma-
terial properties, high-angle grain boundaries (HAGB) 
are necessary, as they possess misorientation angles 
greater than 15 degrees [2].

For this reason, it is imperative to investigate non-tra-
ditional SPD techniques, such as ECAP, to address the 

shortcomings of conventional methods and to produce 
UFG materials with enhanced mechanical properties. 
UFG materials synthesized through SPD processes 
are typically characterized by granular HAGB. Grain 
boundaries play a pivotal role in grain size refinement 
by impeding dislocation motion within the material, 
which consequently improves both strength and hard-
ness. The Hall-Petch relationship provides a robust 
explanation for the correlation between grain size, 
hardness, and strength. According to this principle, re-
ducing the grain size brings the material closer to its 
theoretical strength limits, with maximum strength ob-
served at approximately 20–30 nm [2-3].

If the UFG structure is preserved at elevated tempera-
tures, where diffusion rates increase significantly, the 
material shows great potential for enabling superplas-
tic forming at higher strain rates. For this reason, our 
focus is on ECAP as an SPD method for producing larg-
er samples of UFG materials with low porosity. One of 
the key advantages of ECAP is that it strains the sample 
without causing dimensional changes. This is a signifi-
cant benefit compared to other SPD methods, such as 
Accumulated Roll Bonding (ARB), which can induce 
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dimensional changes and sometimes result in edge 
cracking or fracturing. ▶Figure 1 provides a schematic 
illustration of the ECAP process.

Figure 1. Schemat ic process of ECAP

Thus, ECAP is a widely used SPD method for achiev-
ing ultrafine-grained (UFG) structures by inducing 
large amounts of plastic deformation (with true strains 
greater than 10). A substantial body of evidence demon-
strates that UFG structures processed through this 
method result in significant changes in the fundamen-
tal properties of the material [4–6]. ECAP also holds 
potential for large-scale production and commercial 
applications. Numerous studies have shown that the 
ECAP process improves the strength and ductility of 
materials in ways that may not be possible with conven-
tional techniques.

For instance, Abioye et al. [7] found that subjecting AL 
6063 alloys to ECAP enhanced their tensile properties. 
Similarly, Ding et al. [8] investigated three different pro-
cessing Routes for Mg alloy and found that only Route 
A was effective in increasing strength. Jiang et al. [9] 
investigated how ECAP affects the room-temperature 
mechanical properties of cast Mg–9Al–Zn alloy, high-
lighting notable enhancements in yield strength, ulti-
mate tensile strength, and elongation achieved through 
ECAE.

Martynenko et al. [10] studied the texture, microstruc-
ture, and mechanical behavior of magnesium alloy 
WE43 subjected to ECAP, concluding that the process 
improved both strength and ductility. Tolaminejad et 
al. [11] studied commercial purity aluminum subject-
ed to ECAP using Route Bc. They found that the mi-
crostructure transitioned from elongated subgrains to 
ultrafine grains between passes 1 and 4, but no signif-
icant changes occurred between passes 4 and 8. They 
concluded that the first ECAP pass enhanced the me-
chanical properties by more than four times compared 
to the annealed condition.

Yang et al. [12] conducted a systematic analysis of the 
changes in microstructure, texture, and mechanical 
properties of extruded Mg-xY (x = 1, 5 wt.%) alloys 
during ECAP, utilizing optical microscopy, electron 

backscatter diffraction (EBSD), and uniaxial tensile 
testing. Their findings revealed that the Mg-5Y alloy 
experienced notable improvements in strength and 
elongation post-ECAP, with yield strength, ultimate 
strength, and elongation increasing by 10%, 6%, and 
72%, respectively.

A notable advantage of ECAP lies in its ability to deform 
materials without altering the sample’s cross-sectional 
area. Furthermore, the same material can undergo re-
peated processing by varying its orientation, referred 
to as different Routes. With an increasing number of 
passes, the material experiences progressively higher 
levels of deformation. These varying orientations result 
in the development of distinct substructures. Among 
the available ECAP Routes, A and Bc have demon-
strated exceptional efficacy in enhancing mechanical 
properties and exerting a profound influence on the 
microstructure. The shear plane and the sample’s ro-
tation after successive passes for Routes A and Bc are 
illustrated in ▶Figure 2(a), ▶Figure 2(b) and ▶Figure 
2(c), respectively.

 

Figure 2. Different ECAP processing Routes. [13-14]

Route A produces elongated grains with a lamellar 
structure, formed by a gradual increase in the misori-
entation angle between adjacent grains. Conversely, 
Route Bc facilitates the development of a uniform mi-
crostructure comprising equiaxed grains, which are 
more rapidly delineated by high-angle grain boundar-
ies (HAGB). Equiaxed grains are characterized by their 
nearly identical dimensions in all directions, providing 
a greater number of slip planes. This structural attri-
bute significantly contributes to enhanced strength and 
ductility. In addition to Routes A and Bc, this study ex-
amines a new Route, named Route D, as shown in ▶Fig-
ure 3. 

In Route D, the sample is rotated along the X-axis af-
ter each consecutive pass, a strategy designed to more 
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efficiently produce a uniform microstructure with equi-
axed grains separated by high-angle grain boundaries 
(HAGB). In addition to the chosen Routes, essential 
factors like die angle, extrusion temperature, and ex-
trusion speed significantly influence the ECAP process. 
Thang et al. [15] determined that, among seven differ-
ent Routes, a 90° die angle was the most effective for 
achieving significant grain size reduction. This finding 
reinforces the suitability of ECAP as a method for ob-
taining a refined equiaxed microstructure, with a range 
of Routes and extrusion angles available to customize 
the microstructure according to specific requirements.

Figure 3. Route D

This study focused on Zn-Al alloys due to their wide-
spread engineering applications. Savaskan et al. [16] 
noted that Zn alloys with 2–3% Cu offer high tensile 
strength, creep resistance, and wear resistance but 
become dimensionally unstable above 100°C. Zn-Al 
alloys are valued for their affordability, machinability, 
corrosion resistance, and superior surface finish com-
pared to cast iron, with mechanical properties similar 
to low-carbon steel and aluminum. Their high damping 
capacity makes them suitable for noise and vibration 
reduction, though enhancing damping often compro-
mises strength, posing a challenge in balancing both 
properties.

Zn-Al alloys with superior mechanical properties can 
be achieved through the addition of copper (Cu) or tita-
nium (Ti), even without employing alternative forming 
techniques; however, this approach results in a reduc-
tion in ductility. Furthermore, the material’s micro-
structure plays a pivotal role in determining its me-
chanical characteristics. ECAP, as an innovative and 
non-conventional processing method, holds significant 
potential for refining microstructures and generating 
ultrafine-grained (UFG) materials. Therefore, studying 
the impact of ECAP on the tribological and mechanical 
behaviors of Zn-Al alloys is crucial.

In this study, the tensile, creep, nanoindentation, 
scratch, and wear properties of cast and ECAP-pro-
cessed Zn-9%Al-3%Cu alloys under various conditions 
were evaluated using nanoindentation instead of con-
ventional testing methods. Additionally, the research 
analyzed the microstructural evolution of these alloys 
during ECAP, employing processing Routes A, Bc, and 
the newly proposed Route D.

2.	Material and Methods

The ECAP process used a servo-hydraulic MTS ma-
chine with a 315 kN press to extrude samples through a 
die with two identical square channels, aided by a plung-
er. The system included a main block, center block, and 
supporting block, securely fastened with bolts.

Figure 4 shows the ECAP setup and a schematic of the 
die, featuring two channels intersecting at a 90° angle 
(Ф) with an outer arc angle (ψ) of 0°. Temperature was 
monitored using thermocouples placed 2 mm from the 
channel and within the environmental chamber enclos-
ing the setup.

The extrusions were conducted at 650°C (±5°C), the 
minimum temperature to prevent shear cracks and con-
trol grain growth. Samples, made from as-cast ZCA-9 
alloy (Zn-9%Al-3%Cu with trace Ti and Cr), were ma-
chined to dimensions of 6.35 × 6.35 × 35.75 mm.

Figure 4. Photograph illustrating the ECAP setup

Figure 5. Schematic representation of the supporting block, center 
block, and main block of the ECAP die.

The sample was coated with molybdenum disulfide 
(MoS₂) paste, placed in the die’s vertical channel, and 
heated for 15 minutes to reach the processing tempera-
ture before being extruded at a constant rate of 10 mm/
min.

Following the initial extrusion, samples underwent pro-
cessing via Routes A, BC, and D, with up to eight passes 
through the 90° die. The applied load was continuously 
monitored and recorded using a load cell.
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2.1. Mechanical Testing

Tension Testing

A uniaxial tensile test was conducted at room tempera-
ture using an MTS machine with a 44 kN load cell on 
samples processed via Routes A, BC, and D. Tests fol-
lowed ASTM E8 standards, with a strain rate of 1.74 × 
10⁻³ s⁻¹. Three samples per Route were tested, averaged, 
and prepared to dimensions of 30 × 3 × 2.1 mm.

Figure 6. Schematic representation of the cutting orientation for (a) 
tensile and (b) compression samples, aligned parallel to the extrusion 
direction.

The samples were prepared in a dog bone shape with 
a rectangular cross-section, aligned parallel to the ex-
trusion direction, and polished with 0.05 µm colloidal 
silica to eliminate surface imperfections. The gauge 
section was finalized at 10 × 3 × 2 mm. Strain gauges 
and a deflectometer were used to record strain and dis-
placement during testing, with load-displacement data 
captured by a data acquisition system to calculate engi-
neering stress (σ) and strain (ε):

Engineering Stress, 
 	

 (1)

Engineering Strain,                                            (2)

Elongation was determined as:

Elongation (%), 

                                                                                   (3)

where L0 is the gauge length before pulling depending 
on the size of the sample tested.

Nano hardness test

Nano hardness testing, also known as nanoindentation, 
involves measuring the depth of indentations on a 
nanometer scale. Nanoindentation tests using the 
MTS Nanoindenter XP were performed to assess the 
hardness and Young’s modulus of the ZCA-9 alloy in its 
as-cast state and after ECAP processing. A Berkovich 
indenter created indentations at a depth of 1000–1500 
nm with a strain rate of 0.05 s⁻¹. The schematic view of 
the ECAP-processed specimen is shown in ▶Figure 7.

Figure 7. Schematic view of nanoindentation test on the transverse 
surface of the as-cast and ECAP processed alloy.

A series of fifteen nanoindents was conducted sequen-
tially along the X and Y axes, with a spacing of 400 nm 
between each indent, to ensure that hardness remained 
consistent with depth along the axes. The indentation 
load and corresponding depths were recorded contin-
uously during the tests, with a representative load-dis-
placement curve shown in ▶Figure 8.

Figure 8. Schematic representation of a typical load-displacement 
curve generated during nanoindentation testing.

In nano hardness testing, the predetermined load is 
gradually and uniformly applied to the indenter, causing 
it to penetrate the sample (represented by curve AB in 
▶Figure 8). At point B, the material’s resistance matches 
the applied load, halting further penetration. As the 
load is gradually reduced, the indentation undergoes 
elastic recovery, producing the unloading curve BC. 
The material’s Young’s modulus (E) is determined from 
the slope of the linear portion of the unloading curve 
and is calculated as:

                                                                                                   (4)

The hardness of the material (H) can be determined as:

                                                                                                                                  (5)

where Pmax represents the maximum indentation load 
(point B), and AAA denotes the projected area of the 
indentation impression.
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Nano scratch Testing

Nano scratch tests using the MTS Nano Indenter XP 
evaluated the scratch properties of as-cast and ECAP-
processed materials. Five 500 µm-long scratches were 
made on longitudinal and transverse surfaces using a 
Berkovich indenter. The applied load increased linearly 
from 0 to 90 mN at 10 µm/s. Parameters such as load-
displacement, lateral deflection, table position, and 
time were monitored, and friction coefficients were 
calculated as the lateral force to normal load ratio.

Creep Testing

Uniaxial tensile creep tests at room temperature as-
sessed the creep strength of as-cast and ECAP-pro-
cessed ZCA-9 samples under a constant 61 kg load (30 
MPa stress). Samples, fabricated per ASTM E139 stan-
dards (5 mm diameter, 10 mm gauge length), were CNC 
machined for minimal heat and high surface quality. 
All but the as-cast samples were tested until failure. 
Displacement data were recorded using an extensome-
ter and LVDT, with nominal strain (ε) calculated as the 
change in length (Δl) relative to the original length (l​).

                                                                                                           (6)

2.2. Microstructural Characterization 

Optical Microscope and Scanning Electron Microscope 

Metallurgical analysis of as-cast, ECAP-processed, and 
heat-treated ZCA-9 alloy was conducted using optical 
microscopy and Scanning Electron Microscope (SEM) 
for grain and particle size evaluation, while Environ-
mental Scanning Electron Microscope (ESEM) ana-
lyzed alloy phases. Samples were sectioned transverse-
ly with a diamond blade, then ground with SiC paper 
(240–600 grit) and polished with alumina abrasives 
(5–0.05 µm).

OM and SEM Results  

The microstructural changes in as-cast, as-ECAP, and 
post-ECAP alloys were analyzed using SEM. ▶Figures 
9(a) and 9(b) display Backscattered Electrons Mode 
(BSEM) images at low magnification and secondary 
images at higher magnification of the as-cast ZCA-9 
alloy.

The as-cast ZCA-9 alloy exhibits randomly distribut-
ed grains with a three-phase eutectic structure, where 
dark, grey, and white regions correspond to Al-rich, 
Zn-rich, and Cu-rich phases, respectively. A tree-stem-
like eutectic structure containing η, α, and ε phases was 
determined, with EDS analysis presented in ▶Figures 
10–13.

The η phase is dominant in Zn BSE images, the α phase 
in Al-scattered images, and the ε phase in Cu-scattered 
images. The as-cast ZCA-9 alloy also contains Al-rich 
dendrites and Zn-rich eutectic phases. Zhu et al. [17] 

reported similar dendritic structures in Zn-Al alloys, 
where reducing dendrite spacing enhances mechanical 
properties by minimizing microsegregation. Osorio 
et al. [18] and Turhal et al. [19] further confirmed 
that finer dendrite spacing improves tensile and yield 
strength while reducing porosity, particularly in Zn 
alloys with higher Al content.

ECAP-processed ZCA-9 alloys, contributing to im-
proved mechanical properties, including increased 
strength and ductility. Optical micrographs (▶Figures 
14(a)–(d)) show that a single ECAP pass refined the mi-
crostructure into a uniform equiaxed grain structure 
(average grain size: 0.24 μm). Grain boundary sliding 
(GBS), crucial for structural superplasticity, was facili-
tated by equiaxed grains and the spherical distribution 
of Al-rich phases, enhancing GBS efficiency compared 
to laminar structures.

In Route A, grain structures become fibrous and elon-
gated along the extrusion direction due to the lack of 
rotation during successive ECAP passes, leading to a 
mixture of course and fine grains with limited homo-
geneity. Deformation zones around hard particles and 
reduced deformation band spacing accelerate the for-
mation of UFG structures [22]. As a directional strain 
process, Route A causes strain to accumulate consis-
tently, subdividing grains into cell blocks with varying 
slip systems [23]. This process promotes grain rotation 
toward stable orientations, forming high-angle grain 
boundaries (HAGB). 

 

(a)   

 (b)

Figure 9. (a) Backscattered (b) Secondary images of as-cast ZCA-9 
alloy.
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Figure 10. EDS spectru m of as-cast ZCA-9 alloy.

Figure 11. EDS spectrum of light phase of as-cast ZCA-9 alloy.

 
Figure 12. EDS spectrum of white phase of as-cast ZCA-9 alloy.
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3.	  Mechanical Results

3.1. ECAP Process

Figure 15(a) and (b) depict the variation in extrusion 
load as a function of displacement for the alloy during 
the ECAP process using Routes A and BC.

As shown in ▶Figures 15(a) and (b), at the start of the 
ECAP process, the extrusion force rises sharply as the 
plunger advances, but it quickly stabilizes due to the 
material’s yield resistance. Once the yield resistance is 
overcome and the peak load is reached, the extrusion 
load decreases, then increases again to a level close to 
or exceeding the previous peak before dropping as the 
process concludes. In ▶Figure 15(a), the extrusion force 
remains constant for the first and second passes but 

Figure 13. EDS spectrum of dark phase of as-cast ZCA-9 alloy.

Figure 14. Optical micrographs illustrating typical microstructure of (a) as-cast, and ECAP processed sample up to (b) one pass, (c) Route A-two 
passes and (d) Route Bc-two passes.
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begins to decline thereafter. For Route Bc, the extrusion 
load increases from the first to the second pass and then 
follows a decreasing trend similar to Route A. Notably, 
the extrusion force required for the ECAP process is 
higher for Route Bc compared to Route A. This increased 
force requirement for Route Bc can be attributed to the 
presence of elongated grains and microbands aligned 
with the extrusion direction. Similar findings were 
reported by Purcek et al. [24] during high-temperature 
extrusion of Zn-27%Al alloy. It is also worth noting 
that the geometry of the die significantly influences 
the deformation process. The strain experienced by 
the material during ECAP is highly dependent on the 
channel angle (Φ) and the outer arc curvature angle 
(Ψ). The total strain intensity during the process can 
be determined using the following equation:

                                                                            (7)

In the equation, N represents the number of passes, Ψ 
is the angle of the arc of curvature, and Φ is the angle 

between the channels (refer to ▶Figure 2). The equation 
indicates that the number of passes, N, is directly 
proportional to the efficiency of the ECAP process. 
According to Thang et al. [15], a channel angle Φ of 
90° is the most effective for achieving significant grain 
size reduction. Nagasekhar et al. [25], through finite 
element analysis, studied the deformation behavior of 
extruded materials and determined that optimal strain 
homogeneity, minimal dead zone formation, and no 
adverse effects could be achieved with a Φ angle of 90° 
and a Ψ angle of 20°.

In this study, the die angles were set to Φ=90o and 
Ψ=20o to examine the effects of ECAP on the mechanical 
and tribological properties of the Zn-3%Cu-9%Al 
alloy. Determining the optimal die angles is crucial 
for obtaining ultrafine-grained (UFG) materials with 
fewer ECAP passes, thereby making the process more 
time- and cost-efficient. The results indicate that Route 
Bc is the most effective in producing equiaxed fine-
grained materials. However, this Route requires higher 
extrusion forces compared to Route A. Unfortunately, 
data on extrusion forces for Route D is unavailable, 
preventing any conclusions regarding its performance.

Tension Test Results

The tensile tests aimed to evaluate the mechanical 
properties of ECAP-processed samples, focusing on 
UTS and yield strength (YS). Engineering stress-strain 
curves for samples processed through Routes A, Bc, 
and D are shown in ▶Figures 16(a)–(c).

All three engineering stress-strain diagrams reveal a 
substantial increase in ultimate tensile strength (UTS) 
following the first ECAP pass. Route A achieved its 
maximum UTS after the first pass, Route Bc reached 
its peak after the second pass, and Route D attained its 
highest UTS after the third pass. After reaching a peak 
UTS value, additional passes led to a reduction in both 
UTS and YS. The peak UTS values were similar among 
the Routes, with the highest observed for Route Bc. The 
UTS values increased by 14.42% for Route A, 16.34% 
for Route BC, and 12.82% for Route D. Additionally, 
each Route exhibited strain-softening behavior and 
improved ductility after successive passes, which is 
arguably the most noteworthy aspect of the engineering 
stress-strain diagrams. A substantial increase in 
ductility occurred without a significant decrease in 
tensile strength. These results suggest that Routes A, 
BC, and D can be used to enhance the tensile properties 
of ZCA-9 alloys.

The comparison with extrusion force data indicates 
that the force required for ECAP is influenced by the 
improved ductility in Route Bc, likely due to better 
grain refinement and reduced dislocation density from 
SPD. This effect is absent in Route A, where the lack of 
rotation between passes leads to repeated shear in the 
same direction, promoting a uniform microstructure 
and greater work-hardening. Extrusion data for Route 

 

   (a)           

         (b)

Figure 15. Force-displacement curves of the ZCA-9 samples from the 
ECAP process of different numbers of passes. (a) Route A, (b) Route 
Bc.
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D are unavailable, preventing further analysis of its 
behavior.

Ramirez et al. [26] found that Route Bc significantly 
enhanced the tensile strength and ductility of Al-Si-Cu 
alloy by promoting a homogeneous and refined micro-

structure. Awasthi et al. [27] observed that Route BC 
enhanced tensile properties, including tensile strength 
and ductility, due to the development of refined grain 
structures. Similarly, Alateyah et al. [28] reported that 
Route A led to substantial grain refinement and the 
conversion of low-angle grain boundaries into high-an-
gle grain boundaries, resulting in improved mechanical 
properties such as UTS and ductility. El-Shenawy et al. 
[38] found that ECAP processing using Route A for the 
AA2024 aluminum alloy significantly improved its ten-
sile properties.

Creep Test Results

Figure 17 shows the displacement – time graph for the 
creep tests carried out on a single sample.

Figure 17. Displacement into surface – time graph for the 45 mN load 
test on Route A single pass sample.

Two phases typically observed in a creep test are clearly 
visible here. Displacement into the surface increases in 
the first region and continues to increase at a constant 
rate in the second region. After unloading, the displace-
ment starts to decrease. Additionally, creep compliance 
graphs were obtained from the nanoindenter. Similar 
to the displacement versus time graph, creep compli-
ance increases in the first and second phases. The creep 
compliance graph is shown in ▶Figure 17.

Figure 18. Creep compliance – time graph of Route A 1 pass sample.

(a)  

(b)

(c)

Figure 16. Engineering stress-strain curves for ZCA-9 samples pro-
cessed through Route A (a), Route Bc (b), and Route D (c).
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As shown in ▶Figure 18, variation in creep compliance 
is expected since the stress on the sample is constant 
and creep compliance is directly proportional to strain. 
The results for surface displacement and creep compli-
ance were obtained from the nanoindenter for samples 
processed using Routes A, BC, and D. The stress ex-
ponent for the nanoindentation test was calculated by 
the software. ▶Figure 19(a)–(c) illustrates the average 
stress exponent as a function of the number of passes 
for Routes A, BC, and D, respectively.

The stress exponent is an important parameter for 
predicting creep behavior. For the sample processed by 
Route A, as shown in ▶Figure 19 (a), significant changes 
in the stress exponent were observed at different passes. 
Even after the first pass, a notable reduction in the stress 
exponent value was observed. The same trend was seen 
across different loading conditions. Another significant 
drop in the stress exponent occurred after the third pass. 
After the fourth pass, the stress exponent increased for 
lower loads but continued to decrease for higher loads. A 
similar pattern was observed for Route Bc; however, for 
Route D, all stress exponent values increased. Route Bc 
showed similarities to Route A. Stress exponent values 
were almost identical for some loads but began to vary 
with the number of passes. Another notable drop in the 
stress exponent value was seen after the second pass, 
while the fourth pass caused almost no change. For Route 
D, changes in the stress exponent values were more linear 
compared to Routes A and Bc. After the fourth pass, the 
stress exponent values increased for all loads. The lowest 
stress exponent values were observed in the sample 
processed using Route Bc. Maier et al. [30] have related 
strain rate sensitivity (m) to the stress exponent as:

                                          	  (8)

Strain rate sensitivity can indicate resistance to neck-
ing. The earlier decrease in stress exponent values may 
suggest increased strain rate sensitivity. El-Shenawy et 
al. [29] reported that ECAP processing of AA2024 alu-
minum alloy resulted in improved tensile properties 
and strain rate sensitivity. The uniform plastic strain 
distribution and refined microstructure due to ECAP 
led to a reduction in the stress exponent, enhancing the 
material’s ability to accommodate strain rate variations. 
Similarly, Zhao et al. [31] found that ECAP processing, 
followed by annealing at various temperatures, signifi-
cantly improved the strain rate sensitivity and mechani-
cal properties of TA15 titanium alloy. The ECAP-induced 
grain refinement contributed to the observed drop in the 
stress exponent, indicating enhanced strain rate sensi-
tivity. A similar observation can be made for the ZCA-
9 alloy, as the stress exponent values are lower for the 
ECAP-processed samples. While the stress exponent is 
not the only parameter for evaluating a material’s creep 
behavior, it provides valuable insights.

Wear Test Results

For the wear tests, a 500 µm wear path length was used, 

as previously mentioned. The values obtained are im-
portant for identifying the wear properties of the ma-
terial. A higher wear track deformation value indicates 
lower wear resistance. ▶Figure 20 shows the wear track 
deformation versus load on the sample and the number 

(a)

(b)

(c)

Figure 19. Stress exponent versus number of passes graphs for Route 
A (a), Route Bc (b) and Route D (c).
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of passes for Route A.

As shown in ▶Figure 21 (a), wear track deformation in-
creases as the applied force increases. ▶Figure 21 (b) 
presents the wear track deformation versus the number 
of passes for Route A. As can be seen, the amount of ma-
terial removed is almost linear, except for the 35 mN and 
45 mN loads, where after the second pass, the amount of 
material removed increases. Yılmaz et al. [32] reported 
that wear track deformation was generally linear under 
various loads, except for specific intermediate loads like 
35 mN and 45 mN, where an increase in wear was ob-
served after subsequent ECAP passes. This was attribut-
ed to the complex interactions between the microstruc-
ture and applied loads during ECAP processing. ▶Figure 
21 shows the wear track deformation versus load on the 
sample and the number of passes for Route BC.

The wear track deformation for Route BC shows a sim-
ilar linearity to that of Route A. However, unlike Route 
A, the wear track deformation for Route BC does not 
increase as much at the 35 and 45 mN loads. This sug-

gests that samples processed by Route BC may be more 
suitable for such conditions, although the difference is 
not dramatic. Damavandi et al. [33] found that wear 
track deformation for samples processed by Route BC 
was more linear and exhibited less wear at higher loads 
compared to other Routes. This can be explained by 
the fact that Route BC produces a more uniform and 
homogeneous microstructure, which enhances wear 
resistance by providing a more uniform distribution of 
stress across the material. ▶Figure 22 shows the wear 
track deformation versus load on the sample and the 
number of passes for Route D.

For Route D, the same linearity is observed. At the 35 
mN load, wear track deformation starts to increase but 
remains more linear compared to Route A. However, at 
the 45 mN load, wear track deformation begins to re-
semble that of Route A. Therefore, it can be concluded 
that Route D falls somewhere between Routes A and Bc. 
Since the sample is rotated 180° after each pass, grain re-
finement is more homogeneous compared to Route A but 
less homogeneous than Route BC. Another reason could 

 (a)       

   (b)

Figure 20. Wear track deformation versus load on sample and num-
ber of passing graphs for Route A.

                 (a)    

  (b)

Figure 21. Wear track deformation versus load on sample and num-
ber of passing graphs for Route BC.
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be that Route D generated more high-angle grain bound-
aries (HAGB) than Route A, which might have increased 
wear resistance by impeding dislocation movements.

4.	Conclusion

The aim of this study was to investigate the tensile, 
creep, and wear properties of ECAP-processed ZCA-9 

Al alloy and to test a newly proposed Route, referred to 
as Route D. The tension test results revealed that each 
Route can be used to improve the tensile strength of the 
ZCA-9 Al alloy. However, if optimal tensile strength is 
desired, Route BC is likely the best option. Additionally, 
the new Route, Route D, also shows promise for 
enhancing the tensile properties of the ZCA-9 Al alloy, 
but further studies are needed to fully understand its 
effects. For the creep tests, if only one or two passes are 
to be utilized, all tested Routes had significant effects 
on the stress exponent values. However, if higher creep 
resistance is desired, Route BC appears to be the best 
choice, as it exhibited the lowest stress exponent values 
for the third and fourth passes. Lastly, the wear test 
results indicate that ECAP processing did not have a 
significant effect on the wear resistance of the ZCA-9 
Al alloy. If improved wear resistance is desired, other 
methods may need to be considered.
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