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Z. Szklarz and t. Rogal

(Submitted May 31, 2019, in revised form July 26, 2020; published online September 10, 2020)

The influence of semisolid metal processing (SSM, also called thixoforming) and T6 heat treatment (HT) on
the microstructure and corrosion behavior in chlorides of Mg-Y-Nd-Zr (WE43B) magnesium alloy was
investigated. The as-cast microstructure is composed of a-Mg grains with the size of 52.8 &+ 1.9 pm sur-
rounded by eutectic precipitations enriched in rare-earth elements (Y, Nd). The thixo-cast microstructure
contained a-Mg globular grains with the size of 65.5 £ 2.1 pm surrounded by a fine eutectic mixture in the
volume of 26.6%. The T6 HT (heat treatment and saturation at 525°C/5 h, cooling in H,O and aging at
190°C/48 h) caused an increase of yield strength to 180 MPa and tensile strength to 280 MPa at the
hardness 105 + 4 HVs. Next, the electrochemical response was investigated in 0.1 M NaCl using the global
and local LSV (linear sweep voltammetry) and EIS (electrochemical impedance spectroscopy) methods. The
EIS method suggests the same mechanism for the processes occurring at the electrode/electrolyte interface
and shows higher values of the polarization resistances of treated samples after 24-h immersion tests. In
particular, better corrosion resistance in chlorides is observed in the alloy after SSM compared to the SSM/
HT specimen, which has also been confirmed by the LSV tests performed after 24-h immersion. By using a
local technique, a higher susceptibility of the matrix of SSM and SSM/HT samples to pitting corrosion has

been revealed.
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1. Introduction

Magnesium belongs to the group of active metals with
relatively low electrochemical potential (E° = — 24V vs.
SHE), indicating a very high tendency to undergo oxidation
(Ref 1-5). This feature of pure Mg and its alloys results in
electrochemical activity, which is the reason for susceptibility
to corrosion in highly conductive environments, like water
solutions. On the other hand, magnesium alloys are promising
as structural materials due to their low weight and environ-
mental friendliness (Ref 6, 7). Nevertheless, their application is
still relatively limited because of their low ductility and
strength. At present, studies are focused on developing new
chemical compositions and their further optimization as well as
on new forming technologies (Ref 8, 9). Rokhlin et al. (Ref 10)
indicated that the addition of rare-earth elements (RE), such as
Gd, Y, Nd and mischmetal, leads to significant improvement in
specific strength at both room and elevated temperatures, as
well as creep resistance.

There are many types of conventional magnesium-forming
technologies (e.g., casting or plastic deformation, like rolling or
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extrusion), which bring about an improvement in mechanical
properties and, at the same time, a significant impact on
corrosion behavior (Ref 11-16). A new alternative to the above-
mentioned forming methods is semisolid metal processing
(SSM), which utilizes the thixotropic behavior of metal alloys
containing 15-80% of liquid fraction. This is possible when the
microstructure in the solidus—liquidus range consists of glob-
ular grains surrounded by a uniformly distributed liquid (Ref
17, 18). The generation of globular morphology within the
alloy microstructure is an essential step in all SSM technologies
(Ref 19). Depending on the method employed, a different grain
size and a different fraction of the liquid phase are obtained
(Ref 17, 20). In the case of Mg alloys, the SIMA (strain-
induced melting-activated) (Ref 21-23) and RAP (recrystal-
lization and partial remelting) methods (Ref 24) are most
commonly used. Another familiar method is modification, in
which the heterogeneous nucleation of solid solution grains is
applied (Ref 25).

The alloy composition and the forming technology affect the
corrosion behavior (Ref 26-40). The corrosion properties are
particularly important when the material can be used as an
implant. It is well known that Mg alloys possess a similar
Young’s modulus to that of human bones; thus, they are
promising materials for the elements used in bone surgery.
Because magnesium is nontoxic, its alloys can be used as
temporary implants, which after some time dissolve without
harming the human body (Ref 41-43). In addition, some Mg-
RE (rare-earth elements) alloys can be used as biomedical
materials (Ref 44-46).

The scientific goal presented in this paper was to analyze
how the SSM process (thixo-casting, thixoforming) and the T6
heat treatment influence the microstructure, mechanical prop-
erties and corrosion behavior of the WE43 magnesium alloy.
This has been carried out due to a lack of knowledge about the
possible use of the WE43 alloy as a biomedical material, where
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its properties (like mechanical strength and corrosion resis-
tance) after SSM should be explained in more detail.

2. Experimental Procedures

2.1 Material and Sample Preparation

A magnesium-based alloy with additives (4.2 wt.% Y,
2.5 wt.% Nd; and 0.53 wt.% Zr), which corresponds to the
specification for Elektron WE43B (AMS 4427), was used in the
present study. The alloy was supplied in the form of as-cast
ingots by Magnesium Electron Ltd. The semisolid metal
processing (also called thixoforming) of the WE43B magne-
sium alloy was conducted using a specially built press
prototype, as described in previous papers (Ref 19, 47). The
ingot was heated up to 625 °C, and the heating rate was about
70 °C/min, which corresponded to about 25% of the liquid
phase. The pressing process was executed at the pressing force
of 300 kN.

2.2 Analysis of Microstructure and Mechanical Properties

A light microscope (Nikon Eclipse L100) was used for the
optical observations of the surface of the WE43 magnesium
alloy and also in combination with the electrochemical
microcell technique to investigate local corrosion behavior.
The microstructure was also examined by applying an FEI
SEM XL30 scanning electron microscope (SEM) working in
back-scattered electron (BSE) or secondary electron (SE)
modes. The chemical composition of selected microareas was
established using the energy-dispersive x-ray spectroscopy
(EDS) technique with an EDAX Apollo XP spectrometer. Five
measurements were made for each phase, and the mean value
and standard deviation were calculated. The phase analysis was
carried out with a Philips PW 1710 diffractometer and Co Ka
filtered radiation in the scan mode in the range 20-100 of 2-
Theta at the anode voltage of 40 kV and current of 40 mA. The
PDF-4+ cryptographic database (the International Center for
Diffraction Data), Panalytical Data Viewer, High Score Plus
and Match programs were used to identify the phases. The
tensile strength test was performed using an INSTRON 3382
machine in accordance with the PN-EN ISO 6892-1:2016-09
standard. The Vickers hardness was measured using a Zwick/
ZHU 250 tester under the load of 5 kg in accordance with
ASTM E92.

2.3 Electrochemical Measurement Methodology

Corrosion behavior studies were performed by using a
classical electrochemical three-electrode system (Ref 48, 49).
The tested specimens acted as working electrodes with 0.5 ¢cm?
of exposed surface, with the reference electrode being Ag/AgCl
(containing 3 M KCl electrolyte) and a platinum plate working
as a counter electrode. All electrochemical tests were conducted
in a 0.1 M NaCl water solution and at room temperature (about
20 °C).

To investigate the corrosion behavior of the samples on the
global scale, three basic electrochemical methods were
employed: first, the open circuit potential measurement (OCP)
during 24 h of the specimen immersion, second, linear sweep
voltammetry (LSV) with the sweep rate of 1 mV s~' and with
the beginning potential from — 2 V vs. Ag/AgCl toward anodic
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potential, and third, the electrochemical impedance spec-
troscopy (EIS) at OCP (with a sinusoidal perturbation signal
of 10 mV amplitude and a 10 kHz to 5 mHz frequency range).

The above-mentioned electrochemical microcell technique
(EMT) was also employed to investigate the local corrosion
behavior (Ref 50-54). EMT allows electrochemical measure-
ments to be performed on the microscale and local corrosion
behavior to be characterized. This technique consists of a glass
microcapillary that is filled with an electrolyte (Fig. 1a). The
microcapillary tip was sealed to the specimen surface with a
layer of silicon rubber. The microcell (connected with the
capillary) was mounted on a microscope for precise positioning
of the microcapillary on the surface (Fig. 1b). The size of the
microcapillary tip used during studies of the WE43 magnesium
alloy was about 50 um in diameter. The counter electrode was a
platinum wire, and the reference electrode was Ag/AgCl 3 M
KCI). The LSV electrochemical method was used during local
studies.

3. Results and Discussion

3.1 Microstructure and Mechanical Properties

The analysis based on scanning electron microscopy of as-
cast WE43B (ingot) is presented in Fig. 2(a) and (b). The grains
of u-Mg surrounded by the eutectic can be seen giving a light-
gray diffusive contrast and a strong bright contrast (3.1 vol. %)
coming from the phases which solidified as the last ones. The
circularity index of solid solution grains was 0.72 %+ 0.1, and
the average size was 52.8 & 1.9 um. The chemical composi-
tion from the middle part of the grains (point 1, Table I,
Fig. 2a) confirmed the presence of a predominant amount of
magnesium at a small amount of RE. The grain areas with the
gray diffusive contrast occupied 19.3 vol. % of the image
surface, while the concentration of RE elements was signifi-
cantly higher (point 2, Fig. 2(a), Table 1), suggesting the
segregation of RE-rich phases at grain boundaries and the
formation of the eutectic (morphology typical for this phase).
The EDS analysis from the area where white contrast is present
(points 3-5 in Fig. 2(b), Table 1) confirmed the high content of
Y and Nd, suggesting the eutectic contains phases enriched in
RE elements.

The addition of RE elements, such as Gd and Nd, has a
significant impact on the microstructure, which leads to grain
refinement by the heterogeneous nucleation of «-Mg. The Zr
addition also results in the formation of Zr-rich particles that are
nuclei during solidification, which leads to grain refining.
ZnZr, precipitations on the grain boundaries limit the
microstructure coarsening (Ref 55, 56).

According to the binary diagrams developed by Massalski
(Ref 57), it could be deduced that for Mg-Nd, Mg-Gd and Mg-
Y systems, the solubility of neodymium, gadolinium and
yttrium in magnesium is about 4.2 wt.% at the temperature of
535°C, 3.75 wt% at 566 °C and 11.4 wt.% at 567 °C,
respectively. This proves that the metals have limited solubility
in the solid state, and the T6 heat treatment is required to
dissolve the RE in the Mg matrix in order to improve their
properties by precipitation hardening and solution hardening.
The Zr-enriched precipitations were present around the grain
area, leading to the limitation of its coarsening (Ref 58). The x-
ray analysis (Fig. 3a) confirmed the presence of a predominant
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Fig. 1 (a) Experimental setup of the electrochemical microcell technique (EMT) used for these experiments, (b) a sketch presenting the
principle of EMT usage

Fig. 2 SEM-BSE images of the as-cast WE43B: (a) overall view of sample microstructure, (b) high magnification of interglobular area with
marked points of EDS analysis

Table 1 Chemical composition of phases in the as-cast WE43B measured with SEM/EDS and TEM/EDS techniques
[areas marked in Fig. 2(a) and (b), S5(b) and 6(b)]

Content, wt.%/at.%

Place of analysis Mg Y Zr Nd
Figure 2(a) and (b) 1 98.6/99.7 0.4/0.1 0.2/0.1 0.8/0.1
2 95.2/ 98.8 3/0.8 0/0 1.6/ 0.3
3 74.65/ 93.4 9.5/ 3.2 0.1/ 0.1 15.8/3.3
4 70.45/ 92.05 10.5/3.75 0/0 19.1/4.2
5 73.05/ 93.07 8.51/2.97 0/0 18.44/ 3.96
Figure 5(b) 1 95.6/ 99.3 1.6/ 0.4 0.3/ 0.1 1.1/ 0.1
2 91.1/97.8 5.3/ 1.6 3.6/ 0.6
3 69.0/ 91.7 11.9/ 43 18.2/ 4.2
4 65.1/90.1 14.6/ 5.4 0.3/ 0.1 19.0/ 4.4
Figure 6(b) 1 92.3/ 98.1 4.6/ 1.3 2.8/ 0.5
2 60.9/ 88.6 11.5/ 4.7 0.3/0.1 27.2/ 6.7
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Fig. 3 X-ray diffractograms of the WE43B magnesium alloy: (a) as-cast, (b) thixo-cast, (c) thixo-cast after the T6 heat treatment
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Fig. 4 DSC heating flow run and the liquid fraction curve for a WE43B ingot

amount of a-Mg in small concentrations of Mg,,Y's, Mg4,Nds
and Mgs;Nd intermetallic phases located inside the eutectic
areas, which are at the grain boundaries.

The WE43B magnesium alloy ingot was used as a feedstock
for semisolid processing to assess the influence of technology
on the microstructure, mechanical and corrosion properties. As
confirmed in several works (Ref 59, 60), SSM allows a unique
structure to be obtained, thanks to the specific conditions of the
process, for example, high shearing during the flow of the alloy
suspension, rapid cooling, exerted pressure during the solidi-
fication and, consequently, the formation of a strong nonequi-
librium state of material.
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In Fig. 4, the DSC curve (solid line) shows the endothermic
effects which occurred during heating at the rate of 20 K/min.
Additionally, the dashed double-dotted curve in Fig. 4 shows
the dependence of the calculated amount of the liquid phase as
a function of temperature. The melting point is determined as
the onset of the endothermic peak. The start of melting is set at
such a temperature when the heat curve falls away from the
tangent line. The end of melting is set by the onset point on the
other side of the peak. The enthalpy of the melting process is
— 246.7 nVs/mg. The semisolid processing was carried out at
625 °C, which corresponds to 25% of the liquid phase in
accordance with the DSC analysis (the point marked in Fig. 4).

Journal of Materials Engineering and Performance



Fig. 5 SEM-BSE images of the thixo-cast WE43B: (a) globular grains with the eutectic mixture, (b) magnified area with marked points of

EDS analysis

The SEM-BSE microstructure of the thixo-cast WE43B
revealed the presence of a-Mg globular grains with an average
size of 65.5 &+ 2.1 pm, surrounded by the eutectic mixture and
secondary solid solution (Fig. 5a). Based on image analysis, the
liquid fraction in a semisolid range (area around grains) was in
the volume of 25.5%. The XRD analysis confirmed the
presence of «-Mg and Mgy, Ys MgsNd, at lower content, in
comparison with the ingot structure of Mg4;Nds which partially
dissolved in the magnesium matrix (Fig. 3b). The results of
EDS point analysis in the grain (point 1 in Fig. 5b) as well as in
the eutectic (points 2 and 3 in Fig. 5b) are presented in Table 1.
Significant microstructure changes in comparison with the
WE43B ingot are visible. This is connected with the sample
remaining in the semisolid state, which leads to diffusion
control phenomena, such as an increase in average grain sizes
as well as increases in the concentration of RE elements in the
grains (point 1 Fig. 2(a) and (b) and point 1 Fig. 5(a), Table 1).
This suggests that, after SSM, alloy grains are partially
saturated while the eutectic is refined through rapid cooling
to a steel die. Additionally, small bright areas inside grains in
the volume of 1.1% are visible. The EDS analysis (point 4,
Fig. 5, Table 1) confirmed the increased concentration of RE
elements. According to references (Ref 24, 61), these are
micro-eutectics, which formed inside the grains due to segre-
gation phenomena. These regions of micro-eutectics decrease
the effective liquid fraction present between globules, thus
negatively affecting the alloy flow behavior during semisolid
processing.

The T6 heat treatment of thixo-cast samples was performed
in the next stage of the study. The saturation temperature, aging
and time of processes were determined based on DSC results
(not presented here) and our previous studies (Ref 47). The
SEM microstructures after saturation at 525 °C/5 h and cooling
in H,O and aging at 190 °C/48 h are presented in Fig. 6(a) and
(b). Because of the high diffusion of elements at 525 °C,
intermetallic phases almost completely dissolved into the
magnesium solid solution (resulting in the decrease in its
volume) with simultaneous coarsening of the o-Mg solid
solution. Additionally, the SEM-EDS image with the EDS
analysis revealed the chemical composition of a-Mg (point 1 in
Fig. 6b, Table 1) and the eutectic in the form of bright
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precipitations (point 2 in Fig. 6b, Table 1). From the compar-
ison with the ingot as well as thixo-cast chemistry, it could be
seen that o-Mg was enriched in RE elements. The x-ray
analysis also confirmed nearly complete dissolution of Mg;Nd
intermetallic phases after T6 (Fig. 3c), which was visible by the
lack of peak intensities (minimum detection is about 3 vol.%)
in comparison with the precursors or the thixoformed sample.
However, small peaks coming from Mg, Nds as well as
Mgy4Ys are visible. Aging for 120 h at 190 °C resulted in
hardening of the alloy. It is generally accepted that for the Mg-
RE alloys aged isothermally at 120-260 °C, the strengthening
phases appeared due to the presence of Y and Nd, which are
mainly responsible for the precipitation of the metastable f
phases on the prismatic planes of the «-Mg matrix (Ref 10, 62-
64). This was also confirmed by the increase in mechanical
properties presented in the next paragraph.

3.2 Mechanical Properties

The tensile strength tests were carried out to determine the
deformation behavior of the WE43B magnesium alloy after
various methods of processing. The stress—strain plots of the
ingot (dashed dotted curve; feedstock for SSM), directly after
thixoforming (continuous curve) and after T6 (dashed curve),
are presented in Fig. 7. The ingot had the lowest tensile
strength of 153 MPa at the hardness 54 + 3 HV and plasticity
12.5%. This was connected with the presence of the coarse
eutectic and intermetallic components, and with the lack of
nanoprecipitates in the a-Mg matrix. The thixo-cast WE43B
revealed the plastic strain of 6% and the tensile strength of
186 MPa at the yield strength of 110 Mpa. The hardness was
67 + 3HV. Relatively better mechanical properties are the
results of refining the eutectic by rapid quenching to a steel die.
The sample contained 26.6% of liquid fraction during the SSM.
Due to the fragmentation of the eutectic phase, the strength-
ening of the interglobular space was higher than that of the
input material (ingot). Better properties were achieved during
the tensile strength analysis of the samples after heat treatment
(saturation from 525 °C/5 h/H,O and aging at 190 °C/48 h).
Hardness was 105 & 4 HV. The yield strength of samples after
T6 reached 180 MPa, at the tensile strength of 280 MPa. The
increase in properties is connected with the formation of

Volume 29(9) September 2020—6185



Fig. 6 SEM-BSE microstructure of the thixo-cast WE43B after the T6 heat treatment: (a) image taken from a large sample area, (b) SEM-BSE
image with an area of undissolved eutectic with marked points of EDS analysis
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Fig. 7 Tensile strength curves of WE43B: ingot (dotted dashed
curve), directly after thixoforming (continuous curve), after T6:
(dashed curve)

nanoprecipitations responsible for strengthening. The increase
in the YS value in the thixo-cast after T6 (at 35%) could be
connected with an increased number of f” precipitates (due to
the application of the solution treatment).

3.3 Corrosion Behavior

3.3.1 The Influence of SSM and T6 Heat Treatment
on the Electrochemical Response. In order to verify the
influence of the SSM processing and T6 heat treatment on the
electrochemical behavior of the WE43B magnesium alloy, the
linear sweep voltammetry (LSV) was recorded after 24-h
immersion of samples in the 0.1 M NaCl-water solution
(Fig. 8). The electrochemical impedance spectroscopy (EIS)
measurements (Nyquist and Bode plots are presented in
Fig. 9(a), b and c for the specimen as-cast, thixo-cast (SSM)
and thixo-cast after the T6 heat treatment (SSM/HT), respec-
tively) were obtained during immersion for 1, 3, 6 and 24 h in
order to verify the course of the corrosion processes on the

6186—Volume 29(9) September 2020
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Fig. 8 LSV obtained after 24-h immersion test (scan rate:
1 mV em™)

surface of the tested samples. These measurements were made
using a sinusoidal signal with the amplitude of 10 mV in the
range of frequencies from 10 kHz to 5 mHz. The scattered
plots are the measurement results, and solid lines show the
calculations, the results of which are collected in Table 3.

In Fig. 8, global potentiodynamic polarization curves (with
a 1 mV/s scan rate) recorded after 24-h immersion for the tested
specimens in the 0.1 M NaCl solution are presented. The
electrochemical parameters (Eo; and I..,) are presented in
Table 2. These results show that all three specimens undergo
corrosion; nevertheless, the thixo-casting has a strong positive
effect and slows down the corrosion rate of the WE43
magnesium alloy. The current density values are much lower
for the specimens after SSM and SSM/HT (0.012 mA/cm? and
0.032 mA/cm?, respectively) compared to the initial state (ingot
has 0.145 mA/cm?), which indicates significant improvement
in the corrosion behavior. However, the T6 HT slightly worsens
corrosion parameters contrary to the thixo-cast specimen. This
will be discussed in the next paragraphs.

As can be seen in Fig. 9(a), (b) and (c), the EIS diagrams are
composed of two time constants in the first period of
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Fig. 9 Electrochemical impedance spectroscopy (EIS) plots (Nyquist on the left and Bode on the right) obtained during the 24-hour immersion
test for: (a) as-cast (ingot) specimen, (b) thixo-cast, (c) thixo-cast after T6 heat treatment

immersion. Next, the electrochemical behavior changes and
one time constant remain. Impedance plots have been fitted
using the equivalent circuits A (for two time constants) and B
(for one time constant) visible in Fig. 10. The numerical data
from the EIS simulations are included in Table 3. Fitting the
impedance diagrams allows the determination of the electrolyte
resistance (R.j), polarization resistance/charge transfer resis-
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tance (R1), which is a measure of the corrosion rate (resistance
of the oxide layer or corrosion products which cover the surface
of the specimen), constant phase element properties (CPEL)
associated with the double layer (in the case of the present
investigations, the C capacitance was replaced with the element
CPE = 1/Yy(jw)?, which improved the simulation of the
impedance spectrums), constant phase element (CPE2), asso-
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Table 2 Electrochemical parameters obtained from
polarization curves (Fig. 8)

Specimen Eorr (V vs. Ag/AgCl) oo mA/cm?

ingot — 1.49 0.145

thixo — 145 0.012

thixo-T6 — 1.49 0.032
Riel CPE1

Riel CPE1
NN >
R1 R2

Fig. 10 Equivalent circuits used for fitting the EIS spectra

ciated with diffusion processes, resistance (R2) and induction
values (L) related to the corrosion products adsorbed on the
surface during corrosion processes.

In the first period of immersion, the EIS response shows two
time constants (capacitive loops), where the first peak observed
in the Bode diagram (at high frequencies range) is related to the
charge transfer resistance which can be used to determine the
corrosion rate (Ref 65-67). The second time constant is visible
in the lower frequency range, indicating slow processes (like
the diffusion of Mg”" ions through the porous corrosion
product layer) occurring at the electrode/electrolyte interface.
The second time constant is present until the corrosion
processes (substrate dissolving) have started preceded by
dissolution of the layer of corrosion products. This disappears
after 3 h of immersion for both the as-cast and thixo-cast
specimens and after 1 h of immersion for the thixo-cast/T6
specimen. An inductive loop in EIS diagrams is observed in the
lowest frequency range, indicating the adsorption of the
corrosion products induced by pitting and dissolution processes
(breakdown/dissolution of the corrosion products layer) (Ref
68).

As can be seen in Table 3, the EIS calculations revealed that
for the ingot sample the resistance R1 reached 355 Qcm? after
24-h immersion. The SSM process (before heat treatment),
which modifies the structure of the WE43B alloy and improves
the mechanical properties, means that its corrosion resistance
also increases. The R1 value for the thixo-cast sample increased
up to 1101 Qcm?. After the same time of immersion, the
corrosion resistance was lower for the thixo-T6 alloy and
reached 586 Qcm®. Moreover, the drop of the R1 value was
observed earlier (after 1 h) than for the ingot and thixo-cast
specimens. This indicates a shorter time of immunity of the
thixo-T6 specimen in chlorides.

There are also variations in the CPE1 value observed for
tested samples during the 24-hour electrochemical test. In the
first period of immersion, CPE1 does not change significantly.
However, in the case of the ingot specimen, a slight decrease in
the CPE1 value during the first 6 h is seen, which can be related
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Table 3 Numerical data derived from the fitting procedure of EIS results
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to a thick corrosion product film forming on the surface. After
24 h, there is a growth in the CPEl value for the as-cast
specimen which reaches 3.6 * 107> (Q~! cm ™2 s%), which is
the highest value for the tested specimens. The highest CPE1
values indicate that the corrosion product film and the substrate
are strongly dissolved. After 24-h immersion, the lowest value
of CPE1 was registered for the thixo-cast and it suggests that
there are fewer corrosion products which may be dissolved.
This is related to the previously discussed chemical composi-
tion of the matrix and precipitations of the network of the
second phase (eutectic), which is wide and causes the
separation of grains. The wide eutectic network and matrix
enriched in RE are the reasons that the specimen is less
electrochemically active; thus, it is less covered by corrosion
products.

The exponent CPE1-¢ values are close to 1 and suggest
capacitive properties of the oxide layer on all three samples.
After 24 h, the CPE1-¢ values become slightly lower for all
specimens, which is related to the formation of a thicker layer
of corrosion products. This suggests that the character is gently
changing from capacitance to diffusion. The highest values of
CPE2 for the as-cast specimen suggest the thickest MgO layer
and/or its surface area is widely distributed. Moreover, the
exponent CPE2-¢ values are between 0 and 0.5, which
suggests its resistance/diffusive character. It is well known that
MgO exhibits semiconductive properties.

corrosion in

the matrix

WEA43 ingot

eutectic network

corrosion in

the matrix

WEA43 thixo

3.3.2 Mechanism of Corrosion in the WE43 Alloy After
SSM and SSM/T6 Heat Treatment. The optical images of
cross sections are shown in Fig. 11 together with corroded parts
of the surfaces of tested samples after 24-h immersion in the
electrolyte. Deep damage can be observed in the matrix of the
as-cast specimen after 24-h immersion. The precipitates seem to
be untouched, and the dissolution processes bypass them. This
is a well-known effect in nonferrous metallic alloys, where
precipitates act as local cathodes and there are cathodic
reactions on the surface, while the surrounding matrix is
dissolving (Ref 69). Moreover, the second-phase precipitations
are resistant to chlorides as can be observed, for example, in the
case of the AZ91 magnesium alloy; thus, they do not undergo
dissolving (Ref 39, 70).

The thixo-cast sample is presented analogically in
Fig. 11(b). Because of the presence of the eutectic, which
covers a relatively large area on this specimen and appears as a
continuous network, the corrosion penetration is not so deep as
in the previous case. It can be concluded that large eutectic
precipitations inhibit the progress of dissolution. A similar
effect was observed in the AZ91 magnesium alloy (Ref 33).

The T6 heat treatment led to microstructural changes, which
affected the corrosion behavior. It is visible in Fig. 11(c) that
the surface of the thixo-cast/T6 specimen is also “‘ragged” after
24-h immersion in the electrolyte. The above-mentioned
electrochemical measurements revealed a slightly detrimental
effect of T6 HT on the corrosion rate. A dual influence of the

precipitate
(eutectic)

eutectic network

remnants after T6 HT

corrosion in

the matrix

WEA43 thixoT6

(b)

()

Fig. 11 Cross-section optical images of the surface (corroded areas) after 24-hour immersion in the electrolyte: (a) ingot specimen, (b) thixo-

cast, (c) thixo-cast after heat treatment
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microstructure can be observed. First, it is related to the
chemical composition of the matrix, which is enriched in RE
elements (Fig. 6, Table 1). This means that the dissolution of
the matrix is more shallow than in the previous cases.
Moreover, the eutectic mixture remnants are much smaller
and finer after HT, which leads to a more homogeneous surface

of the thixo-cast/T6 specimen. On the other hand, the
discontinuous second-phase precipitations (eutectic remnants)
promote the corrosion processes in magnesium alloys.

The SEM images (1000x magnification) together with the
EDS analysis results (Table 4) are shown in Fig. 12 for all three
tested specimens after 24-h immersion in the electrolyte. It can

Table 4 EDS analysis results obtained in sites indicated in Fig. 12

Ingot Thixo-cast Thixo-cast + T6

Specimen:

Site (at.%) +1 +2 +3 +1 +2 +3 +1 +2 +3
(¢} 324 315 30.3 242 24.9 30.1 32.1 324 35.7
Mg 66.3 66.9 60.2 74.3 73.3 66.2 64.3 65.3 60.3
Nd 0.16 0.16 4.5 0.14 0.15 0.85 0.37 0.37 1.34
Y 0.68 0.72 433 0.70 0.73 1.9 1.21 1.21 23
Zr 0.03 0.07 0.17 0.17 0.24 0.12 0.17 0.25 0.13
Cl 0.45 0.52 0.34 0.59 0.56 0.3 0.28 0.37 0.16

Fig. 12 SEM images of the surface after 24-h immersion in the electrolyte: (a) ingot specimen, (b) thixo-cast, (c) thixo-cast after heat
treatment. Insert: Arrows indicate sites where pitting and/or matrix dissolution occurs (areas surrounding precipitates or inclusions)
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Fig. 13 (a) Local polarization curves obtained on the matrix of three tested specimens and optical images showing the measurement locations

on: (b) the ingot, (c) thixo-cast, (d) thixo-T6 specimens

be seen that significantly higher amounts of oxygen have been
registered for all three tested specimens. This is related to the
oxidation of the alloy surface, which has been explained above.
It should be noted that the lowest value of oxygen has been
registered for the thixo-cast specimen.

As the intermetallic phases present in the alloy are enriched
in RE (SEM analysis; Fig. 2, 5, 6 and 12), they exhibit a strong
cathodic character relative to the matrix (which is anodic). This
corrosion mechanism (galvanic corrosion) is very well known
and occurs on many ferrous and nonferrous metallic alloys in
high-conductivity environments (for example, NaCl water
solution). The electrochemical response strongly depends on
the chemical composition, size and distribution of the precip-
itates of intermetallic phases. Thus, the black areas surrounding
the precipitates (visible in SEM images after corrosion tests,
Fig. 12) confirm the presence of crevices at the matrix/precip-
itate interface resulting from galvanic corrosion and strong
electrochemical reactions in these regions.

In order to support the above observations and discussion, a
local technique based on microcapillaries (EMT) has been
employed. EMT studies were conducted after mechanical
polishing of the surface of tested specimens. In Fig. 13(a),
the local polarization curves (1 mV s ! scan rate) obtained by
using EMT (microcapillary was 50 pum in diameter, Fig. 1) are
presented. LSV has been recorded in the matrix of the
ingot—black curve, thixo-cast—blue curve and thixo-cast after
T6 HT—magenta curve (Fig. 13b, ¢ and d respectively). It is
worth noting that in order to obtain the characteristics of the
local corrosion behavior in the matrix of the alloy under
different treatment conditions, local LSV curves need to be
repeated a few times.

The results revealed differences in the corrosion behavior of
the three tested specimens, as can be seen in Fig. 13(a). The

Journal of Materials Engineering and Performance

electrochemical response from the matrix of the ingot specimen
shows more heterogeneous behavior of the a-Mg phase in this
sample, as confirmed by less reproducible results. Some places
have lower current densities, while others have higher values in
both the cathodic and anodic ranges. The same observations
can be seen when the corrosion potential is considered. There
are some sites where corrosion potential is much lower, while
others exhibit similar values to those registered for the thixo-
cast and thixo-T6 specimens. This indicates nonhomogeneous
corrosion behavior, which results from the nonequilibrium state
of the ingot’s microstructure. In addition, the anodic current
densities are higher compared to the thixo-cast and thixo-T6
specimens, which confirms previous observations (see the
discussion of EIS results), i.e., more intense anodic (oxidation)
reactions in the matrix of the ingot. Thus, it can be concluded
that the intensity of the oxidation (corrosion) increases—a
thicker corrosion product is formed on the sample surface,
which, in turn, causes a higher corrosion resistance in the first
period after immersion. (Note that there is no breakdown
potential observed in the case of the ingot’s matrix contrary to
the thixo-cast and thixo-T6 specimens).

In the case of the thixo-cast specimen, first of all the local
electrochemical response shows more homogeneous corrosion
behavior. The current densities and corrosion potentials regis-
tered in the different sites of the matrix are almost the same.
The much lower anodic current densities suggest a lower rate of
the corrosion processes in the thixomatrix; however, it results in
a thinner corrosion product layer. This causes a shorter time of
immunity in the first period after immersion.

The courses of the local LSV of the matrix of the thixo-T6
specimen shows similar electrochemical behavior to that
observed in the thixo-cast specimen. It is worth noting that
the presence of small precipitates enriched in RE in both the

Volume 29(9) September 2020—6191
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Fig. 14 (a) Local polarization curves obtained on the precipitates (eutectic) of three tested specimens and optical images showing the
measurement locations on: (b) the ingot, (c) thixo-cast, (d) thixo-T6 specimen

thixo and thixo-T6 matrices can be responsible for a higher
susceptibility to pitting compared to the ingot’s matrix (indi-
cated by the white arrows in Fig. 5 and 6).

Analogically to previous experiments, the local polarization
curves recorded for sites with precipitates of intermetallic
phases are shown in Fig. 14(a). Higher local electrochemical
activity of the ingot specimen can be observed, where lower
corrosion potential and higher anodic currents have been
registered. The results also indicate heterogeneous corrosion
behavior that particularly depends on the size of the precipitate.

In detail, higher corrosion potentials and lower anodic
currents are seen in the case of the thixo and thixo-T6
specimens showing their lower local electrochemical activity.
Moreover, the measurement values are more homogeneous and
present reproducibility. It is worth noting that the breakdown
potential is visible in all cases.

It can be concluded that the SSM and SSM/HT processes
result in lower electrochemical activity both in the matrix and in
sites with precipitates (lower anodic currents).

A simplified model of the corrosion processes is demon-
strated in Fig. 15. The magnesium oxide covers the surface of
the alloy in the initial state (just before immersion, Fig. 15a).
When the specimen comes into contact with the electrolyte, the
magnesium hydroxide is formed on the surface according to
chemical reaction (1). Simultaneously, the electrochemical
reactions (2) and (3) occur (Fig. 15b). Two time constants are
observed in the EIS diagrams where the first (in the high
frequencies range) is associated with the charge transfer
resistance of the Mg”" ions. Second time constant is attributed
to diffusion processes of Mg?" through the corrosion product of
Mg(OH), formed on the surface. The process continues until
the Mg(OH), is dissolved somewhere (reaction (4)), and the

6192—Volume 29(9) September 2020

corrosion processes start in the weakest regions—usually at
sites where the intermetallic phases are present. This has been
proved by observations and local LSV (Fig. 11, 12, 13 and 14).
Therefore, as the layer of corrosion products becomes thicker,
the time needed in order to initiate the corrosion processes
increases. The thickness of corrosion products formed on the
Mg alloy surface is strongly dependent on microstructure, as
was explained above by the experiments and observations.

4. Conclusions

The proposed conditions of the SSM process and T6 heat
treatment conducted on the WE43 magnesium alloy allowed
material to be obtained with improved mechanical parameters
and corrosion resistance in a chloride environment (0.1 M
NaCl).

The thixoforming procedure (the temperature of 625 °C
which corresponds to about 25% of the liquid phase) induced
the microstructure changes, where next to the «-Mg phase as
globular grains with the size of 65.5 4+ 2.1 pm, a wide eutectic
mixture is present in the volume of 26.6 vol.%. The T6 heat
treatment of the thixo-cast specimen (saturation from 525 °C/
5 h/H,0 and aging of 190 °C/48 h) caused an increase in yield
strength to 180 MPa and tensile strength to 280 MPa at the
hardness of 105 + 4 HVs.

Both SSM and T6 HT mean that the time for the degradation
processes to start in chlorides is slightly shortened compared to
the as-cast condition. On the other hand, SSM processing led to
changes in the microstructure (a net-shaped eutectic appears)
which slows down the degradation processes (inhibiting the
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Fig. 15 Simplified model presenting corrosion processes occurring on the magnesium alloy surface during the immersion test in the 0.1 M
NaCl water solution: (a) initial state (just before immersion), (b) after immersion, corrosion products layer is forming; two time constants on EIS
are visible, (c) one time constant in EIS is observed (corrosion processes are running—both uniform and pitting corrosion)

corrosion processes that are already running). T6 heat treatment
slightly worsens the corrosion resistance of the WE43 magne-
sium alloy compared with the specimen directly after SSM. The
mechanism of the corrosion processes seems to be the same in
all three cases; however, the initiation of the corrosion,
electrochemical activity and degradation rates are significantly
dependent on the microstructure.
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