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ABSTRACT

KEYWORDS

With the growing interest in lightweight materials, magnesium and its alloys have received
substantial attention for replacing existing alloys. After investigating the mechanical alloying
process of Mg-Ca alloys and determining the optimum parameters for milling in part I of this
study, the current research aims to examine the second step: the sintering process. This study
proposes the powder metallurgy method to process Mg-Ca alloy through the spark plasma
sintering technique at 420 °C under an applied pressure of 38 MPa. Samples with different
additives (starch or paraffin) were sintered for various dwell times (7 and 10 min) to determine
the optimal mechanical and physical properties. To study the microstructure and phase
composition of the sintered alloys, X-ray diffractometer (XRD), field scanning electron
microscopy (FESEM), and X-ray energy dispersive spectroscopy (EDS) were utilized. Density
measurement, compression test, and micro-hardness evaluation were also conducted for the
physical and mechanical feathers analysis. The results indicated that samples with a dwell time
of 10 min exhibited superior mechanical properties. Additionally, the starch-containing sample
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outperformed the paraffin-containing sample in both physical and mechanical properties.

© 2024 The Authors. Published by Synsint Research Group.

1. Introduction

Magnesium (Mg) has great potential in developing innovative
materials, especially lightweight alloys due to its low density. Much
effort has been devoted to studying its potential, including its
dimensional stability, excellent biocompatibility, and biodegradability,
leading to significant progress in recent decades [1-4]. Furthermore,
magnesium is particularly attractive for various applications, from
aerospace and lightweight structural components to biodegradable
medical implants and automotive applications [5—8]. Nevertheless,
despite Mg’s significant benefits and applications in various industries,
its weaknesses, such as low formability, poor mechanical strength, and
high corrosion rate have constrained its large-scale applications [9—11].
As a result, the alloying process has emerged as a strategic approach to

mitigate these limitations [12, 13]. However, it has now been accepted
that some alloying elements, such as aluminum (Al), may exhibit
toxicity or could potentially cause stress corrosion in the human body
[14]. On the other hand, Calcium has a density close to magnesium and
can enhance the corrosion resistance of the final alloy or assist in grain
refinement [14].

Traditionally, magnesium-based materials were predominantly
fabricated using conventional methods such as casting and deformation
processing. However, due to magnesium's hexagonal crystal structure
and a limited number of slip systems, deformation of its alloys at
ambient temperatures is challenging. On the other hand, raising the
temperature can lead to oxidation and adversely affect surface quality
[15]. Hence, among the synthesis methods, powder metallurgy (PM) is
a well-established and highly advantageous method, known for
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achieving near-net-shape forming in complex shapes and refining grain
structures. Moreover, it excels in overcoming typical limitations
associated with conventional production techniques, resulting in
improved mechanical properties of the final components through a
uniform microstructure [16]. In this regard, the powder preparation
stage, specifically the mechanical alloying (MA) process, can yield a
fine microstructure with tailored mechanical characteristics [17].

In the previous work [18], the mechanical alloying technique was
studied as the initial step of alloy formation. After investigating various
parameters (milling time, additive type, and additive fraction),
optimum milling parameters were identified that exhibited the best
milling behavior and sinterability. The current and most important
challenge facing with magnesium alloys is their high tendency to
ignition due to the explosive nature of Mg. To overcome this issue,
rapid sintering techniques are required.

As a result, the present study focuses on the sintering process of the
powder alloy. Spark plasma sintering (SPS), characterized by its rapid
heating rates, high applied pressures, and superior temperature
uniformity, has recently been utilized to achieve rapid densification
with minimal crystallization during consolidation [19-21]. This method
has emerged as a solution to alleviate issues associated with prolonged
sintering processes such as oxidation and the formation of undesirable
secondary phases [22-24]. This advanced technique utilizes joule
heating, where energy is supplied by passing an electric current through
the particles. The powder mixtures are densely packed within the die
and positioned between the electrodes [25-27]. When subjected to
pressure and pulsed current, the temperature rises rapidly, and a spark
discharge occurs either within gaps or at contact points between
material particles. This phenomenon results in the evaporation and

surface melting of powder particles, leading to the formation of
“necks” between particles [28].

Within this paper, the sintering process of three distinct samples of Mg-
Ca alloy is examined. The impacts of dwell time and additive type are
the factors that have been investigated, providing valuable insights into
the optimization of the alloy's properties.

2. Experimental

Initially, Mg-0.7 Ca alloy was prepared from magnesium (<45 pm,
99% purity), and Mg-7 wt% Ca master alloy (machined plates
<100 pm, 99.9% purity). Fig. 1 illustrates the morphology and the
elemental distribution of the starting as-milled powder mixtures. To
mitigate oxidation of the Mg powder during milling and reduce powder
adhesion to the milling media, paraffin or starch was added at a fraction
of 2.5 wt%. Additionally, 1.5 wt% of stearic acid served as the process
control agent (PCA) to minimize particle agglomeration. Mechanical
alloying was carried out using a high-energy ball mill (SPEX 8000 M)
for 60 min. Comprehensive details regarding the milling process can be
found in the first part of this article [1].

After ball milling, the obtained powder mixtures were sintered in an
SPS furnace (Nanozint, KPF Co., Iran), under the applied pressure of
38 MPa. The final temperature and the heating rate were 420 °C and
30 °C/min, respectively. The samples were SPSed with dwell times of
7 and 10 min to investigate the effects of dwell time on their
characteristics. It should be highlighted that all the samples were kept
at the temperature of 200-300 °C for 4 min during the heating up to
evaporate the volatile compounds. The coding for the sintered samples

is shown in Table 1.

Fig. 1. The FESEM micrographs and related EDS elemental maps of the as-milled starting powder mixtures show the morphology and

elemental distribution of a) starch-contained and b) paraffin-contained samples.
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Table 1. Coding system of the sintered samples.

Sample code Dwell time (min) Additive type
7St 7 Starch
10St 10 Starch
10P 10 Paraffin

The first step in characterizing the SPSed samples involved grinding
them and measuring their densities using the Archimedes principle. To
identify potential phases, the microstructure of the specimens was
analyzed using X-ray diffraction spectroscopy (XRD, Philips PW1730)
with Cu Ka radiation (A = 1.5 A). Field-emission scanning electron
microscopy (FESEM, MIRA3, TESCAN) and energy dispersive
spectroscopy (EDS: DXP-X10P) were employed to investigate the
microstructure and elemental distribution of the as-SPSed samples. To
evaluate the mechanical properties, the hardness was measured at room
temperature using a Vickers microhardness tester (HV: Zwick Roell
ZHV10) with a 100 g load for 15 s. The compression test was
conducted at room temperature with an initial strain rate of 1.4x107 s
and a speed of 0.085 mm/min on rectangular samples (height: 6 mm,
and area of base: 16 mm?).

Table 2. Relative density and water adsorption of the as-sintered
samples.

Sample code  Relative density (%) Water adsorption (%)

7St ~100.00 0.11
10St ~100.00 0.30
10P ~100.00 0.16

3. Results and discussion

The relative densities (RD) and water adsorption (WA) of the as-SPSed
samples are presented in Table 2. The results indicate that all three
samples are nearly fully dense. However, the water adsorption data
suggests that sample 10St has a higher percentage of porosity. To draw
a more comprehensive conclusion, this data should be integrated with
displacement-time-temperature  (DTT) diagrams, microstructural
observations, and mechanical test results.

The DTT diagrams comprise four distinct zones: (I) initial heating and
pressing, (II) additive removal, (III) heating up to the sintering
temperature, and (IV) final sintering, as illustrated in Fig. 2.
Considering the effect of dwell time, it became evident that
longer durations resulted in more significant compaction of the
powder mixture. Additionally, although the heating rate and time for all

samples are approximately similar, the displacement curve of the
paraffin-containing sample increased dramatically in the first zone.
Such observation indicates that the consolidation of sample 10P at
lower temperatures follows an intensified trend, compared to sample
10St. This can be attributed to the fact that paraffin evaporates at a
temperature range of approximately 50 to 70 °C, leading to more
noticeable changes in displacement. However, during the final stage,
the densification behavior in the last sintering step appears to be similar
for both 10St and 10P samples. Therefore, the lower water adsorption
in 10P can be attributed to its higher green density before the final
sintering step.

Fig. 3 illustrates the XRD results of the as-SPSed samples, indicating
that their X-ray diffraction patterns are nearly identical. Considering
the evaporation of paraffin at the beginning of the sintering process,
there is a lower intensity of the carbon peak compared to samples
containing starch. However, with increased sintering time in the starch-
containing samples, carbon had more time to evaporate, resulting in
sharper peaks of the magnesium phase. In other words, with the
increase in sintering time in starch-containing samples, the intensity of
the Mg phase peak decreases. Moreover, it is evident that in comparing
the obtained patterns from different samples, differences in the
quantities of Mg and MgO phases are evident.

Despite the high temperatures applied during the sintering process and
the combustion of carbon additives, the XRD patterns show evidence
of carbon-based residues remaining after the combustion of starch.

Fig. 4 depicts the FESEM images of the polished and etched cross-
sections of the as-sintered samples. The micrographs show that the
samples containing starch have a more homogeneous microstructure

than the paraffin-containing sample. Thread-like phases within the
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Fig. 2. Displacement-time-temperature (DTT) diagrams of the sintered samples.
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Fig. 3. XRD patterns of the sintered samples.

magnesium matrix can be attributed to inter-particle boundaries.
According to data from the back-scattered electron (BSE) detector as
well as the related EDS elemental maps, these regions exhibit a notable
concentration of oxides, mainly secondary magnesium oxide
characterized by white spherical structures and carbon.

When comparing the presence of porosity, the starch-containing sample

sintered for 7 min exhibits slightly higher porosity than the one sintered
for 10 min. This phenomenon may be attributed to insufficient time for
porosity removal through atomic diffusion. Additionally, it is observed
that porosities remain in the paraffin-containing sample even after
10 min of sintering, indicating that longer dwell times are needed for

this type of additive.

Element | Wt.% |
Mg 5898
Ca 0.04
[e] 16.80
C 24.18
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Element | Wt.%
Mg 80.10
Ca 1.07
[0] 8.35
C 10.48
P Kev

Fig. 4. FESEM micrographs of the SPSed samples: a) 7St, b) 10St, and c) 10P.
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Fig. 5. The engineering stress-strain curves and measured micro-hardness of the sintered samples.

The stress-strain curves and the micro-hardness results of the SPSed
samples are illustrated in Fig. 5. It is evident that as the sintering time
increases from 7 to 10 minutes in starch-containing samples, a
significant increase in micro-hardness is observed. This phenomenon
can be attributed to a lower level of porosity within the structure of the
sample 10St. In addition, the micro-hardness value of sample 10St is
higher than that of the paraffin-containing sample (10P). This
difference in micro-hardness is attributed to a higher concentration of
magnesium oxide within the structure of 10St, which results from the
presence of oxygen-containing compounds in the starch.

Notably, the stress-strain curve for sample 7St displays irregular
behavior, which can be ascribed to the poor mechanical properties of
the alloy. It is important to acknowledge that porosity and structural
flaws directly exert an influence on mechanical properties.
Additionally, an abundance of carbon (additive residues) can make the
structure brittle, reducing mechanical properties such as elongation and
strength.

In the comparative analysis of the samples that were sintered for
10 min with different additives, it is imperative to consider the nature
and characteristics of these additives. Specifically, paraffin evaporates
at relatively lower temperatures and thoroughly exits the sintering
chamber. In contrast, starch burns and leaves an ash-like residue. This
residue not only departs from the material's structure but also expands,
potentially thwarting the compaction during the compression test.
Based on the stress-strain diagrams and the mechanical properties
results shown in Table 3, it is observed that the compressive strength of
the samples increases with prolonged sintering time.

Table 3. Mechanical properties of the as-SPSed samples.

It can be concluded that magnesium oxide contributes to the
strengthening and precipitation hardening of starch-containing samples,
whereas in paraffin-containing samples, the primary mechanism
enhancing mechanical properties is believed to be densification and
porosity removal.

4. Conclusions

In this research, the effects of dwell time and additive type on

mechanically alloyed Mg-Ca powders consolidated through spark

plasma sintering were examined. The main conclusions are
summarized as follows:

e Increasing the dwell time from 7 to 10 min results in improved
hardness, elongation, and overall mechanical properties of the
as-SPSed sample.

e In the case of a dwell time of 10 minutes, starch demonstrates
superior performance compared to paraffin, exhibiting better
mechanical properties and a finer microstructure.

e In starch-containing samples, magnesium oxide plays a key role as
a strengthening and precipitation-hardening factor during the
sintering process. In contrast, in paraffin-containing samples, the

mechanism mainly involves densification and porosity removal.
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Sample Elongation Yield stress Compressive
code (%) (MPa) strength (MPa)
7St 32 125 192.5
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10P 22 190 241.7
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