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Abstract
CaO additions are used as an inexpensive replacement for Ca in Mg alloys. CaO dissociation in Mg
has been reported in literature without a clear mechanism as to why this occurs. In situ synchrotron
radiation diffraction investigation of the melting and solidification of Mg with CaO shows, that the
stability of CaO was overestimated in Mg melts compared with MgO. The experiments that were
performed on the Mg-20CaO and Mg-xCa-6CaO (x= 6 and 16 wt.%) alloys, show the dissociation
and formation of various phases during melting and solidification. The results indicate that Mg
can reduce CaO even in the solid state, which is the opposite of that proposed by the Ellingham
diagrams for stoichiometric reaction. Phase formations during the in situ experiment are compared
with published thermodynamic calculations for the interaction between Mg-Ca alloys and oxides.

1. Introduction

Investigations on the oxidation behaviour of Mg-Ca alloys show an increase in the high temperature
resistance. This increase persists until an elevated temperature of 645 ◦C at a Ca concentration of 0.2 wt.%
[1]. However, the effect of Ca in increasing this oxidation resistance is not well understood. The Standard
Gibbs free energy change (∆G◦) associated with CaO [2] is lower than that for MgO per mole of O2 at any
given temperature. Thus, CaO should remain more stable and the MgO formation at the expense of CaO is
not thermodynamically possible. Gourishankar et al [3] reported that CaO is less stable than MgO, which
affects the hypothesis provided for the protective nature of CaO. The increment of the oxidation protection
at high temperatures is due to the increased density of the oxide layer, but the exact nature of this is not fully
understood. The Pilling Bedworth Ratio (PBR) [4] of Ca/CaO is lower than of Mg/MgO so that this cannot
be used by itself to explain this improvement by forming a compact oxide layer. High temperature
applications require sufficient oxidation resistance and mechanical properties to extend the range of
application. These Mg-Ca alloys improved the safety during production as well as during further processing
at elevated temperatures. Another approach is to use of CaO as a cost-efficient alloying addition for Mg
alloys, as a replacement for Ca. The investigations in to the development of ECO-Mg (Environment
COnscious magnesium) [5–7] do not provide an explanation for the dissociation of CaO in Mg alloys or the
exact nature by which CaO additions increase the oxidation resistance. A detail review of ECO-Mg can be
found in Rafiei et al [8].

Previous investigations show that the dissociation of CaO occurs in Mg alloys, which indicate that CaO is
less stable than MgO or that some more stable phases form. Kondoh et al [9] proposed a calculation to
explain the dissociation of CaO in Mg-Al alloys, and used the∆G◦ for the reaction between Mg-Al alloys
and CaO. They calculated a negative∆G◦ for the reaction in equation (1) indicating the products to be more
stable compared to the reactants. They suggest that during the reaction between pure Mg and CaO∆G◦ is
close to zero at approximately 150 ◦C, and more positive with increasing temperature. Thus, Mg+ CaO
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should be stable, but this do not consider the enthalpy of mixtures. However, this explanation is based on the
experimental results of AZ61 mechanically alloyed with CaO and subsequently heat treated to consolidate
the mixture. This investigation showed the formation of Al2Ca and not the dissociation of CaO, with any
possible intermediate steps

Mg+ 2Al+CaO →MgO + Al2Ca . (1)

An investigation on the phase transformation between an Mg alloy and CaO, the standard techniques,
e.g. differential scanning calorimetry (DSC) or differential thermal analysis (DTA), are not adequate tools to
follow the phase transformation over the temperature range. These techniques use the change in energy for
the detection of the phase transformation but provide no information on the phases involved in a reaction. If
a number of phases transform at similar temperatures, it is not possible to distinguish between them.

One way to understand the interactions between Mg and CaO is to understand the thermodynamic basis
behind such reactions. Schmid-Fetzer et al [10], Liang et al [11] and Jung et al [12] calculated the
thermodynamic equilibria in ternary Mg-Ca-O system using the thermodynamic software Pandat and
FactStage with a combined thermodynamic database for metals and oxides, respectively. Jung et al [12]
predicted that CaO is not stable in molten Mg, up to 13 wt.% CaO and is reduced by Mg to MgO. At a higher
amount of CaO (>13 wt.% in molten Mg) both MgO and CaO will be stable in the melt. This
thermodynamic calculations [10] provided for the first time a thermodynamically based explanation as to
why CaO is not stable in molten Mg.

High-energy x-ray diffraction has been utilised in this investigation to observe various interactions
between Mg and CaO in situ in number of different materials, e.g. phase evolution of Mg alloys during
solidification [13, 14], elevated temperature compression [15, 16] and dissolution of CaO during heating [17,
18]. In situ experimental set-up allows detect phase identification of phases during a phase transformation
with a useful time temperature resolution. This type of investigations provides the transformations involved
with the dissociation of CaO. This paper contributes to the understanding on the phase transformation
associated with the reduction of CaO during heating and solidification in combination with Mg. As part of
the investigation, the validity of the stability the CaO and MgO in the ternary Mg-Ca-O system is also
examined. For this purpose, in situ synchrotron radiation diffraction experiments were conducted during
melting and solidification. The in situ and ex situ experiments were performed on the Mg-CaO and
Mg-Ca-CaO alloys. The phase formations during the experiment are compared with thermodynamic
modelling of phase evolutions. The thermodynamic calculations used from the work from Liang et al [11]
and Jung et al [12]. Results from this work were the initiator for the study of Schmid-Fetzer et al [10] and
were used to validate the thermodynamic calculations of Schmid-Fetzer et al [10] and Liang et al [11].

2. Experimental procedure

2.1. Sample preparation
An Mg-20CaO sample containing pure Mg (99.99%) with 20 wt.% CaO powder (Calcium oxide 96%
powder from CARL ROTH, Germany), and the Mg-xCa+ 6CaO samples contain the master alloys Mg-6Ca
and Mg-16Ca with 6 wt.% CaO powder were used for the interaction study with CaO. In addition, pure Mg
were prepared and analysed using the same method in order to evaluate the temperature accuracy of the
set-up. The pure Mg and the Mg-Ca master alloy chips were produced by cutting cast alloy samples. The CaO
was dried for 6 h at 350 ◦C remove any moisture attached to the CaO. The chips were mixed with the CaO
powder for 3 min in a glass container (15 ml) by hand to create a uniform mixture of the white CaO and
metallic Mg. This transparent container allows visual control of the mixture during the mixing process. Then
the mixture was pressed with a hydraulic press into cylinders with a diameter of 4 mm and a height of
approximately 4 mm, under an applied pressure of 100 MPa for 1 min. Mixing and pressing were performed
in glove boxes in a controlled atmosphere with a concentration of H2O and O2 lower than 0.1 ppm. The
samples were stored in containers in an argon atmosphere until the measurements were performed.

2.2. Composition of the Mg chips
For composition measurements, Mg and Mg-Ca alloy chips were pressed with a hydraulic press to cylinders
with a diameter of 4.0 mm, under an applied pressure of 500 MPa and held for 1 min. The compositions were
measured by analysing the three samples at three different places using scanning electron microscopy (SEM)
(TESCAN VEGA III, operating at 20 kV) associated with energy-dispersive x-ray spectrometry (EDXS).

2.3. In situ synchrotron radiation diffractionmeasurement
The in situ studies were conducted at the High Energy Materials Science beamline P07 (HEMS) at PETRA III
of DESY (Deutsches Elektronen-Synchotron), Hamburg, Germany [19]. The synchrotron radiation
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Figure 1. (a) The sample with graphite crucible sealed with a steel cap. (b) General set-up of the in situ synchrotron radiation
diffraction measurement (not to scale) [20].

diffraction study was conducted with a beam energy of 100 keV (wavelength of λ= 0.0124 nm). The beam
cross section was set to 1.0× 1.0 mm2. The synchrotron radiation experimental set-up is shown in figure 1.

The experiment was conducted in a furnace with a modified induction coil so that the x-ray beam passes
without hindrance. The samples, contained in a graphite crucible (diameters 4 mm, height 4 mm) with a
steel cap, were heated in an Ar atmosphere to 750 ◦C at 10 K min−1, held at this temperature for 5 min to
ensure melt homogeneity, and then cooled at 10 K min−1 to 200 ◦C (fully solidified state) before air-cooling
to room temperature (min. 590 patterns over∼120 min). The cap is on the bottom to ensure that the
samples were in contact with the lid (figure 1(a))). This allowed the heat to flow to the thermocouple, which
has to be welded to the steel cap for temperature control. The samples were prepared in ambient conditions
and the steel lid was held in place with high temperature silicone glue (Thermocoll (1100 ◦C)). The crucible
with the sample was rotated by 90◦ during a 1 s acquisition to improve statistics.

The two dimensional (2D) diffraction patterns were recorded in transmission geometry with a
PerkinElmer XRD 1622 flat panel (pixel size of 200 µm2) at a sample-to-detector-distance of 1162.7 mm
(calibrated with a LaB6 reference), as illustrated in figure 1(b). The patterns were recorded every 12 s with an
acquisition time of 1 s, allowing a temperature resolution of 2 ◦C. X-ray line profiles were obtained by
azimuthal integration of the 2D diffraction patterns through 360◦ using FIT2D V12.077™ software. For
phase identification simulated line profiles were generated with CaRIne 3.1 Crystallography™ with crystal
structure data from the Pearson’s Crystallography Database [21].

2.4. Metallographic investigation
Samples for scanning electron microscopy were embedded in epoxy resin and ground with 350–2500 grit SiC
paper then polished first with 3 µm diamond suspension and finally with a mixture of 1 µm diamond and
SiO2 OPS (Oxide Polishing Suspension) (Cloeren Technology GmbH, Wegberg, Germany) anhydrous
suspension. Microstructures were investigated with a scanning electron microscope (SEM, TESCAN VEGA
III, Brno, Czech Republic) equipped with an energy-dispersive x-ray spectroscopy (EDXS, IXRF Systems,
IXRF, Austin, USA) with the Iridium Ultra software (IXRF, Austin, USA). The compositions of the
investigated regions are shown as compositional maps with the quantitative composition calculated as wt.%.

3. Results

3.1. Composition of the chips
The Mg, Ca and O content of the pure Mg and the pure Mg-Ca master alloys chips was measured with
SEM-EDXS, table 1. The three alloys having an increased oxygen content most likely due to the surfaces
oxidation during sample preparation. The measurements show that there is some MgO found.
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Table 1. The measured composition for pure Mg, Mg-6Ca and Mg-16Ca chips with the average over three measurements and standard
deviation of the EDXS measurement.

Sample Composition Ca (wt.%) O (wt.%) Mg (wt.%)

Pure Mg
Average — 2.3 97.7
Standard deviation — 0.2 0.2

Mg-6Ca
Average 4.9 3.93 91.1
Standard deviation 0.2 0.2 0.3

Mg-16Ca
Average 15.1 6.0 78.9
Standard deviation 0.6 0.3 0.8

Figure 2. Selected line profiles during (a) heating and (b) cooling process of pure Mg.

3.2. In situ results
The synchrotron results on the pure Mg sample (table 2 and figure 2) show a melting temperature above
650 ◦C. From 652 ◦C, the intensity of the Mg peaks decreases rapidly, and at 654 ◦C no more intensity could
be determined. Above this temperature, the samples show the diffraction peaks of the graphite crucible and a
diffuse background, which can be attributed to molten Mg. No change can be detected during the holding
time. The first Mg peaks appear during solidification at 649 ◦C, and solidification ends at 647 ◦C.

The x-ray line profiles in figure 3 and the analysed results in table 2 show that peaks due to Ca[OH]2,
CaO, Mg and graphite crucible and for Mg-Ca alloys also Mg2Ca are found at the beginning of the
experiment. During heating of Mg-20CaO the main peak of CaO becomes more visible above 291 ◦C, due to
the thermal expansion of Mg. This trend was not as pronounced in the Mg-Ca alloys, but the intensity of the
CaO peak increased in all three samples up to a maximum temperature at about 500 ◦C. Only in the case of
Mg-20CaO stabilisation of the intensity of the CaO peaks was observed between 291 ◦C and 396 ◦C. The
peaks of Ca[OH]2 start to disappear at 408 ◦C and are undetectable at 500 ◦C for Mg-20CaO. With more Ca
in metallic form, disappearance of Ca[OH]2 starts at lower temperatures between 234 ◦C and 382 ◦C for
Mg-16Ca+ 6CaO.

During heating the peaks of MgO are detected at a temperature of 340 ◦C, 486 ◦C and 481 ◦C for
Mg-20CaO, Mg-6Ca+ 6CaO and Mg-16Ca+ 6CaO respectively. The tendency for the appearance of MgO
is opposite to that of the disappearance of Ca[OH]2 and increases with the Ca content in metallic form.
However, this stabilises with increased metallic Ca at higher temperatures. The peaks of CaO starts to
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Figure 3. Selected line profiles during (a)–(c) heating and (d)–(f) cooling process of the sample (a) & (d) Mg-20CaO, (b) & (e)
Mg-6Ca+ 6CaO and (c) & (f) Mg-16Ca+ 6CaO.

decrease in Mg-16Ca+ 6CaO at the same temperature as the MgO peaks were first detected, at 481 ◦C. The
peak intensity of CaO begins to decrease at 568 ◦C and 589 ◦C for Mg-20CaO and Mg-6Ca+ 6CaO alloys
respectively. Therefore, the disassociation of CaO in both samples were detected at higher temperatures than
the first formation of MgO. The stabilisation of the CaO and MgO peaks are at similar temperatures and
increasing with more metallic Ca.

In the temperature range between 620 ◦C and 637 ◦C the Mg peaks disappear for Mg-20CaO and for the
alloys with higher Ca content at lower temperatures, between 500 ◦C and 600 ◦C. With the disappearance of
Mg peaks, the diffuse scattering of the melt was detected. The peaks of the Laves phase Mg2Ca decrease from
a temperature of 497 ◦C to 512 ◦C to zero for both Mg-Ca alloys.

During cooling the first peaks of Mg are detected at 570 ◦C in Mg-20CaO and for the Mg-6Ca+ 6CaO
and Mg-16Ca+ 6CaO at 581 ◦C and 533 ◦C, respectively. No intensity changes in Mg or oxides peaks were
detected between 509 ◦C and 504 ◦C for all samples. The Laves phase Mg2Ca was detected between 511 ◦C
and 504 ◦C.

3.3. Microstructures
The microstructures of the alloy samples subjected to solidification studies were analysed with SEM. The
EDXS maps show the distribution of Mg, Ca and O in the solidified samples. As an example, in the
Mg-20CaO sample shown in figures 4 and 5 shows the secondary electron micrographs of Mg-6Ca+ 6CaO
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Table 2. Temperatures at which disappearance and appearance of various phases are detected during heating and cooling for pure Mg
and alloys with nominal compositions of Mg-20CaO, Mg-6Ca+ 6CaO and Mg-6Ca+ 16CaO. The temperatures are accurate to±5,
which is a result of the experimental set-up and setting.

Reaction samples Pure Mg Mg-20CaO Mg-6Ca+ 6CaO Mg-16Ca+ 6CaO

Heating

Disappearance Ca[OH]2 start — 408 350 234
Disappearance of Ca[OH]2 end — 500 433 382
Increment of CaO start — 20 20 20
Increment of CaO end (stable) — 291 — —
Increment of CaO start 2 — 396 — —
Increment of CaO end (max.) — 502 589 481
Decrement CaO start & — 568 589 481
Decrement of CaO end (stable) — 664 671 750
Appearance of MgO start — 340 486 481
Appearance of MgO end (stable) — 618 675 759
Disappearance of Mg start 652 620 504 497
Disappearance of Mg end 655 637 602 574
Disappearance of Mg2Ca start — — 504 497
Disappearance of Mg2Ca end — — 506 512

Cooling

Appearance of Mg start 649 570 581 533
Appearance of Mg end 647 509 504 507
Appearance of Mg2Ca start — 511 504 510
Appearance of Mg2Ca end — 509 504 507

Temperature (◦C)

Figure 4. Sample Mg-20CaO, (a) SE-SEM micrograph with corresponding EDXS maps (b) Mg, (c) Ca and (d) O (wt.% scale).

and Mg-16Ca+ 6CaO with regions containing various phases, respectively. The regions are labelled
according to the results from the EDXS maps. All the samples have a similar microstructure with Mg as
primary phase that during the later stages of solidification solidifies with a lamellar eutectic structure of Mg
and Mg2Ca during the eutectic solidification. The O agglomerates in the eutectic regions as clusters of oxide
particles, this agglomeration show slight differences in the distribution of Ca. According to the
microstructures with the differences in the distribution of Ca the samples can be separated in to two groups.
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Figure 5. SE-SEM micrograph of (a) Mg-6Ca+ 6CaO and (b) Mg-16Ca+ 6CaO with corresponding regions of Mg, eutectic
Mg+Mg2Ca, MgO and CaO regions (determined by EDXS maps).

Table 3. Nominal and EDXS with standard deviation measured ternary Mg-Ca-O sample compositions investigated in this study.

Sample Composition Mg (wt.%) Ca (wt.%) O (wt.%)

Mg-20CaO
Nominal 80.0 14.3 5.7
EDXS 84.5 6.8± 1.4 8.7± 1.7

Mg-6Ca+ 6CaO
Nominal 88.4 9.9 1.7
EDXS 87.0 8.2± 1.6 4.8± 1.0

Mg-16Ca+ 6CaO
Nominal 79.0 19.3 1.7
EDXS 78.6 15.3± 3.1 6.1± 1.2

The sample Mg-16Ca+ 6CaO with a large region of CaO separated from the MgO+ CaO regions.
Mg-20CaO and Mg-6Ca+ 6CaO shows only with regions of MgO+ CaO.

The composition of the three samples were analysed with SEM-EDXS, due to small sample size, to
determine the relationship between the actual and nominal compositions. The SEM-EDXS composition
measured deviates from the nominal compositions, which are listed in table 3.

4. Discussion

Mg melts between 652 ◦C and 654 ◦C and solidifies between 650 ◦C and 647 ◦C. According to the literature,
the melting temperature of Mg is 650 ◦C [22] and from this we derive a measurement accuracy of±5 ◦C in
this experimental setup. The delay in the melting and solidification process is due to the kinetics associated
with the nucleation growth or disassociation of Mg crystals. This is related to the time and energy required
for the Mg atoms to reorganise for the phase transition from solid to melt and vice versa. As a result, the
temperature appears to be higher than the literature values for heating and lower than the values for cooling.
It is also possible that the heat flow from the sample through the lid to the thermocouple causes a slight
deviation in temperature due to heat transport and the higher heat capacity of the steel lid compared to the
Mg sample. The O content of the pure Mg chips has no influence on the solidification temperature during
heating and cooling. The non-statistical distributions of the peaks show in figure 2 that only a few Mg
crystals are in the Bragg state. This is due to the small number of nucleation sites in pure Mg, which
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minimise the number of grains in the measured volume. This is also related to the slower cooling rate and
grain growth, which lead to a non-random distribution of grain orientations.

The evaluation of volume fractions using Rietveld refinement was not possible with the available results.
This was since the reflections of the graphite crucibles interfered with the evaluation to such an extent that
we were unable to reliably correlate the signal change with the volume change. In order to be able to compare
such measurements more comprehensively with volume fractions from e.g. thermodynamic simulations or
tomography data, these should be taken into account in future studies.

The x-ray line profiles confirm the presence of Ca[OH]2 and CaO for all samples. The Ca[OH]2 forms
during sample preparation due to the highly hydrophilic nature of CaO [23]. The Ca[OH]2 dissociates before
Mg and Mg-Ca alloys are melted. The dissociation temperature for Ca[OH]2 is at 512 ◦C [23]. In
Mg-20CaO, the dissociation of Ca[OH]2 started at 408 ◦C, and this phase disappeared completely by 500 ◦C.
In Mg-6Ca+ 6CaO the dissociation of Ca[OH]2 was observed between 350 ◦C and 433 ◦C, and in
Mg-16Ca+ 6CaO between 234 ◦C and 382 ◦C. The literature values for dissociation of Ca[OH]2 are for the
pure compound and not in presence of Mg or Mg alloys. It is possible that the presence of Mg decrease the
temperature for the dissociation of Ca[OH]2, due to a catalytic influence of metallic components. The same
amount of CaO and Ca[OH]2 was dissociated faster in the Mg-16Ca+ 6CaO sample than in the
Mg-6Ca+ 6CaO sample may be due to the increased amount of Ca in the alloy.

When Ca[OH]2 starts to dissociate, the first peaks of MgO were also detected in Mg-20CaO. The peaks of
MgO were detected in Mg-6Ca+ 6CaO at 486 ◦C and Mg-16Ca+ 6CaO at 481 ◦C both higher
temperatures, than in Mg-20CaO at 340 ◦C. This is related to a lower driving force for the reduction of CaO
due to the lower amount of O in the Mg-xCa+ CaO samples. So that Mg reacts with the O out of Ca[OH]2.
In the last steps, CaO dissociates and reacts to MgO, but with a leftover of CaO if the CaO content is higher.

According to the literature the melting temperature of pure Mg is 650 ◦C [22]; the experiment shows
melting to start at 620 ◦C for Mg-20CaO. The lower value of incipient melting indicates that solid-state
reaction between Mg and Ca containing phases must have occurred at an earlier temperature. The
thermodynamic calculation of Liang et al [11] also confirm this findings, where MgO is more stable than
CaO at low temperate and at elevated temperatures MgO and CaO are stable in the presence of Mg.
Depending on the concentration Ca and O Liang et al predict the formation of just MgO at low or MgO and
CaO at higher concentrations of Ca and O. After Mg starts reducing CaO, Ca diffuses into solid Mg. This
leads to the observation of reduced solidus temperature due to the solubility of Ca in Mg as shown in Mg-Ca
system, without the formation of Mg2Ca is in perfect agreement with the present observations.

The experimental data for Mg-20CaO in table 2 show the disappearance of Mg starts at 620 ◦C and end
at 637 ◦C. The lower temperature is clearly related to the first formation of liquid, as discussed above for
incipient melting. The higher temperature, 637 ◦C, is because the presence of liquid phase will boost the
kinetics of the Mg+ CaO reaction. That results in more of the Ca becoming available, dissolving in the
growing liquid phase in Mg-Ca alloy. The calculated liquids temperature of 637 ◦C is obtained for 2.3 wt.%
Ca in the liquid phase, corresponding to complete disappearance of Mg peaks observed during heating. This
also explains why it is not necessary to assume the formation of Mg2Ca during the Mg+ CaO reaction as
2.3 wt.% Ca is below the eutectic liquid composition of 16.3 wt.% Ca.

It is noted that in an earlier work by Wiese et al [17] the Mg2Ca Laves phase was not detected at 407 ◦C
during melting. This relates to the preparation of the sample in the previous investigations where Mg chips
and CaO powder mixture were not compacted. The diffusion in the non-compacted Mg chips and CaO
powder sample observed by Wiese et al [17] is close to unidirectional diffusion, due to the plate like geometry
(2D) of the Mg chips. This causes the Ca concentration to reach a relatively high value close to the Mg/CaO
interface leading to the formation of Mg2Ca phase. In this investigation compacted samples are likely to
provide a multi-directional diffusion, thus only a solid solution forms. Thus, during the reaction between
Mg(solid)+ CaO Ca diffuse into the solid Mg. When the Ca concentration is low a solid solution forms,
when Ca concentration is above the solubility limit Mg2Ca Laves phase form. In comparison to Wiese et al
[17] it was possible to analyse the microstructure of the samples after the in situ experiment, which was
advantageous for the validation and interpretation of the diffraction measurement.

The present investigation shows that pure Mg can reduce CaO even without the formation of the Laves
phase, Mg2Ca and molten Mg. This is in disagreement with the conclusion from Kondoh et al [9] that CaO is
stable in the presence of pure Mg. Their thermodynamic calculations have number of short comings the first
is that the thermodynamic calculations is the use of traditional thermodynamic data for the pure oxides,
close to the Ellingham diagram data [24]. The second and the more fundamental problem is the use of
chemical reaction equations among stoichiometric phases [9]. This approach is not capable to capture the
actual dissolution process involving solid or liquid phases as opposed to the present treatment. The
suggestion of Kondoh et al [9] for the dissociation of CaO in Mg-Al alloys cannot be applied here. In the
present study, no Al-containing alloys were investigated, so that the formation of the very stable Laves phase
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Al2Ca cannot be considered as a thermodynamic driving force. It was found that this phase as well as the
Mg2Ca phase were not necessary to dissolve CaO. It is possibly due to the higher Standard Gibbs free energy
of the stoichiometric reaction to Al2Ca that Al cannot be dissolved in the Mg crystal and this Laves phase was
formed in Kondoh et al [9].

Mg-6Ca+ 6CaO and Mg-16Ca+ 6CaO show a decrease in the intensity of the Mg2Ca peak during
heating. These two samples contain Mg2Ca phase that formed during the solidification of these billets, as
illustrated in figures 3(b) and (c) with the diffraction patterns between 350 ◦C and 550 ◦C. The explanation
for this disappearance of the Mg2Ca phase during heating due the increase of the solubility of Ca in Mg, thus
the amount of Mg2Ca must decrease. The eutectic reaction in the Mg-Ca system is at 516 ◦C [22] and is
slightly above the range of accuracy determined with pure Mg. Three points may be responsible for the
greater deviation in Mg-6Ca+ 6CaO: 1. An too small volume of Mg2Ca, 2. The kinetics during the
conversion or 3. The heat transport. Since the values during heating and cooling are always below 516 ◦C, it
can be assumed that this is case 1 and the amount of Mg2Ca is low high. This conclusion is also consistent
with the results for the pure Mg sample. However, it shows that the volume fraction can easily fall below the
detection limit for two phases in this experimental setup.

The reduction or dissociation of CaO begins and ends for all with the content of CaO in the presence of
MgO. This is in good agreement with the microstructural investigation, which still shows areas with MgO
and CaO, and the diffractograms, with the diffraction signals of CaO. The reduction speed of CaO is higher
and related to the higher diffusion rate in the molten state. The driving force for the reduction of CaO is
lower due to the higher amount of Ca. The lower melting range leads to a faster increase of the liquid fraction
in the sample, thus boosting the reaction kinetics. The phase formation temperatures for MgO (stabilisation
of the intensity) and CaO (stabilisation of the intensity) occurs in both samples at the same temperature, so
that the phase formation sequence is the same but it ends at a higher temperature with a higher Ca content.
As proposed previously, the reaction products from around the CaO particles decrease the diffusion of Mg
from the melt to these particles, which results in formation of CaO particles in the melt.

During solidification, an intensity change was not observed for MgO and CaO. The main oxide phase
observed is MgO, as indicated by the higher intensity of the MgO peaks compared with that of the residual
CaO. This indicates that MgO is more thermally stable compared with CaO in the investigated compositions
of this ternary system. The small residual amount of CaO may be due to the reduction or disassociation
reactions could not be completed during the heating cycle or only a fraction of CaO is disassociated in
molten Mg. The thermodynamic calculations of Jung et al [12] also show that the disassociation of CaO in
molten Mg at 700 ◦C will take place up to 13 wt.% of CaO in molten Mg, what is in an agreement with a
leftover of CaO after the in situ experiment. According to the thermodynamic assessment of the ternary
system Mg-Ca-O of the Liang et al [11] shows an transition fromMgO+ Liquid over MgO+ CaO+ Liquid
to just CaO+ Liquid as stable oxide in this system with higher Ca and O content. Therefore, the residual of
CaO can be attributed the stable phases MgO+ CaO+ Liquid at in the molten state of the metallic
components by thermodynamic reasons or to a slower reaction with a building MgO layer around the CaO
by kinetic reasons.

Table 2 lists the solidification sequence of the Mg-20CaO, Mg-6Ca+ 6CaO and Mg-16Ca+ 6CaO
samples with the start and end temperatures for various phase formations and stable oxides. The
solidification begins with Mg and ends with the eutectic solidification of Mg and Mg2Ca as detected with
in situ synchrotron radiation measurements. The final solidification is the eutectic reaction related to the
disappearance of the background from the molten metal and the appearance of Mg2Ca. The in situ results
from the three samples are in agreement with the SEM investigations (figures 4 and 5). The microstructure
shows primary formation of Mg and the eutectic lamellar structure of Mg and Mg2Ca. This microstructure is
characteristic of the Mg rich side of the binary Mg-Ca system [25–27].

A shift in the ratio of these oxides was predicted by Liang et al [11] by thermodynamic calculations. This
possible transformation of MgO into CaO or vice versa cannot take place due to the lack of solubility of O
and therefore no diffusion in Mg, so that the intensity of the standing oxides does not change. This effect
would not have been seen in standard thermo-analytical technique such as those made with differential
scanning calorimetry (DSC) or differential thermal analysis (DTA) and shows the advantages of in situ
measurement by diffraction.

The solidification ends with the formation of Mg2Ca between 504 ◦C and 511 ◦C. The eutectic
equilibrium temperature on the Mg rich side of the Mg-Ca system is calculated to be 516.5 ◦C based on
critical review and thermodynamic assessment [28] of all available experimental data, including [25, 29–31].
The formation of Mg2Ca occurs within the range of temperature error of±5 ◦C. However, the temperature
at which Mg2Ca forms is also likely to be associated with non-equilibrium cooling. The eutectic
transformation of Mg and Mg2Ca should not show a solidification range according to the phase diagram, but
due to energy barriers associated with nucleation and growth of Mg and Mg2Ca phases this is observed. As a
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result, the solidification needs time, which leads to a lower temperature for the complete solidification.
According to the results from Mg-6Ca+ 6CaO, Mg-16Ca+ 6CaO and fromMg-20CaO, the eutectic
temperature is constant and oxygen only has a negligible effect on the formation temperature.

In each sample oxygen agglomerates in the eutectic region in a form of clusters of oxide particles. The
SEM and EDXS results show a higher concentration of Mg in the O rich region of Mg-20CaO and
Mg-6Ca+ 6CaO compared with the O free region in the eutectic structures. In the as solidified
microstructures, the O rich regions have a concentration of more than 50 wt.%Mg and less than 12 wt.% Ca,
so that the main oxide is MgO for Mg-20CaO and Mg-6Ca+ 6CaO. In the case of Mg-16Ca+ 6CaO there
are extra regions with manly CaO (up to 75 wt.% Ca), witch in a agreement with the calculation of Jung et al
[12] or Liang et al [11] for molten Mg with a higher amount of CaO. Together with the synchrotron x-ray
radiation diffraction results, these oxide rich regions are identified as MgO and a remainder CaO for the
Mg-20CaO and Mg-6Ca+ 6CaO and for the Mg-16Ca+ 6CaO with extra regions with significant CaO. The
Mg-16Ca+ 6CaO sample has a higher Ca concentration than the other alloys in the O rich regions, but the
main oxide phase remains MgO with a significant amount of CaO. The decrease in the intensity of CaO
peaks is not as strong as with the other samples. The Mg nuclei grow and the MgO particles agglomerate in
the liquid side of the solidification front. This moves the MgO particles out of the Mg grains, and clusters of
these particles form in the melt. Below the eutectic temperature, the rest of the melt solidifies and
encompasses the oxide particles between the eutectic structures. The type of four-phase reactions,
Mg+Mg2Ca+MgO+ CaO, in the development of the non-equilibrium constitution could be explained by
considering this in situmeasurements in Liang et al [11] thermodynamic productions.

The microstructure, the location of the oxides in the eutectic structure and the in situ results indicate that
MgO did not affect the solidification in the Mg-Ca system. Just the amount of Mg bonded as MgO will
increase the amount of Ca in the liquid.

5. Conclusions

Compared to previous work, this work shows that in situ diffraction techniques are able to provide new
insights into real dissolution and melting processes. They enable the identification of reactions that are not
detectable with standard techniques or can provide new insights to validate thermodynamic databases and
predictions. The main results of the experimental work show the role of CaO in the ECO-Mg and also in the
Mg-Ca-O ternary system. The reductions of CaO occur even in the solid state and their kinetics are enhanced
by the presence of a liquid alloys and without the need of the formation of Mg2Ca or other Laves phases. The
published thermodynamic calculations are optimized and in agreement with the solidification results from
this in situ synchrotron radiation diffraction studies and microstructure studies. During solidification of the
Mg-rich side in the Mg-Ca-O system, an invariant four-phase reaction (L+MgO+Mg+ CaO) and
non-equilibrium during solidification can explain the remaining CaO in the material. In the present case, it
was not possible to analyse the volume fractions using Rietveld refinement due to the crucible material used.
In order to obtain more information from the detraction results; this should be taken into account in future
studies. This data set could be better utilized for the validation of thermodynamic simulations or
tomography studies.
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