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Abstract 

Magnesium alloys are of considerable current interest for use as degradable implants due to their unique properties including biodegrad- 
ability, biocompatibility, low density and adequate mechanical properties. Nevertheless, there is a need to further improve these properties 
either by alloying or through the use of appropriate processing. Among the different biodegradable Mg alloys now in use, the Mg–Zn series 
are of special interest and have been the subject of many research investigations. This is primarily because Zn is an essential element for the 
human body in addition to its positive effects in improving the mechanical strength and lowering the degradation rate of the implant. The 
properties of Mg–Zn alloys may be further improved both through the addition of third and fourth alloying elements such as Ca, Ag, Sn 
or Sr and/or by thermo-mechanical processing where the latter is more environmentally and economically favorable. In practice, procedures 
based on the application of severe plastic deformation (SPD) are especially suited to produce fine-grained microstructures with improved 
mechanical, degradation and cell behavior. Equal-channel angular pressing (ECAP) is a popular SPD technique that has the capability of pro- 
ducing bulk materials that are sufficiently large for use as typical implants. Accordingly, this review is designed to provide a comprehensive 
summary of the research that has been undertaken on ECAP-processed biodegradable Mg–Zn alloys. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Traditional metallic biomaterials, such as Co–Cr alloys,
tainless steel, and titanium alloys, are frequently used as
mplants because of their superior physical and mechanical
haracteristics as well as their biological environmental adap-
ations [1] . The main drawbacks of these materials, however,
re the high elastic modulus discrepancy between the im-
lant and natural bone which produces a stress shielding ef-
ect and their inability to degrade in biological environments
hereby requiring secondary surgery to remove the implant
hen the fractured bone tissue has healed sufficiently [2–4] .
ith the help of recent advances in material science that en-
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bled the use of promising materials, the science of creating
uman implants that are biodegradable, nontoxic, and com-
atible with the intricate human body has advanced quickly
n the field of medicine [5] . Magnesium alloys have attracted
he most interest among the possible degradable implant ma-
erials and this has led to a demand for more research in this
rea [6–9] . Due to the similar density (1.74–2.0 g/cm 

3 ) and
ensile strength (100–200 MPa) to human bone, magnesium
lloys are regarded as an essentially ideal candidate mate-
ial for fracture therapies [10] . The similar elastic modulus of

g alloys (41–45 GPa) to natural bone (10–30 GPa) would
elp to reduce the stress shielding effect and associated issues
ncluding implant loosening, skeleton thickening and major
ealing hindrances [11] . More importantly, magnesium, the
ourth-most common cation in the human body, is crucial for
uman metabolism. Thus, an adult should consume between
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Fig. 1. (a) The number of research papers published by year from 2006 to 2020 for different SPD methods, and (b) a pie chart showing the contributions of 
different SPD methods to the published literature on the corrosion behavior of Mg alloys [46] . (c) Percentage of the number of articles published from 2019 
to 2023 on different families of biodegradable magnesium alloys. 
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40 and 420 mg of magnesium daily, with any excess cations
liminated in the urine without causing any harm [12–14] . 

Magnesium and its alloys have a wide range of uses in
he biomedical field although their use is constrained by their
omparatively poor formability and corrosion resistance. The
eed to improve the formability and corrosion resistance of
agnesium alloys for upcoming applications is therefore at-

racting considerable attention [15–17] . To address these diffi-
ulties, a number of strategies have been developed including
lloying [18] , heat treatment [10] , coating [ 19 , 20 ] and the ap-
lication of processing using severe plastic deformation (SPD)
21] . With reference to alloying and most of the coating pro-
esses, it should be noted that, although the advantages of
hese techniques are generally well established, special atten-
ion is needed to control the potential increase in cost and
he environmental burden [22] . Accordingly, where possible
t is necessary to improve the properties of biodegradable Mg
lloys by secondary processes such as by heat treatment or
y SPD without changing the chemical composition of the
lloy, thereby negating the requirement of adding ternary or
uaternary alloying elements. 
In order to create fine-grained (FG, when the average
rain size is in the range of 1–10 μm) or ultrafine-grained
UFG, when the average grain size is in the range of
00 nm −1 μm) or nano-grained (when the average grain size
s smaller than 100 nm) biodegradable Mg alloys, a number
f SPD techniques have been introduced and used to date,
ncluding equal-channel angular pressing (ECAP) [23–25] ,
igh-pressure torsion (HPT) [ 26 , 27 ], multidirectional forg-
ng (MDF) [28–30] , cyclic extrusion and compression (CEC)
31–33] , accumulative roll bonding (ARB) [34–36] , severe
hot peening (SSP) [ 37 , 38 ], rotary swaging (RSW) [ 39 , 40 ],
nd parallel tubular channel angular pressing (PTCAP) [41] .
mong these various SPD techniques, it has been established

hat the use of ECAP shows the greatest efficiency in grain
efinement for Mg alloys and this can greatly enhance the
echanical and electrochemical properties [ 7 , 42-45 ]. The im-

ortance of using ECAP is also evident from the large number
f publications ( Fig. 1 a and b). 

However, even when using SPD it is almost impossible to
each the desired properties of metallic implants when using
ure magnesium. Fig. 1 c depicts the distribution of articles
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Fig. 2. Schematic representation of the ECAP process. 
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Fig. 3. Schematic representation of different ECAP routes [100] . 
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ublished from 2019 to 2023 across the various families of
iodegradable magnesium alloys. It is readily apparent that
early fifty percent of the publications are for Mg–Zn alloys
here these alloys are of particular interest for biomedical

pplications [47] . The addition of a suitable amount of Zn
an enhance the stability and quality of the corrosion film,
s well as the charge transfer resistance and consequently
he corrosion resistance of Mg, in addition to the effects of
trengthening from both solution and precipitation hardening
nd grain refining [48,49] . Many studies have utilized the
CAP technique for improving the properties of biodegrad-
ble magnesium–zinc alloys as summarized in Table 1 . Ac-
ordingly, and in order to provide a better understanding of
he underlying mechanisms, challenges and more recent ad-
ances, this review is designed to summarize the effect of
CAP on the microstructure, mechanical properties, degrada-

ion behavior and biocompatibility of biodegradable Mg–Zn
lloys. 

. Brief description of the ECAP process 

According to the procedure developed for ECAP, the ma-
erial is in the form of a rod or bar and it is pressed through
 die constrained within a channel that maintains the same
ross-sectional profile but is bent within the die through an
nternal channel angle of ϕ and with an angle of curvature
f ψ , as shown in Fig. 2 [54] . There are also modifications
o the ECAP method such as ECAP with an applied back
ressure (ECAP-BP) [97] and double ECAP (D-ECAP) [59] .
ach pass of deformation in ECAP generates a shear strain
n the alloy. Eq. (1) illustrates how to determine the imposed
quivalent strain ( εe q ) using the number of ECAP passes (N),
ie channel angle ( ϕ), and corner curvature angle ( ψ) [98] . 

 eq = 

N / 
√ 

3 

[
2 cot 

(
ϕ + ψ 

2 

)
+ ψ cosec 

(
ϕ + ψ 

2 

)]
(1)

The final microstructure of Mg alloys can be greatly influ-
nced by the ECAP processing route which is chosen based
n the rotation arrangement between consecutive passes in ad-
ition to the degree of shear deformation [99] . Fig. 3 depicts
 graphic representation of various routes. 

From the experimental point of view, there exist several
ssues and challenges pertaining to the ECAP processing of
agnesium alloys. Depending on the chemical composition

f the alloy, and even the processing history of the material,
CAP processing conditions may be very different, as can
e observed in Table 1 , while an inappropriate choosing of
hese parameters would result in sample cracking and fracture.
n this regard, and based on the unpublished work of the
uthors, while the extruded Mg–4Zn alloy can be successfully
rocessed by ECAP at 200 °C, the extruded Mg–4Zn–0.5Ca
lloy cannot be processed at this temperature. Therefore, it
s imperative to optimize the processing parameters in such
 way to prevent any damage to the sample during ECAP
rocessing, taking into account the composition of the alloy
nd its mechanical properties. 

. Effect of ECAP on properties of biodegradable 
g–Zn based alloys 

.1. Physical properties 

.1.1. Microstructure evolution 

The very large accumulated strains that are created during
CAP processing generally play an important role in the evo-

ution of the microstructure and texture of magnesium alloys
68] . ECAP processing of Mg and Mg alloys is often carried
ut at relatively high temperatures, near to one-half of the
elting point (0.5 T m 

), because the hexagonal close-packed
HCP) crystal structure of magnesium only has two indepen-
ent slip systems at low temperatures. As a result, dynamic
ecrystallization (DRX) is also crucial in microstructure and
exture evolution of ECAP-processed Mg alloys. At the initial
rain and twin boundaries, new very small grains are formed



M. Hashemi, R. Alizadeh and T.G. Langdon / Journal of Magnesium and Alloys 11 (2023) 2260–2284 2263 

Table 1 
A summary of publications on ECAP-processed Mg–Zn based alloys indicating the nature of the ECAP conditions. 

Alloy (%wt) Φ ( °) Ψ ( °) T ( °C) Speed 
(mm/min) 

Route Number of 
passes 

Ref. 

Mg–3Zn–0.6Zr (ZK30) 90 20 250 10 Bc 1, 2, 4 [5] 
Mg–4 Zn 
Mg–4Zn–0.5Ca 

90 20 220 – Bc 4 [20] 

Mg–1.84Zn–0.52Nd (ZN20) – – 300, 350 30 Bc 4 [50] 
Mg–1.84Zn–0.52Nd (ZN20) – – 300 30 Bc 4 [51] 
Mg–3Zn–0.6 Zr (ZK30) 90, 120 20 250 10 A, Bc, C 1, 2, 4 [52] 
Mg–1.0Zn–0.2 Са 120 – 350, 400, 430 – Bc 1, 2 [53] 
Mg–3Zn–0.6Zr–0.4Mn 90 20 250 10 Bc, A, C 1, 4 [54] 
Mg–3Zn–0.6Zr–0.4Mn 120 20 250 10 Bc 1, 2, 4 [55] 
Mg–6.12Zn–0.65Zr (ZK60) 120 25 240 60 Bc 6 [56] 
Mg–4.18Zn–1.08Mn 110 – 300 60 Bc 1–4 [57] 
Mg–1.8Zn–0.7Mn–0.02Fe–0.02Ni (ZM21) 110 30 220 – Bc 4 [58] 
Mg–0.6Zn–0.5Ca (ZX00) 90 + 90 – 350–220 120 Bc 1, 2, 4 [59] 
Mg–1.62Zn–0.55Zr-0.38Y 90 20 380 – Bc 2, 4 [60] 
Mg–4.71Zn–0.6Ca 90 20 250 60 Bc 4 [61] 
Mg–4.08Zn–1.53Si 110 – 300 60 Bc 1–4 [62] 
Mg–2Zn–x Gd–0.5Zr 
( x = 0, 0.5, 1, 2) 

90 20 380 – Bc 1, 2, 4 [63] 

Mg–3.9Zn–1.1RE–0.56Zr (ZE41) 110 30 300, 275 – Bc 1–6 [64] 
Mg–1Zn–0.2Ca 120 – 400 6 Bc 1, 2, 4 [65] 
Mg–1.0Zn–0.3Ca 120 – 400, 300 – Bc 10 [66] 
Mg–1.8Zn–0.7Si–0.4Ca 120 0 350–400 10.2 Bc 1–4 [67] 
Mg–5.0Zn–0.5Ca–0.3Mn 90 37 250 – Bc 1–4 [68] 
Mg–6Zn 90 – 320 90 Bc 2, 6 [69] 
Mg–6Zn 90 – 200 90 Bc 6 [70] 
Mg–6.52Zn–0.95Y 90 37 200, 300 – Bc 1, 2, 4 [71] 
Mg–2Zn–0.5Mn–1.2Ca–1.35Ce 90 – 300 30 – 12 [72] 
Mg–1Zn–0.2Ca 120 – 250, 300, 350, 400 6 – 2, 4, 6, 8 [73] 
Mg–6 Zn 
Mg–12Zn 

90 0 220, 160 
200, 185, 170, 155 

– Bc 1–4 [44] 

Mg–6Zn–0.6Zr–0.4Ag–0.2Ca 90 0 200, 150, 125 4.5, 2.25 A, C 1, 2, 4 [74] 
Mg–6Zn–0.5Zr 120 – 250, 320 – Bc 2 [75] 
Mg–6.08Zn–0.56Zr (ZK60) 90 – 300–150 – – 8, 12 [76] 
Mg–5.46Zn–0.55Zr (ZK60) 90 37 250 – Bc 1–4 [77] 
Mg–2Zn–0.98Mn (ZM21) – – 250 20 Bc 8 [78] 
Mg–6Zn–0.3Zr (ZK60) 90 20 180, 200, 220 120 – 4 [79] 
Mg–1.7Zn–0.8Mn (ZM21) 110 20 200, 150 30 Bc 4 [80] 
Mg–6Zn–0.5Zr (ZK60) 90 20 220 60 Bc 1, 2, 4, 8 [81] 
Mg–5.49Zn–0.55Zr (ZK60) 90 37 250 – Bc 1–4 [82] 
Mg–5.3Zn–0.48Zr (ZK60) 110 20 250, 200, 150 30 Bc 1–8 [83] 

[84] 
Mg–5.6Zn–0.6Zr (ZK60) 90 20 240, 180 20 Bc 4, 8 [85] 
Mg–5.5Zn–0.5Zr (ZK60) 90, 110, 

135 
20 200 420 – 1 [86] 

Mg–4Zn–0.7Zr–1.4(Ce + La) (ZE41) 90 – 320 4 rotated by 
120 °

1–6 [87] 

Mg–5.5Zn–0.5Zr 90 20 200 420 Bc 1, 2, 4, 6, 8 [88] 
Mg–5.25Zn–0.6Ca 90 37 250 – A, Bc, C 4 [89] 
Mg–5.12Zn–0.32Ca 90 37 250 600 Bc 4 [90] 
Mg–5.5Zn–0.5Zr (ZK60) 90 20 200 – Bc 8 [91] 
Mg–4.9Zn–1.4RE– 0.7Zr (ZE41A) – – 330 – – 8–32 [92] 
Mg–4.9Zn–1.4RE–0.7Zr (ZE41A) – – 330 – A 8, 16, 32, 60 [93] 
Mg–3Zn–0.2Ca 120 0 320 120 A 2, 4, 6, 8 [94] 
Mg–6Zn–0.5Zr (ZK60) 120 – 350 – C 2 [95] 
Mg–1Zn–0.3Ca 120 – 300–400 – Bc 10 [96] 

a  
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d  
s a result of DRX with specific crystallographic orientations
59] . Fig. 4 schematically shows the microstructure evolution
aused by ECAP. Typically, the as-cast alloy has a microstruc-
ure with coarse grains at the initial step ( Fig. 4 a). Large
umbers of dislocations move within the grains towards the
rain boundaries during ECAP ( Fig. 4 b) and they are subse-
uently blocked by the initial grain boundaries thereby creat-
ng a complex network of dislocation entanglements ( Fig. 4 c)
56] . Entangled dislocations can easily rearrange, evolve into
islocation walls, and eventually change into substructures
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Fig. 4. Microstructure evolution of magnesium alloys during ECAP process- 
ing. 
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aking low energy dislocation structures (LEDS) [101] . As
he strain increases, sub-grain boundaries absorb dislocations
o generate low-angle grain boundaries (LAGBs) ( Fig. 4 d)
hich can continue to absorb dislocations ( Fig. 4 e) and even-

ually transform into high-angle grain boundaries (HAGBs)
 Fig. 4 f) [102] . 

The overall dislocation density, ρ t , is directly correlated
ith the average sub-grain size ( d ) by means of [103] 

 = 

K √ 

ρt 
(2)
here K is a constant which is dependent on the total dislo-
ation density. Dislocations during the ECAP processing can
e divided into two main categories with different properties:
islocations forming the cell structure and those placed within
he cells. Thus, the overall dislocation density can be defined
s [85] 

t = f ρw 

+ ( 1 − f ) ρc (3)

here f denotes the volume fraction of the cell walls and ρw 

nd ρc are the density of dislocations placed on the wall and
ell interior, respectively. 

A bimodal grain structure ( Fig. 4 g) is reported to be pro-
uced during the initial passes of ECAP as a result of in-
omogeneity of slip and deformation in deferent grains. Slip
oes not occur in all grains in the same way and it is possi-
le that the slip systems become active only in some grains.
s a result, grains with more suitable orientations are de-

ormed and refined earlier, leaving less deformed and coarser
rains that eventually will be deformed later [82] . Incomplete
RX was recognized as a contributing factor in the creation
f the bimodal grain structure and the following attributes
re introduced as the key causes [68] : (i) the total equivalent
train generated by the first ECAP pass does not have suf-
cient energy for a successful complete recrystallization, (ii)
andom texture favors only some grains to accommodate the
mposed strain, and (iii) the coarse secondary phase particles
re harder when compared to the Mg matrix and they tend to
ollect local strains giving the particle stimulated nucleation
r PSN effect and this in turn accelerates the recrystallization
rocess surrounding them [104] . With repeated ECAP passes,
he unrecrystallized coarse grains would be converted to find
RX grains and the entire structure would be uniformly and
omogeneously altered into a UFG structure ( Fig. 4 h). This
evelopment has been reported for ZK30 alloys [5] . Process-
ng in a single pass (1-P) revealed a heterogeneous structure
ith large elongated grains and a bimodal grain size distri-
ution, as well as an increase in LAGB (white and red lines)
ensity of 225% compared to the as-annealed (AA) counter-
art ( Fig. 5 a-d). It can be observed that an FG microstructure
the average grain size is about 1.94 μm) is obtained after
our ECAP passes ( Fig. 5 e and f) which resulted in decreas-
ng the LAGBs by 25.4% and increasing 4.4% in the HAGBs
ompared to the 1-P counterpart since LAGBs are transferred
nto HAGBs. 

The processing route, die angle and temperature, in ad-
ition to the numbers of passes, affect the grain size distri-
ution obtained after ECAP. According to an earlier report
89] , route A was the least successful technique for refining
rains, followed by route C , which was more efficient than
oute A , while route Bc , was the most effective. It was also
eported [52] that a die angle of ϕ = 120 ° produces coarser
rains compared to a die angle of ϕ = 90 ° because the latter
nderwent greater strain. 

Regarding the effect of numbers of passes, it was reported
56] that when ZK60 alloy with an average grain size of
02 μm is subjected to ECAP processing, the grain size is
educed to 7.4 μm after 4 passes and 3.5 μm after 6 passes.
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Fig. 5. Inverse pole figure maps (a,c,e) and their corresponding grain boundary maps (b,d,f) for the AA ZK30 (a,b) and the ECAP processed samples for 
different numbers of passes: (c,d) 1-P, (e,f) 4-Bc. Reproduced from [5] . 

Fig. 6. Variation of grain size of an Mg –1.8Zn –0.7Si –0.4Ca alloy with num- 
ber of ECAP passes. ECAP processing temperature was 350 °C [67] . 
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ig. 6 exhibits the grain size of an Mg–1.8Zn–0.7Si–0.4Ca
lloy processed by ECAP at 350 °C versus the pass number.
n accordance with this plot, the grain size of the specimen
s reduced from 78 μm in the solution state (not processed
y ECAP) to about 20, 9.5, 5 and 3 μm as the number of
CAP passes increases through 1, 2, 3 and 4, respectively.
he first pass experiences the greatest grain size reduction,
nd therefore a greatest grain refinement efficiency, and as the
umber of passes is increased, the grain size changes become
ess significant [67] . 

The processing of D -ECAP involves two angled channels
n one mold so that each pass equals two conventional passes.
ig. 7 summarizes the grain sizes and values of the area
ractions of large grains of several tens of microns obtained
ollowing D -ECAP processing of a ZX00 alloy at different
emperatures and different numbers of passes. As can be seen,
he area fraction of large grains drops with an increase in the
umber of passes while the grain size is reduced with a de-
rease in the D -ECAP temperature [59] . 

The effect of ECAP on precipitation is shown in Fig. 8
here XRD patterns of the ZK30 alloy in the solution state
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Fig. 7. (a) Grain size as a function of the temperature of the D -ECAP process (minimum temperature applied). (b) Area fraction of large grains as a function 
of the number of D -ECAP passes. Full symbols indicate samples where the D -ECAP process was conducted at constant temperature, while open symbols 
represent results obtained on samples where the processing temperature was varied between the passes [59] . 

Fig. 8. XRD patterns of the ZK30 alloy before (AA) and after ECAP pro- 
cessing through 1 pass (1-P) and 4 passes via route Bc (4-Bc) [55] . 
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AA) are compared with those after ECAP processing through
-P and 4-P which respectively represent samples processed
y 1 and 4 passes. It is apparent that the AA condition was al-
ost entirely a single phase α-Mg solid solution. Notably, the

roduction of precipitates was induced by performing ECAP
n the samples. By increasing the number of passes up to
, the peaks corresponding to the second phases increase in
umber and intensity [55] where this increase is a result of
ecrystallization during ECAP [105] . 

In addition to precipitate formation, other changes such
s particle breaking or even particle dissolution in the ma-
rix may also occur during ECAP. For example, it was re-
orted that [63] after ECAP the network structure of the sec-
nd phases in Mg–2Zn–x Gd–0.5Zr (where x = 0, 0.5, 1, 2)
lloys was shattered to a granular morphology. Fig. 9 from
nother investigation [60] shows the transmission electron mi-
roscopy (TEM) images of the extruded and four pass ex-
ruded Mg–1.62Zn–0.55Zr–0.38Y alloy. The major large sec-
nd phase for the extruded alloy prior to ECAP extrusion
as the W phase (Mg 3 Y 2 Zn 3 ) ( Fig. 9 a). Also, the second
ispersive phases were spread in the form of a short rod-like
ormat ( Fig. 9 b). A breakage of the Mg 3 Y 2 Zn 3 particles was
bserved after ECAP processing for four passes ( Fig. 9 c) as
he result of particle cutting by dislocations. This led to a
reat improvement in uniformity of the distribution of second
hase particles ( Fig. 9 d). 

An ECAP-stimulated solution treatment was studied in the
g–6Zn alloy [69] , and the corresponding scanning electron
icroscopy (SEM) images are presented in Fig. 10 . As can

e observed in Fig. 10 , by performing ECAP at 320 °C the
mount of intermetallic phase is reduced both in number and
ize with increasing numbers of passes and these particles are
lmost completely dissolved after 6 passes ( Fig. 10 a-c). By
ontrast, solution-treated alloys had a significant amount of
emaining intermetallic particles even after a 24-hour heat-
reatment as illustrated in Fig. 10 d-f. Accordingly, it is clear
hat at the same temperature the ECAP-stimulated solution
reatment outperformed the traditional isothermal solution
reatment with respect to the ability to prepare a single-phase

g–6Zn alloy [69] . Accordingly, it can be concluded that de-
ending on the material and also processing parameters such
s temperature processing by ECAP may have different ef-
ects on second-phase particles [59] . 

.1.2. Texture evolution 

Another important effect of ECAP on the Mg alloys, in
ddition to the microstructural changes, is texture modifi-
ation. The composition of the alloy, the initial grain size
nd ECAP-related characteristics, including temperature, pro-
essing route and numbers of passes, all affect the evolu-
ion of texture in magnesium alloys processed by ECAP [86] .
t is commonly assumed that cast magnesium alloys have a
andom texture but extruded magnesium alloys have a fiber
exture [ 80 , 84 ]. However, following ECAP the original texture
f cast and wrought magnesium alloys tends to disintegrate,
ventually weakening and causing the creation of new texture
lements [ 80 , 84 , 106,107 ]. Fig. 11 shows the basal pole fig-
res of the ZM21 Mg alloy in the rolled and ECAP-processed
onditions. According to Fig. 11 a, the rolled alloy displayed
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Fig. 9. TEM images of the Mg –1.62Zn –0.55Zr –0.38Y alloy in the extruded (a,b) and ECAP processed for four passes (c,d). Reproduced from [60] . 

Fig. 10. SEM micrographs of Mg –6 Zn alloys. (a) Non-processed; ECAP-stimulated solution treated for (b) 2 passes and (c) 6 passes; solution treated for (d) 
8 h, (e) 16 h and (f) 24 h. Reproduced from [69] . 
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Fig. 11. Basal pole figures of the ZM21 alloy. (a) Rolled, (b) 1st pass, (c) 2nd pass, (d) 3rd pass and (e) 4th pass ECAP. A1: Extrusion direction or RD, and 
A2: Transverse direction or TD [58] . 
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 texture with a maximum intensity of 19.8 MRD (multiplies
f random distribution) along the rolling direction (RD). Af-
er the first ECAP pass ( Fig. 11 b), the texture element shifted
y 45 ° to the RD/TD (transverse direction), and the texture
ntensity also decreased to some extent. The rotation of the
M21 Mg sample by 90 ° counterclockwise between each pass
f the ECAP is connected to the change in the location of
he highest texture intensity. While the texture intensity on
he second pass of the ECAP was reduced to a value of 9.2
 Fig. 11 c), the texture along the RD was equivalent to the
olled ZM21 alloy. However, the texture moved away from
D and TD as a result of the fourth pass of ECAP. The

elative drop in texture intensity from 19.8 in the rolled con-
ition to 15.3, 9.2, and 7.0 following the first, second, and
hird passes of the ECAP, respectively, is also an intriguing
haracteristic. By contrast, by the end of the fourth pass there
as a marginal rise in pole intensity of 8.2 ( Fig. 11 e). Fur-

hermore, the texture of the ZM21 alloy after the fourth pass
as parallel to RD. The original texture element is weaken-

ng as evidenced by the decrease in texture intensity from
he rolled condition to the third ECAP pass ( Fig. 11 a-d). The
mergence of a new texture element is indicated by the minor
ise in texture intensity [58] . 

Undoubtedly, an experimental measurement of texture is
rucial, but predicting texture by simulation would be also of
reat importance and interest. In fact, accurate texture pre-
iction is necessary for comprehending and forecasting the
nisotropic mechanical behavior. Also, it can aid in designing
or superior regulation and energy efficiency during the form-
ng processes. Generally, texture modeling is widely recog-
ized as a critical tool for texture control [108] . In this regard,
exture evolution during the ECAP treatment of a ZK60 alloy
as been modeled using visco-plastic self-consistent (VPSC)
imulations [86] . The experimental findings presented in
ig. 12 indicate that the original texture undergoes only minor
lterations following a single pass through the die with an an-
le of 110 °, and essentially no changes were observed using
 die with an angle of 135 °. These observations align with
he predictions made by the simulations presented in Fig. 13 ,
hich forecast a gradual development of texture. It is note-
orthy that even after four passes, no significant change in

he original texture was observed using the 135 ° die angle.
urthermore, the amount of strain applied per pass in the dies
ith channel angles of 90 °, 110 °, and 135 ° is approximately
.1, 0.8, and 0.5, respectively [98] . As such, it can be con-
luded that an increase in the die angle leads to a slower
evelopment of texture [86] . 

.1.3. Deformation modes 
Due to their low critical resolved shear stress (CRSS),

asal slip and twinning are the main deformation modes for
agnesium alloys at room temperature [50] . It is well known

hat the basal slip system, (0001) < 11 ̄2 0> , has a significantly
ower CRSS than non-basal systems, making it the dominant
lip system for magnesium at room temperature [109] . In the
arly stages of plastic deformation, twinning can cause an
brupt drop in stress within a grain and this may cause twin-
ing in nearby grains [110] and promote slip deformation in
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Fig. 12. Experimental (0002) and ( 10 ̄1 0) pole figures, determined on the flow plane of the ZK60 billets in the as-received (a) and ECAP processed conditions, 
using dies with channel angles of 90 ° (b), 110 ° (c) and 135 ° (d). Reproduced from [86] . 
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t  
nitially unfavorably orientated grains as a result of crystal
otation accompanied by twinning [6] . The relationship be-
ween the c -axis and the loading direction has a significant
mpact on the type of twinning occurring during the deforma-
ion [ 50 , 111 ]. When the sample is stretched along the c -axis
ension twins ({10 ̄1 2} < 10 ̄1 ̄1 > ) are generated, but when the
ample is compressed along the c -axis only contraction twins
{ 10 ̄1 1 } < 10 ̄1 ̄2 > ) are generated. Additionally, since the CRSS
f tension twins (2 MPa [112] ) is substantially lower than for
ontraction twins (114 MPa [113] ), tension twins are more
ikely to appear [ 50 , 87 ]. 

By increasing strain during ECAP as a result of crystal
otation during twinning, and since basal slip does not meet
he von Mises condition of at least five independent slip sys-
ems, the cross-slip of a -dislocations from the basal planes to
he prismatic planes can take place [91] . This is evident from
he data presented in Table 2 for an ECAP-processed Mg–
Zn–0.3Ca alloy. When the orientation factor is less in a slip
ystem, it becomes comparatively more active than other slip
ystems. The basal slip systems were the most active in the
nitial condition whereas the prismatic slip systems were less
ctive. The high ECAP-induced texture encouraged the acti-
ation of prismatic slip, which replaced the basal slip systems
s the major deformation mode since the corresponding ori-
ntation factor dropped rapidly. The activity of the twinning
nd pyramidal slip system did not vary significantly [66] . 

Accordingly, depending on the alloy and ECAP processing
arameters ( Table 1 ), some important microstructural changes,
uch as grain refinement, secondary phase morphology mod-
fication and texture modification, may happen in the mi-
rostructure, where these changes can affect the mechanical,
orrosion, and biological properties of these magnesium al-
oys. In the sections that follow, these consequences are com-
rehensively reviewed. 

.2. Mechanical properties 

.2.1. Strengthening mechanisms 
Mechanical properties are influenced by the microstruc-

ural changes that are produced during ECAP processing as



2270 M. Hashemi, R. Alizadeh and T.G. Langdon / Journal of Magnesium and Alloys 11 (2023) 2260–2284 

Fig. 13. Predicted (0002) and ( 10 ̄1 0) pole figures of the ECAP processed ZK60 alloy, determined by the VPSC simulations, for different die channel angles 
of 90 ° (a), 110 ° (b), and 135 ° (c) [86] . 

Table 2 
Orientation factors for the Mg –1Zn –0.3Ca alloy in the initial state and after ECAP processing [66] . 

Processing Basal slip 
(0001) < 11 ̄2 0 > 

Prismatic slip 
{10 ̄1 0} < 11 ̄2 0 > 

Pyramidal slip 
< c + a > 

Twinning 
{10 ̄1 2} < 10 ̄1 1 > 

Initial state 4.4 5.1 4.7 4.8 
ECAP 5.9 3.9 4.9 4.8 
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Fig. 14. (a) Summary of the mechanical properties obtained from tensile tests on the ZK60 alloy in the homogenized and ECAP-processed conditions [56] ; 
Tensile fracture surfaces of the ZK60 alloy in the homogenized (b) and ECAP processed conditions (c-e), where the number of ECAP passes is 1 (c), 4 (d) 
and 6 (e). Reproduced from [56] . 
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iscussed in the previous section. Generally, the grain size,
exture and morphology of the precipitates have a significant
mpact on the mechanical characteristics of magnesium al-
oys at room temperature [68] . Three primary strengthening
echanisms in extruded and ECAP-processed Mg alloys are

rain boundary strengthening, precipitate strengthening and
olid solution strengthening [50] . The polycrystalline material
ield strength (or hardness) follows the established Hall-Petch
elationship [114] : 

y = σ0 + kd 

− 1 
2 (4)
here σ y is the yield strength, d is the grain size, σ 0 and
 are experimentally derived constants, which are known as
he overall resistance of the lattice to dislocation movement
nd the locking parameter of the grain boundaries, respec-
ively. For Mg systems, the k values of 0.13 MPa m 

1/2 for
ne grains (17–30 μm) and 0.7 MPa m 

1/2 for coarse grains
30–87 μm) have been reported [115] while σ 0 in coarse
rains is lower than in fine grains [50] . A recent analysis
howed that pure Mg and Mg alloys exhibit Hall-Petch be-
avior which is consistent with many other metals having
ifferent crystal structures [116] . 
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Fig. 15. Effect of ECAP on the microhardness values of the Mg –1Zn –0.2Ca 
alloy [73] . 
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It should be mentioned that the sample texture may have
n impact on the k value. The sample would display a high
rain size strengthening effect, for example, when most of
he textured planes are orientated for hard slip with a high
all Petch constant [87] . According to a recent report [50] ,

he yield strength of samples made from ZN20 alloy can be
escribed as follows: 

y = σgs + σps + σss (5)

here σ gs , σ ps , and σ ss are the grain boundary strengthen-
ng, precipitates strengthening and solid solution strengthen-
ng, respectively. In bimodal grained samples, the contribution
f grain boundary strengthening to the strength, σ gs , can be
xpressed as follows [50] : 

gs = 

(
σ f + k f d 

− 1 
2 

f 

)
f f + 

(
σc + k c d 

− 1 
2 

c 

)
f f (6)

here σ f , k f and d f are the friction stress, constant and grain
ize of fine grains, σ c , k c and d c are the friction stress, con-
tant and grain size of coarse grains, and f f and f c are the
olume fractions of fine grains and coarse grains, respectively.

Because the second phase may prevent dislocations from
oving, the strength of precipitate-containing magnesium al-

oys can be effectively increased. The Orowan strengthening
echanism serves as an example of the manner by which the

econd phase affects the prevention of dislocation motion.
owever, it has been demonstrated [63] that during severe
lastic deformation strengthening by grain refinement was su-
erior to second phase strengthening. The effect of precipitate
trengthening ( σ ps ) on strength can therefore be expressed as
ollows [50] : 

ps = M 

Gb 

2π
√ 

1 − υ( 0. 953 √ 

f 
− 1) d p 

ln 

d p 

b 

(7)

here M is Taylor factor with a range of 2.1–2.5, G is the
hear modulus (16.6 GPa at room temperature), b is the Burg-
rs vector (3.2 × 10 

−10 m), υ is Poisson’s ratio (0.35) and d p 

nd f are the average size and volume fraction of the second
hase, respectively. 

The impact of solid solution strengthening ( σ ss ) on strength
an then be modeled as follows [50] : 

ss = (k 
1 
n 
Zn C Zn + k 

1 
n 
Nd C Nd ) (8)

here k and C represent the solution strengthening constant
nd atom fraction and n is a constant which is usually treated
s 1/3 or 2/3. 

.2.2. Mechanical behavior 
Fig. 14 a summarizes the effect of ECAP on the tensile me-

hanical properties of the ZK60 alloy. These findings reveal
hat as the number of ECAP passes rises so both the strength
nd ductility improve. The fracture elongation of the alloy is
mproved from 8.0% in the homogenized state to 24.7% after
rocessing by four ECAP passes, thereby demonstrating a sig-
ificant improvement in ductility at room temperature. Also,
he synergistic effect of grain refinement and second phase
trengthening was introduced as responsible for the high val-
es obtained for the UTS, YS and elongation of the alloy after
 ECAP passes which are 258 MPa, 170 MPa and 28.60%,
espectively [56] . Other research [ 63 , 73 ] also gave similar
ndings for other Mg–Zn based alloys. An explanation for

he observed improvement of ductility in ECAP-processed al-
oys can be the increase in the fraction of HAGBs [ 82 , 90 ]
hich can affect both the deformation and fracture modes.
ig. 14 b-e displays SEM fracture surfaces of the ZK60 ten-
ile specimens where a summary of the tensile test results is
hown in Fig. 14 a. According to Fig. 14 b, the fracture surface
f the homogenized alloy exhibits a considerable region of
leavage planes, demonstrating that fracture is mainly brittle
t room temperature. On the other hand, dimples can be de-
ected on the fracture surface of the ECAP-processed samples
 Fig. 14 c-e) [56] and this strongly suggests that the ECAP
rocessing causes a brittle to ductile transition in magnesium
lloys which produces a considerable ductility improvement
t room temperature [ 56 , 82 ]. Table 3 presents a summary of
he mechanical properties of various Mg–Zn alloys that have
ndergone ECAP processing, which can be used for compar-
tive analysis. The results demonstrate that diverse outcomes
an be achieved by employing different processing conditions.

The impact of increasing ECAP passes on the microhard-
ess of an Mg–1Zn–0.2Ca alloy is shown in Fig. 15 . In
he homogenized coarse-grained sample, the microhardness is
2.3 ± 4.8 Hv while the microhardness is raised to 49.6 ± 5.6
v after two ECAP passes and then to 59.5 ± 5.8, 63.1 ± 6.3

nd 69.5 ± 6.7 Hv after four, six and eight passes, respec-
ively. Naturally, with increasing strain, the average grain size
ecreases and the microhardness increases [73] . Similar re-
ults have been obtained by other studies [ 59 , 62 , 63 , 67 , 68 ]. 

Numerous investigations, however, have demonstrated that
 reverse Hall-Petch effect exists, where texture has a sig-
ificant impact on the strength of wrought magnesium al-
oys [ 117–119 ]. Room temperature tensile curves of the Mg–
.12Zn–0.32Ca alloy in the as-extruded and ECAP-processed
onditions are shown in Fig. 16 . Compared to the as-extruded
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Table 3 
Summary of the obtained average grain size and mechanical properties of different Mg–Zn alloys processed through ECAP. 

Alloy & ECAP state Average grain size ( μm) TYS (MPa) UTS (MPa) Elongation (%) Ref. 

ZE41A (as-cast) 
8 P at 330 °C 

16 P at 330 °C 

32 P at 330 °C 

∼ 80 
∼ UFG + ∼70 
UFG + 5–8 
1.5 

∼ 130 
∼ 250 
∼ 270 
∼ 285 

∼ 200 
∼ 280 
∼ 305 
∼ 320 

∼ 8.5 
∼ 4 
∼ 11 
∼ 14 

[92] 

Mg–5.25Zn–0.6Ca (as-extruded) 
4 P at 250 °C by Rout A 

4 P at 250 °C by Rout Bc 
4 P at 250 °C by Rout C 

3.9 
1.0 
0.7 
0.8 

178 
246 
180 
131 

276 
332 
287 
228 

25.9 
15.5 
21.9 
12.6 

[89] 

ZE41 (as-received) 
6 P at 320 °C 

∼ 50 
∼ 2 

∼ 160 
∼ 230 

∼ 240 
∼ 325 

∼ 8 
∼ 20 

[87] 

ZK60 (as-solution) 
4 P at 240 °C 

8 P at 240 °C 

4 P at 240 °C + 4 P at 180 °C 

∼ 10 + ∼ 200 
∼ 1.8 
∼ 1.6 
∼ 0.8 

- 
120 
125 
175 

- 
221 
226 
266 

- 
22.2 
28.9 
25.9 

[85] 

ZK60 (as-received) 
4 P at 250 °C 

4 P at 200 °C 

4 P at 150 °C 

8 P at 150 °C 

∼ 1–2 + ∼ 10–20 
- 
- 
0.6 
1 

∼ 290 
∼ 230 
∼ 216 
∼ 273 
∼ 219 

∼ 340 
∼ 310 
∼ 305 
∼ 300 
∼ 290 

∼ 15 
∼ 17 
∼ 21 
∼ 32 
∼ 25 

[84] 

ZK60 (as-received) 
1 P at 250 °C 

2 P at 250 °C 

3 P at 250 °C 

4 P at 250 °C 

3.8 + 37.3 
- 
- 
- 
2.4 + 10.9 

∼ 210 
∼ 175 
∼ 175 
∼ 170 
∼150 

285 
∼ 290 
326 
∼ 315 
∼ 305 

∼ 15 
∼ 20 
∼ 24 
∼ 27 
∼ 30 

[82] 

ZK60 (as-cast) 
8 P at 300 °C 

12 P at 300 °C 

150 
- 
- 

- 
193 
181 

- 
265 
289 

- 
19 
23.6 

[76] 

ZK60 (hot pressed) 
2 P at 250 °C 

70 
∼ 4.4 

222 
180 

264 
277 

7.4 
24 

[75] 

Mg–6 Zn (as-homogenized) 
Mg–12 Zn (as-homogenized) 
Mg–6 Zn (4 P at 
220 + 220 + 220 + 160 °C) 
Mg–12 Zn (4 P at 
200 + 185 + 170 + 155 °C) 

- 
- 
- 
- 

75 
150 
302 
385 

290 
362 
314 
391 

26 
19 
0.7 
0.6 

[44] 

Mg–1Zn–0.2Ca (as-homogenized) 
8 P at 400 + 350 + 300 + 250 °C 

270 
2 

34 
205 

138 
282 

- 
- 

[73] 

Mg–5Zn–0.5Ca–0.3Mn (as-extruded) 
1 P at 250 °C 

2 P at 250 °C 

3 P at 250 °C 

4 P at 250 °C 

4 
1.8 
1.5 
1.3 
0.9 

∼ 241 
∼ 182 
∼ 227 
∼ 235 
∼ 252 

∼ 304 
∼ 293 
∼ 306 
∼ 307 
∼ 309 

∼ 11.5 
∼ 25.6 
∼ 19.2 
∼ 21.9 
∼ 18.5 

[68] 

Mg–2Zn–2Gd–0.5Zr (as-cast) 
2 P at 380 °C 

4 P at 380 °C 

∼25 
∼ 3.5 
∼ 2 

- 
∼ 195 
∼ 230 

- 
∼ 230 
∼ 280 

- 
∼ 25 
∼ 33 

[63] 

Mg–1.62Zn–0.55Zr-0.38Y (as-extruded) 
2 P at 380 °C 

4 P at 380 °C 

∼ 3 
- 
∼ 1.37 

∼ 300 
∼ 220 
∼ 177 

∼ 325 
∼ 270 
∼ 260 

∼ 17 
∼ 22 
∼ 27 

[60] 

ZX00 (as-extruded) 
D-ECAP: 1 P at 300 °C 

D-ECAP: 1 P at 280 °C 

D-ECAP: 2 P at 300 °C 

D-ECAP: 2 P at 280 °C 

D-ECAP: 4 P at 300 °C 

D-ECAP: 4 P at 280 °C 

∼ 5.9 
∼ 2.1 
∼ 1.5 
∼ 2.2 
∼ 1.3 
∼ 1.7 
∼ 1.5 

∼ 225 
∼ 227 
∼ 214 
∼ 284 
∼ 329 
∼ 322 
∼ 372 

∼ 256 
∼ 269 
∼ 265 
∼ 298 
∼ 345 
∼ 324 
∼ 375 

∼ 21 
∼ 17 
∼ 9 
∼ 26 
∼ 9 
∼ 11 
∼ 7 

[59] 

ZM21 (as-rolled) 
1 P at 220 °C 

2 P at 220 °C 

3 P at 220 °C 

4 P at 220 °C 

45 
18.4 
10.9 
5.0 
5.4 

∼ 150 
∼ 136 
∼ 154 
∼ 128 
∼ 137 

∼ 243 
∼ 228 
∼ 215 
∼ 212 
∼ 227 

∼ 20 
∼ 21 
∼ 22 
∼ 23 
∼ 27 

[58] 

( continued on next page ) 
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Table 3 ( continued ) 

Alloy & ECAP state Average grain size ( μm) TYS (MPa) UTS (MPa) Elongation (%) Ref. 

Mg–4.18Zn–1.08Mn (as-homogenized) 
1 P at 300 °C 

2 P at 300 °C 

3 P at 300 °C 

4 P at 300 °C 

∼ 260 
∼ 64 
∼ 40 
∼ 12 
∼ 8 

∼ 92 
∼ 117 
∼ 124 
∼ 174 
∼ 156 

∼ 106 
∼ 153 
∼ 193 
∼ 234 
∼ 218 

∼ 5.8 
∼ 7.5 
∼ 16.5 
∼ 18 
∼ 21 

[57] 

ZK60 (as-homogenized) 
6 P at 240 °C 

∼ 102 
∼ 3.5 

∼ 80 
∼ 170 

∼ 200 
∼ 260 

∼ 13 
∼ 28 

[56] 

ZK30 (as-received) 
1 P at 250 °C 

4 P at 250 °C by Rout Bc 
4 P at 250 °C by Rout A 

4 P at 250 °C by Rout C 

26.69 
3.24 
1.94 
2.89 
2.25 

∼ 80 
∼ 92 
∼ 95.5 
∼ 93 
∼ 95 

∼ 238 
∼ 332 
∼ 344 
∼ 330 
∼ 338 

∼ 20.6 
∼ 31.6 
∼ 27 
∼ 29.7 
∼ 28.5 

[54] 

Mg–1Zn-–0.2Ca (as-homogenized) 
4 P at 430 + 430 + 400 + 350 °C 

415 
5 + 40 

∼ 65 
∼ 97 

∼ 119 
∼ 210 

∼ 9 
∼ 23 

[53] 

ZN20 (as-extruded) 
4 P at 300 °C 

4 P at 350 °C 

∼ 10–40 
∼ 10 
- 

∼ 210 
∼ 213 
∼ 189 

∼ 240 
∼ 240 
∼ 222 

∼ 22 
∼ 32 
∼ 28 

[50] 

Fig. 16. Room temperature tensile curves of the Mg –5.12Zn –0.32Ca alloy 
in the (a) as-extruded and (b) ECAP conditions [90] . 
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lloy, the ECAP-processed alloy with finer grains has a
reater elongation to failure but a lower yield stress and ul-
imate tensile strength [90] by contrast to the predictions of
he Hall-Petch equation. This has been reported also in other
esearch [ 60 , 82 , 84 ]. In order to explain the observed pattern,
actors other than grain size should be taken into account.
he main cause of the decline is texture modification which

esults in an increased Schmid factor [84] . Fig. 17 depicts
he distributions of Schmid factor for the basal slip system
n ECAP-processed ZK60 samples derived using EBSD data.
s the Schmid factor for basal slip increased with increasing
umbers of ECAP passes so a lower stress was required for
ielding. These results show that texture softening predomi-
ates over grain boundary strengthening [ 60 , 90 ]. 

In addition to the number of ECAP passes, other vari-
bles such as pre-treatment, temperature and processing route,
hich were effective for the microstructural evolution as dis-
ussed in the preceding section, also affect the mechanical be-
avior of the ECAP-processed magnesium-zinc alloys. In this
espect, for example, it was reported [76] that a pre-solution
reatment increases the ductility and strength of the ECAP-
rocessed ZK60 alloy. Additionally, it was found that process-
ng ECAP at a lower temperature, in the range of 150–250 °C
y comparison with 350 °C, boosts the strength but decreases
he ductility. In another investigation [85] , it was revealed that
 two-step ECAP process of 4 passes at 240 °C + 4 passes
t 180 °C allowed the ZK60 alloy to be deformed by ECAP
t low temperatures and thus is more effective in grain refine-
ent than the single-step ECAP process of 8 passes at 240 °C.
or this alloy, the yield strength, 175 MPa, and ultimate ten-
ile strength, 266 MPa, of the two-step ECAP processing are
igher than those of the single-step ECAP processing which
re 125 MPa and 226 MPa, respectively. 

Tensile curves of the Mg–5.25Zn–0.6Ca alloy in differ-
nt conditions are shown in Fig. 18 . It can be observed
hat the strength of the as-extruded alloy is improved af-
er ECAP processing by routes A and B c whereas route C
hows a decreased trend, an effect which was related to the
ifferent textures developed after different processing routes
89] . 

Another crucial mechanical aspect that biodegradable mag-
esium alloys must possess is adequate fatigue life in or-
er to prevent fracture before the patient has fully recovered.
learly, grain size has little to no impact on the cyclic re-

ponse when dislocations only move over short distances rel-
tive to the grain size. However, when the grain sizes are
ufficiently small, as in the ECAP-processed alloys, the grain
oundaries act as the primary barrier to dislocation motion
nd then the cyclic behavior will be affected by grain size
75] . As an example of this effect, it was reported [66] that
he grain refinement brought on by ECAP increased the
atigue limit of an Mg–1Zn–0.3Ca alloy from 100 MPa
n the initial state (homogenized + extruded + annealed)
o 110 MPa after processing by ECAP for 10 passes
 Fig. 19 ). 
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Fig. 17. Basal slip Schmid factor distribution histogram of the ECAP-processed ZK60 specimens: (a) 1 pass, (b) 2 passes, (c) 4 passes and (d) 6 passes [56] . 

Fig. 18. Tensile curves of the Mg –5.25Zn –0.6Ca alloy in the as-extruded, 
ECAP-route A, ECAP route Bc and ECAP-route C conditions [89] . 

Fig. 19. Effect of ECAP (10 passes using route Bc) on fatigue behavior of 
the Mg –1Zn –0.3Ca alloy [66] . 
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Fig. 20. OPC curves (a), potentiodynamic polarization curves (b), Nyquist plot (c), Bode plot (d), phase angle (e), and X-ray diffraction patterns (f) of the 
ZK30 alloy in different conditions of as-annealed (AA), 1 pass of ECAP (1-P), 2 passes of ECAP (2-P) and four passes of ECAP (4-P) [5] . 
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.3. Degradation behavior 

Generally, the degradation behavior of magnesium alloys
s dependent on several factors, including the alloy proper-
ies such as composition, background, microstructure, texture
nd the state of secondary phases, surface quality, and the
orrosive environmental conditions such as the type of solu-
ion, temperature and retention time. Thus, ECAP processing
arameters such as the number of passes, the die angle and
he processing route can affect the degradation behavior of
agnesium alloys. 
In practice, the anodic partial reaction happens when mag-

esium dissolves and an electron is released, as described
n Eq. (10) , while at the cathode this electron is absorbed
ausing hydrogen to be evolved ( Eq. (11) ). In addition to
lectrochemical corrosion, a chemical reaction known as an-
dic hydrogen evolution causes magnesium to be dissolved
 Eq. (12) ). Magnesium corrosion in both the electrochemi-
al and chemical modes is a part of the total reaction shown
n Eq. (13) . Eq. (14) also covers the creation of corrosion
roducts [58] : 

Mg → 2M g 

+ +e ( anodic partial reaction ) (10)

H 

+ + 2e → H 2 ( cathodic partial reaction ) (11)

M g + +2 H 2 O → 2M g 2+ +2O H 

−+ H 2 ( chemical reaction ) (12)

Mg + 2 H 

+ +2 H 2 O → 2M g 2+ +2O H 

−+2 H 2 ( overall reaction ) (13)
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Fig. 21. Schematic illustration of the effect of ECAP on the morphology and 
distribution of second phase particles, and thus the corrosion resistance of 
Mg alloys. (a) large second phases and grain size in the as-cast alloy, (b) 
the grain size reduction and uniform distribution of second phases after two 
passes of ECAP. Reproduced from [63] . 
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Fig. 22. General view of the corrosion surfaces of the ZK60 alloy after 
immersion in PBS for 96 h: (a) as-received extruded sample, and (b) ECAP- 
processed sample. Reproduced from [84] . 
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2+ +2O H 

− → Mg ( OH ) 2 ( product formation ) (14)

It is difficult to firmly identify the effect of ECAP on the
orrosion resistance of magnesium alloys [66] . While some
tudies indicate that ECAP processing reduces the corrosion
f magnesium alloys, others suggest that it has little to no
mpact. However, it is well-known that the presence and mor-
hology of second phases, grain size [120] and also texture
11] affect the corrosion resistance of the magnesium alloy. 

The electrochemical behavior of a ZK30 alloy in the
s-annealed (AA) and ECAP-processed states is shown in
ig. 20 . As can be seen, the corrosion resistance increases
fter 1 pass of ECAP by comparison with the AA sample,
hile the resistance decreases after the second pass compared

o the 1 pass, and then increases again after the fourth pass. In
eneral, it is concluded that the corrosion resistance increases
fter ECAP processing. The fine-grained microstructure to-
ether with the uniform dispersion of the secondary phase
articles (Mg 7 Zn 3 ) achieved as a result of ECAP led to the
roduction of a more protective layer (Mg(OH) 2 ). The ob-
erved decrease in the corrosion resistance after the first pass
s attributed to the increase in the density of dislocations due
o strain accumulation [5] . Similarly, by using several ECAP
outes, comparable results were reported for a ZK30 alloy
54] . 

In addition to the nature of the second phase particles,
heir size and distribution can greatly influence the corrosion
esistance of Mg alloys [121] . This seems more important
onsidering the fact that ECAP can significantly affect these
icrostructural features. Fig. 21 schematically illustrates the

mpact of ECAP processing on the distribution of particles.
rior to extrusion, the alloy contained numerous large and
oarse second phases, which negatively impacted the cor-
osion resistance ( Fig. 21 a). However, after undergoing two
asses of ECAP, the second phases transformed from large
o small sizes and achieved a more uniform distribution. The
resence of small and uniformly distributed second phases
s known to inhibit the micro-galvanic effect. Additionally,
he grain size of the alloy was significantly reduced, and the
rains exhibited greater uniformity compared to the as-cast
lloy ( Fig. 21 b). As a result, the corrosion resistance of the
lloy was substantially improved [63] . The surface morphol-
gy of the as-received extruded and ECAP-processed ZK60
amples after 96 h immersion in the PBS solution and after re-
oving the corrosion products by chromic acid are shown as

tereoscopic pictures in Fig. 22 . As demonstrated in Fig. 22 a,
arge pits are visible on the surface of the extruded sample,
onfirming the severity of the localized corrosion, mainly due
o the large and non-uniformly dispersed intermetallic parti-
les [84] . The micro-galvanic impact is thought to be more
ignificant, fostering severe corrosion conditions near second-
hase particles that are quite coarse [ 122,123 ]. On the other
and, such large pits are rarely observed on the surface of the
orroded ECAP-processed sample ( Fig. 22 b) which is mainly
ue to the effect of ECAP on the morphology of the sec-
nd phase particles where localized corrosion is restricted to
maller areas and a more uniform corrosion regime primar-
ly contributes to the observation of degradation [84] . Other
tudies [ 69 , 93 ] have also discovered similar findings. 

A bimodal microstructure, which is easily observed in the
CAP-processed magnesium alloys, seems to have no signif-

cant beneficial effect on the corrosion resistance. It has been
uggested that there may be a potential difference between
arge and ultra-fine grains [122] . Thus. large grains have a rel-
tively greater potential acting as the cathode, whereas ultra-
ne grains have a relatively lower potential working as the
node. This can produce a decreased corrosion resistance as
 result of galvanic corrosion [60] . 

In addition to grain size, the texture also affects the cor-
osion resistance of magnesium alloys. The surface energies
f the basal (0001), prismatic {10 ̄1 0} and pyramidal {11 ̄2 0}
lanes of magnesium have been reported as 1.54 × 10 

4 J
ol −1 , 3.04 × 10 

4 J mol −1 , and 2.99 × 10 

4 J mol −1 , respec-
ively [124] . Atomic diffusion is slowed down by a lower
urface energy. As a result, the corrosion resistance should
ecrease in the following order: basal plane, pyramidal plane
nd then prismatic plane [50] . 

Fig. 23 shows macroscopic images of immersed ZM21 al-
oy samples. As-cast samples consistently exhibited less cor-
osion than the ECAP samples, and ECAP samples exhibited
igher macroscopic corrosion, particularly towards the sam-
le corners with prolonged immersion. The sample lost its
riginal shape in the worst situation which was in Hank’s so-
ution. On all samples, whitish insoluble salt precipitates and
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Fig. 23. Macroscopic images of as-cast (a) and ECAP-processed (b) ZM21 samples after immersion for 24 h, 1 week, 2, and 4 weeks in Hanks’, Earle’s, and 
E-MEM + 10% FBS solutions [78] . 

Fig. 24. Comparison between the corrosion rate and I corr for ZK30 in ringer 
and 3.5% NaCl solution [55] . 
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itting corrosion signs can be seen [78] . According to the
elevant research [125] , the corrosion primarily occurs at sur-
ace defects such as grain boundaries and dislocations. The
CAP-processed samples have more nucleation sites and thus
re better able to create an insoluble salt layer because they
ave a higher proportion of crystalline defects with a higher
nergy and reactivity. Additionally, due to their greater surface
nergy as a result of texture formation, the ECAP samples ex-
ibit more localized corrosion which mostly occurs near the
ample edges [78] . 

The effect of the number of ECAP passes on the corro-
ion behavior of a ZK30 alloy in the presence of two types of
orrosion agents, ringer lactate and sodium chloride, was in-
estigated [55] and the results are presented in Fig. 24 where
he corrosion current density ( I corr ) and corrosion rates of the
amples are compared in both solutions. In all processing cir-
umstances, the 3.5% NaCl solution corroded more quickly
han the ringer solution. The increased concentration of chlo-
ide ions is responsible for this faster corrosion rate [55] . 

The use of protective coatings is a useful method for re-
ucing the fast degradation rate of biodegradable magnesium
lloys. In addition to the fact that the surface quality of the
ubstrate is important for coating, it is also of considerable
mportance that the surface quality has a direct and signif-
cant impact on the corrosion of magnesium alloys, where
he surface roughness has a direct effect on corrosion [126–
28] . For coating applications, ECAP-processing may offer
n excellent substrate. The cross-sectional micrographs and
urface morphologies of hydrothermally-coated Mg–4Zn and
g–4Zn–0.5Ca alloys are shown in Fig. 25 . In Fig. 25 a and

, there is a loose and a non-uniform coating formed on the
xtruded Mg–4Zn alloy where it is also possible to see quite
arge cracks. The addition of Ca to the extruded Mg–4Zn al-
oy produced a more uniform structure with shorter cracks
nd voids in the coating, as seen in Fig. 25 c and d. Addi-
ionally, a cross-sectional micrograph of the ECAP-processed

g–4Zn–0.5Ca alloy shows a compact and uniform coating
ith a dense structure and with nearly no discernible cracks

 Fig. 25 f). These results demonstrate the significant impact of
he substrate on the effectiveness of hydrothermally produced
oatings on magnesium alloys. Since atoms deposited at grain
oundaries are at greater energy levels than other atomic sites
n the lattice, smaller grains will offer more locations for the
oating to precipitate. Because of this, they can provide a
tronger driving force to improve the nucleation of the coat-
ng during the hydrothermal reaction. Additionally, due to the
reater numbers of nucleation sites on a fine-grained substrate
s opposed to a coarse-grained sample, the coating nucleation
ill be more uniform. The enhanced substrate corrosion re-

istance created by this compact, thick and defect-free coating
esulted in a noticeably slower rate of degradation in a Mg–
Zn–0.5Ca alloy [20] . 
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Fig. 25. SEM micrographs of surface morphology and cross-section of: (a,b) extruded Mg-4 Zn alloy, (c,d) extruded Mg –4Zn –0.5Ca alloy, and (e,f) ECAP- 
processed Mg –4Zn –0.5Ca alloy [20] . 
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Similar results were also obtained in another investigation
61] by ECAP processing and applying micro-arc oxidation
MAO) composite coating on a Mg–4.71Zn–0.6Ca alloy. The
eight loss percentage and corrosion surface morphology of

everal treated Mg–4.71Zn–0.6Ca alloys in Hank’s solution
uring a 36-day period are shown in Fig. 26 . The weight
oss percentage of the as-cast sample is higher than for the
CAP-processed sample while the weight loss percentage of

he MAO samples is much lower than for the Mg–4.71Zn–
.6Ca alloy samples without MAO treatment ( Fig. 26 a). The
CAP/MAO sample, which had a denser MAO coating and
maller micro-pores than the as-cast/MAO sample, was more
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Fig. 26. (a) Weight loss results, and (b) corrosion surface morphology after 36 days of immersion in Hank’s solution, for the as-cast and ECAP-processed 
Mg –4.71Zn –0.6Ca alloy samples, with and without MAO coating [61] . 

s  

e  

E  

i  

b

3

 

i  

i  

c  

i  

f  

o  

c  

M  

n  

t  

b  

m
 

i  

h  

c  

(  

n  

c  

p  

i  

O  

c  

a  

w  

 

p  

a  

f  

h  

e  

(  

c  

s  

m  

(  

i  
uccessful in preventing corrosion solution contact and pen-
tration into the alloy substrate ( Fig. 26 b). Therefore, the
CAP/MAO sample has the lowest corrosion rate after being

mmersion in Hank’s solution for 36 days and it exhibited
etter long-term corrosion resistance [61] . 

.4. Biocompatibility and cytotoxicity 

The possible effect of ECAP processing on the cytotox-
city and biocompatibility of Mg–Zn alloys has been stud-
ed to a limited extent. In this respect, Fig. 27 illustrates the
ell viability and the analysis of live/dead MG63 cell label-
ng using fluorescent pictures for a ZM21 alloy processed by
our ECAP passes. It is observed that a significant number
f live cells were detected in the ECAP-processed sample
ompared to the untreated sample. In another study [94] , the
g–3Zn–0.2Ca alloy processed by six ECAP passes showed

o significant cytotoxicity to L -929 cells. Thus, microstruc-
ural modifications due to ECAP processing can alter the
iocompatibility of Mg–Zn based alloys in addition to the
echanical and degradation behavior [58] . 
The effect of ECAP and MIF (multiaxial isothermal forg-

ng) on the morphology and cytotoxicity of the ZK60 alloy
as been studied [95] . The results obtained indicate no signifi-
ant changes in the cell morphology when exposed to extracts
 Fig. 28 a-d). The MIF-processed ZK60 alloy, however, had a
oticeably decreased cell density in cytostatic mitomycin mi-
rographs ( Fig. 28 b). Additionally, when the ZK60/MIF sam-
le extract was added to the cell culture, a substantial rise
n the proportion of necrotic cells was observed ( Fig. 28 e).
verall, the MIF-processed ZK60 alloy showed greater toxi-

ity than the ECAP-processed ZK60 alloy. This might be as
 result of the higher rate of corrosion in this sample, which
ould raise the pH of the solution and alter cytotoxicity [95] .
To conduct a comprehensive analysis of the effect of ECAP

rocessing on the biocompatibility of the Mg–1.0Zn–0.3Ca
lloy, in-vitro and in-vivo biocompatibility studies were per-
ormed [96] . In-vitro tests of blood cell cytotoxicity and
emolytic activity revealed no statistically significant differ-
nces between the two outcomes before and after ECAP
 Fig. 29 a). Following the determination of the alloy’s bio-
ompatibility, particular alloy characteristics were assessed. It
hould be noted that osteoconduction (the capacity to pro-
ote the adhesion of osteogenic cells) and osteoinduction

the capacity to induce the differentiation of multipotent cells
nto osteogenic cells) are crucial properties to take into ac-
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Fig. 27. (a) Cell viability as a function of time, and (b) live/dead staining of MG63 cells on untreated (left) and ECAP treated for four passes (right) ZM21 
alloy. Reproduced from [58] . 
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ount when determining whether an implant material is suit-
ble for successful osteoreconstruction. Both forms of the al-
oy demonstrated osteoconductive activity by promoting cell
dhesion, as shown in Fig. 29 b. However, compared to the
ontrol group, cell proliferation was reduced after multipo-
ent mesenchymal stromal cells (MMSCs) were incubated on
he surface of the alloy for an extended period of time. The
embrane protein alkaline phosphatase (ALP), a marker of

steoblasts, was induced by the addition of extracts of both
ypes of the alloy to the incubation medium. Compared to
he homogenized alloy, the activity of the alloy was slightly

ore obvious following ECAP. Mice were implanted with al-
oy samples to examine the alloy’s in-vivo biocompatibility.
he acquired data revealed no indications of inflammation
r implant rejection. However, two days following the proce-
ure, animals with implanted alloys showed substantial edema
n the implantation location due to subcutaneous gas accumu-
ation. There were no signs of local hyperthermia, suppura-
ion, or ulceration ( Fig. 29 c and d). These results support the
lloy biocompatibility and safety and suggest that they are
uitable as implant materials for efficient osteoreconstruction
96] . 
. Perspectives and future directions 

This study provides a detailed review of the effects of
CAP processing on the properties of biodegradable Mg–
n based alloys. Processing by ECAP, by changing the mi-
rostructure including grain size, particle morphology and par-
icle distribution and the texture, can be used to successfully
mprove the mechanical properties, degradation behavior and
ven the biological performance of Mg–Zn alloys. However,
here remain numerous gaps in the available information that
re now proposed for future studies: 

a) Few works have been conducted on the corrosion be-
havior of ECAP-processed Mg–Zn based alloys in order
to precisely investigate the corrosion mechanisms under
various circumstances. 

b) Although the mechanical properties of ECAP-processed
Mg–Zn alloys have been widely studied, the fatigue
properties have received only limited attention. More
specifically, combinations of cyclic stresses and the cor-
rosive nature of the human body for Mg alloys sug-
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Fig. 28. Optical morphologies of the CRL-4058 cells after 24 h incubation with extracts of: (a) ECAP-processed ZK60 alloy, and (b) MIF-processed ZK60 
alloy. (c) The positive control (cytostatic mitomycin), and (d) the negative control (cells with culture medium). (e) The percentage of necrotic cells in the 
population of immortalized human fibroblasts after incubation with extracts (iodide propidium staining, analysis of at least 60,000 cells). Reproduced from 

[95] . 

Fig. 29. Comparison of the in-vitro biocompatibility (a) and Osteoconduction and osteoinduction (b) of the Mg–1.0Zn–0.3Ca alloy in the homogenized and 
ECAP-processed conditions. Accumulation of gas at the implantation site, two days after surgery, for the homogenized (c) and ECAP-processed (d) alloy. 
Reproduced from [96] . 
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gest that corrosion-fatigue is of great importance for
biodegradable magnesium alloys. 

c) As already noted, ECAP processing has little or no
impact on the biocompatibility and cytotoxicity of
biodegradable Mg alloys. However, to precisely estab-
lish the scope of these effects, more research is needed
including both in-vitro and in-vivo experiments. 
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