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Abstract

In this study, the sinterability of mechanically milled (MM) and Polyvinyl Alcohol (PVA)
coated magnesium (Mg) powders is experimentally investigated using the Electric Field-
-Assisted Sintering Technique (FAST).
Active metals’ surfaces are prone to atmospheric contamination, making preserving Mg

powder surfaces critical for sintering processes. This study experimentally investigates the
protective effectiveness of PVA coating on the surfaces of Mg powder. Particles derived from
the addition of PVA to Mg powders during the MM process undergo scrutiny through Fourier-
-Transform-Infrared Spectroscopy (FT-IR), X-ray Diffraction (XRD), Energy Dispersive X-ray
Spectroscopy (EDS) analysis, Scanning Electron Microscopy (SEM) imaging methods.
It has been observed that sintered samples of PVA-coated particles exhibit higher density

and compression strength compared to non-coated samples. A sample milled for 30 min with
10 % PVA content achieves 99 % density and 195 MPa compression strength. This finding
indicates that PVA coating enhances mechanical properties during sintering by promoting
metal-metal contact.

K e y w o r d s: mechanical milling (MM), PVA (Polyvinyl alcohol) coating, magnesium, Elec-
tric Field-Assisted Sintering Technique (FAST)

1. Introduction

Magnesium (Mg) is a widely used structural mate-
rial with a density of 1.738 g cm−3 [1, 2]. Mg ex-
hibits characteristics such as low density, high specific
strength, hardness, damping, and biocompatibility [3].
Therefore, Mg and its alloys have garnered significant
attention worldwide and have found extensive appli-
cations in the fields of aviation, military [4], automo-
tive, computer, communication, consumer electronics,
biomedical [5], and energy sectors [6, 7].
However, the closed-packed hexagonal (HCP)

structure of Mg limits its formability [8]. For such
materials, the powder metallurgy production method
is recommended [9]. Additionally, powder metallurgy
allows for the enhancement of various properties of
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metallic materials, primarily mechanical characteris-
tics [10].
Mechanical milling (MM) is commonly used as the

powder preparation process for powder metallurgy.
MM involves solid-state powder processing in a high-
energy ball mill, which includes the repeated weld-
ing, fracturing, and rewelding of powder particles.
Through MM, the microstructures of metallic pow-
ders are refined to fine grain sizes, and the powders
undergo plastic deformation [11].
In this case, the material can achieve very high

mechanical values depending on its plastic deforma-
tion sensitivity. However, during MM, the surfaces of
reactive metals such as Mg are prone to rapid and
easy physical and chemical contamination due to at-
mospheric effects [12]. During MM, the surfaces of
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metal powders, especially those prone to oxidation like
Mg, become more mechanically active. Due to these
reasons, the protection and storage of the surfaces of
Mg powders from physical and chemical contamina-
tion are crucial for milling and sintering processes. For
instance, it is desirable to have no oxide and other sur-
face impurities during the sintering process that would
hinder metal-to-metal contact between metallic pow-
ders. Sintering occurs more rapidly between clean sur-
faces. In such cases, high temperatures and long sin-
tering times may not be necessary, and as a result, the
benefits of mechanical milling, such as reduced grain
size, crystal structure distortions, amorphization, and
increased surface energy, can be preserved to the ex-
tent that sintering occurs at lower temperatures and
shorter durations. On the other hand, preventing sur-
face contamination of metallic powders during MM is
a challenging and costly process compared to today’s
techniques.
During MM, impact forces induce particle defor-

mation and fracture, creating new, clean, and more
active metal surfaces. When these clean surfaces come
into contact, they weld more easily. However, due to
the higher susceptibility of mechanically active sur-
faces to contamination, milling is generally conducted
in an inert gas or vacuum environment [11]. Despite
the high equipment and operating costs associated
with these measures, they may not always be as effec-
tive as desired. The surfaces of metal powders, such as
Mg, need to be protected not only during the prepa-
ration for sintering but also during storage against at-
mospheric effects. Therefore, various coating methods
are being developed to preserve the powders of active
metals, especially Mg.
The coating of Mg in terms of mechanical, physi-

cal, chemical, and biological aspects has been investi-
gated through various studies [13]. For instance, Mg
has been physically coated using technologies such as
magnetron sputtering [14], laser coating [15], electron
beam [16], and ion implantation [17]. It has been me-
chanically coated through ball milling [18] and friction
[19] or wear [20]. Chemical coatings have been applied
through electro-deposition [21], sol-gel [22], electro-
less plating [23], micro-arc oxidation (MAO) [24], or
plasma electrolytic oxidation (PEO).
Various metallic, ceramic, inorganic, organic, and

polymeric materials have been employed in Mg coat-
ing processes [25, 26]. Aluminum (Al) [27], nickel (Ni)
[28], titanium (Ti) [29], and tantalum (Ta) [30, 31]
are the primary components used in metallic coat-
ings. Ceramic and inorganic coatings consist of ox-
ides such as TiO2 [32], ZrO2 [33, 34], SiO2, CeO2
[35], and Al2O3 [36]), phosphates (Ca-P salts) [21] as
well as silicates, layered double hydroxide (LDH) [37,
38], and montmorillonite [35]. Organic and polymeric
coatings include dopamine [39], DNA [40], tannic acid
[41], PLA [42] or PLGA [43, 44], chitosan [45, 46],

and others. Furthermore, various composite or hybrid
coatings combine two or more distinct coatings on Mg
alloys.
As evidenced by these studies, research on vari-

ous polymer coatings and method developments to
protect metallic surfaces from environmental pollu-
tants has been increasingly ongoing in recent years. In
general, polymer-based coating systems have demon-
strated excellent performance in establishing an effec-
tive barrier against metal surface corrosion [47]. In this
context, it has been considered that Polyvinyl Alco-
hol (PVA) could be utilized through MM processes to
preserve the surfaces of Mg powders. Polyvinyl alcohol
([CH2CH(OH)]n) is a tasteless, odorless, biocompati-
ble polymer used in various fields such as the cosmetic
industry, pharmaceutical sector, printing, ceramics,
steel, electronics, electroplating, and more. PVA and
its composites are synthetic polymers with excellent
chemical resistance and optical and physical proper-
ties. PVA is increasingly used as a packaging and coat-
ing material [48, 49].
The literature review indicates that traditional

Mg/PVA composites have been produced using vari-
ous methods. However, MM followed by FAST (Field-
-Assisted Sintering Technique) methods have not been
employed to produce Mg/PVA composites. Therefore,
instead of providing traditional Mg/PVA composites
with a simple composition and uniform properties,
biodegradable Mg/PVA materials have been investi-
gated.
Mg is essential for the human body and is crucial in

numerous biological processes. Mg and Mg alloys can
be utilized in medical implants, bone screws, plates,
and other surgical equipment [50, 51]. However, it is
essential to understand how these materials behave
when they come into contact with bodily fluids or tis-
sues in such applications. In vitro corrosion tests have
been conducted to evaluate the biological durability
of these materials in biological environments.
In this study, the feasibility of coating Mg powders

with PVA during MM has been experimentally inves-
tigated, and the effectiveness of this coating in pro-
tecting the Mg powder surfaces from potential atmo-
spheric effects has been examined. Additionally, the
impact of milling duration and the quantity of PVA on
the compression strength and density values of sam-
ples sintered with FAST has been evaluated. Further-
more, corrosion resistance in the SBF environment has
also been measured.

2. Experimental

2.1. Material

Magnesium (Mg) powders used in this study were
sourced from Kumas Manyezit Sanayi A.S. (Kütahya,



Y. Yahşi et al. / Kovove Mater. 62 2024 211–222 213

Türkiye) with a purity level of ≥ 99.3% and a particle
size of ≤ 220 µm. Polyvinyl Alcohol (PVA) in powder
form, with the chemical formula (CH2CHOH)n, was
obtained from the ZAG Kimya brand, featuring a den-
sity of 0.4–0.6 g cm−3 and a purity of 88.8%. The PVA
raw powder had a molecular weight (Mw) of 84,000–
89,000 gmol−1 and was procured from ZAG Kimya.

2.2. Preparation of powder samples

Mg powders underwent high-energy ball milling us-
ing stainless steel balls with a diameter of 10mm and
a stainless steel milling container. The milling con-
tainers were treated in a glovebox under an argon-
-protective atmosphere. The ball-to-powder ratio was
maintained at 20 : 1, and ball milling was conducted
at a speed of 160 rpm.
Understanding the MM process requires an accu-

rate definition of the dynamics underlying the forma-
tion of stresses within the particles [11, 52, 53, 54]. For
this purpose, the milling performed at different times
must be considered. In this study, MM was conducted
for two different durations: 30 min (Mg30) and 60min
(Mg60).
Mg powders subjected to MM for 30 and 60min

had PVA powder added during the final 10 min of the
milling process. Along with the PVA powder, a flex-
ible binder, boric acid, was used at 10 % of the PVA
amount. The addition process occurred in an argon
atmosphere through a valve in the milling containers.
The temperature of the container was approximately
90◦C when the PVA was added. PVA was added to dif-
ferent milling containers at concentrations of 10 and
20% by weight of Mg (30min of milling with 10%
PVA added to Mg: Mg30PVA10; 30 min of milling
with 20% PVA added to Mg: Mg30PVA20; 60 min of
milling with 10% PVA added to Mg: Mg60PVA10;
60 min of milling with 20% PVA added to Mg:
Mg60PVA20).
Mg30PVA10 was mixed with 1 g of powder in 30 ml

of ethyl alcohol for 2 h using a magnetic stirrer, aiming
to remove the PVA from its surface. Subsequently, it
was filtered through filter paper to remove ethyl alco-
hol. The powders were then dried in a protective argon
atmosphere (Mg30PVA10 powders whose surface had
been cleared of PVA with ethyl alcohol: Mga).

2.3. Preparation of sintered samples

The sintering process occurred in a graphite mold
with a height of 50 mm. Two punches, each with a di-
ameter of 20 mm, were utilized. As a result, cylindri-
cal samples with a diameter of 20mm and a height of
10 mm were obtained. Mg, Mg30, Mg60, Mg30PVA10,
and Mg60PVA20, Mga particles were sintered under
uniaxial and double-action press at 45MPa pressure
at 400◦C for 5 min. All processes were carried out in

the argon atmosphere. The electrically assisted sinter-
ing device is a laboratory-scale equipment manufac-
tured by Tugem.
Pure magnesium (Mg) has low corrosion resistance.

Only Mga powders do not have a coating such as PVA
or MgO on their surfaces, which caused catastrophic
corrosion behavior when sintered Mga samples were
exposed to SBF. A specific heat treatment was ap-
plied exclusively to Mga samples to address this. This
specific procedure was necessary only for Mga sam-
ples due to their lack of surface coating and inher-
ent low corrosion resistance. Mga sintered samples,
tested in vitro, were sintered at 400◦C for 5 min, then
the temperature was reduced to 100◦C, the argon at-
mosphere was removed, and sintering continued for
another 20min. This additional step aimed to cre-
ate a corrosion-resistant oxide layer around the sin-
tered sample, enhancing its stability and corrosion re-
sistance.

2.4. Density measurement

The Archimedes method was used at room tem-
perature to measure the actual density of the sam-
ples. Each sample was separately measured five times.
The sample’s relative density was determined by di-
viding the actual density by the theoretical density.
Kern ABS 220-4M was used for measurements.
The theoretical densities of samples were calcu-

lated with Eq. (1):

1
ρt
= wMg

1
ρMg

+ wPVA
1

ρPVA
, (1)

where ρt is the theoretical density of the FAST’ed
sample, ρMg and ρPVA are the densities of Mg and
PVA (ρMg = 1.74 g cm−3, ρPVA = 1.16 g cm−3), and
wMg and wPVA are the weight fractions of Mg and
PVA in the sample, respectively.

2.5. FT-IR and XRD analysis

Fourier Transform Infrared Spectroscopy (FTIR)
was used to characterize the presence of some chemical
groups of PVA on the powder surface. FT-IR measure-
ments were conducted using a Perkin Elmer Spectrum
100 instrument. The XRD analysis of the PVA, Mg,
and Mg30PVA10 samples was carried out using the
PANanalytical, Empyrean Model with Kα Cu radia-
tion (λ = 1.54 Å), covering a diffraction angle range
of 5◦ to 85◦ (ICSD reference codes: 98-007-6748, 92-
020-3213, 98-017-0905).

2.6. Microstructural and mechanical
properties

Scanning Electron Microscope (SEM) images were
acquired using the Thermo Scientific Apreo S instru-
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Ta b l e 1. The chemical composition of SBF solution [55]

Chemical type NaCl CaCl2 KCl KH2PO4 MgSO4 · 7H2O NaHCO3 Na2HPO4 C6H12O6

Chemical amount (g L−1) 8.000 0.185 0.400 0.060 0.100 0.350 0.480 1.000

Fig. 1. The FT-IR spectrum of Mg particles with added PVA during the last 10 min of the MM process.

ment (Detectors: ETD, EDS; Sample chamber inner
diameter: 340 mm; Electron gun: Schottky FEG gun)
and Carl Zeiss 300VP SEM device. The specimens
were coated with gold/palladium (Au/Pd) using the
Leica EM ACE600 coating device for SEM imaging of
non-conductive samples. Compression strength tests
were conducted using a Shimadzu (AG-IS 100 kN)
tensile-compression tester at a constant speed of
0.2 mmmin−1.

2.7. Investigation of corrosion behavior

Corrosion tests were conducted in simulated body
fluid (SBF) with a pH of 7.4 at a temperature of
36 ± 1.5◦C. The SBF solution was prepared according
to Kokubo’s method [55], and its chemical composi-
tion is shown in Table 1.
The corrosion behavior of the samples (FAST’ed;

Mg30, Mg30PVA10, Mga) in SBF was investigated
using immersion experiments. These tests were em-
ployed to determine sample weight loss and pH
changes during degradation. Three distinct measure-
ments were performed for each sample, and the aver-
age values were reported. The pH of the solution was
measured using a pH meter (Hanna HI2002-02). The
weight loss was calculated using Eq. (2):

Weight loss =Wi −Wt, (2)

whereWi is the initial weight andWt is the dry weight
at time t.

3. Results and discussion

3.1. FT-IR analysis

The FT-IR spectrum of Mg particles with added
PVA in the last 10min of the MM process is presented
in Fig. 1.
The % transmittance spectrum of the coated Mg

powders is depicted in Fig. 1. For PVA, the charac-
teristic absorption peaks are observed at 2936 cm−1

(asymmetric stretching of CH2), 2906 cm−1 (sym-
metric stretching of CH2), 1643 cm−1 (due to wa-
ter absorption), 1416 cm−1 (CH2 bending), 1325 cm−1

(δ(OH), rocking with CH wagging), 1138 cm−1 (shoul-
der stretching of C—O) (crystalline sequence of PVA),
1083 cm−1 (stretching of C—O and bending of OH)
(amorphous sequence of PVA), 916 cm−1 (CH2 rock-
ing), 822 cm−1 (C—C stretching) [56, 57].
The FT-IR analysis of Mg particles with added

PVA in the final 10min of MM revealed peaks re-
sembling those found in pure PVA. This suggests
that PVA remained largely unchanged during the MM
coating process.
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Fig. 2. XRD patterns of the PVA, Mg, and Mg30PVA10 powders.

3.2. XRD analysis

The XRD analysis of PVA, Mg, and Mg30PVA10
is given in Fig. 2.
As reported in the literature, the XRD pattern of

PVA displayed characteristic peaks corresponding to
PVA [58]. The uncoated Mg sample exhibited char-
acteristic peaks corresponding to magnesium (Mg),
magnesium oxide (MgO), and magnesium hydrox-
ide (Mg(OH)2) compounds [59, 60]. The Mg30PVA10
sample also displayed characteristic peaks correspond-
ing to both PVA and Mg. Upon examination of the
XRD peaks of Mg and Mg30PVA10 samples, while
Mg compounds (MgO, Mg(OH)2) were clearly ob-
served in the Mg sample, they were not detected in
the Mg30PVA10 sample. This suggests that the pres-
ence of PVA on the surface prevents the formation of
Mg compounds.

3.3. SEM images and EDS analysis of powder
samples

SEM images of Mg, Mg30, Mg60, Mg30PVA10,
Mg30PVA20, Mg60PVA10, and Mg60PVA20 parti-
cles are presented in the Fig. 3a-g. The SEM im-
ages also include elemental distribution (carbon)
maps of Mg30PVA10, Mg30PVA20, Mg60PVA10, and
Mg60PVA20 particles.
SEM images illustrated that particles of Mg, Mg30,

and Mg60 underwent plastic deformation, crushing,
and fragmentation due to MM. In contrast, particles
subjected to MM with added PVA exhibited clear
evidence of PVA presence on the surface, which is
evident in both SEM mapping images and the sim-
ilarity in FT-IR graphs. The distribution of C atoms
from PVA’s structure onto the powder surface was dis-

tinctly observed in mapping images. During the EDS
analysis, no elements other than those expected due
to the nature of Mg and PVA were detected. The ele-
mental distribution of carbon is shown to distinguish
PVA. A homogeneous distribution is observed on the
coated surfaces.
EDS analysis of the Mga is shown in Fig. 4. Mea-

surements were taken from three different spots on
the powders. The analysis revealed the presence of no
elements other than Mg.
The absence of any element other than Mg when

PVA is removed from Mg30PVA10 powders with alco-
hol is highly significant. The absence of MgO on the
surface indicates a successful prevention of Mg oxida-
tion.

3.4. SEM images and EDS analysis
of sintered samples

SEM images of Mg, Mg30PVA10, and Mga FAST’-
ed samples are presented in the Figs. 5a–c. Af-
ter the compression test, the fractured surfaces of
Mg30PVA10 and Mg60PVA20 FAST’ed samples are
shown in Figs. 5d,e.
As previously investigated [61], the “necking”

mechanism, a hallmark of the classical sintering pro-
cess, can be observed from the bonding between par-
ticles depicted in Fig. 5a in sintered Mg raw powders.
In the FAST’ed Mg30PVA10 sample (Fig. 5b), the

particles are stacked in the direction of layers, and
their arrangement is more planar compared to the par-
ticles in the Mga sample (Fig. 5c). In the FAST’ed Mga
sample, bending and shortening in plate-like particles
are observed.
In samples containing PVA, it is observed after sin-

tering that the majority of PVA has evaporated, while
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Fig. 3. SEM images and EDS analysis of the particles: (a) Mg, (b) Mg30, (c) Mg60, (d) Mg30PVA10, (e) Mg30PVA20, (f)
Mg60PVA10, and (g) Mg60PVA20.

the remaining portion has accumulated in dark areas,
leading to the formation of pores around them. EDS
results indicate the presence of PVA residues (exis-
tence of carbon) in these dark areas.
FAST relies on short-circuiting from several points,

leading to the generation of high voltages along the
short-circuited path. This results in high tempera-
tures in the surrounding areas. A significant amount
of PVA initially evaporates due to the Joule heating
(JH) effect. However, it is observed, albeit in small
amounts, that PVA residues undergo degradation due
to the high heat generated by the short-circuit current,
leading to the formation of ’unbonding-pore-dark col-

ored areas’ as indicated by EDS data (Figs. 5b,d,e).
SEM data confirm the attainment of high density,
with the proportion of residual PVA being quite low.
Treatment with alcohol (Mga) results in samples with
higher density, with almost no PVA residues being en-
countered.

3.5. Density and compressive strength

The compression strengths and density values of
the sintered samples are illustrated in Fig. 6. Mg in
Fig. 6 is a sintered sample from raw powders.
Examination of density and compression strength
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Fig. 4. The EDS analysis conducted on Mg30PVA10 powders after treatment with alcohol (Mga).

Fig. 5. SEM images of (a) Mg, (b) Mg30PVA10, and (c) Mga FAST’ed samples; the fractured surfaces of (d) Mg30PVA10
and (e) Mg60PVA20 FAST’ed samples.

values for sintered samples revealed that samples sin-
tered after MM exhibited higher density than sintered
samples from raw Mg powders. Increasing MM time
led to an increase in density and compression strength
values. Fresh surfaces were created on the surface of
Mg powders using the mechanical milling method. In
this way, the contact between the particles is achieved
through cleaner and fresher surfaces, which increases

the sintering efficiency and, consequently, the density
and compressive strength.
The density and compression strength values of

the samples obtained by sintering PVA-coated parti-
cles are higher than those without coating. The PVA
coating applied on the particles moves away from the
particle contact points with sintering temperatures
and pressure, and contact with clean surfaces is en-
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Fig. 6. Compression strengths and density values of the FAST’ed samples.

Fig. 7. Weight loss of samples after immersion in SBF for 120 h.

sured. This results in better bonding and higher den-
sity between particles. High density contributes to in-
creased mechanical properties, especially compressive
strength.
When examining the last 10 min of MM with added

PVA quantities, a 10 % PVA quantity resulted in
higher density and compression strength values com-
pared to 20% for both milling durations. An increase
in the amount of PVA led to a decrease in compression
strength and density values.
The high efficiency provided by the FAST tech-

nique results in more and stronger bonding points be-
tween particles. This technique improves mechanical
properties by increasing the homogeneity and density
of the microstructure. In this study, the maximum
compression strength was obtained by sintering Mg

powders (Mga) whose surfaces were cleaned with al-
cohol to remove PVA. This was attributed to the ef-
fective sintering of the sample thanks to the fresh Mg
contact points.

3.6. pH and weight loss determination

The weight loss and pH values of the Mg30,
Mg30PVA10, and Mga samples during immersion in
simulated body fluid (SBF) for 120 h are shown in
Figs. 7 and 8, respectively.
In this study, Mga exhibited the highest resistance

to corrosion in the SBF environment. Although Mg30
ranks second in terms of corrosion resistance, the cor-
rosion resistance of Mg30 and Mga is close to each
other.
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Fig. 8. pH values of samples after immersion in SBF for 120 h.

Fig. 9. SEM images of the FAST’ed samples after the cor-
rosion tests: (a) Mg30 and (b) Mg30PVA10.

The most susceptible sample to corrosion in SBF
was Mg30PVA10. This susceptibility is believed to be
due to the rapid dissolution of PVA on the surface in
SBF, followed by a swift attack of the SBF solution on
the fresh surface of Mg particles. It is thought that in
other samples, due to the presence of an oxide layer on
the surface, such a rapid attack did not occur, whereas
in the Mg30PVA10 sample, there was a rapid attack
on pure Mg.

The least increase in pH was observed for Mg30,
followed by Mga. The highest increase was observed
in the Mg30PVA10 sample.
The SEM images in Figs. 9a,b were obtained after

conducting corrosion tests in SBF solution on Mg30
and Mg30PVA10 FAST’ed samples.
FAST’ed Mg30PVA10 exhibited the most severe

corrosion damage. On the other hand, the FAST’ed
Mg30 sample emerged as the most corrosion-resistant
among the other samples. The surface of both samples
is covered with pits of varying depths. The formation
of such pits in the SBF environment could aid in cre-
ating pores that may support cell adhesion in future
in vitro implant studies.

4. Conclusions

The FT-IR analysis revealed that the character-
istic absorption peaks of PVA were observed in the
spectrum of Mg particles with added PVA, indicat-
ing that PVA remained largely chemically unchanged
during the mechanical milling coating process.
XRD analysis indicated that the presence of PVA

on the surface of Mg30PVA10 prevented the formation
of Mg compounds such as MgO and Mg(OH)2.
SEM images and EDS analysis showed that parti-

cles subjected to mechanical milling with added PVA
exhibited evidence of PVA presence on the surface.
The distribution of carbon atoms from PVA onto the
particles surface was distinctly observed.
SEM images and EDS analysis of Mg30PVA10 par-

ticles after treatment with alcohol revealed the ab-
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sence of any element other than Mg when PVA was
removed, indicating successful prevention of Mg oxi-
dation.
The addition of PVA as a coating protection sub-

stance, especially at a 10 % quantity during the fi-
nal 10 min of milling, resulted in the highest density
and compression strength values. Moreover, sintering
alcohol-purified Mg powders led to the highest com-
pression strength, highlighting the effectiveness of sin-
tering non-oxide Mg surfaces.
After corrosion testing, SEM images of FAST’ed

Mg30PVA10 samples showed the most severe corro-
sion damage, while FAST’ed Mga samples emerged as
the most corrosion-resistant among the other samples.
The presence of pits on the surface of both samples in
the SBF environment suggests potential pore forma-
tion that may support cell adhesion in future in vitro
implant studies.
Overall, experimental findings demonstrate that

Mg particles can be coated with PVA using MM and
the effectiveness of PVA coating in preventing Mg ox-
idation.
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