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ABSTRACT

Currently, magnesium=matrix biocomposites have garnered significant attention in medical applications,
such as orthopedics and cardiovascular implants, owing to their biocompatibility, biodegradability, and the
elimination of secondary surgeries forsimplant 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 properties of a Magnesium/2.5 wt.% Hydroxyapatite (Mg/HA)
biocomposite. The specimens were 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 to significant grain refinement, resulting in‘the formation of nanometric-scale grains. Improvements in
mechanical strength by 33% and 15%, as well as microhardness’increases of 50% and 25%, were observed

compared to pure magnesium and the double-extruded"Mg/HA biocomposite, respectively.
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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]¢ Anether 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 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. Methodolog

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. 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 Bc, 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.

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 | betweens successive  passes,  which
continuously alters the active shear planes. This process
promotes the fragmentationsof the initial grain structure
and facilitates ‘the formation.of UFG and nanometric
structures, ultimately resulting in enhanced strength and
improved mechanical properties.
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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

The uniaxial tensilestest results, as shown in Figure
3, indicate that bothfyield strength and ultimate tensile
strength (UTS) increase following.each process pass.
Specifically, the yield strength ofithe: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 Bc,.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].
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Fig. 3. Uniaxial tensile test data

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].
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Fig. 5. Microhardness Test Results

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



um. 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
pmto 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 towthe 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.

5. References

[1]. V. K. Bommala, M. G. Krishnas/and. C. T. Rao,
Magnesium  matrix  composites” . for “biomedical
applications: A review, Journal of ‘Magnesium and
Alloys, 7(1) (2019) 72-79.

[2].F. Witte et al, Biodegradable magnesium—
hydroxyapatite metal matrix composites;, Biomaterials,
28(13) (2007) 2163-2174.

[3]. 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.

[4].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.

[5]. 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.

[6]. P. Luka¢ and Z. Trojanova, Influence of grain size
on ductility of magnesium alloys, Materials
Engineering, 18(3) (2011) 110-114.

[7l. W. Yu, H. Zhao, and X. Hu, Anisotropic
mechanical and physical properties in textured Ti2AIC
reinforced AZ91D magnesium composite, Journal of
Alloys and Compounds, 732 (2018) 894-901.

[8]. F. Khorashadizade et al., Overview of magnesium-
ceramic composites: mechanical, corrosion and
biological properties, journal of materials research and
technology, 15 (2021) 6034-6066.



S (09 paio by o joroligw 4 s Boniwl 5o Lol S g uud (6 55 )0

o dozxo « S gl oM GO ool (A B Al

Al 06 el Canio g ple oSl (SLlSo  pusiiges 0aSitsl
* sedighi@iust.ac.ir

ouS

P o% 00 Tl Saz asl (e Bdziizes 5 Gl 4 S (e Semj (oloS S 4 (oo fite diey Slota jgalS g 059 4!
00w oy 550alS £53 l (Sl @ols cans gy (nl bl a8 S 18 Az g 5 50 slofag ysb 4 39,8 5 d8 5 guys,l ks (Shg sleo )8
IS8 s anlb slagby, 5l (SISl Glusd JUS 50 6,5 myp wul 0pdy Soge lagl g5, 2 (el slaanlp plSoal Guldl 6l ol
?ly> 2 lagly Gl JUIS 58 (6,15 ool daalllas 4 iagh onl 5o 13 S oo S olge (SlSe ols daips g b dlogy ;4 cayad Sl
boliie (Sren (5,5 ai5u ) by 5l 0olathal b Il laaigdl .ol oad 4oy Jig 9o yd VIO ol cnS'y ol o e CajgalS g jlislogy; o (S
g3 b Be by, g o5 le 4250 YYO (sles ool (lued JUIS 1o ()5 o anlp o 08 (g imsT sl al> o g0 (o 5l Gy 5 (Sl
Sy Nigh oo oSt (6 gl el ;0 loails glond aloj, JE5Lo bl b sla by olass Sil38 b ams o Glid b axzd S )18 Gilejl 090 G=1-
Coiselism 5 (Al miiie & Cumd i A Sy Ses Gga3l 0 AYD 5 TD¢ lie 4 ppizen 5 N0 5 UYY (i 4 (SolSe el
0,5 anlie (g ST al jo 50 bl oS g 00l 00 e

Gols wlols

S le (Sl (plgs ylodsgly (ylwod JUIE 30 (65 (w3 2l 8 (b T S gy o2 ko o jguolS g



doddio —)

et gVl egare Sy Pl (ol JBs alex 1093 08 4 pazie eli LS 4w b e jenelSs

oPly> Syt DN aslgo ar jo Ctls anine slaay 5 51 lgseinl 4 o5 Sob Jgdo 5 o b 093 e syl
Co eSSl Gl oad cely a5 conl ouls solaiul (Sl s sldoaiiS Cussi 0958 b (63l jaelS 5l o e (Sl
des Gl 5 5 oo J5lo 45 bl Sy p0m [YT2L arls 0925 YU (SlSe (ol L sle b b (3305 e
Sl L,k CosBiplss onte Sl a5 wllioe e ln el caiSCasl S s @ o)l G pleial 4
so ], Bl bl (55, Sy UKD i plovl e (SlSe oly S5 slais 5 Ko (o [¥100 5 e sl
a7 lagly plaes JUI )07 8 n wnld Gozen wpad Sty S8 s slaailB 5 955 58 oS wiile il
ool 99 plnl 51 Gy UBLL oS50 (335 81 L[] Ko 5 ol APl s 5 )18 ar g5 3,90 mjute ols5 S90Sz
5 03Bl (6500 g ;0 WSl Ched (St jee uizmed 5 (Sl 2lsS g S lon; e e )F (g ST anl
Cial3al ax 51 aS 08,5 5155 GBULT caSgpaun Sig doyd B 5 Y/O L ot sl pojuie (sbaca jemslS anglio b [V o] o) 1Ko
oAU Cugdi jlade alBl Lol el o j2e (S3ye3 4y Cueglie 5 (Sle (olgS (anails g 4 )5 (e ST lagsly Slas
@ S Sl 25 el catpe B S e Jad Wgn a5 OIS s Jloial Gl s 4S9 we 0 O
4 S0 b A Jladke Sy lsiear SulLTEES 5 00 59 9oy VB jlaiie (el 0l 2 99,5 (o0 (39 S0y VO (g5l oS
S se Sl el Gletanelan 0 (S8r Gk 5 SEe Cast wsilualn, Gl rlie SOl g
ST 0y 2 SIosly laea JUI 50 )5 3T aR1E 5 (igreST gt Slles el wisls las [N ] olSen 5 Sl il
ol sl eslanal b VY] 2l 5 axivs 098 oo SeilSs’ oly> S5t 5 yiegil Av e b opod alogy, o AZ3L juie
Sialdl lies b plSoeial Laias b1y Job obss) o orf pme/tiislss ZKBO0 s 5eie 5T (65, 2 ploassy loass JUIS 5o 6)l5 oy
e 5092 $5y9llie (b 4 oad aSle e Cojenelign 3l Glaes JUB )3 ) anl R Jleel Grizren aias
8, S9y 2 650 anlllae yo [VYlogs o it Sen g s a5 alasBle LB 35 Sacl a5 on sawails sl <l )|
S 5T 0 (50,53 Caglie 45wl sols ylis Jboasgly laes JUS o )15 e anlyd Jleel LAMT0 (o 5w 5LIT 55,95
ABA2 5o T 555 2 alies gy 5o izmen [V Flatilso (10 B 4 65 USS 5 s ailogyy 398 T Ul 5 eass
Pl 3l 5 ol ailsn; 5 meted Y ezg Jodo @ Jloarsly L JUB 38 6 )8 g0 il ol A ST ey 9 o0ls i
5 rendST o e Al auiwie Sl k3, VPl s J Sy [VBlelll o8 s Ll (S0, 4 ol
G9y e obasly plees JUI 50 )5 un anlp Wb 7S ws)S salin g wishs 13 addllas 596 1 g il ke
DV o, 5 Silgn ol pgnnsl IV 0 s § monndS Vwa oo (612 039 4 (3T (6 s PS5 ¢ plSioninl Sgupe sl a5
addllas 5,50 oS gUlo az )0 Vo v (los jo jloaysly luss JUI 5o (65 oy ald S8, ol onSly ontl o e o j5alS
Ghls ol TV 51 Gy bl (aS55000 (39 90)0 B 5 ¥ L bl S janlo e 55alS a5 aidl o lagT isls 18
el JELLB Y- g INY i s plSoctal g g )lad el mSlas b 65led Canglie 96 s S S 5 cn e
il by JLSlag, 5 4l (Sole (olss S5 WS eanline AZIL seie LT (Sies (ol (ool Geizen
GoanT b b adllae 5l s DA 5 ol 68T 6,500 iogin 5o [VALsgy 4 g5 LB loasl; laan JUS ;5 8,5 o
oas 0 ST 5LIT a5 oS 030,S snalice AMBO o e 5T Sies L8, o loasgly yluad JUIS 06,15 o 575 )59 S|
FB Sontr b 93 5l 02 (o0 LB gl plass JUIT j3 (o) p wl o ol S (Bl a4z s VY- (sles 487 e
Sle olyS 5 Elogy 2 CobLT (uSgyuen 0953 ST aalllas b [V T Sen 5 cnglLLalSLlr 09 o Lolodlaer s

' Hydroxy apatite
2 Equal Channel Angular Pressing (ECAP)



Bl 5ol oo akenj 4y CalilT (caSg 000 (Sig dop0 U (0938 45 Wbl po il mseie Ao sl o jgeelS
Gislog asdlae 5l [¥ \]Q‘)&"-“ 9 50 Ol ol Gl Caojgels (50,55l jo Conglie g g ,Se (5 5 L3S
S Lol 6l Cobll Sy e (Sl S0 b oad Cogll o jute ey Cojoral’ CunSd (Sojiz 5 S olss
2 B anld ol ez 5l o (S slagile] @mls @ azgi b wis S saaline (55 ST ol S plnil 5l g i
OGS e ehdSpld 15 e Ll ocBl (s (S et CaeeelS e (6 LA eled 25 a4z ST byl sl JUIS
G dnlB e 5 55 O35St ol 99 a8 planil 5 gy e oo (LA Lo fagy (nl b Jol (5)Lid Cueglie 5 2l
odid odlive Sig 08,0 VIO Culil] oS g 000/ 0 i o jamalS o 59y 0 slalaxde JB Gliass oloaygly ol JUIS o
Sl e B\ o s il 0t aloy CujralSgn cnl JuSlon; 5 (Sille (olyS oy 4 GiRe% nl 53 el
S5 (gl a2 30 YYO anaisles )0 jloasly plaes JUI 50 (6 8 o 9l Jlesl 5wl Bt 05 (5958 Jol ooleininn

Ll a8 518 25l 0550 (Sl LolsS g g ilwailoy)

g, g olge -¥

Laiged g 3lwoslel wiylys —¥-)

S reb Soge @ Cobll (aS5)00 jon e 5 &S 90,50 odaline | Jguz 50 o5 pleard oS5 L paieie e
Sde 4y 05 il axy0 Vee slod el g 59, ) Do 4 ol )T il a0 Voo gleo LioysS jo (58,5 (1038 5 s 55 leseal
Bev i il sgee 5 (B el 5 sl )0 s Bl o5 Col 0ad (5518 plgl Gaxs ed Slge i gz cels ¥
S0aSs () jgm 51 g TVIO (G359 doyo b bl oS g8 j35 i3S 0 Slalllae ay az g b el sy 5053 09,5
ol wnl b Sole ot psbliie SuilSe e lasél g S, 51 [) e -]wad o )il o] J5ls «alls a i
oSlital o jralS g2 055 (sl e Dl 50 00niS o o8 SIS, T 395 @ (iltod ISl 5 (Jtxio 5 g pledie
Jlael 51 iy sl oole colin (g 3lmoolol (Sl c0diiS 585 il 0,5 b cgms e ol (sl 5500lS (sl o325 g, o2l
oBliwd poeSs 5l g hial S oo @l 3 1) loasly Gless JUBs ()15 i wal B asile wpad Seedly IS8 s slaal 8
3B v 85 O jge 0,5 Gl Oldes Celu VB Goe 4y o5 il 50 YO (slos jo (U210 4 19 09,9 5 (6T s> cu
Ol G (65l SS 48 FO o 4y ol 5 il az 5 YV glos o gl /8ol 065 alaame 4y 729/99 ool> L 65 )]
sbeo) ol )3 il axy0 PO Gloo U cusbloe Sied (w5 4835 5 100 TN oo Copn b 4380 O o 4 SGG Jjen
CoisrelS B ol I SS oo (om0 o wlazsil (slod 4y G 51 g a350ili8d pladl (e 510 j00 g2555 S Slaxxd]
Lal> o 50 50 0,5 0395mST anld ( SlSe olss (il 5 (g Saisn) 5l Jolo (SlSo 0 (30 0 5l ez oy
JUS 5 65 o izl b gl ke Cglys 1o b S 0 o 5l dys YO+ (Slad g8 lodisdd agh V¥ 510 slocoms
Ol yagls TV oSk b o1 @3 el olem 4 Colll oS5 )o0e 3 (55058 5900) SS90 oolel Jloasl ol
IRV

e ol (3 Lol S 5 o y0 ) Jgu
Table 1. Chemical Composition of Magnesium
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Figure 1. a) Morphology ofhydroxyapatite particles; b) Particle size and size distribution of hydroxyapatite
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Figure 2. Specimen Preparation
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Figure 3. Equal Channel Angular Pressing Process
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igure 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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Figure 6. Optical microscopy age of the grain structure for the second-pass ECAP-processed sample,
alongwi esponding grain size distribution histogram

9 LR oy p S (oo onalin 7 5 0SS 0 oS LS lea

30 Cawl 00l )_u_i>95 ole ar als o)L\.:‘ e o5 l)d jeaz 10 a5 6,0k 4 s las 1) dils o3l ralS o euiiS gk

4 Mg oo 0AS 0,8 g Ay (S ;0 945 ) Ojgo & > 0 A Al oo oS Cuesi LS obew bl pglar oyl

> oo blod o 4 a5 all ge eSS oo e bl Xl

Py Gl wuad Sl wa P

3 a8 8l Caws Azl pl 4 (g o0 (685 P eSwg S
baoa JUU 50 8 mn amlp ol 2 bl ]
)bbj)ﬁiﬁ Oy Olas g atdls i > a0 v axhs
2 b dgdior (Seille Lol g plotinl 9t o &5 Mg oo
ol LSas [l esle anl,d jo el g sadanslil lyd 5les
S anl® Gl R0 g 5l el aBlas S92y oyl Glaes JUIS 4o (6,8

Dg g0 bl oS g joun)p e Slapinas Ho B B LSS 4 e



300

250

200

Pure

I - - - = Extrution

-.=-=ECAP Passl

Stress (MPa)

100
------- ECAP Pass2

50

0 1 2 364 5 6 7 8 9 10 11 12 13 14
Strain %
Spg7me S GRS (g3l @l ¥ S

Figure 7. Uniaxial tensile test data
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Figure 9. Uniaxial compression test data
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