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Abstract: Pure Mg samples were prepared by powder metallurgy using the cold and hot compacting
methods. Cold compacted pure Mg (500 MPa/RT) was characterized by 5% porosity and the mechan-
ical bonding of powder particles. Hot compacted samples (100 MPa /400 °C and 500 MPa /400 °C)
exhibited porosity below 0.5%, and diffusion bonding combined with mechanical bonding played a
role in material compaction. The prepared pure Mg samples and wrought pure Mg were subjected to
corrosion tests using electrochemical impedance spectroscopy. Similar material corrosion behavior
was observed for the samples compacted at 500 MPa/RT and 100 MPa /400 °C; however, hot com-
pacted samples processed at 500 MPa /400 °C exhibited longer corrosion resistance in 0.9% NaCl
solution. The difference in corrosion behavior was mainly related to the different binding mecha-
nisms of the powder particles. Cold compacted samples were characterized by a more pronounced
corrosion attack and the creation of a porous layer of corrosion products. Hot compacted samples
prepared at 500 MPa/400 °C were characterized by uniform corrosion and the absence of a layer
of corrosion products on the specimen surface. Powder-based cold compacted samples exhibited
lower corrosion resistance compared to the wrought pure Mg, while the corrosion behavior of the
hot compacted samples prepared at 500 MPa /400 °C was similar to that of wrought material.

Keywords: magnesium; corrosion; cold pressing; hot pressing; powder metallurgy

1. Introduction

The Mg-based alloys used in the automotive and aerospace industries exhibit good
specific strength [1], and studies on them have focused on the reduction of the weight of
the components and the subsequent economic and ecological savings. On the other hand,
due to their biocompatibility, biodegradability, and nontoxicity, the Mg-based materials are
often used also for biomedical applications. In comparison with other metallic materials
used for biomedical applications (stainless steel and Ti alloys) is the biggest advantage
of Mg the mechanical properties very similar to the properties of human bones [1-4].
While the mechanical properties of a material are mostly predetermined by its nature
and structure, influencing the material structure by its processing and by mechanical and
thermal treatment are the most useful methods for their tailoring [3,5]. One of the methods
quite easily used for the production of components with specific structures and thanks to
the possibility of processing different materials also with specific chemical composition is
powder metallurgy (PM). The PM methods allow the tailoring of component mechanical
properties due to the large range of applicable pressures, temperatures, distribution of
pores and their sizes or shapes, and finally processing times it employs [1,6].
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PM has already been proven to be a suitable method for the preparation of Mg-based
materials [7-9]. Several approaches of powder production, powder consolidation, and
sintering techniques were already published in the literature. In the case of Mg, the gas
atomized powder is usually used, while homogeneous blending with alloying elements can
be adopted [7]. The powder is usually compacted at high pressure and the green compacts
are sintered in a specific (mostly inert) atmosphere under a temperature high enough for
diffusion between particles but below the melting point [7] of the used materials. Processing
methods such as compression followed by sintering, extrusion, severe plastic deformation
(SPD), or spark plasma sintering (SPS) methods often appear in the literature [1,10,11] for
Mg-based materials preparation. Mg’s high reactivity is a factor strongly influencing its
processing via PM. Since the powder particles react with the atmosphere, a thick layer
of oxides is usually present on the surface of the particles (even thicker in the case of the
powder prepared by grinding) acting as a barrier against diffusion. The layer is usually
damaged during powder compaction and during the sintering, the diffusion is allowed,
at least partially [7]. The compacting pressure has to be sufficient to damage the oxide
layer created on the particles and to provide plastic deformation of the powder particles
ensuring their interlocking. However, it must not be too high to avoid the deformation of
the spacer particles, ensuring the requested porosity, if they are used. The sintering time
must be short enough to prevent unwanted chemical changes and at the same time long
enough to successfully bond the particles and stabilize the system against stresses in the
materials [6,12]. Another method of powder compaction is extrusion. In the case of Mg,
the elevated temperature has to be used during extrusion [13]. In such a case, the strong
texture resulting in final component anisotropy was shown to be suppressed by powder
milling before compaction. The temperature has also an effect on the reached structure
while higher temperatures can be resulting in the structure coarsening. Thus the choice of
processing parameters has a significant effect on the product properties and porosity, and
they have to be set precisely according to the demanded properties of the product.

The porosity of the final product depends on the PM processing conditions and can
even be enhanced by the addition of pore-forming agents [1]. Porosity can be beneficial
in the case of implants with mechanical properties close to those of human bone [6].
Moreover, the introduced porosity enables fluid transport for healing, and new bone tissue
can be incorporated into the implant [6]. Porous PM materials are usually prepared with
a density of 25-85% of the theoretical mean density [7]. At the same time, porosity has
to be considered from the point of view of the mechanical and corrosion properties of
the component. The porosity of PM-processed Mg and Mg-based materials decreases
mechanical properties and corrosion resistance and increases the corrosion rate by allowing
the corrosion environment to penetrate the pores [6,14-17].

As mentioned above, the PM processing of magnesium is limited by its high affinity
to oxygen and high corrosion rate, especially in Cl~ containing environments [3]. Mg
dissolves many more oxygen atoms compared to other metals, such as titanium; on the
other hand, it creates a thermodynamically stable MgO layer [18]. The layer created on Mg
powder particles before processing usually contains not only MgO but also Mg(OH),. The
naturally created oxide layer is loose and cannot provide sufficient protection for Mg against
corrosion [4]. This layer also has a negative influence on the diffusion process required for
the densification of the material during powder sintering (diffusion bonding) [18]. The
formation and dissolution of a surface layer of corrosion products are primarily determined
by the electrochemical potential of the material. The magnitude of the difference between
the electrochemical potential of the material and the corrosive environment expresses the
thermodynamic susceptibility to the anodic dissolution of the layer of corrosion products.
The anodic polarization of Mg can alter the integrity and stability of the surface layer,
making Mg more active or passive. It has been reported that the continuity/integrity of
the surface layer can determine the negative difference effect (NDE) or “anodic hydrogen
evolution” (AHE) behavior of anodically polarized Mg [19].
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Properties of Mg and Mg-based materials can be improved by the preparation of
ultrapure Mg and by the alloying of Mg, respectively [3,4,7,13,20,21]. It has already been
shown that the zinc content in Mg-based materials and PM-processed materials has a
positive effect on their mechanical properties due to grain refinement and the improvement
of material corrosion properties [22-24]. Mechanical properties can also be improved by the
addition of 2 wt.% ytterbium. Likewise, additional mechanical treatment such as hot rolling
can lead to improved material mechanical properties [20]. Composites of Mg/Ca prepared
from pure magnesium and calcium (1 wt.%) powders using PM had a positive influence on
the tensile strength and the corrosion resistance of the material; however, higher Ca content
(5 wt.% and 10 wt.%) resulted in a deterioration of the examined material properties [21].
Even though the properties of PM-processed Mg-based materials are improved by the
addition of an alloying element, the biocompatibility, biodegradability, and nontoxicity
of the final material have to be taken into account for biomedical applications. Thus,
the alloying elements have to be chosen carefully. Besides the alloying, also coatings
can be used to improve Mg corrosion resistance in the case of bioapplications. Since the
MgF,-based coatings were shown to be promising in several works [2,4,22,25-29], PM was
already used for the preparation of magnesium Mg-MgF, composite [30]. Preparation of
magnesium-based composites by powder metallurgy could be therefore a suitable option
to significantly improve the corrosion properties of magnesium materials [31].

To study and describe the corrosion mechanism of alloyed and coated materials, the in-
fluence of the processing parameters—specifically, compacting pressure and temperature—
on pure PM-prepared Mg needs to be understood. The goal of this work is to investigate
the corrosion behavior of pure Mg materials prepared by PM through cold and hot pressing
in an environment of 0.9 wt.% NaCl, this environment being the simplest saline solution
to simulate body fluid. Such an approach allows a better understanding of the role of
chlorides in the corrosion process and observation of the different corrosion behaviors of
materials prepared by PM. The corrosion resistance of cold-compacted samples processed
at 500 MPa at room temperature and that of hot-compacted samples processed at 100 MPa
at 400 °C and at 500 MPa at 400 °C were analyzed in 0.9 wt.% NaCl solution using electro-
chemical impedance spectroscopy. The processing parameters were chosen based on the
previous studies [16], focused on material porosity and mechanical properties of pure Mg
prepared via PM. One sample prepared at RT and one at elevated temperature were chosen
for the corrosion properties characterization. The corrosion behavior of these samples
was compared to the behavior of wrought pure Mg, considered as reference material with
known corrosion behavior and resistance in NaCl solutions.

2. Materials and Methods

Compacted samples (CS) of pure Mg prepared via PM were used as the experimental
material. Scanning electron microscopy (SEM; ZEISS EVO LS 10, Oberkochen, Germany)
was used to characterize the powder particles. Irregular shaped Mg powder (99.8% purity
declared by the producer, Goodfellow (Huntingdon, UK)) with an average particle size
of approximately 30 um (Figure 1—observed by SEM) was processed by cold compaction
(compacted at room temperature (RT)) and hot compaction (400 °C). Due to the contact of
the powder with air during powder preparation and transport, the Mg powder particles
used for CS production were covered by a thin layer of corrosion products. This layer
protected the powder against further reactions with oxygen.
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Figure 1. Magnesium powder particles; SEM.

A steel die was employed for the transfer and compaction of Mg powder (2.7 g) used
for sample preparation. The steel die was filled with Mg powder in an inert atmosphere of
Ny (5.0 purity); then the die was transported to the machine for double-action compaction
and pressed with a velocity of 2 mm-min~—!. CS (experimental materials) was prepared
using a Zwick Z250 Allround-Line machine (Zwick GmbH&Co. KG in Germany, Ulm,
Germany) equipped with a MultiXtens sensitive extensometer (Zwick GmbH&Co. KG in
Germany, Ulm, Germany) set between the pressing plates. The die filled with Mg powder
was pressed for 20 s at RT under a pressure of 500 MPa, or for 1 h at 400 °C under pressures
of 100 MPa or 500 MPa. In the case of Mg pressed at an elevated temperature, a heating
chamber was arranged on the machine. After processing, the CS was removed from the
steel die. The final CS was 20 mm in diameter and 5 mm in height.

Metallographic analysis of the CS was performed using light microscopy (LM, Zeiss
Axio Observer Z1m, Zeiss, Oberkochen, Germany) and SEM (ZEISS, Oberkochen, Ger-
many). LM was used for microstructural observation of the prepared samples, to estimate
material porosity and its distribution and reveal the corrosion attack and corrosion pro-
cess mechanism. SEM was used for CS microstructure analysis to specify the powder
particle bonding mechanism. Analysis of the layer of corrosion products created on the
impacted surface during electrochemical testing was performed using a ZEISS Stemi 2000C
stereomicroscope (SM, Zeiss, Oberkochen, Germany). The samples used for microscopical
observations were prepared by the standard metallographic procedure involving grinding
and polishing using isopropyl alcohol as a cooling medium to prevent Mg CS corrosion
during preparation. Nital etchant (5% nitric acid in ethanol) was used to reveal the material
microstructure for SEM analysis. The exact value of porosity of the CS was calculated
according to the dimensions and mass of the sample and the density of pure Mg.

Electrochemical corrosion testing was conducted using a VSP-300 potentiostat (Bi-
ologic, Seyssinet-Pariset, France) three-electrode cell was used for the electrochemical
measurement, using a Pt electrode as the counter electrode, a saturated calomel electrode
(SCE) as the reference electrode, and the compacted sample (1 cm? exposed area) as the
working electrode. Electrochemical impedance spectroscopy (EIS) was used for the charac-
terization of material electrochemical corrosion behavior. For corrosion experiments, the
surfaces of samples were ground with 4000 grit SiC paper; then, the samples were rinsed
with distilled water and isopropanol. Hot air was used for drying. Immediately after sam-
ple preparation, electrochemical experiments were conducted in a corrosive environment.
Measurements were carried out in 0.9% NaCl solution at RT. All measurements were per-
formed in potentiostatic mode at an open circuit potential (OCP), and the used frequency
range was from 100 kHz to 10 mHz with 6 points per decade, with a sinusoidal signal
input of amplitude 10 mV. EIS measurements were performed at the following time points
after the beginning of exposure to the corrosion environment: 0, 1, 2, 4, 8, 12, 24, 48, 72,
and 96 h; before each EIS measurement, an OCP step was included, and the measurement
started after 5 min of system stabilization. EIS measurements were performed on two CS
for each processing method. The models described by King et al. [32] were applied to the
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analysis of the obtained electrochemical data. Energy-dispersive X-ray spectroscopy (EDS,
model OXFORD INSTRUMENTS X-MAX 80 mm?) was used to examine the surface of
the samples after electrochemical testing to specify the character of the corrosion products.
The crosscuts of the samples after the testing were analyzed in terms of SEM to reveal the
corrosion progress within the material bulk.

All the obtained results were compared to the data obtained by analysis of wrought
pure Mg (Goodfellow, UK) delivered in a form of an as-drawn rod with a diameter of 50 mm,
length of 500 mm with a chemical composition of 99.9 % Mg (provided by the producer).

3. Results
3.1. Microstructural Observation

The analyzed microstructures of wrought magnesium and CS are shown in Figure 2.
The inserts in Figure 2 provide information about powder particles boundaries showing the
present oxide layer and closed porosity. The wrought Mg microstructure was characterized
by polyhedral grains with an average grain size of 55 £ 9 um (Figure 2a). As a result
of material preparation, deformation twins were observed in some grains of wrought
pure Mg.

Figure 2. Microstructure of wrought Mg and Mg CS; LM and SEM detail; etched by 5% Nital:
(a) wrought pure Mg; (b) 500 MPa/RT; (c) 100 MPa/400 °C; (d) 500 MPa/400 °C; (e) detail of
500 MPa/RT; (f) detail of 100 MPa /400 °C; (g) detail of 500 MPa /400 °C.

Some differences in the microstructures of the CS can be seen in Figure 2. Increasing the
compaction temperature resulted in more pronounced deformation of the powder particles
during processing, this effect even more obvious in the case of the higher compaction
pressure used.

The details in Figure 2 reveal a change in the powder particle bonding mechanism
from mechanical bonding to a combination of mechanical bonding and solid-state diffusion
between particles (100 and 500 MPa at 400 °C, Figure 2c,d). In the case of elevated tempera-
ture processing, a lower contribution of the diffusion mechanism to Mg powder particle
bonding is assumed at the lower compaction pressure (100 MPa) compared to the higher
pressure (500 MPa). The change in bonding mechanism at elevated temperature results in
better compaction of the material and lower material porosity, Figure 2c,d (SEM details).
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The porosity of the cold CS was 4% = 1%, and the porosity of the hot CS was less than
1.0% £ 0.5%. All of the prepared samples were characterized by closed porosity with a pore
size lower than 10 um. The pores present between compacted Mg powder particles can be
seen in SEM details of the microstructures of the prepared samples, shown in Figure 2.

3.2. Electrochemical Corrosion Characteristics

The results of EIS measurements represented by Nyquist plots for individual CS
performed for the time series from 0 h (measured after 5 min of stabilization of the system)
to 96 h of exposure to 0.9% NaCl solution are shown in Figure 3.
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Figure 3. Nyquist plots for pure wrought Mg and Mg CS in 0.9% NaCl: (a) wrought pure Mg
(different axis scale); (b) 500 MPa/RT; (c) 100 MPa /400 °C; (d) 500 MPa /400 °C.

A total of three equivalent circuits (Figure 4) were used to fit the obtained Nyquist plot
curves. The values determined for the electrochemical corrosion characteristics of wrought
Mg and CS are given in Tables 1-4.

a b c
) Q1 ) Q2 ) Q pes
y R Rz e
[:RS | pis 4 ;B R:
‘ Rp 3 R3 L& R

Figure 4. Equivalent circuits used for the Nyquist plot evaluation: (a) simplified Randles circuit;
(b) equivalent circuit with one capacitance and one inductive loop; (c) equivalent circuit with two

capacitances and one inductive loop.
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Table 1. Polarization resistance of wrought pure Mg.

. Rs R, R3 Ry Rp Q2 Q3
Time  (nem?  [Qeam?  [Qem?  [Qem?l  [Qem?]  [pFs™ [pEsl] ™2 3 LIH]
0 82 394 223 NA 142 18.4 NA 0.88 NA 1068
1 88 49 1 38 35 145.1 11.26 0.99 0.99 87
2 84 81 NA NA 81 366.8 NA 0.93 NA NA
4 86 150 NA NA 140 219.1 NA 0.95 NA NA
8 89 240 NA NA 276 167.6 NA 0.94 NA NA
12 91 282 122 NA 404 157.3 NA 0.92 NA 1708
24 84 401 54 NA 252 123.7 NA 091 NA 2001
48 86 223 315 NA 402 84.9 NA 091 NA 6926
72 91 438 270 NA 443 83.3 NA 0.86 NA 2501
96 95 739 NA NA 730 78.3 NA 0.83 NA 1068
NA—not applicable. L is the expression of the values of L3 or L4, depending on the used equivalent circuit (Figure 4).
Table 2. Polarization resistance of pure Mg compacted at 500 MPa/RT.
. Rs Ry Rs Ry Rp Q2 Qs
Time [Q-em?]  [Q:em?]  [Qem?]  [Qem?] [Q-em?]  [pFs"™1] [pFs"] "2 "3 LIH]
0 59 58 21 96 43 0.0 0.0 1.00 0.66 343
1 60 284 88 NA 45 439.0 NA 0.65 NA 922
2 61 81 87 NA 42 514.0 NA 0.68 NA 1107
4 64 931 116 NA 49 677.0 NA 0.62 NA 1888
8 66 62 204 212 118 327.0 0.5 0.24 0.97 727
12 74 132 849 178 151 494 204.0 0.55 0.67 0
NA—not applicable. L is the expression of the values of L3 or L4, depending on the used equivalent circuit (Figure 4).
Table 3. Polarization resistance of pure Mg compacted at 100 MPa /400 °C.
Time Rs [Q-cm?] R; [O-cm?] R3 [O-cm?] Rp [Q-cm?] Q; [uF-s"1] ny L; [H]
0 117 298 107 79 36.11 0.83 2026
1 120 247 126 84 61.99 0.86 2201
2 121 227 165 96 90.66 0.86 3001
4 118 187 213 99 180.1 0.78 3856
8 116 141 317 98 252.0 0.73 5957
12 116 141 523 111 236.6 0.73 8440
Table 4. Polarization resistance of pure Mg compacted at 500 MPa /400 °C.
. Rs R; R3 Ry Rp Q2 Q3
Time [Q-cm?]  [Q-em?]  [Qem?]  [Q-em?]l  [Q-em?]  [pF-s®™1]  [uF-s*1] "2 "3 LH]
0 61 6 40 306 40 0.0 222 1.00 0.88 1801
1 64 399 1617 174 160 28.9 1230.0 0.89 1.00 2242
2 64 375 167 NA 115 33.0 NA 0.89 NA 5244
4 63 325 154 NA 105 36.1 NA 0.90 NA 3950
8 60 290 157 NA 102 34.3 NA 0.92 NA 2590
12 59 1877 367 NA 307 33.6 NA 0.92 NA 0
24 65 323 182 NA 116 37.3 NA 0.91 NA 5233
48 63 272 203 NA 116 41.7 NA 0.88 NA 4774
72 68 250 239 NA 122 59.8 NA 0.84 NA 4854
96 68 204 163 NA 91 82.9 NA 0.81 NA 3781

NA—not applicable. *—the values are in order 107°. L is the expression of the values of L3 or Ly, depending on the used equivalent circuit
(Figure 4).

The equivalent circuits used to describe the corrosion behavior of the analyzed samples
consisted of different elements used for the description of different chemical processes. If
no inductive response of the material was observed on the polarization curve, a simplified
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Randles circuit was used for data analysis, as shown in Figure 4a. The equivalent circuit
presented in Figure 4a consists of elements representing the solution resistance Rs, the
constant phase element (CPE) of the present corrosion layer Q, and the polarization
resistance Rp.

The equivalent circuit shown in Figure 4b consists of components representing the
solution resistance R, the constant phase element (CPE) of the present corrosion layer Q»,
the resistance of the capacitance part Ry, the inductance L3 (the time-independent part
of the circuit characterizing the inductive loop of the curve), and the resistance Rj of the
inductive loop. The resulting polarization resistance Ry, is given by Equation (1):

1 1 1

Rp Ro * R3 @

The equivalent circuit shown in Figure 4b describes two corrosion processes simulta-
neously running on the surface of the sample. R, and Q, values characterize the layer of
corrosion products created on the sample surface consisting of MgO and/or Mg(OH),. R3
and L3 values describe the adsorption of intermediate Mg™ or other species occurring in
the solution. This can be observed in the Nyquist plot curve as the low-frequency inductive
loop. Intermediate Mg* has its origin in the corrosion reaction of magnesium and the
solution and is connected with the phenomenon of the so-called negative difference effect
for Mg corrosion (NDE) [33,34].

The equivalent circuit shown in Figure 4c consists of three time-independent loops.
There are two capacitance loops (represents by CPE) for high and intermediate frequencies
and one low-frequency inductive loop. The element Rs characterizes the solution resistance,
and Q, and R, CPEs are used in the equivalent circuit and represent the capacitance and
resistance of the layer of corrosion products, respectively. Q3 and Rz are CPEs describing
the resistance of the inner porous layer. Elements of the low-frequency inductive loop are
inductance L4 and the resistance of the inductor Ry4. The resulting polarization resistance of
the system is given by Equation (2):

11 o
Rp Ry+R3 Ry

The third used equivalent circuit described the simultaneous responses of the layer of
corrosion products and the base material to the used corrosion environment solution, as
seen in Figure 4c. In such a situation, the corrosive medium penetrates through the porous
layer of corrosion products, and the sample surface is exposed to the medium. Also, in
this case, the inductive element of the circuit describes chemical reactions connected with
the NDE. Besides the capacitive loop, there is, on the Nyquist plots, probably a capacitive
response between the sample surface and the layer of corrosion products created on it. The
two capacitance loops observed on the Nyquist plots could be explained by the creation of a
partially stable layer of corrosion products over the inner porous structure of PM-processed
Mg CS. The fraction coefficient n indicates the level of corrosion layer stability expressed as
a measure of the non-ideality of the capacity response (1 = 1 for an ideal capacity response).
That is, a value of n below 1 indicates the presence of an imperfect layer of corrosion
products, e.g., a layer containing pores filled with electrolyte, or that the surface is not fully
covered [35].

The electrochemical corrosion behavior of wrought pure Mg samples was character-
ized by three types of Nyquist plot curves, as shown in Figure 3a. At the beginning and
after 1 h of exposure, the corrosion behavior is described by the model of the circuit in
Figure 4c. The Nyquist curve characterizing sample behavior from 2 up to 8 h of exposure
to the 0.9% NaCl solution was evaluated using a simplified Randles circuit, shown in
Figure 4a. The evaluation showed that no inductive response of the material was observed
on the curve. The equivalent circuit shown in Figure 4b was used for the evaluation of the
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rest of the measured data (16-96 h). The determined electrochemical characteristics are
given in Table 1.

The electrochemical corrosion behavior of PM-prepared pure Mg samples compacted
at 500 MPa/RT was characterized by two types of Nyquist plot curves, as seen in Figure 3b.
At the beginning of the exposure of the samples to 0.9% NaCl solution, three independent
loops were observed on the curve, as seen in Figure 3b. The period of exposure between 1
and 4 h was characterized by two measured loops, and from 8 h three loops were present
on the measured curve again. The measurement was stopped after 17 h of exposure due to
the rapid corrosion attack and its damage. Values for the material polarization resistance,
Rp, determined using appropriate equivalent circuits characterizing the obtained curves,
are given in Table 2. The Nyquist plots obtained for exposure times of 0, 8, and 12 h were
evaluated using the equivalent circuit shown in Figure 4c. The rest of the obtained curves
(1, 2, and 4 h) were evaluated using the equivalent circuit shown in Figure 4b.

The electrochemical corrosion behavior of pure Mg CS prepared at 100 MPa /400 °C
was characterized by one type of Nyquist plot curve, which can be seen in Figure 3c. From
the beginning of the exposure until the end of exposure, the equivalent circuit shown in
Figure 4b was used to evaluate the obtained Nyquist plots. Values for the polarization
resistance, Ry, determined using the appropriate equivalent circuit are given in Table 3.

Nyquist plots characterizing the electrochemical corrosion behavior of pure Mg CS
prepared at 500 MPa /400 °C exhibited two types of curves, as shown in Figure 3d. At the
beginning of exposure (0-1 h) to the corrosion environment, three loops were obtained on
the curves, and the equivalent circuit shown in Figure 4c was used for data evaluation. The
rest of the obtained curves were evaluated using the equivalent circuit shown in Figure 4b.
The polarization resistance of the hot compacted Mg samples (500 MPa /400 °C) determined
using the appropriate equivalent circuits are given in Table 4.

Wrought pure Mg was characterized by a polarization resistance (Rp) of 142 Q-cm?
at the beginning of the measurement, as seen in Table 1. This value rapidly decreased
to 35 Q-cm? after 1 h of exposure to the NaCl solution. Further exposure resulted in
an increase to 404 ()-cm? after 12 h and a subsequent decrease to 252 Q-cm? after 24 h.
After this decrease, continuing exposure to the NaCl solution resulted in a further gradual
increase in the polarization resistance, with a maximum value of 730 ()-cm? obtained after
96 h. The layer of corrosion products created on the material surface (except at 72 and
96 h of exposure) was assumed to exhibit high stability based on high corresponding n
values (Table 1). The obtained electrochemical characteristics and the character of the plots
indicate the creation of a layer of corrosion products at the beginning of exposure (0 h),
with the layer gradually becoming damaged (1 h) and then gradually being recreated
(2-8 h). After 12 h of exposure, the layer of corrosion products was created on the material
surface, and its protection can be assumed up to 72 h with NDE an accompanying process
of the corrosion process. After 96 h of exposure, the plot character changed. This indicates
that the layer was damaged and that the revealed surface of the sample was exposed to the
environment, causing a new layer of corrosion products to begin to grow.

Cold compacted Mg samples (500 MPa/RT) were characterized by a polarization
resistance (Rp) of 43 Q-cm? at the beginning of the measurement, as seen in Table 2. The
resistance of the samples remained almost unchanged up to 4 h of exposure to 0.9% NaCl
solution. From 8 to 12 h of exposure, the polarization resistance increased from 118 to
151 Q-cm?. As can be seen in Table 2, quite low values of n, for the layer of corrosion
products and n3 for the inner porous layer suggest that these layers created on the PM CS
surface were not very stable. The obtained data also indicate the growth of a porous layer
of corrosion products on the sample surface at the beginning of the exposure, accompanied
by NDE, with a quite compact layer of corrosion products created after 1 h of exposure.
Further exposure to the corrosion environment resulted in layer damage, detected after 8 h
of exposure. The layer did not grow significantly with increasing exposure time. After 12 h
of exposure, a porous layer of corrosion products can be assumed to have been present on



Coatings 2021, 11, 986

10 of 15

the compacted sample surface. The measurement was terminated prematurely after 17 h
because the sample was completely corroded.

Hot compacted Mg samples prepared at 100 MPa /400 °C were characterized by a
polarization resistance of 79 ()-cm? at the beginning of the exposure, as shown in Table 3.
This value then increased slowly to 111 Q-cm? after 12 h of exposure. As in the previous
case, the measurement was terminated prematurely after 12 h due to the complete degra-
dation of the sample. The value of 1, presented in Table 3 indicates quite good stability
of the layer of corrosion products up to 2 h of exposure. Increasing the time of contact
between the sample surface and the 0.9% NaCl solution resulted in a decrease in the 1,
value, corresponding to the lower stability of the created layer. The same character of the
plots over the whole of the measurement time indicates the stable response of the CS to the
corrosion environment. A layer of corrosion products can be assumed to have been present
on the compacted sample surface according to the character of the measured Nyquist plots.
The plots’ character indicates the creation of a layer of corrosion products accompanied
by NDE.

The polarization resistance of the CS prepared at 500 MPa /400 °C rapidly increased
from 40 to 160 Q2-cm? during early immersion (5 min-1 h), after which it decreased slowly
to a value of 102 Q-cm?, determined after 8 h of exposure. Further exposure resulted
in an increase to 307 Q-cm? after 12 h. From 24 to 96 h of exposure, the polarization
resistance decreased from 116 to 91 Q-cm?, respectively (Table 4). The electrochemical
response of the CS to the corrosion environment indicates the creation of a porous layer of
corrosion products at the beginning of exposure, with the layer becoming more stable and
compact after 2 h of exposure. The presence of NDE was detected during the entirety of
the measurement time.

The EDS analysis performed on the surface of the tested specimens revealed the
presence of Mg, O, C, and Cl elements in the area of the corrosion attack (corrosion
products). Based on the obtained results and in accordance with the literature, the presence
of MgO oxides and Mg(OH), hydroxides and some amount of MgCl, is supposed, see
Figure 5. Mg(OH); can be later transformed to MgCl, by aggressive Cl™ ions attack. The
chemical composition of the corrosion products did not differ for the wrought and CS,
neither with the CS processing conditions. The only difference was the more homogeneous
surface covering in the case of the wrought material when compared to the CS. The results
of the EDS performed on the surface of the samples after EIS measurements are provided
in Figure 5.

Crosscuts of chosen samples after EIS tests are shown in Figure 5. As can be seen,
the corrosion attack was most pronounced for CS prepared at 500 MPa/RT which had the
highest porosity -. Delamination of individual layers of material can be seen on the crosscut
of the sample (Figure 5b). CS prepared at 400 °C was more resistant to corrosion attack,
while the resistance increases with increasing pressure. As can be seen on the crosscut of the
CS prepared at 500 MPa/400 °C in Figure 5d, the corrosion attack is much less pronounced
comparing to the CS prepared at 100 MPa (Figure 5c) and RT (Figure 5b). In this case, the
slight penetration of the corrosive medium into the material through the oxide net created
on the surface of powder particles can be assumed. However, the compacting pressure of
the 500 MPa and the used temperature resulted in material with low porosity and only the
surface layer of the material was attacked by corrosion. On the contrary, the lower pressure
(100 MPa) resulted in a more pronounced corrosion attack, as can be seen on the sample
crosscut in Figure 5c. In the case of the wrought material, a conventional corrosion attack
resulting in the creation of corrosion pits was observed, however, the surface layer of the
material can be considered quite compact from the macroscopic point of view, Figure 5a.
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wrought Mg

Figure 5. Samples after EIS measurement. The surface of the corroded samples is outlined for
convenience: (a) wrought pure Mg (different axis scale); (b) 500 MPa/RT; (c) 100 MPa/400 °C;
(d) 500 MPa/400 °C.

4. Discussion

Samples prepared from Mg powder processed by powder metallurgy were analyzed
from the electrochemical corrosion point of view. Since powder metallurgy exhibits a
potential for preparing components with specific geometries and, more importantly, specific
chemical compositions, this achieved by tailoring the component properties via adjustment
of the processing parameters, materials prepared by this method remains very interesting.
Such materials are promising mainly for biomedical applications; however, their basic
corrosion properties in simple corrosion environments such as 0.9% NaCl solution are
not known.

Three different processing parameters were used for sample preparation. As a result,
different structures were achieved and two bonding mechanisms were observed. In the
case of processing at RT, particle deformation due to the applied pressure occurred. Due
to the hcp lattice of Mg, in which only a limited number of slip systems are active, only
mechanical bonding of the deformed particles occurred. This is in agreement with previous
observations [16]. It is also connected to the still present layer of corrosion products
on the powder particles and closed porosity, as documented in Figure 2b. The elevated
temperature used for sample preparation resulted in the joining of powder particles through
a combination of mechanical and diffusion bonding. The positive effect of the used
temperature, producing more intense compaction, was more pronounced for the higher
pressure used. Even though both samples prepared at 400 °C exhibited a level of porosity
below 0.5%, the higher pressure used for sample preparation resulted in the more intense
deformation of particles. This is in accord with the higher values of flexural strength and
slightly higher values of microhardness reported in the literature [16]. Nevertheless, also in
the case of the elevated temperature, the oxide layer on the Mg powder particle surface was
still observed to be present, creating an interface between individual particles. This layer
creates a barrier and reduces the diffusion during processing [18] and can have a negative
influence on material bonding and the resulting mechanical and corrosion properties [16,32].
Besides the temperature, also the positive effect of the compaction pressure on prepared
samples was observed in the literature [16]. Application of higher pressure usually results
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in lower porosity, however, the combined effect of elevated temperature and pressure has
to be taken into account not to reach the metal liquidation.

The elevated temperature was shown to have a positive influence on material com-
paction and porosity, with a positive influence, assumed concerning corrosion resistance.
This assumption was proven by EIS measurements The sample prepared at RT was fully
corroded after only 12 h of measurement, the polarization resistance achieving a maximum
value of 151 Q-cm? at the end of the measurement. The layer of corrosion products presents
on the sample surface contained cracks, indicating that the layer was not compact and
could not provide adequate protection against corrosion (Figure 5b). This was assumed
based on the values of 1 presented in Table 2, these indicating a quite low degree of stability
for the corrosion layer. While the corrosive medium penetrated through the cracked layer
of corrosion products on the sample surface, the pores present in the sample structure
in combination with the oxide layer on the powder particles exhibited sites for corrosion
attack and a pathway for its penetration through the sample. The oxide layer present
on the powder particles before compaction and subsequently creating a net between the
mechanically bonded powder particles was less corrosion resistant than pure Mg. The
propagation of the corrosion attack documented in Figure 5b is in agreement with previous
results of experiments performed in HBSS and enriched HBSS [16,36]. However, the used
HBBS were more aggressive, and more pronounced corrosion degradation of the sample
was observed. This, however, could be partially attributed also to the different natures of
the created Mg corrosion products resulting from corrosion in NaCl and enriched HBSS.

Using the elevated temperature in combination with lower pressure (100 MPa /400 °C)
did not have any influence on sample polarization resistance. This is in contrast to the effect
of lower temperature and higher compaction pressure, as seen in the sample prepared
at 500 MPa/RT (Figure 5c). Also, the hot compacted sample was fully corroded after
12 h of measurement. The maximum value of the polarization resistance (111 0-cm?)
was achieved at the end of the measurement. However, in this case, lower values of the
polarization resistance were determined at the beginning of the measurement. In this case,
a more pronounced corrosion attack exhibited by greater thickness and more pronounced
cracking of the corrosion layer was observed after measurement when compared to the RT
compacted sample (Figure 5b), this documented in Table 3 by the n value. This could be
quite surprising taking into account the partial diffusion bonding of the powder particles
during processing and the lower porosity of the sample. On the other hand, the lower
compaction pressure applied was not as effective at cracking the initially created oxide
layer present on individual powder particles and in the mechanical bonding of the particles.
Less effective particle bonding, when compared to the sample prepared at 500 MPa/RT,
was shown in [16]. The oxide net acts as a pathway for corrosion progress.

The hot compacted sample prepared at 500 MPa/400 °C exhibited significantly higher
resistance against corrosion in comparison with the sample prepared at 100 MPa /400 °C.
After 12 h, the sample achieved a polarization resistance of 307 Q-cm?, this value decreasing
to 91 O-cm? after 96 h of EIS measurement. The sample’s response indicates the creation of
a porous layer of corrosion products that became more stable over time. Different corrosion
behavior from the metallographic point of view was observed for this sample. The surface
of the compact was attacked by more uniform corrosion and no porous non-compact layer
of corrosion products was detected on the compact surface, as seen in Figure 5d. The
change in corrosion behavior of the CS can be associated with the elevated temperature
and higher pressure used for Mg powder processing. Diffusion processes playing a role in
Mg compaction resulted in a more homogenous and compacted bulk material, exhibiting
fewer and less active corrosion attack sites such as pores and a less pronounced non-
compact layer of corrosion products (oxide layer) at the compacted Mg powder—particle
interface. The corrosion process observed here does not fully correspond to the findings
presented for HBSS. On the other hand, they correspond to the process observed for
enriched HBSS in [16]. Even though in the case of HBSS a layer-like morphology for the
corrosion attack was observed, in the case of NaCl and enriched HBSS uniform corrosion
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attack spreading through the CS bulk material was observed. The values of polarization
resistances obtained in different corrosion environments were comparable. The different
responses of the samples to the different corrosion media can be attributed to the different
chemical compositions of the used solutions and subsequently the different chemical
compositions of the corrosion products. While in the Cl containing solutions only MgO
oxides and Mg(OH), hydroxides, later transformed to MgCl, by aggressive CI~ ions
attack, are created, in the case of HBSS additional corrosion products create. Due to the
different chemical compositions of the solution, exposure of Mg materials to HBSS provides
conditions also for additional creation of phosphates and hydrogencarbonates [36].

As can be seen in Figure 5, the influence of porosity on the material corrosion prop-
erties observed here is in accord with literature: the higher the porosity the lower the
corrosion resistance. The negative influence of compacted bulk porosity and layers of
corrosion products present on the surfaces of compacted Mg powder particles on material
properties was also discussed in [6,14-16,18,36].

The polarization resistance of wrought Mg and the prepared CS was comparable at the
beginning of EIS measurements. Wrought pure Mg, however, exhibited typical corrosion
behavior accompanied by a slight decrease in polarization resistance at the beginning of
EIS measurement, due to damage of the created layer of corrosion products, followed by a
subsequent increase. The surface of the sample exhibited remains of the corrosion attack in
the form of corrosion pits (Figure 5a). The final value of polarization resistance after 96 h
was 730 Q-cm?. Even though this value is higher compared to the one determined for the
sample compacted at 500 MPa/400 °C, the corrosion mechanism was similar, though more
pronounced for the compacted sample.

Wrought pure Mg achieved much higher values of polarization resistance than the
compacted magnesium (Tables 1-4) because the surface layer was not composed of a pure
Mg(OH); layer over a pure MgO layer, as found in CS prepared by powder metallurgy.
Wrought Mg contains a relatively dense inner layer and a loose outer layer, both consisting
of a mixture of MgO and Mg(OH),, while the inner layer is dominated by MgO and the
outer mainly by Mg(OH), [20]. Due to the porosity of the layer, it is not fully protecting
against corrosion [4]; however, the layer created on the surface of the non-porous material
can be assumed to be more stable (1 values in Table 1) compared to layers created on CS
(Tables 2—-4).

Corrosion behavior of the Mg-based materials prepared via PM is influenced by
processing conditions (resulting in specific microstructure and porosity) and chemical
composition. The manuscript deals with description of the influence of individual pro-
cessing parameters on resulting microstructure and porosity and consequent corrosion
behavior. Based on the corrosion behavior of pure Mg processed at different conditions, the
influence of added elements could be better described afterwards. Especially because the
microstructure of the Mg-based alloyed materials prepared by PM is significantly affected
by the original powder particles and subsequent processing. While the powder particles
characteristics influence mainly the intensity of the effect of processing parameters, the
parameters itself influence mainly the resulting porosity and exact microstructure. The
influence of alloying elements in the case of PM is different when compared to the con-
ventional alloys, in some cases resulting in creation of new phases, directly influencing
bulk corrosion properties. Knowledge of the corrosion behavior of pure Mg PM materials
allows a more reasonable description of the role of individual alloying elements on the
bulk corrosion characteristics.

5. Conclusions

Electrochemical corrosion properties of pure Mg processed via powder metallurgy
were analyzed by electrochemical impedance spectroscopy, and the corrosion behavior
was analyzed in terms of metallographic analysis. The following conclusions can be stated
from the obtained results:
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e  Only mechanical bonding between Mg powder particles was observed for cold com-
pacted Mg (RT), while a combination of mechanical bonding and diffusion bonding
was observed for hot compacted Mg samples.

e  EIS measurements revealed similar electrochemical corrosion characteristics for sam-

ples compacted at 500 MPa/RT and 100 MPa /400 °C, while material compacted at
500 MPa/400 °C achieved higher values of polarization resistance and was character-
ized by longer resistance to the corrosion environment of 0.9% NaCl (96 h of exposure).
The corrosion resistance of all CS was lower compared to wrought pure Mg.
In the case of samples processed at 500 MPa/RT and 100 MPa/400 °C, a different
corrosion process was observed relating to the powder particle bonding mechanism.
An interparticle corrosion structure was created due to the corrosion attack follow-
ing powder particle boundaries and pores for both samples. Uniform corrosion
attack, comparable to that in wrought pure Mg, was observed in the case of hot
CS, where diffusion bonding mechanism plays the main role in particle compaction
(500 MPa/400 °C).
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