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The oxidation kinetics and mechanisms of higher manganese silicides (HMS) MnSi; 75, MnSi (1.75.x)Gex, MnSi( 75
Al (with x = 0.005 and 0.01)were studied and the effects of densification methods and dopant concentration
discussed. Oxidation experiments were conducted using thermogravimetry (TGA), while post characterization
with X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscope (SEM) showed that spark
plasma sintering (SPS) is a better densification method than hot pressing (HP). Except for undoped HMS, HMS

doped with 0.5at% Ge had the lowest oxidation rate. Stable formation of a SiO, protective layer was the main
reason for improved oxidation resistance in air in the temperature range 200 °C-500 °C.

1. Introduction

Stochiometric MnSiy (with 1.71 < x < 1.75) alloys [1,2] are among
the most promising p-type silicide thermal electric materials. The in-
terest stems mainly from the relatively high abundance of the main
constituent elements (with Si 2" and Mn 12th), low cost, mechanical
and chemical stability, low toxicity, and ease of production [3]. How-
ever, pure HMS has a relatively low thermoelectric figure of merit (zT),
ranging from 0.3—0.5 at temperatures below 500 °C [3,4]. For decades,
researchers have been working to improve the zT values by optimizing
the electrical transport properties and decreasing the lattice thermal
conductivity [5]. In particular Biernert and Gillen [6], a decent
improvement has been reached through optimization of synthesis and
consolidation parameters [7,8], Nanostructuring [2,9], phase engi-
neering, and electronic engineering.

Among HMS dopants candidates, aluminium (Al) [10], and germa-
nium (Ge) [11,12] have been reported as the most effective substitutes
of Si on the silicon site. Dharmaiah et al. [13] reported a thermal con-
ductivity decrease by 25 %, with Ge as a substitution on the Si site
(MnSi; 75.x Gey), which attributed to increased phonon scattering by
pores and voids, and the figure of merit (zT) increased up to 0.6 [12] and
0.62 at 560 °C [14]. Moreover, Luo et al. [10] studied the MnSi; gg.xAlx
alloys with 0 < x < 0.009, where an optimal and increased charge
carrier concentration was observed at x = 0,0015 with 0.65 (zT) at 527
°C. However, adding impurities can make the alloy more prone to
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oxidation [15] or oxidation resistant [16,17].

Along with improving the thermoelectric properties of HMS alloys, a
parallel oxidation study is important while designing the thermoelectric
material. MnSiy are relatively stable up to 600 °C in oxidative atmo-
spheres [18], however doping or alloying with reactive elements, causes
the oxidation state to vary with the dopant type and concentration [19].
Few HMS oxidation studies have been carried out at temperatures above
1000 °C, and even fewer below 600 °C. Ning et al. [20], studied the
oxidation of uncoated and glass ceramic coated MnSi; 74 at 600 °C for
500 h in air. The uncoated samples grew a SiO layer of 5 pm with a Si
depleted region (MnSi) of the same thickness and the same trend was
observed by Funahashi et al. [21], although they had carried out their
tests for a short period of 10 h. Likewise, they also observed that their
uncoated sample showed a decrease in the Seebeck coefficient as well as
a decrease in the electronic conductivity both of which implied a lower
power factor compared to “as-sintered” samples. However, coated
samples showed resistance to oxidation and retained the same power
factor after heat treatment.

Similarly, M. Salvo et al. [22], studied the thermal oxidation of HMS
and included thermal cycling in their testing procedures comprising of
10 cycles with 1 h dwell time from ambient to 600 °C in air. With XRD
they observed Mny03 and some SiOy(cristobalite)in the sub-surface. Si
has a high affinity to oxygen relative to Mn, however the silicon con-
centration in the depleted region at the alloy-oxide may reach a mini-
mum, thus Mn contributes to the oxide formation. This was discussed by
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X. j.Liu et al. [23] regarding the oxidation of Fe-Si alloys, where they
revealed the effect of the silicon content and temperature on oxidation of
Fe-Si and confirmed Wagner’s theory of oxide structure between two
oxidation-prone elements.

For further and better understanding of the oxidation robustness of
HMS and its alloys, thermal oxidation of MnSi; 754X, (X: Ge or Al) alloys
was studied in the intermediate (300 °C —500 °C) and high (600 °C)
temperature ranges. This study mainly discusses the effect of tempera-
ture, optimal dopant concentration, and consolidation methods on
oxidation of the investigated compounds. Moreover, the dopants being
reactive to oxygen, the so-called “third element effect” [24] is discussed
based on SiO5 — GeO5/Al,03 oxides coexistence.

2. Experimental
2.1. Material and bulk specimen preparation

HMS alloys synthesized from different compositions of Silicon and
Manganese, doped with Al and Ge at the silicon site (see Table 2 for
nominal composition) were synthesized by Elkem ASA [25]. The raw
materials were mixed, melted in an induction furnace under argon at-
mosphere, and then cast in a graphite mould. The ingots were crushed,
and ball milled down to micron-sized powder, using a Herzog HSM 100
vibratory mill. Sample pellets were then made from the powder and
sintered by Spark Plasma Sintering (SPS) (Dr. Sinter, SPS-825 —
NTNU-Trondheim) and conventional Hot Pressing (HP) (homemade
vertical HP — University of Oslo) to produce 30—36 mm diameter x5 mm
discs. These were cut to size (1 x 3 x 4 [mm]) with a diamond cut-off
wheel (Struers), mechanically ground and polished using SiC paper
(up to 2400grit paper), and diamond suspensions (from 9 pm to 1 pm),
respectively. Finally, the samples were ultrasonically cleaned in acetone
for 3 min and rinsed in acetone before carrying out the analytical work.

2.2. Thermal treatment

The thermal oxidation experiments were conducted using a ther-
mogravimetric analyzer (TGA/DSC 1, Mettler Toledo) in both ambient
air and dry air. The powder samples (before densification) were put in
150 pL alumina crucibles for iso-conversion tests from 25—1000 °C, with
5 °C/min constant heating rate, and 50 mL/min reaction gas purging
rate. For isothermal experiments, the pressed discs of HMS were heat-
treated at 300 °C, 350 °C, 400 °C, 450 °C/500 °C, and 600 °C for 15
h/24 h, 72 h, and 200 h.

2.3. Characterization and micro-structure

2.3.1. Oxidation kinetics

To determine the kinetic behaviour, the empirical model derived by
Pilling and Bedworth was used, in which the experimental weight gain
per unit area of the sample is plotted against time during a constant
heating rate supplied to the apparatus (Eq. (1)) [26]. From this analysis,
the parabolic oxidation rate can be determined.

(max[de/ A) '

; =k, (€Y

Where: mgq - stand for the mass of oxide, A — the surface area of the
specimen, t — time, and k;, is the oxidation rate. Similarly, following the
Arrhenius oxidation model [27,28], the relationship between the
oxidation rate and the temperature is expressed by Eq. 2 which enables
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Table 1
Overview of all raw materials feedstock used in synthesis (wt%).
ESS Silgrain HQ Mn LC-
SiMn
Source REC Solar Elkem Alfa Aeser Eramet
Shape ~1 mm 0.2—-0.8 mm 1-10 mm
powder powder flakes
Si >99.999 >99.8 1.3 29.47
Mn - - >98.5 59.25
Fe <0.0001 0.04 - 10.55
Al <0.0001 0.09 - -
Ti <0.0001 0.001 - 0.293
Ca <0.001 - 0.005
P <0.0001 0.002 - 0.096
B <0.0001 0.003 - -
C - - 0.007 0.036
Cr + Co + Ni + ~0.2
Cu

Table 2

List of samples ID, nominal composition, and synthesis routes.
Sample ID Nominal composition Synthesis
HMS a MnSi; 75 a0, T
HMS_b MnSi; 75
HMS ¢ MnSi; 75 Y
Ge0.5_¢ MnSi; 745Ge€0.00s Y, ©
Gel_c MnSi; 74Geg 01 Y
Al0.5_¢ Mny99Si1.745Al0.005 Y
All_c Mny99Si1.74Al0.01 Y
Ge0.5 b MnSi; 745G€.005 a, T
Gel b MnSi; 74Geg.01 a, 6
Al0.5 b Mny,99Si1.745A10.005 T
All b Mny998i1.74Al0.01 a

a: Melting (1450 °C) + casting; y: Melting (1600 °C) + casting; ¢: hot pressing
(850 and/or 950 °C); t: SPS (850 °C).

the sample oxidation activation energy (E,) to be calculated (see
Fig. A3).

o,
k, = koe( ”) 2

Where: kj — is the pre-exponential factor; R and T: the gas constant and
temperature, respectively; and E; — is the oxidation activation energy.
Finally, the oxide thickness (X,yxige) is approximated by Eq. 3, where
Poxide Tepresent the oxide density (with SiO, assumed to be the sole
oxide).

Moxidey
/A 3)
P oxide

Xoxide =

2.3.2. Composition

The residues of the oxidized powder samples were experimentally
characterized by X-ray photoelectron spectroscopy (XPS). The data were
collected with a Kratos Axis Ultra®P spectrometer using a mono-
chromatic Al KaX-ray source (1486.6 eV) operated at 10 A and 15 kV.
Pass-energies of 160 eV and 40 eV were used for the survey spectra and
the detailed core-level spectra, respectively. The energy step sizes of 1
eV and 0.1 eV were chosen for the survey and the detailed core-level
spectra, respectively. Binding energies were referenced to the C 1s
photoemission peak centred at 284.8 eV for adventitious carbon
absorbed on the sample surface. A detailed analysis of the XPS data was
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Fig. 1. Top: Thermogravimetric weight change of HMS alloys (powder sam-
ples) oxidized in air from 25 °C -1000 °C by TGA/DSC 1, Bottom: Differential
scanning calorimetric (DSC) representation of the alloys presented on top,
respectively.

performed using the least square fitting program Winspec developed at
the LISE, University of Namur, Belgium. Peak fitting of the XPS spectra
involved the subtraction of a Shirley type background and peak
deconvolution using a linear combination of Gaussian and Lorentzian
functions. The spectra were deconvoluted into the least number of
components, which gives a good fit of the experimental data.

2.3.3. Microstructure analysis

The microstructures of the oxidized and non-oxidized specimen were
imaged using a scanning electron microscope (SEM, Zeiss Merlin)
equipped with an energy dispersive X-ray spectrometer (EDS). The mi-
croscope was operated at 15 kV (accelerating voltage), and the working
distance ranging from 5 to 5.6 mm. From backscattered images, oxide
phase composition was detected by EDS and analysed by elemental
mapping and line scan using ESPRIT software from BRUKER.

3. Results
3.1. Constant heating rate

3.1.1. Thermogravimetric analysis

In the beginning, all powder samples (Table 2 ) were oxidised in the
air from 25 °C -1000 °C at 5 °C/min using TGA. Fig. 1 shows that in
general, the weight gain of all samples begins in the temperature range
between 200—400 °C with a very slow oxidation rate. Undoped HMS (a,
b, and ¢) show more robustness to oxidation relative to doped HMS, with
total weight gain averaging between 0.35 % and 1.75 % corresponding
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to HMS_a and HMS b, respectively.

Furthermore, the HMS alloys investigated were Ge and Al-doped
with 0.5-1 at% dopant concentration, represented by subscript “b”
and “c”. The TGA weight change Fig. 1, shows that all alloys of batch “c”
oxidized at a much higher rate than the ones in “b”. From the synthesis
route presented in Table 2, the two batches are distinct only from the
melting temperature. The microstructure of the compounds (see Fig. 2)
revealed that batch ¢ had a high amount of SiC precipitates and a sub-
stantial amount of MnSi secondary phase, conversely batch b has a high
amount of MnSi phase, and less SiC precipitates. The SiC formation
during melting and casting originates from the reaction of the melt and
the graphite crucible. Moreover, it is seen how the samples with higher
Ge and Al amount results in a more heterogeneous microstructure. With
increasing Al or Ge, the amount of MnSi phases (light grey) increases
substantially. In addition, Ge doped samples have Ge precipitate phases
with the amount increasing with higher dopant concentration. Also,
slight amounts of SiC in samples batch a, and c - e are seen, while sample
b shows Si phase around the grain boundaries.

Between 600 °C and 800 °C, the Ge and Al-doped powders oxidised
much faster than undoped HMS, the increase in oxidation rate is asso-
ciated with the reactivity of the dopant towards oxidation. The results
revealed that the doped HMS compounds oxidation kinetics depends on
the dopant type and concentration, where Al-doped alloys have the
highest oxidation rate, hence higher weight gain of 5.33 % (1 at% Al)
and 4.2 % (0.5 at% Al). A similar trend can be seen on Ge doped alloys,
though the oxidation rate is around half that of Al-doped alloys.

3.1.2. Oxide composition

The composition of the oxidised powder at 1000 °C was carried out
using XPS to investigate the different species that were formed as a result
of the oxidation process in the undoped and the doped samples. Fig. 3
displays the high-resolution spectra of Mn 2p, Si 2p, O 1s, Al 2p, and Ge
2p core lines. The Mn 2p spectra showed two distinct peaks at ~ 642 eV
and ~ 654 eV assigned to the 3/2 and 1/2 spin-orbit splitting compo-
nents, respectively. The binding energy of the main peaks is indicative of
the manganese in the higher-oxidation state (Mn*") [29]. Manganese
forms oxide species in at least three oxidation states, Mn%*, Mn®*, and
Mn*t which exhibit significant multiplet splitting [30,31]. These
multiplet splitting structures have overlapping binding energies that
make it challenging for quantitative analysis. However, Mn 2p spectra
also showed a shoulder at the higher binding energy side at ~ 646 eV,
characteristic of Mn?* [30,32]. This suggests that the Mn-oxide also
contains MnO, besides MnO,. However, the quantification of each type
is not straightforward due to similar binding energies [31].

The Si 2p XPS spectra showed an intense peak centred at 103.7 eV
and a small feature at the low binding energy side (~ 102 eV) as indi-
cated by an arrow. The main peak is assigned to Si** while low binding
energy is indicative of Si in the low-oxidation state (3+) [33]. The O 1s
spectra also displayed two main features where a high binding energy
component is consistent with Si-oxide [33], while low binding energy
component is representative of Mn-oxide [34]. The observed binding
energies of Al 2p and Ge 2p core-level spectra identify the presence of
A1203 [35] and G602 [36].

A more detailed analysis of Si 2p and O 1s core-level spectra is dis-
played in Figs. 4 and 5 respectively. These results show that oxidation
results in the formation of SiO, as the main phase. In Fig. 4, the inte-
grated area under the peak for the low binding energy component (Si*)
is 3.7 % (for undoped compound) that of the total spectrum and in-
creases with Al doping (up to 8.0 %). However, this component is not
present in a Ge doped sample where Si exists in 4+ oxidation state only.
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For the O 1s core-level spectrum Fig. 5, four components were needed to
obtain the best fitting. Two components on the low binding energy side
were assigned to Mn-oxide while the most intense peak is arising from
the SiO; phase. The component with the highest binding energy could be
associated with physi-sorbed water [34]. In Al-doped samples, compo-
nents corresponding to Al-O could not be resolved due to very proximate
binding energy with Mn-oxide components [37]. Ge doped sample
revealed the presence of another component at 532.1 eV due to GeO2
[36]. Deconvoluted O 1s spectra were evidence of an increase in the
Mn-oxide phase with Al doping while a decrease with Ge doping.
Analysis of Al 2p and Ge 2p3/» core level region evidenced the presence
of Al,O3 and GeO; in Al-doped and Ge-doped samples, respectively
Fig. 6.

3.2. Isothermal oxidation

3.2.1. Effect of consolidation techniques
To investigate the effect of different consolidation techniques on the
oxidation resistance, as-cast, HP sintered, and SPS MnSi; 74Gey o1 alloys
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Fig. 2. SEM - backscattered electron images on
cross-section of alloys (a) MnSi; s, (b)
MnSiy 745Geo.005,  (©)MnSiy 745Al.005,  (d)
MnSi; 74Geg 01, and (e)MnSi; 74Alp 01, showing
large variation in microstructure with different

additions of Ge and Al. With increasing Al or
Ge, the amount of MnSi phases (light grey) in-
creases substantially. Ge doped samples present
Ge precipitate phases which increase propor-
tionally to the dopant concentration. Also,
slight amounts of SiC in samples a, and ¢ - e,

while sample b shows Si phase (green arrows)
around the grain boundaries.

were oxidized at 300 °C, 350 °C, 400 °C, 450 °C, and 600 °C; isother-
mally treated in ambient air for 24 h, see Fig. 7. All samples had insig-
nificant scale growth at low temperatures (<400 °C). For temperatures
above 400 °C, the weight gradually increased. The as-cast specimens
Fig. 7(a) showed an irregular weight gain for all temperatures with a
total weight gain of 7.5 pg/mm? after 24 h at 600 °C. The HP sampled
showed the highest weight increase for all temperatures, with a total
weight gain of 29 ug/mm? after 24 h at 600 °C, while the SPS sample had
much lower oxidation rates, with only a weight increase of 1.8 pg/mm?
for the same test conditions. A slow weight loss was noticed for some of
the samples oxidised at lower temperatures (Fig. 8(a)) especially below
450 °C. The weight loss is possibly due to adsorption/desorption of
humidity, volatile compound CO, or CO; [38,39], due to variation in the
humidity of the laboratory air used for the tests.

The effect of densification methods on oxidation was further inves-
tigated on pure HMS synthesized using “siligrain HQ Table 1” (a low
purity 99.8 wt% Si feedstock) and densified by SPS and HP. Fig. 8(a)
shows the weight gain of the SPS samples, with very small weight gains
for all temperatures, with a total weight gain of 4.8 pg/mm? after 24 h at
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Fig. 3. X-ray photoemission spectra of the Mn 2p, Si 2p, O 1s, Al 2p, and Ge 2p core level regions.
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Fig. 4. Left panel: X-ray photoemission spectra of the Si 2p core level region with peak fitting results. Right panel: Integrated area for the SiO, component for

undoped and doped samples.

600 °C, slightly higher than the SPS sample with a higher purity feed-
stock. However, for the HP sintered specimens (see Fig. 8(b)), the
samples oxidized catastrophically at high temperatures up to two orders
of magnitude higher than the SPS compounds. The catastrophic oxida-
tion process occurred after initial cubic growth from 300 to 400 °C
followed by linear growth at 450 °C and finally catastrophic oxidation
above 600 °C. The latter was discussed by Branco N. P. [27], who defines
cubic oxidation as a combination of linear and parabolic oxidation,
which at higher temperatures becomes only linear and at further
increased temperature the material oxidizes catastrophically.

Similarly, the cast and HP sintered specimen Fig. Al, presents the
TGA data for the 0.5 at% Ge doped HMS (MnSi; 745Geg oos) samples. The
immediate observation is that this compound was more resilient towards
oxidation than the 1 at% Ge doped HMS and pure HMS, and the scale
growth (especially at low temperatures) was negligible below 500 °C.

3.2.2. Composition effect

The alloy composition has a major impact on oxidation kinetics, both
due to the direct effect of dopants on the oxidation mechanisms, but also
due to the effect of composition on the microstructure development and
phase composition achieved during processing. Fig. A1(c) and Fig. 7(c)
shows the 0.5 at% Ge and 1 at% Ge HMS doped HMS alloys, respec-
tively, consolidated by SPS and heat-treated using a similar method. At
temperatures below 400 °C, no significant effects of dopant type or
concentration are seen. However, at 600 °C both the weight gain and the
oxide thickness were much higher for the 1 at% Ge sample than the one
containing 0.5 at% (see Fig. 9), corresponding to around 0.65 pg/mm2
(or 248 nm thickness) and 1.7 pg/mm2 (0.6 pm thickness). The same
trend was noticed for HP samples and better confirmed by the low purity
Si-based HMS Fig. 8. Unlike the Ge doped compounds, the siligrain-
based alloys oxidized at low (300 °C) and high temperatures, the
latter oxidized following parabolic model with rate constants of 0.616
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pg?/mm*h and 2 pg?/mm*h, respectively. At high temperature, the
compound based on less pure silicon oxidized with two orders of
magnitude higher rate than the 0.5 at% Ge HMS (5.44 pg?/mm*h
oxidation rate). Thus, the higher the impurities/dopant the higher the
oxidation potential and the behaviour agrees with the isoconversion
results.

3.2.3. Effect of humidity
Long-term oxidation experiments were carried out on Ge doped
specimens in ambient air for up to 200 h retention time, to investigate

the oxidation mechanisms over time. Fig. 10(a), shows the weight
change and relative heat flux of the Ge doped specimens in ambient air
for up to 200 h retention time. The TGA curve reveals that the sample’s
oxidation occurs in periodic steps of 11 h weight gain and 13 h weight
loss per cycle, while from the relative heat flux graph, the exothermic
and endothermic behaviour alternates in line with the weight loss and
gain, respectively. The weight gain and loss cyclic trend was identified
over the entire period and reflected the difference in vapor pressure over
the day (24 h). Where the observations showed that the mass gain
occurred during the night and mass loss during the day with a very high
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temperature drop during the night (~11 °C on average), and the level
was even higher on one rainy evening where the relative humidity in the
room was much higher than for a dry day. Finally, the weight gain
segments occurred in two steps, the first consisting of the adsorption of
oxygen at the alloy surface which initiates the diffusion of metal cations
and formation of SiOy (x — quartz) oxide with a parabolic diffusion
constant of 0.732 pg?/mm®*h. While the second is characterized by a
reduced diffusion rate of 0.21 pg2/mm*h diffusion constant. The same
trend was observed for all the cycles, though, with time the oxidizing
agent diffusion constant gradually decreases, this is consistent with the
notion that the scale grows slowly, and the oxidation rate decreases with
time.

At higher temperature (600 °C), the reaction follows the same trend,
though with longer weight gain segments than weight loss, as shown by
Fig. 10(b). The exothermic reaction lasted 16 h, while the endothermic
reaction lasted 8 h, which is contrary to the specimen run in ambient air,
this time the mass gain lasted longer. On the other hand, the alloy was
also heat treated in dry air at 400 °C Fig. 10(c), to investigate the oxygen
partial pressure or humidity contribution on the oxidation of the 0.5 %
Ge doped alloy. The TGA and DSC curves show a completely different
trend in dry air compared to that in ambient air, and the scale size
attained at 47 h in dry air is thicker than that reached in ambient air.
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Fig. 10. Long-term TGA oxidation of 0.5at% Ge HMS consolidated by SPS, heat-treated: a) in air for 200 h at 400 °C, b) in air for 47 h at 600 °C, and c) in dry air for

47 h at 400 °C.
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Fig. 11. SEM/EDS representation of MnSi; 745Geo 005 (SPS consolidated) and oxidized at 400 °C for 200 h. (left) EDS line scan spectrum, (right) SEM image showing

the cross-section of the interface between alloy and oxide scale layers.
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Fig. 12. SEM/EDS representation of MnSi; 745Geg.00s (SPS consolidated) and oxidized at 600 °C for 50 h. (left) EDS lines can spectrum, (right) SEM image showing

the cross-section of the interface between alloy and oxide scale layers.

Therefore, the heat treatment in dry air reveals that the weight losses are
possibly due to physi-sorbed water (also seen by XPS) which forms in
H20 contained atmosphere with high vapor pressure.

3.3. Oxide scale crystal structure, morphology, and composition

SEM images of the cross section of the oxidised surface of the 0.5at%
Ge doped sample is seen in Fig. 11 (400 °C, 200 h) and Fig. 12 (600 °C,
50 h). A thin layer of SiO, is visible for both samples, uniformly covering
the entire surface. The thickness is around 340 nm for the sample oxi-
dised at 400 °C for 200 h and 250 nm for the sample oxidised at 600 °C
for 50 h. For the latter sample, also a 280 nm Mn-depleted layer is visible
directly below the SiO3 layer. Some cracks are also visible both between
the layers and within the SiO5 layer.

Moreover, Fig. 13 presents SEM micrographs of the cross-sections of
MnSij 745Geg gos, heat-treated in the air for 24 h at 300 °C, 400 °C, and
600 °C. At 300 °C no trace of oxide scale was visualized even with high
resolution. At 400 °C a SiO; scale was observed; however, the silicon
depletion layer was smaller, and the scale was not uniform along the
surface of the sample. Above 600 °C, both the Si depleted region and the

scale could be distinguished, with more than half a micrometre oxide
(0.5 pm) width. The oxide scale contained trace of Si-, Mn- and Ge-oxide
based phases Fig. 13(c).

Fig. 14(a) shows the SEM/EDS elemental map (far right) of the HMS
(based on low purity Si-feedstock) oxidized at 600 °C. The oxide is
noticed on the grain boundaries, and some of the grains were fully
oxidized. The oxide is mainly SiO, and partially Mn, and Fe-based.
Fig. 14(b) presents a sample with similar composition densified by
SPS. The EDS analysis shows that the oxidation robustness is improved
with consolidation by SPS relative to the HP densification method,
however, a long strip of MnO can also be noticed in the middle of the
oxide. The diffusion of Mn?* and Mn** cations through the scale-alloy
interface, promoting the formation of MnO and MnO; oxides was a
result of a nonprotective SiO- scale.

4. Discussion
4.1. Oxidation of pure HMS

HMS (MnSi; 75) compounds synthesized from the more purified Si
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feedstock (see Table 1) were more robust to oxidation among all studied
alloys. The alloy selectively grew SiOj(a-quartz above 300 °C and
B-quartz above 575 °C), where the silica oxide coexisted with a silicon
depleted layer (see Fig. 16(1)). The alloy provides sufficient and gradual
flux of Si to the specimen surface, developing an external silica oxide at
the Alloy-Oxide interface. Carl Wagner [40], provided a necessary but
not sufficient condition for the formation of an exclusive formation of
one oxide in the case of metal “A” alloyed with “B”, as shown by Eq. 4.

_ L ()" )
16Zgc \ D

Where: Np(yin) — Minimum concentration of the alloying element, Zp —

NB(min)

Atomic number, ¢ — number of gram-atoms of the metal per unit volume,
n — the dissociation pressure of the oxide “BO”, k,p — the oxidation rate
constant of the parabolic rate law and D - the interdiffusion coefficient.

Ning H. et al. [20] conducted oxidation experiments on MnSij 74, the
specimen edge cross-section was composed of mainly SiO, and MnSi
phases at 600 °C after 500 h, however, in the current study, XPS revealed
that the oxide layer was also composed of minor Mn-oxide that originate
from Mn?* and Mn®* oxidation states, though only at high temperature.
In the initial stages of oxidation, Si preferentially oxidises and form a
relatively dense and stable SiO,. If the molar fraction of Si at the
alloy-SiOy is close to minimum, the diffusion of 02" jons through the
SiO layer will cause some oxidation of Mn at the interface, but due to
the low diffusivity of 0%~ in Mn-oxides this layer will not grow further.



A.P. Shyikira et al.

71
o 61
0)
0
& 5
(3]
w 44
=
2
‘@ 3
c
Q
£ 2
14
0 T T r T T T
0 20 40 60 80 100 120 140
Distance [um)]
o
o
@0
3
a
)
w
2
u
c
Q
=

5 60

40
Distance [um]

0 10 20 30

Corrosion Science 185 (2021) 109327

Fig. 14. Cross-sectional EDS composition analysis of pure HMS synthesized based on siligrain HQ (Si feedstock) and consolidated by a) Hot Press at 950 °C and b)

SPS, both TGA oxidised at 600 °C for 24 h.
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Fig. 15. Optimized Phase diagram of MnO-SiO; oxide phases [42].

Furthermore, the long-term coexistence of the formed oxides is a
crucial stability deterministic factor. This was not thoroughly investi-
gated by the current study, nevertheless, it was experimentally investi-
gated by Robie R.A. et al. [41] and revealed that the MnSiOz(rhodonite)
crystalline phase was grown at 890 °C for 20 h thermal exposure. A
similar observation was made using theoretic models (factsage.com [42]
and FISHER model [43]) under MnO-SiO; phase equilibrium simula-
tions as a minor phase, however, the manganese silicate (MnSiO3) was
not observed both at low and high (600 °C) temperatures in this study
(Fig. 15).

10

4.2. Oxidation of doped HMS

Based on the kinetics of oxidation results (chapter 3), the doped al-
loys showed high potential to oxidation in comparison to the pure HMS.
Comparatively, Ge-doped alloys were marginally distinct from the pure
HMS than the Al-doped compounds as by the isoconversion (Fig. 1) and
isothermal oxidation results. “Al” and “Si” were reported to be two
among three elements that, by selective oxidation form a slow-growing
and protective scale [44] together with chromium. From the high molar
concentration of silicon (Si) in the alloys, Si preferentially has higher
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Fig. 16. Schematic overview of the HMS (pure or doped) oxidation profile showing “the main scenarios” of Si diffusion through the oxide scale and its inward
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concentration; (3) Ng;j<Ngimin) (Nonprotective) all elements are involved starting from the most reactive to oxidation (formation of a conglomerate of oxides).

thermodynamic activity or higher affinity to oxidation relative to other
elements. As schematically illustrated in Fig. 16 , initially, the oxidant
(air) is adsorbed at the alloy surface; with temperature, high energy
electrons on the silicon atom are knocked out and creates a Si?" cation
defect, as a result, the silica layer nucleates and grows continuously at a
very slow rate (0.23pg%/mm*h at 400 °C). The scale coexists with a
silicon depleted layer, with which as silicon is consumed close to the
oxide alloy interface, Ge relative activity increases inversely propor-
tional to the Si diffusion rate, preferentially above 600 °C. As a result, a
Ge based oxide nucleates a GeO; oxide. Similar mechanisms apply to the
Al-doped compound which exhibited Al,O3 among oxides, though at a
distinct rate. Moreover, it was noticed (by the XPS analysis) that at high
temperature the stability of the Al-doped alloy is compromised as the
level of Mn-oxide increase relative to the Ge doped or pure HMS. This
reveals and confirms that Ge along with Si oxides is more protective than
with alumina, where Fig. 4 (right panel) shows that with Ge-doping the
oxide scale is almost solely SiOs.

The thermal oxidation robustness of HMS is unquestionable below
600 °C and this study has proven the case. However, it was also revealed
that the oxidation resistance of HMS does not rely only on the stoichi-
ometry but also depends on the densification method, the dopant type,
and the purity of the raw materials feedstock. This was seen when
comparing the oxidation rate of as-cast, HP, and SPS material. With HP
the specimen oxidised at a very high rate, especially at high
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temperature. The main cause is the weak mechanical strength between
particles such that oxidation can occur easily along grain boundaries of
non-completely sintered grains, as evident from Fig. 14(a) and Fig. A4,
and also seen from physical images of the samples Fig. A2 thermally
oxidized for 24 h, where the oxides increased the volume of the spec-
imen till it disintegrated. In contrast, the SPS consolidated specimen
Fig. 14(b) at 600 °C shows that the internal oxidation is greatly reduced,
and all oxidation occurs at the surface following more standard scale
growth diffusion kinetics. Hence, the mechanical integrity of the sample
showed huge advantages in reducing the oxidation of the compounds,
mainly because of reduced surface to volume ratio exposed to heat and
oxidation agent(s).

The effect of dopants and impurities on the oxidation rate is also
clearly seen and the mechanisms underlaying this is summarised in
Fig. 16, dividing it roughly into three different groups: (1) Pure HMS
oxidation for short and long retention time, or low dopant/impurity
concentration for short retention time, (2) higher temperature or longer
exposure at low dopant/impurity concentration, and (3) high dopant/
impurity concentration leading to non-protective oxide scale growth.

Case (1) was seen mainly for undoped HMS samples, where the
mechanism of oxidation is governed by “Si” selective oxidation to SiOz
and further details were discussed in section 4.1 above.

Case (2) was observed for doped HMS alloys. With Ge and Al as
dopants, transient GeO5 and Al;O3 oxides grow at the same time as SiO»
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(though relatively faster). As shown in Fig. 16(2), overtime a continuous
silica layer is formed with respective Ge- and Al-oxides at the SiO3 - Air
interface. At temperature below 400 °C (see Fig. 11), the depletion layer
is very small after 200 h of oxidation time, revealing the SiO5 passivity at
this temperature and justifying the lack of Mn oxide with XPS charac-
terisation. However, at 600 °C a wide silicon depleted layer is witnessed
on the alloy side of the interface (see Fig. 12), and the alloy presented
crucks at the alloy-oxide interface. With reduced Si molar fraction at the
alloy side, the stresses were a result of compositional changes at the
alloy-oxide interface and can also be linked to compressive stress be-
tween MnSi and SiO5 phases. Over time, the alloy oxidation mechanisms
could shift to as represented by Fig. 16(3). The latter would lead to the
formation of Mn-based oxide(s) and compromise the SiO,
protectiveness.

Case (3) was seen mainly on alloys with high dopant/impurity
concentration. HMS sample synthesized from more impure silicon
feedstock showed slow (cubic) oxidation at temperatures below 400 °C,
at 450 °C temperature the compound oxidizes linearly, and finally, at
high temperature, it oxidizes catastrophically (see Fig. 8(b)). This ki-
netics of oxidation is a result of nucleation of a conglomerate of oxides
that form based on the impurities (Fe, Al, B, etc) and nucleate in parallel
with silica, therefore compromising the protectiveness of silica. Though
the mechanisms leading to catastrophic oxidation was out of the article’s
scope, it is represented in the same angle as the high temperature
oxidation by scenario three (see equations of both oxide interfaces
Fig. 16).

The three cases presented above are only valid for atmospheres
where O(g) is the dominant oxidation species. However, after long term
oxidation tests in laboratory (humid) air Fig. 10(a), it was noticed that
the effect of humidity should also be considered. In a water contained
atmosphere, H2O is adsorbed on SiOy and react to form silicon hy-
droxide (Si(OH)4(s) Eq. 5, also reported by Copland E. et al. [45] in the
temperature range of 300 °C-600 °C. The nucleated hydroxide will
reach an equilibrium concentration “K” (Eq. 6) where it slows down both
Si%* and 0%~ diffusion (meanwhile the oxidation rate). The stability of Si
(OH)4 (also reported by [46]) is reached under certain HyO partial
pressure (pH0) in the atmosphere. Simultaneously due to varying
pH20, some Si(OH)4() dissociates following Eq. 5 and H,O vaporises,
which is witnessed in the weight loss sections, see Fig. 10(a). Towards
the night, the silica formation is again resumed under reduced pH,0 and
the cycle continues.

SiOy(s) + 2H,0) < Si(OH)4(S) 5)
asi(OH),

- IO, 6

pH,O X aso, ©)

Where asi(on), — 18 the local (oxide-air interface) molar fraction of
Si(OH),, asio, — is the local molar fraction of SiO,. Further studies could
extensively investigate the effect of HoO on the stability of SiOs, per-
taining to oxidation of HMS.

5. Conclusion

High temperature oxidation of MnSi; 75.,X, Was investigated in this
article. The alloys showed robustness to oxidation at temperatures
below 500 °C forming a SiO; protective layer. However, the formation of
SiO; layer mechanisms was studied and the level of protectiveness was
discussed.

At temperature above 600 °C, the rate of outward diffusion of Si ions
at the alloy-oxide interface is higher than that from the core. That affects
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much the oxidation kinetics, with the formation of third element-based
oxides (Al,O3 and GeOs) and Mn-oxides, which coexist with the main
oxide (SiO,) and reduce its protectiveness.

At temperature below 500 °C, the oxidation rate is reduced and with
time (as seen after 200 h of isothermal exposure), a compact and
continuous layer of SiO; is formed at the alloy edges with GeO; (for Ge
doped HMS) at the oxide-gas interface. Moreover, all other oxides were
found to be quantitatively minor to SiO, for alloys with pure Si-
feedstock (purity >99.999 wt%).

XPS composition analysis revealed that with Ge doping the Mn-oxide
was quantitatively reduced than with Al doping by a difference of almost
8% (considering 1at% doping on both sides). Therefore, GeOy — SiO5 was
a more protective combination than with Al,O3. Moreover, this study
found that alloys with 0.5at% dopant concentration were more resistant
to oxidation, and in case of excessive doping, both the kinetics and
mechanisms of oxidation of HMS alloys are considerably affected.

The oxidation kinetics and mechanisms are also dependent on the
mechanical integrity of the alloys. The samples densified by hot pressing
had 3 times more weight gain than as-cast samples, while with SPS the
oxidation resistance was much better than the others.

Finally, at worst scenario coupling excessive doping (or more im-
purities) with HP consolidation method, the alloys oxidized at the grain
boundaries, and lead to catastrophic oxidation. Therefore revealing the
important relationship between oxidation potential, impurities optimi-
sation, and density of alloys.
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Fig. A4. Elemental mapping by SEM-EDS of the pure HMS synthesized based on siligrain (as a Si feedstock), oxidized at 450 °C for 15 h in Air.
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