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Abstract: Magnesium-based alloys are highly sought after in the industry due to their lightweight and
reliable strength. However, the hexagonal crystal structure of magnesium results in the mechanical
properties” anisotropy. This anisotropy is effectively addressed by alloying magnesium with elements
like zirconium, zinc, and rare earth metals (REM). The addition of these elements promotes rapid seed
formation, yielding small grains with a uniform orientation distribution, thereby reducing anisotropy.
Despite these benefits, the formation of intermetallic phases (IP) containing Zn, Zr, and REM within
the microstructure can be a concern. Some of these IP phases can be exceedingly hard and brittle, thus
weakening the material by providing easy pathways for crack propagation along grain boundaries
(GBs). This issue becomes particularly significant if intermetallic phases form continuous layers along
the entire GB between two neighboring GB triple junctions, a phenomenon known as complete GB
wetting. To mitigate the risks associated with complete GB wetting and prevent the weakening of the
alloy’s structure, understanding the potential occurrence of a GB wetting phase transition and how
to control continuous GB layers of IP phases becomes crucial. In the investigation of a commercial
magnesium alloy, ZEK100, the GB wetting phase transition (i.e., between complete and partial GB
wetting) was successfully studied and confirmed. Notably, complete GB wetting was observed at
temperatures near the liquidus point of the alloy. However, at lower temperatures, a coexistence of a
nano-scaled precipitate film and bulk particles with nonzero contact angles within the same GB was
observed. This insight into the wetting transition characteristics holds potential to expand the range
of applications for the present alloy in the industry. By understanding and controlling GB wetting
phenomena, the alloy’s mechanical properties and structural integrity can be enhanced, paving the
way for its wider utilization in various industrial applications.

Keywords: complexions; magnesium alloy; grain boundary; phases; transitions

1. Introduction

The investigation of magnesium-based alloys has gained significant popularity in mod-
ern materials science [1-4]. The interest in these alloys is evident due to their widespread
use in technologically demanding industries. They are highly valued for their lightweight
nature, relatively good strength, and toughness. However, despite their high demand,
there is still room for improvement in their properties.

One notable challenge arises from magnesium’s hexagonal unit cell, which results
in fewer dislocation slip systems compared to metals with face-centered cubic (fcc) or
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body-centered cubic (bcc) crystal structures. This limitation leads to reduced formability
and increased brittleness. To address this issue, numerous investigation and development
projects are dedicated to enhancing the properties of magnesium-based alloys. One of
the primary approaches to achieving this goal is through alloying with elements such
as zirconium, zinc, and rare earth metals (REM). These elements induce seed formation
during crystallization, thereby reducing the grain size and promoting a more uniform
spatial distribution of basal plane orientations within the magnesium grains [1,2,5-8].

The REM-doped Mg-based alloys exhibit distinct behaviors compared to conventional
alloys, particularly in terms of anisotropy and strain rate sensitivity [9]. Unlike traditional
rolled AZ31 Mg alloys, which possess a strong texture [10], ZEK100 Mg alloy sheets display
a weak texture [10-14]. The ZEK100 alloy typically contains 1.3wt.% Zn, 0.2wt.% Nd,
0.25wt.% Zr, and 0.01wt.% Mn [15].

Extensive research has been conducted on the mechanical properties of the ZEK100
alloy, including studies on damage and fracture [16-18], warm and hot deformation behav-
ior [19,20], propagative plastic instabilities [21], plastic strain heterogeneity [22], tension—
compression yield asymmetry [23], as well as details of extrusion [24,25], hot rolling [26],
warm forming [27], cyclic deformation, fatigue, and anelasticity [28-33]. To characterize
the properties of ZEK100, plane strain bending using the V-bend test [34] and a three-
point bending test [35] were employed. Furthermore, limit-forming diagrams were con-
structed [36-38], twin banding was modeled [39], and constitutive plasticity models were
developed [40-46] to predict and explain the mechanical behavior of the alloy.

ZEK100 is extensively utilized as a biodegradable material for prostheses and im-
plants [47-62], especially those requiring improved mechanical properties [47,63] and
controlled corrosion behavior [64-71]. Additionally, it finds applications as myocardial
stabilizing structures [56,57,72] and as wire reinforcement in phosphate cement compos-
ites for load-bearing bone replacements [61,73]. In the production of components from
the ZEK100 alloy, advanced treatment methods are employed. These include ultrasonic
spot welding [74-78], friction stir spot welding [79-81], laser welding/brazing [82], and
electropulse treatment [83]. These methods ensure the fabrication of high-quality parts
with desirable characteristics.

The modification of magnesium has led to new and unfamiliar challenges. When al-
loying elements are introduced, they can create precipitates localized on defects, especially
at grain boundaries (GBs). The rare earth metals can form hard intermetallic compounds
with magnesium. While these precipitates enhance the material’s strength, they can also
introduce brittleness, particularly when GBs are replaced by continuous layers of inter-
metallic compounds. Under deformation, cracks may propagate along these brittle layers of
a secondary phase, even if the magnesium grains themselves are more ductile. To anticipate
and address such situations, it becomes crucial to study phase transitions that can alter
the morphology of GB phases and precipitates in polycrystalline multiphase magnesium
alloys. Understanding the formation or disintegration of GB layers with second phases
and their impact on material properties is particularly vital for developing new alloys and
expanding the range of applications for existing ones.

Surface phase transitions were initially proposed as a theoretical concept by Cahn
and Ebner [84,85]. They highlighted that phase transitions are not restricted to three-
dimensional systems but can also occur on two-dimensional boundaries and surfaces,
both internal and external. These surfaces may undergo structural and shape changes
(faceting, complexion formation) [86,87], a redistribution of adsorbed alloying elements
(pre-melting, complexion formation) [88,89], or even a redistribution of bulk secondary
phases situated on the surface (wetting) [90,91]. Over the years, the concept of wetting has
been demonstrated for external surfaces and individual grain boundaries (GBs) [89,92], as
well as for ensembles of GBs [89-91,93]. Such surface phase transitions are based on the
disparity in surface tension energies between the GBs and the interphase boundaries, and
these can change with varying system conditions like temperature or pressure [94,95]. The
equilibrium of this process is described by Young’s formula, which provides the contact
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angle 0 at the intersection of two interphase boundaries with the energy o1g and a GB with
the energy o, as follows:
0GB = 201 COs 0. (1)

If the difference between the energy values of two interphase boundaries, 201, and
the ogp energy decreases, the contact angle 6 will also decrease. When the energy of
two interfaces, 207, becomes equal to the GB energy, g (2013 = 0gp), the contact angle
becomes zero (8 = 0). At this point, the system replaces the GB with a layer of the secondary
phase confined between two interphase boundaries. This phenomenon is referred to as
the wetting GB transition. The temperature at which the surface energies become equal
(2018 = ogp) and the contact angle becomes zero (6 = 0), denoted by Ty, is known as the
wetting temperature of the GB. Each GB may have a different structure and, consequently,
different ocgp values. As a result, different GBs associated with the same secondary phase
will have distinct wetting temperatures (T,). A polycrystal will exhibit a range of Ty, values,
reflecting the diverse spectrum of GBs present within it. The spectrum of GBs, in turn, is
influenced by the manufacturing method and processing used to produce the respective
polycrystalline sample. These factors play a crucial role in determining the properties and
behavior of the material.

Our previous investigations have primarily focused on the EZ33A alloy, revealing
the presence of GB wetting phase transitions involving second liquid and solid phases at
various temperatures [3,4,96]. The EZ33A is a widely used magnesium casting alloy in the
industry, particularly for manufacturing bulk parts like differentials” housings. However, a
significant issue with this alloy arises from the tendency of its alloying elements to form
brittle intermetallic compounds within grain boundaries, rendering the GBs themselves
brittle. These phases are commonly referred to as the T-phase or Mg, (RE) intermetallic
compound in the literature. Consequently, producing thin parts from this alloy poses
challenges, as they lack adequate strength and toughness due to the propagation of cracks
along the brittle secondary phases in GBs.

Studies [3,4,96] have revealed that just above the solidus temperature, at 530 °C, more
than 10% of the GBs in EZ33A are already completely wetted by the bulk liquid phase.
As the temperature rises, the fraction of wetted GBs gradually increases, reaching 85% at
580 °C. However, at this temperature, the fraction of wetted GBs seems to saturate, which
could be attributed to experimental errors during quenching from elevated temperatures
or the presence of GBs with low misorientation angles and/or coincidence site lattice GBs
in the material. These GBs have lower ccp energies and might remain unwetted in the
alloy until the melting temperature is reached. Leveraging their understanding of the GB
wetting phase transition in the EZ33A alloy, the authors proposed a heat treatment method
to reduce the number of wetted GBs and thereby enhance the ductility of the alloy [3,4].

The focus of this study is the investigation of GB phase transitions in the ZEK100
alloy, which is another significant magnesium-based alloy [9-83]. The ZEK100 alloy shares
similar alloying elements with EZ33A, albeit at lower concentrations [3]. Consequently,
it is reasonable to anticipate a substantial difference in the structure and morphology of
ZEK100, primarily due to the reduced volume of the secondary phase present in its GBs.
The primary objective of this research is to determine whether wetting of the GBs will
occur in the ZEK100 alloy and to understand how it differs from the wetting transition
observed in the EZ33A alloy. By exploring these wetting phenomena, we aim to gain
valuable insights into the behavior and characteristics of the ZEK100 alloy, contributing to
a better understanding of its properties and potential applications.

2. Materials and Methods

The nominal composition of the ZEK100 alloy is 1 wt.% zinc, 0.1 wt.% zirconium,
0.1 wt.% rare earth metals (neodymium, yttrium, cerium, and lanthanum), with the remain-
ing balance being magnesium. The alloy was produced at the Institute for Material Science
of Leibniz University in Hannover, Germany, using a special induction oven equipped with
two crucibles and magnetic stirring. To obtain samples for analysis, the ZEK100 ingot was
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cutinto 6 X 6 x 12 mm pieces using the electro-erosion method. The samples underwent a
thorough cleaning process involving an ultrasonic bath with acetone, followed by etching in
a 75% HCl + 25% H,O solution to remove any contaminants and oxide films. Subsequently,
the cleaned samples were placed in evacuated quartz ampoules with a residual Ar pressure
of 200 mbar to protect the magnesium alloy from oxidation and any potential reactions
with contaminants during high-temperature treatment.

To investigate the influence of GB phase transitions on the microstructure of the
ZEK100 alloy, the ampoules containing the samples were annealed at various elevated
temperatures ranging from 500 to 640 °C to achieve a stable structure. During this annealing
process, the presence of a liquid phase was observed in the samples between 500 and
640 °C. After the annealing step, the ampoules were rapidly quenched in liquid nitrogen,
simultaneously breaking the ampoules to achieve a high cooling rate.

The temperature range for this study was selected with great care. It was chosen to
specifically investigate the wetting of grain boundaries by the second liquid phase and to
experimentally determine both the solidus and liquidus temperatures for the ZEK100 al-
loy. Through these systematic investigations, our goal is to develop a comprehensive
understanding of the behavior and phase transitions occurring within the ZEK100 alloy.
By doing so, we can gain valuable insights into its material properties and explore its
potential applications.

The method of quenching in liquid nitrogen with a simultaneous breaking of the
ampoule was carefully selected for specific reasons. While water quenching offers a much
higher quenching rate compared to liquid nitrogen, the latter was chosen due to the unique
characteristics of magnesium samples. When quenching in water, magnesium’s reactivity
with oxygen can lead to combustion, making it unsuitable for this material.

To address this issue, the samples were sealed in evacuated quartz ampoules with
an argon atmosphere inside. Quenching the ampoules in water without breaking them
would cause the heat to escape through the argon, which has a lower thermal conductivity
(0.015 W/(m x K) at standard conditions) compared to nitrogen. Consequently, the argon
acts as a thermal insulator during the quenching process, resulting in a significantly lower
quenching rate, approximately forty times slower than direct water quenching or even
slower due to low argon pressure (200 mbar or less). Additionally, quenching through
the corners of the sample, resting on the curved cylindrical ampoule walls, could create
localized and varying cooling rates across the sample, leading to different microstructures.
Such discrepancies would introduce substantial errors into the experiment, which is not
acceptable. Considering all these factors, quenching in liquid nitrogen with ampoule
breaking was deemed the most suitable approach to achieve the desired high cooling rate
uniformly across the sample, enabling reliable and accurate investigations of the GB phase
transitions in the ZEK100 alloy.

On the other hand, quenching in liquid nitrogen offers several advantages. As the
ampoule is broken beneath the surface of the liquid nitrogen, the red-hot sample remains
completely shielded from any contact with oxygen or moisture. Unlike the water quenching
setup, where cooling occurs through two angles of the sample, quenching in liquid nitrogen
ensures cooling across the entire surface of the sample. Although gaseous nitrogen has
a thermal conductivity of 0.033 W/(m x K), it still exceeds the thermal conductivity of
argon. Consequently, the cooling rate in a continuous gas layer of nitrogen is approximately
twice as fast as quenching in an unbroken ampoule submerged in water. Additionally, the
evaporation of nitrogen on the sample’s surface, the growth of bubbles, and the subsequent
detachment of these bubbles further aid in dissipating heat from the sample. This additional
heat dissipation mechanism significantly enhances the overall quenching rate compared to
quenching in an intact ampoule, further boosting the efficiency of the process.

The samples were prepared by embedding them in metallographic conductive resin,
followed by grinding with SiC paper and polishing with diamond paste to achieve a surface
finish of 0.25 um. The investigation of the structural changes after annealing was carried
out using the Versa 3D Dual beam scanning electron microscope (SEM) from FEI (Hillsboro,
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OR, USA). The SEM was equipped with a secondary electron detector (SE2), a backscatter
electron detector (BSE), and an energy-dispersive X-ray spectroscopy (EDX) detector.

The SE2 contrast allowed us to examine the surface topography of the samples and
attain the best focus for analysis. Meanwhile, the BSE provided the highest elemental
contrast, enabling the visualization of precipitates and distinct differentiation between
individual magnesium grains. Utilizing the EDX method, we could evaluate the element
concentration in different phases and estimate the total number of co-existing phases within
the samples. These advanced microscopy and spectroscopy techniques were crucial for
conducting a comprehensive investigation of the microstructural changes and elemental
compositions in the ZEK100 alloy after annealing, offering valuable insights into its phase
transitions and overall material behavior.

The wetting state of the grain boundaries (GBs) was assessed through the examination
of the wetting phase’s morphology. A GB was considered to be completely wetted if the
wetting phase was present in both GB triple junctions at the ends of the GB and formed
a continuous layer extending from one triple junction to the other. On the contrary, if the
wetting phase formed a discontinuous layer or if it existed as a uniaxial particle along the
GB, then the GB was classified as not wetted. These criteria were used to determine the
wetting status of the GBs in the samples, providing valuable information about the extent
of GB wetting and its impact on the microstructure of the ZEK100 alloy.

3. Results and Discussion

The initial structure of the as-cast ZEK100 alloy was thoroughly examined. Figure 1
illustrates the typical morphology of this state, which consists of the Mg-based solid
solution (referred to as (Mg)). The (Mg) grains exhibit a uniaxial structure and appear as
dark grey regions in the SEM micrograph, with some lighter grey areas enriched in alloying
elements like Zr. The average grain size of the magnesium grains (Mg) is approximately
210 um, while the size of the enriched areas is about 70 pm (as seen in Figure 2).

(Vo

Eah

(b)

Figure 1. SEM micrographs of the as-cast ZEK100 alloy. (a) The dark-grey areas correspond to the

(Mg) grains, while the bright-grey areas represent (Mg) regions enriched with Zr, as indicated by
white circles. The elongated particles situated at the grain boundaries are classified into two types:
bright white particles (phase 1), shown by arrows, and bright grey particles (phase 2), marked by
dotted ellipse. Additionally, in Figure (b), two grain boundary (GB) triple junctions are shown: the
top GB contains a continuous layer of the bright white phase 1, and the bottom three GBs exhibit
needles of the bright grey phase 2. Furthermore, small round precipitates in the bulk of the (Mg)
matrix can also be observed.
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Figure 2. The mean size of (Mg) grains measured at various temperatures. It is almost temperature-
independent (see the red line).

In addition to the (Mg) grains, there are other phases present in the structure, distin-
guishable as bright white (phase 1) or bright grey (phase 2). These phases are situated at the
grain boundaries of the (Mg) grains and can be categorized into two types. The first type,
denoted as GB phase 1, comprises the majority of the particles located at the (Mg)/(Mg)
grain boundaries. These GB phase 1 particles are relatively large, often elongated, and
can either have a lenticular shape or form long continuous layers that replace the grain
boundaries. They can also appear as uniaxial particles at the (Mg)/(Mg) grain boundary
triple junctions. On average, their thickness measures around 4.6 um for layers and lenses
on the (Mg)/(Mg) grain boundaries, and their diameter is approximately 6 pm for the
uniaxial particles. The surface area fraction covered by this phase in the initial sample
amounts to 0.8%. Overall, these detailed observations provide crucial insights into the
microstructure of the as-cast ZEK100 alloy, setting the foundation for further investigations
and analyses.

The X-ray diffraction (XRD) patterns of the samples annealed at 530 °C and 550 °C
are presented in Figure 3a,b, respectively. These patterns exhibit only the characteristic
lines of the (Mg) matrix, indicating that the total amount of secondary phases falls below
the sensitivity limit of the XRD method (i.e., below 1-2 vol.%). Notably, there is a distinct
variation in the intensity distribution between different (Mg) peaks in Figure 3a,b, indicating
a certain change in texture above 530 °C. Similar XRD patterns are observed for annealings
at 540-610 °C, resembling Figure 3b. Consequently, the volume fraction of GB phases
1 and 2 is so minute that none of the XRD investigations could identify them in the
diffraction patterns of the magnesium matrix (Mg) (as depicted in Figure 3). To conduct a
quantitative analysis, surface fraction values were derived from SEM micrographs of the
sample sections, revealing the sample’s structural composition. A very small volume of the
structure (approximately 0.1%) is occupied by particles of the second phase (GB phase 2).
These particles are primarily located within the GBs, as shown in Figure 1b, although they
can sometimes be found within the grains as well. These particles are small and uniformly
possess a uniaxial round shape, with an average size of around 400 nm.

It is highly likely that the particles are formed by distinct phases since they are
occasionally found to co-exist on the same (Mg)/(Mg) grain boundaries in close proximity.
However, a noticeable difference in their shapes is observed, with GB phase 2 displaying
a round shape and GB phase 1 exhibiting a lenticular shape. These distinct shapes imply
variations in the energies of the interphase boundaries between the matrix phase and GB
phases 1 and 2. Such a conclusion can be readily drawn from Young’s Formula (1).



Metals 2023, 13, 1407

7 of 16

a.u.

—— ZEK100 (@) —— ZEK100
' (b)
I (Mg)hex 3 I (Mg)hex
| | | | | | | N | ‘ PR | | I I | .H ‘. ‘I " I‘ ‘. Il 1 .‘
0 20 30 40 50 60 70 80 90 100 110 120 120 30 40 50 60 70 80 90 100 110 120
20, degrees

20, degrees

Figure 3. XRD patterns of the ZEK 100 samples annealed at 530 °C (a) and at 550 °C (b). The positions
of hep-Mg peaks are shown by the vertical red lines.

The conclusion regarding the presence of two different grain boundary (GB) phases
was further supported by EDX measurements of the chemical composition of all identified
phases. The compositions of these observed phases are presented in Table 1. Phase 1
shows an enrichment of Zn, Ce, and La, whereas Phase 2 is enriched with Zn, Zr, and Y.
It is essential to consider the limitations of EDX analysis when interpreting the chemical
composition values. The reaction volume responsible for generating the X-ray signal under
the bombardment of the primary electron beam has a diameter of about 0.5 to 1 um and
a depth of up to 500 nm, depending on the material and SEM settings. Consequently,
precise chemical composition values for a particular phase should not be assumed unless
the particle of the investigated phase significantly exceeds the volume from which the X-ray
signal is collected. Despite this limitation, the EDS measurements of the GB phases in this
study provide us with qualitative data for their composition, confirming the existence of
differences in the phase composition of GB phases 1 and 2. Additionally, it is crucial to
remember that the error of EDX measurements is approximately 0.1 wt.%. The error values
presented in Table 1 are generated using the EDX software EDAX APEX 1.1 and indicate
the reliability of each identified concentration.

Table 1. Chemical composition of structural components of the ZEK100 alloy.

Concentration of

Matrix Matrix + (Zr) GB Phase 1 GB Phase 2
Elements, wt.%

Mg 97.71 + 0.02 98.43 + 0.02 73.31 £ 0.13 79.59 + 0.123
Zn 1.12 £+ 0.08 0.98 + 0.09 10.38 4+ 0.26 3.96 + 0.49
Zr 0.01 £+ 0.07 0.14 £+ 0.07 0.34 0.2 13.17 £ 0.7
Ce 0.12 £0.1 0.1 +0.11 6.873 + 0.29 0.36 4 0.66

Nd 0.02 +0.11 0.08 +0.11 091 +05 0.18 £0.8
Y 0.03 £+ 0.07 0.06 £ 0.02 0.19 £ 0.19 2.32 +0.37

La 0.15£+0.1 0.19 £0.1 7.76 £ 0.29 0.42 4+ 0.63

We observe that the matrix phase (Mg) consists mainly of pure magnesium with a
minor zinc content. The bright areas within the (Mg) solid solution exhibit an enrichment
of zirconium, leading to the formation of needle-shaped particles that are nearly pure
zirconium. Figure 4 illustrates a typical image of these needles, which can have a thickness
of up to 500 nm and a length ranging from 5 to 10 um. Remarkably, these needles possess a
hexagonal cross-section. The grain boundaries (GBs) are adorned with particles of GB phase
1, characterized by an enrichment of Zn, Ce, and La. It is reasonable to assume that these
particles belong to the intermetallic compound Mgj,(RE), where RE represents rare earth
metals [2,6]. On the other hand, GB phase 2 is enriched in zinc, zirconium, and yttrium.
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Figure 4. SEM micrograph of as-cast ZEK100 alloy. Zirconium enrichment in the magnesium grains.
Needle-shaped Zr-rich particles are clearly seen (shown by the arrows).

After anneals at high temperature, the microstructure of the samples changed signifi-
cantly. Figure 5 shows an example how the surface tension energy balance can influence

the morphology of the precipitates.

/

v

Figure 5. SEM micrographs of the ZEK100 alloy after a 2 h anneal at (a) 530 °C and (b) 590 °C.

By comparing the initial and annealed structures of the samples, the solidus temper-
ature Ty of the ZEK100 alloy was determined. The solidus temperature T is defined
as the temperature range where the resulting structure remains unchanged from the ini-
tial structure at the highest annealing temperature, and it starts to differ from the initial
structure at the lowest annealing temperature. Figure 5a illustrates the structure after
annealing at 530 °C. It is evident that after 2 h of annealing at 530 °C, the GB phases in the
ZEK100 alloy underwent significant changes in shape compared to the initial as-cast state
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(as depicted in Figure 1). This observation suggests that the GB phases were in a liquid
state at the annealing temperature. The solidus temperature (T,) was determined to be
approximately 525 £ 5 °C, as this is the temperature at which the first portion of the phases
in the GBs started to melt. Complete melting of the material occurred at around 645 + 5 °C,
which corresponds to the liquidus temperature (Tiq).

Following a 2 h annealing at different temperatures, the mean size of (Mg) grains
remained almost unchanged up to 600 °C. Subsequently, it increased to 210 pm and
remained stable at 210-220 um up to 620 °C (as shown in Figure 2). At 630 °C, the mean
grain size further grew to 260-270 pm. Beyond this point, it became impractical to measure
the mean grain size at higher temperatures due to the rapid growth of the liquid phase.
At 640 °C, the remaining solid grains were surrounded by a pool of liquid, resulting in
the complete wetting of all grain boundaries [97]. Consequently, it became impossible to
ascertain the role of grain boundary wetting in the formation of such structures. Notably, at
elevated temperatures, the Mg-rich grains did not undergo significant growth (as observed
in Figure 2), indicating that the matrix grain structure and the spectrum of GB types
remained largely unchanged. Consequently, any alterations in mechanical or diffusion
properties within the material are attributed to the rearrangement of GB phases, driven
by changes in the GB energy (0gg). These findings provide experimental evidence for
the crucial role of GB phase transitions as an independent factor in structure formation.
Importantly, these GB phase transitions can occur independently of grain growth or bulk
phase transformations.

Furthermore, it is evident that while the (Mg) grains did not experience significant
growth, the morphology of GB phase particles underwent a drastic change across the
range of annealing temperatures. As shown in Figure 5a, after the heat treatment, the
GB phase 1 (the REM-enriched one) fragmented into numerous small droplets (particles)
along the grain boundary. From the perspective of Young’s Formula (1), we can infer
that in this state, the GB energies (cgp) are lower than the interphase boundary energies
(201B). Consequently, the system tends to minimize the surface area of such boundaries.
As known from geometry, a sphere exhibits the smallest surface area compared to other
shapes. Within the context of the GB wetting theory, the spherical shape of GB phases
represents a state with no GB wetting.

As the annealing temperature increases, the morphology of the GB droplets (particles)
undergoes a gradual transformation. In Figure 5b, we observe the microstructure of a
sample annealed at 590 °C. The GB phase 1 (the REM-enriched one) changes its shape from
round droplets to elongated lenses and flat layers, forming connections between triple
junctions filled with the same phase. Notably, it is essential to highlight that GB phase
1 not only wets the (Mg)/(Mg) grain boundaries but also fills all visible triple junctions
of (Mg) grains. This observation suggests that, similar to what was previously noted in
Al-based alloys and the EZ33A alloy, the GB triple junctions become entirely wetted by the
melt before the grain boundaries [96,98-100]. On the other hand, the GB phase 2 (enriched
with Zn and Zr) appears to have dissolved into the surrounding phases, with no small
particles visible in the grain boundaries. The combined area fraction of both GB phases in
the micrographs of this structure was approximately 0.7%. This finding suggests that the
ZEK100 alloy was close to the solidus line. Assuming that GB phase 2 completely wets all
(Mg)/(Mg) grain boundaries, its layer thickness within the grain boundaries would range
from about 0.5 to 1 um. Consequently, this makes it an excellent candidate for investigating
GB phase transitions. Moreover, the observation that the GB phase 1 (the RE-enriched one)
forms uniform layers in (Mg)/(Mg) grain boundaries at elevated temperatures confirms
that, akin to EZ33A [3], a GB wetting phase transition occurs on the (Mg)/(Mg) grain
boundaries in the ZEK100 alloy.

In an attempt to provide an explanation for the observed differences, a more detailed
SEM investigation was conducted. The examination of seemingly “clean” (Mg)/(Mg)
grain boundaries, devoid of impurities, yielded an unexpected and astonishing discovery.
In some of these (Mg)/(Mg) grain boundaries, extremely thin, bright-grey lines were
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identified, indicating the presence of a very thin layer enriched in alloying elements. The
imaging was carried out using backscatter electron contrast (BSE) at magnifications ranging
from 20,000 to 40,000 with exceptionally high contrast levels. The first sample where these
thin GB layers were detected underwent annealing at 610 °C. To confirm that these GB lines
resulted from a high concentration of alloying elements in the grain boundary and were not
a metallographic artifact, a comparison of one region of the sample was performed using
two different contrast regimes. This verification process served to validate the authenticity
of the thin GB layers and their association with a substantial presence of alloying elements
in the grain boundary.

Figure 6 presents the results of this comparison. The first contrast type used is the
secondary electron contrast (SE2). SE2 only detects electrons that are emitted when primary
electron beam knocks them out from their orbits in the atoms of the alloy. However,
since knocking out an electron requires a significant amount of energy, this process occurs
primarily in a thin surface layer of the sample, where electrons from the electron beam have
not yet lost much energy due to scattering. As a result, the SE2 signal provides a picture
of the surface texture of the sample and does not offer substantial information about its
internal structure.

Grain 2
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Figure 6. SEM micrographs of ZEK100 sample after annealing at 610 °C. (a) (Mg)/(Mg) GB with a
particle of a second phase (enriched by Zn and Zr) in the SE2 contrast. The location of the (enriched
by Zn and Zr) GB is shown by white arrows. (b) GB with a particle of a second phase in the BSE
contrast. The location of the (enriched by Zn and Zr) GB is shown by white arrows. A thin bright line
is to be seen on the GB. (c) and (d) the same places as (a) and (b), respectively. The GB location and
the presence of a GB complexion is highlighted by a white dotted ellipse.

In Figure 6a,c, the SE2 contrast primarily reveals surface features. The dark spots
observed are traces of oxidation, which are inevitable as a well-polished magnesium
surface is highly reactive and prone to oxidation. On the other hand, the bright grey
particle corresponds to a bulk particle of GB phase 1 (the REM-enriched one). No thin lines
or anything similar are visible in the SE2 images, indicating that the observed phenomenon
is not a surface feature. However, using the backscatter electron contrast (BSE) imaging in
Figure 6b,d, we were able to visualize that the seemingly empty (Mg)/(Mg) grain boundary
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actually contains trace amounts of alloying metals. These metals have a significantly higher
atomic weight than magnesium and, as a result, scatter back many more electrons than Mg
atoms. Determining the exact thickness of the GB layer solely based on the BSE images is
challenging. Nevertheless, the approximate thickness of the layer falls within the range
of 10 to 100 nm. According to [101], this corresponds to a nanolayer GB complexion. The
coexistence of a GB complexion and a bulk particle of GB phase with a non-zero contact
angle is a unique observation not previously recorded in any magnesium-based alloys. This
configuration of segregation and the second phase on the GB is classified in the literature
as pseudo partial wetting [102-105]. It has been reported previously only in the NdFeB,
Al-Zn, and WC-Co systems.

Upon the discovery of these thin layers (complexions) in (Mg)/(Mg) grain boundaries
in the sample annealed at 610 °C, all other samples were also investigated. Similar layers
were found in samples annealed at temperatures ranging from 530 °C to 620 °C, with
the fraction of such grain boundaries varying from 10% to 30% of all GBs. Notably, these
complexions often coexisted with bulk particles of GB phase 1, characterized by a non-zero
contact angle. This coexistence suggests the existence of an equilibrium of surface tension
energies between the complexions and the bulk GB phase. However, the EDX method lacks
the precision required to visualize, or even provide an estimate of, the elements present in
these complexions. As a result, the question of whether the complexions and the bulk GB
phase are the same or different remains unanswered. To explain this coexistence of thin
complexions in the GBs and bulk particles of the second phase with a non-zero contact
angle, further investigations are warranted. Transmission electron microscopy (TEM) is a
suitable technique for measuring the small thickness, chemical composition, and crystal
structure of the complexions. Additionally, TEM would offer insights into the chemical
composition and distribution of elements in the bulk particles. This analysis would allow
us to confirm or refute the assumption that both the complexions and the bulk particles
have the same composition. If the compositions are equal, then the existence of the pseudo
partial wetting state would be established. However, if the compositions are different, it
could indicate that the liquid phase on the grain boundaries at elevated temperatures is
non-uniform, and the complexion may be formed by GB phase 2 or another scarce phase
that arises during the experiment’s temperature conditions. In such a scenario, the partial
wetting state of GBs would align well with the modern understanding of the mechanisms
involved in complexion formation.

If the bulk and GB phases indeed turn out to be different, the current findings offer
another intriguing conclusion. The thin complexion appears to function not as a distinct
phase but rather as a two-dimensional film that alters the characteristics of the GB [106-108].
Rather than envisioning it as a phase with two limiting interphase boundaries, it is better
understood as a GB with a modified energy value. At temperatures above the solidus line
but below the liquidus line, the GB would typically possess high energy, leading to the
initiation of the GB wetting transition. However, the presence of complexions modifies
this energy landscape, reducing the GB’s energy and making the wetting transition less
favorable [106-108]. In this scenario, GB phase 1 would assume the shape of small spheres,
as seen in Figure 5a. In essence, the formation of complexions representing a third phase
may hinder the wetting transition by the second phase, effectively raising the wetting
temperatures. This insight suggests that the interaction between complexions and GB
phases plays a critical role in influencing the overall behavior of grain boundaries in
the alloy.

4. Conclusions

The findings from the investigation of GB wetting phase transitions in the commercial
magnesium alloy ZEK100 have been documented. The presence of a phase transition in
(Mg)/(Mg) grain boundaries has been conclusively confirmed. Notably, the wetting of
(Mg)/(Mg) grain boundaries was observed at temperatures near the melting point of the
ZEK100 alloy, which corresponds to the liquidus temperature. The solidus temperature



Metals 2023, 13, 1407 12 of 16

for this alloy was determined to be 525 + 5 °C, while the liquidus temperature was
found to be 645 £ 5 °C. Moreover, the research into the GB phase morphology revealed a
remarkable coexistence of a nano-scaled precipitate film, or complexion, along with bulk
particles of the precipitate displaying non-zero contact angles. Two potential scenarios were
proposed to explain this phenomenon. One possibility is the occurrence of pseudo-partial
wetting in this system, while the other suggests a competition of GB wetting transitions
driven by different phases. Remarkably, both of these scenarios have not been previously
reported in magnesium alloys, underscoring the novel and intriguing nature of the observed
phenomena in the ZEK100 alloy.
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