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medical applications, such as orthopedics and cardiovascular implants, owing to their biocompatibility,
biodegradability, and the elimination of secondary surgeries for implant removal. However, the inherent
mechanical weaknesses of these composites necessitate post-processing modifications to enhance their
strength. Equal Channel Angular Pressing (ECAP), a prominent Severe Plastic Deformation (SPD)
technique, facilitates grain refinement and improves the mechanical properties of materials. Therefore,

this research investigates the effect of the ECAP process on the microstructure and mechanical  Keywords:

properties of a Magnesium/2.5 wt.% Hydroxyapatite (Mg/HA) biocomposite. The specimens were Magnesium Biocomposite
initially fabricated using the magneto-mechanical stirring casting method, followed by two stages of
hot extrusion. Subsequently, the samples underwent the ECAP process at 325°C using Route BC with

a die angle of @ = 90°. The results demonstrate that increasing the number of process passes leads

Hydroxyapatite Reinforcement
Equal-Channel Angular Pressing

to significant grain refinement, resulting in the formation of nanometric-scale grains. Improvements (ECAP)

in mechanical strength by 33% and 15%, as well as microhardness increases of 50% and 25%, were =~ Mechanical Properties

observed compared to pure magnesium and the double-extruded Mg/HA biocomposite, respectively.

Microstructure

1- Introduction

Magnesium-based  biocomposites are  considered
promising candidates for medical implants owing to their
unique properties, including low density, high specific
strength, excellent biocompatibility, and a Young’s modulus
that closely matches that of human bone[1]. Hydroxyapatite
(HA), which possesses a chemical and crystalline structure
analogous to that of natural bone, serves as an ideal
reinforcing agent for magnesium, significantly enhancing its
biocompatibility with bone tissue[2]. Another approach to
enhancing the mechanical properties of magnesium involves
the application of plastic deformation, particularly through
Severe Plastic Deformation (SPD) techniques, among which
Equal Channel Angular Pressing (ECAP) is a prominent
example[3]. The addition of hydroxyapatite, followed by two
passes of the hot extrusion process, led to an enhancement in
the microstructure, mechanical properties, and fatigue life[4].
In comparing magnesium-matrix composites reinforced
with 2.5 and 5 wt.% HA, it has been reported that while
increasing the number of hot extrusion passes enhances grain
refinement, mechanical properties, and corrosion resistance,
elevating the reinforcement content to 5 wt.% diminishes the
strengthening efficiency relative to the 2.5 wt.% composition.
This reduction is attributed to the increased likelihood of

*Corresponding author’s email: sedighi@jiust.ac.ir

particle agglomeration and the subsequent weakening of the
interfacial bonding between the reinforcement and the matrix.
Consequently, a 2.5 wt.% HA concentration is identified as
an optimal or near-optimal value, providing an ideal balance
between grain refinement, mechanical reinforcement, and
corrosion stability in magnesium-based biocomposites[5].

2- Methodology

Magnesium ingots were prepared, and natural
hydroxyapatite (HA) powder was synthesized from bovine
bone. To eliminate the organic components, the bone was
heated at 200°C for 24 hours, followed by calcination at
900°C for 2 hours. The resulting HA powder was then sieved
through a 500 um mesh. To incorporate the reinforcement,
2.5 wt.% of the HA powder was placed into pre-drilled holes
within pure magnesium sections. Magneto-mechanical stir
casting was selected for the fabrication of the biocomposite
due to its simplicity, industrial scalability, and capability to
achieve a relatively uniform distribution of reinforcement
particles in the magnesium melt. Initially, the chamber
was evacuated to prevent oxidation, and pre-heating was
performed at 360°C for 1.5 hours. Subsequently, high-purity
argon gas (99.99%) was introduced into the furnace, and
the temperature was maintained at 770°C for 45 minutes.

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

1127


https://dx.doi.org/10.22060/mej.2026.24785.7900
https://orcid.org/0000-0001-6828-1732

S. A. Ghoreishizade et al., Amirkabir J. Mech. Eng., 57(9) (2025) 1127-1142, DOI: 10.22060/me;j.2026.24785.7900

® Ave=83£0.7

' 7\

40

Count
s

2 4 il 12 " 16
Grain Size (yun)

Fig. 1. OM image of the grain structure for the single-
pass ECAP.
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Fig. 2. OM image of the grain structure for the second-
pass ECAP.

This was followed by mechanical stirring at 2200 rpm for
5 minutes, and then magnetic stirring until reaching the
solidification temperature of 650°C to ensure proper powder
dispersion within the matrix. The composite was then air-
cooled to room temperature. To eliminate casting-induced
defects and enhance mechanical properties, a two-stage hot
extrusion process with ratios of 5:1 and 4:1 was conducted at
350°C. Finally, the samples were subjected to ECAP at 325°C
via Route B, utilizing a die with an internal angle of ¢= 90°
and an outer curvature angle of y= 30°.

To investigate the microstructure, the specimens were
mounted, ground with silicon carbide papers, and polished.
Subsequently, the samples were etched using a picric
acid solution and examined via optical microscopy (OM).
Uniaxial tensile and compression tests were conducted
under quasi-static conditions using a SANTAM STM-50
universal testing machine, in accordance with ASTM-E8 and
ASTM-E9 standards, respectively, at a constant strain rate of
1 mm/s. Furthermore, Vickers microhardness measurements
were performed at five equidistant points along the cross-
sectional radius, from the surface to the center. A load of 2
N was applied for a dwell time of 10 seconds. To ensure the
accuracy and reliability of the data, all tests were repeated
three times, and the results are reported as the average values.
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Fig. 3. Uniaxial tensile test data.

3- Discussion and Results

In Figures 1 and 2, the optical microscopy (OM) analysis
reveals that SPD leads to substantial grain refinement.
Consequently, the grain size is significantly reduced after each
pass of the ECAP process. This phenomenon is attributed to
the 90° rotation of the specimen between successive passes,
which continuously alters the active shear planes. This process
promotes the fragmentation of the initial grain structure and
facilitates the formation of UFG and nanometric structures,
ultimately resulting in enhanced strength and improved
mechanical properties.

The uniaxial tensile test results, as shown in Figure 3,
indicate that both yield strength and ultimate tensile strength
(UTS) increase following each process pass. Specifically,
the yield strength of the magnesium alloy increased from
130 MPa to 213 MPa, while the UTS rose from 210 MPa
to 265.71 MPa after two passes of the ECAP process. The
enhancement in the biocomposite’s strength is attributed to
grain size reduction, grain boundary strengthening, and the
achievement of a uniform reinforcement distribution within
the microstructure. Furthermore, the limited number of
available slip systems at room temperature and the activation
of dislocations on basal slip planes contribute to the improved
properties. In Route B, the 90° rotation activates a set of
intersecting shear planes; with an increasing number of
passes, this facilitates the fragmentation of prior preferred
orientations (textures) rather than strengthening them,
ultimately leading to a more homogeneous and equiaxed
microstructure[6].

The results of the uniaxial compression tests at room
temperature, as illustrated in Figure 4, indicate that the
reduction in grain size and the increase in dislocation density
enhance the material’s resistance to plastic deformation.
Consequently, the compressive strength increased from 254
MPa to 336 MPa. During compressive deformation, the
lattice structure undergoes slip and potentially facilitates
the formation of kink bands within the microstructure. The
concave-upward (S-shaped) behavior observed in the stress-
strain curves signifies the dominance of extension twinning
as a primary deformation mechanism during the compression
tests[7].
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Fig. 4. Uniaxial compression test data.

The homogeneity of the material can be evaluated
by examining the local microhardness values across the
cross-section of the specimens, as shown in Figure 5. As
expected, the ECAP process increased the microhardness of
the biocomposite from 39.9 HV in pure magnesium to 78.4
HV after two passes. Due to the varying strains applied to
the specimen during metal forming processes, the hardness
values fluctuate depending on the specific location within
the sample. Strain hardening resulting from the ECAP
process, increased dislocation density, grain refinement,
and the improved distribution of reinforcement particles are
considered the primary factors contributing to the enhanced
hardness of the processed specimens|[8].

4- Conclusion

In this study, the effects of the ECAP process on the
mechanical properties and microstructure of a magnesium/2.5
wt.% hydroxyapatite biocomposite were investigated. The
results demonstrated that this process is highly effective
in enhancing the tensile and compressive strengths,
microhardness, and grain refinement (specifically the
formation of ultrafine-grained structures) of the biocomposite.

Following two passes of the ECAP process, the tensile
strength of the biocomposite exhibited a 64% increase
compared to pure magnesium, accompanied by a significant
grain size reduction from 34.5 um to 6.2 pm. Furthermore,
the tensile strength after two ECAP passes showed a 15%
improvement over the two pass extruded state, with the grain
size refining from 12.04 pm to 6.2 um.

As a result of grain refinement, the compressive strength
of the biocomposite after two ECAP passes increased by
26% compared to pure magnesium and by 15% relative to
the two pass extruded state. In the microhardness test, the
microstructure significantly influenced the hardness of the
specimens; specifically, the reduction in grain size led to
a 50% increase in hardness compared to pure magnesium
and a 25% increase compared to the two pass extruded
biocomposite.
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Fig. 5. Microhardness Test Results.
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Table 1. Chemical Composition of Magnesium.
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Fig. 1. a) Morphology of hydroxyapatite particles; b) Particle size and size distribution of hydroxyapatite.
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Fig. 2. Specimen Preparation.
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Fig. 4. a) Geometry of tensile and compression test specimens, b) Uniaxial tensile and compression testing ap-
paratus.
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Fig. 5. Optical microscopy (OM) image of the grain structure for the single-pass ECAP-processed sample, along
with the corresponding grain size distribution histogram.
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Fig. 6. Optical microscopy (OM) image of the grain structure for the second-pass ECAP-processed sample,
along with the corresponding grain size distribution histogram.
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Fig. 7. Uniaxial tensile test data
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Fig. 8. Yield strength and ultimate tensile strength (UTS) derived from uniaxial tensile tests.

O GRIB o mrge M Al eonen 9 (B ek oSS (p Fere b Gl Pl B odd s b ol (553 (6l
Olgie WYY lamo o Gialdl]) (25,8 Coled 0 o8 2500 Dloxbio )3 (suSg)dd oIS gl (3933 & 12 ABloe Canslld 15,8 38
o513 Sl JUIS 53 (68 oy 3l cpmizmad 9 (Silocujonsls S G Gk Lol amd e (1l Slge cunSd (S Ysane colil]
A JSs )5 (s B 530 (228 olss ey 5 plSomial (al3dl 1 e CabllS g stesl 3 (938l V- Jo)Sen 5 00l3 58
Amd e Lt cilisee (gladiges (sly |y (olod LT g ks 5 palie 5103 (oIS S SR 4 e Wl e ()79 ST A0l Jles! ]

IR



VWEY B IYY doio VFF Jlo @ oyl DV 093 ¢y prol CSilSlo wnbies &y yui

400

350

300

250

8

150

Stress(MPa)

100

50

0 5 10
Strain%o

— Pure

- - = = Extrution
—--—-— ECAP Passl
....... ECAP Pass2

15 20

950 ST ,Lid Qg.oﬂ WA IS

Fig. 9. Uniaxial compression test data.
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Fig. 10. Yield strength and ultimate tensile strength (UTS) derived from uniaxial compression tests.
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Fig. 11. Microhardness Test Results.
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Fig. 12. Average Hardness-Displacement Curve.

70 il jiag,San SIY 4 YE/O 5 il o5lul ials b g cusls
FIY a4 W-¥ 5l aily o5l gals b g (2l o e 4 Cons e
OSa ST dlyd doya 93 &) Cos (B AYD il yiag Sea
23,5 sdalin )5
Olued JUE 33 ()8 pop uld €85 s lyie caled
peise S Lelgd g ldluny )3 690 sl Sl Sl e Jhoagls
58 g i) (Sjy Caio 3 & e Cajselsn 9

Sl Al w5yl 208 (il

&bo
[17V.K. Bommala, M. G. Krishna, and C. T. Rao, Magnesium
matrix composites for biomedical applications: A review,
Journal of Magnesium and Alloys, 7)1()2019) 72-79.
[2] M. O. Pekguleryuz, K. Kainer, and A. A. Kaya,
Fundamentals of magnesium alloy metallurgy. Elsevier,
(2013).
[3] F. Witte et al., Biodegradable magnesium—hydroxyapatite

metal matrix composites, Biomaterials, 28(13) (2007)
2163-2174.

[4] E. Lukyanova et al., Strengthening of age-hardenable
WE43 magnesium alloy processed by high pressure

AR

& S azmpii - F
JOE 5> o 2l B Sl gy g adllas @ ol gy 5
Ipejpe Cojorslon Jdlon) 5 (Sle ol )bal Glues
opl &S ol i mls b adlyy i doyd VIO cobl] Sy,
Oedmed 5 (SBuwwgySes ((gHlid g kS plouul dee j aLly8
A8l Pgo sloms Cujgelon (32) 398 sals JoSuis) gl
olyd sl b dlaws il 3l 3150 (ol ulide o aasly LSus e
A odd diged b dildiyy g 4Ibasly lues JUK 45 (g8 oy
JUS 53 ) oy 32l8 5l pgss dlayo 93 5l gy (it plSocial @
0B oo & s Z5F lie 4 CojorelSgn oagly luca
Orcred g g Sue FIV 4 yiegySie YF/O 3l il ojlul ials L
TAD s aygly laed JUS ) g dloyo g5 b S plSioctl
WX 5l b ojlul yials b p)S o5g ST o]y als o 50 4y Canss
sl Bl Gl B g Sue FIV &y yiog Sin
93 3 o (g ylid plSoiml ¢y il 1y 5 by o311 il L e ®
CajgeelS g sl5 lunen JUI 53 (5w w3 1 g by
15)5 Al po 3 ) Capnd AND g Al 5o ) Cannd AV e
8L Bl S ()59 s
ladigas (g Seo (9305 b by ¢ iung Soo 0] )3 @



magnesium-hydroxyapatite metal matrix biocomposites,
Journal of the mechanical behavior of biomedical

materials, 69 (2017) 135-143.

[14] K. R. Gopi and H. S. Nayaka, Tribological and corrosion
properties of AM70 magnesium alloy processed by equal
channel angular pressing, Journal of Materials Research,
32(11) (2017) 2153-2160.

[15] P. Minarik, R. Kral, and B. Hadzima, Substantially
higher corrosion resistance in AE42 magnesium alloy
through corrosion layer stabilization by ECAP treatment,

Acta Physica Polonica A, 122(3) (2012) 614-617.

[16] W. Li et al., In vitro and in vivo studies on pure Mg,
Mg-1Ca and Mg—2Sr alloys processed by equal channel
angular pressing, Nano Materials Science, 2(1) (2020)
96-108.

[17] Y. Huang, J. Li, and L. Zhou, Mg—3Zn—0.5 Zr/HA
nanocomposites fabricated by high shear solidification
and equal channel angular extrusion, Materials Science

and Technology, 34(15) (2018) 1868—1879.

[18]S. Fintova and L. Kunz, Fatigue properties of magnesium
alloy AZ91 processed by severe plastic deformation,
Journal of the mechanical behavior of biomedical

materials, 42 (2015) 219-228.
[19] F. Akbaripanah, F. Fereshteh-Saniee, R. Mahmudi, and

H. Kim, The influences of extrusion and equal channel
angular pressing (ECAP) processes on the fatigue
behavior of AM60 magnesium alloy, Materials Science

and Engineering: A, 565 (2013) 308-316.

[20] S. Jayasathyakawin, M. Ravichandran, S. O. Ismail,
and D. Srinivasan, Effects of hydroxyapatite addition
on the microstructure and mechanical properties of
sintered magnesium matrix composites, Materials Today

Communications, 35 (2023).

[21] M. Kasaeian-Naeini, M. Sedighi, R. Hashemi, and

H. Delavar, Microstructure, mechanical properties
and fracture toughness of ECAPed magnesium matrix
composite reinforced with hydroxyapatite ceramic
particulates bioabsorbable

International, 49(11) (2023) 17074-17090.

for implants, Ceramics

AR

torsion, Materials Letters, 170 (2016) 5-9.

[5]1J. Seong and W. Kim, Development of biodegradable
Mg-Ca alloy sheets with enhanced strength and
corrosion properties through the refinement and uniform
dispersion of the Mg2Ca phase by high-ratio differential
speed rolling, Acta biomaterialia, 11 (2015) 531-542.

[6] R. Jahadi, M. Sedighi, and H. Jahed, ECAP effect on
the micro-structure and mechanical properties of AM30

magnesium alloy, Materials Science and Engineering: A,
593 (2014) 178-184.

[71M. Haghshenas, Mechanical characteristics of
biodegradable magnesium matrix composites: a review,

Journal of magnesium and alloys, 5(2) (2017) 189-201.
[8] X. Zhang, G. Yuan, L. Mao, J. Niu, P. Fu, and W. Ding,

Effects of extrusion and heat treatment on the mechanical
properties and biocorrosion behaviors of a Mg—Nd-
Zn—Zr alloy, Journal of the mechanical behavior of

biomedical materials, 7 (2012) 77-86.

[9] A. Sabet, A. Jabbari, and M. Sedighi, Microstructural
properties and mechanical behavior of magnesium/
hydroxyapatite biocomposite under static and high cycle

fatigue loading, Journal of Composite Materials, 52(13)
(2018) 1711-1722.

[10] E. Ghazizadeh, A. Jabbari, and M. Sedighi, In vitro
corrosion-fatigue behavior of biodegradable Mg/HA
composite in simulated body fluid, Journal of Magnesium
and Alloys, 9(6) (2021) 2169-2184.

[11] J. Straska, M. Janecek, J. Cizek, J. Strasky, and B.
Hadzima, Microstructure stability of ultra-fine grained
magnesium alloy AZ31 processed by extrusion and
equal-channel angular pressing (EX—ECAP), Materials
Characterization, 94 (2014) 69-79.

[12] E. Mostaed et al., Microstructure, texture evolution,
mechanical properties and corrosion behavior of ECAP
processed ZK60 magnesium alloy for biodegradable
applications, Journal of the Mechanical Behavior of

Biomedical Materials, 37 (2014) 307-322.
[13] R. Del Campo, B. Savoini, A. Mufioz, M. Monge, and

R. Pareja, Processing and mechanical characteristics of



VWEY B IYY doio VFF Jlo @ oyl DV 093 ¢y prol CSilSlo wnbies &y yui

Composite Materials, 52(15) (2018) 2055-2064.

[28] F. Khorashadizade et al., Overview of magnesium-
ceramic composites: mechanical, corrosion and
biological properties, journal of materials research and

technology, 15 (2021) 6034—6066.

[29] S.-J. Huang, M. Subramani, and K. Borodianskiy,
Strength and ductility enhancement of AZ61/A1203/SiC
hybrid composite by ECAP processing, Materials Today
Communications, 31 (2022) 103261.

[30] S.-J. Huang and A. N. Ali, Experimental investigations
of effects of SiC contents and severe plastic deformation
on the microstructure and mechanical properties of SiCp/
AZ61 magnesium metal matrix composites, Journal of
Materials Processing Technology, 272 (2019) 28-39.

[31] A. Muralidhar, S. Narendranath, and H. S. Nayaka,
Effect of equal channel angular pressing on AZ3l

wrought magnesium alloys, Journal of Magnesium and

Alloys, 1(4) (2013) 336-340

[22] E. ASTM, Standard test methods for tension testing
of metallic materials, Annual book of ASTM standards.
ASTM, (2001).

[23] E. ASTM, Standard test methods of compression
testing of metallic materials at room temperature, West

Conshohocken, PA: ASTM International, (2000) 98—105.

[24] P. Luka¢ and Z. Trojanova, Influence of grain size on

ductility of magnesium alloys, Materials Engineering,
18(3) (2011) 110-114.

[25] W. Yu, H. Zhao, and X. Hu, Anisotropic mechanical
and physical properties in textured Ti2AlC reinforced
AZ91D magnesium composite, Journal of Alloys and
Compounds, 732 (2018) 894-901.

[26] J. D. Robson, N. Stanford, and M. R. Barnett, Effect
of precipitate shape on slip and twinning in magnesium
alloys, Acta materialia, 59(5) (2011) 1945-1956.

[27] M. Shen et al., Effects of (micron+submicron+nano)

multisized SiC particles on microstructure and mechanical

properties of magnesium matrix composites, Journal of

DOI: 10.22060/mej.2026.24785.7900

E. Haddadi, H. Jafarzadeh, Experimental and Numerical Investigation of the Cold Extrusion
of a Cup-Shaped Steel Joint Body and the Effect of Die Geometry and Lubrication Param-
eters, Amirkabir J. Mech Eng., 57(9) (2025) 1127-1142.

23 gl ] Wl (il 4 digS>

€)Y


https://dx.doi.org/10.22060/mej.2026.24785.7900

ey



