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ORIGINAL RESEARCH ARTICLE

Nanoindentation Hardness and Modulus
of Al2O3–SiO2–CaO and MnO–SiO2–FeO Inclusions
in Iron

ALEJANDRA SLAGTER, JONATHAN ARISTYA SETYADJI, EVA LUISA VOGT,
DAVID HERNÁNDEZ-ESCOBAR, LÉA DEILLON, and ANDREAS MORTENSEN

Oxide inclusions appear in steel as a subproduct of steelmaking. These are generally detrimental
to alloy properties; however, variations exist in the extent to which different inclusions are
harmful because their properties vary as a function of their chemical composition. We use
nanoindentation to measure the local elastic modulus and hardness of individual oxide particles,
produced by precipitation within liquid iron, that belong to the systems Al2O3–SiO2–CaO and
MnO–SiO2–FeO. Measured inclusion hardness values are typically in the range of 8 to 13 GPa
and can reach 26 GPa for alumina-rich inclusions. Calcium aluminates rich in alumina are
significantly stiffer than iron, with elastic moduli that can reach 350 GPa. On the contrary,
calcium aluminates that are expected as a result of successful calcium treatment (i.e., with less
than about 80 wt pct Al2O3 content) have elastic moduli below that of iron. This is also the case
for the wide range of calcium aluminosilicates and of manganese silicates studied here. In
addition, silicates containing about 70 to 80 wt pct MnO are observed to have a fine multiphase
structure and an elastic modulus of � 180 GPa. Those inclusions thus emerge as possible
candidates if one aims to minimise, in loaded steel, stress concentrations associated with
matrix-inclusion elastic mismatch.

https://doi.org/10.1007/s11661-024-07330-x
� The Author(s) 2024

I. INTRODUCTION

OXIDE inclusions are micrometre-sized particles that
arise in iron-based alloys as necessary sub-products of
steel manufacturing processes. Beyond a few specific
exceptions where oxide inclusions can be advantageous
(e.g., because inclusions can serve as a nucleating agent
for acicular ferrite in welded structures[1,2]), their presence
in iron-based alloys is often linked to lowered toughness
and ductility together with premature fatigue failure.[3–6]

To mitigate the adverse effects associated with the
presence of oxide inclusions, efforts in steel production
focus on minimising their size and number; however,

obtaining steel completely free of inclusions is techno-
logically challenging.[7–10] Recognising that steel pro-
cessing influences the characteristics of oxide inclusions
and that some oxide particles will inevitably be trapped
in the steel microstructure, an alternative approach
involves adjusting steel processing conditions to produce
the least harmful inclusions. This is implemented, for
example, in tire cord steel production, where hard
alumina inclusions are avoided by processing steel to
promote the formation of silicate inclusions that have
lower melting points and can better accompany steel
deformation during hot forming operations.[11,12] This
strategy, however, requires that the characteristics that
render inclusions more or less harmful be understood.
Inclusion characteristics that are deemed important
depend on the steel application; these generally include
elastic modulus, hardness, thermal expansion coefficient
(CTE), particle strength, and deformability under steel
hot-working conditions.[3,6,13–15] This strategy of course
also requires that those local inclusion characteristics be
known for the various possible inclusion types and
chemical compositions.
The chemistry of observed inclusions is primarily

determined by steel processing conditions including, in
the first place, the type of deoxidant used: commonly
used elements are Al, Si and Mn. Another critical factor
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is the possible use of additional processing steps to
modify existing inclusions. For example, alumina inclu-
sions produced in the course of Al-deoxidation are often
treated with Ca to form liquid calcium aluminates, thus
avoiding solid alumina inclusions, which have a ten-
dency to clog the nozzles that feed continuous casting
moulds.[10,16] Other factors that can affect the inclusion
composition, though to a smaller extent, are the type of
slag and the chemistry of refractories used in steel
production.[17]

The end result is that inclusions in steel products are
often multi-metal oxides that appear in myriad compo-
sitions. Inclusions are often based on oxides of Al, Si,
Mn, and Ca, at times with smaller fractions of other
elements such as Mg or Ti (see, e.g., Refs. 18 through
20). Despite this variety of possible compositions and
ensuing inclusion microstructures, local inclusion prop-
erties are well documented only for simple mono-metal-
lic or stoichiometric bi-metal oxides, with scarce data
beyond those few oxides. The most extended database of
inclusion properties is that of Kiessling and Lange,[13]

which compiles, along with physical properties such as
the melting point and density, microhardness data for
stoichiometric compounds in the
FexMn1�xO–SiO2–CryAl2�yO3, MgO–SiO2–Al2O3, and
CaO–SiO2–Al2O3 systems. Data on the deformability of
a more limited range of inclusion compositions are also
available in Reference 13 while thermal expansion
coefficients of some types of oxide inclusions have been
compiled by Brooksbank and Andrews.[21,22]

Concerning the elastic modulus, data for stable oxides
that have other technological interest or that appear
naturally on the Earth’s crust, such as SiO2, various
silicates, Al2O3, and some aluminates, are available, for
example, in References 23 through 25. In addition, a few
reports exist that measure this property directly on oxide
inclusions using nanoindentation, a technique capable
of probing volumes of material as small as a few cubic
micrometres and therefore compatible with the
micrometre size of typical inclusions observed in
steel.[26,27] Pioneering work in this respect was per-
formed by Lamagnere et al.[28] and with added contri-
butions by Stiénon et al.[29] and Wagner et al.[30] Other
reports of the use of nanoindentation to measure
inclusion properties include the work of Kushe
et al.[31] and of Wang et al.,[32] though the former is
not concerned with oxide inclusions (but rather man-
ganese sulphides) and the latter only reports hardness
values and not elastic modulus. Other than for stable ox-
ides of technological interest, information on the elastic
properties of several inclusions that are commonly
found in steel, such as calcium aluminates, is scarce: to
the best of our knowledge, available data are limited to
indentation measurements on only two out of six
possible single-phase calcium aluminates visible on the
CaO–Al2O3 pseudo-binary diagram,[28,29] and to values
produced by first-principles simulations.[33,34] This is
surprising given that calcium aluminates have been
reported to be among the most harmful type of oxide
inclusions in steel alloys subjected to fatigue[35,36] while
also the inclusion elastic modulus is recognised as a key
parameter governing the stress distribution around

inclusions and hence plays, together with the inclusion
size, inclusion–matrix interface strength, inclusion shape
and thermal expansion coefficient, an important role in
internal damage processes such as fatigue crack nucle-
ation and propagation in steels.[36–41] Given that, despite
the increased cleanliness of modern steel,[42] complete
elimination of the oxide inclusion population is not
likely to be possible for mass-produced steel, a better
knowledge of the mechanical properties of oxides that
form in steel should provide a useful design tool,
allowing for further improvements in steel performance.
We present here a study in which we produce a wide

range of oxide inclusion compositions within labora-
tory-scale samples of iron, to then measure their elastic
modulus and hardness by nanoindentation. We explore
in this manner the influence of composition across two
relatively wide ranges in the Al2O3–SiO2–CaO system
(including various types of calcium aluminates) and also
in a more limited region of the MnO–SiO2–FeO system.

II. MATERIALS AND METHODS

Samples were produced by deoxidation experiments
in which a few grams of pure iron (99.98 pct purity, abcr
GmbH, Karlsruhe, Germany) are co-melted with small
additions of deoxidising agents in the form of silicon,
manganese, aluminium and/or CaSi2. The chemical
composition of the iron lumps as provided by the
supplier (and not comprising the oxygen content) is
presented in Table I. The iron lumps additionally
contained trace amounts of oxygen, in the range of
200 to 300 ppm as measured using the inert gas fusion
technique, along with some surface oxide. Oxygen from
these two sources combined with the deoxidant addi-
tions to form small quantities of oxide inclusions by
precipitation within the liquid iron. Details of the
amounts and types of deoxidising agents are presented
in Table II.
The melting operation was carried out in an argon

atmosphere either by induction melting (in a silica
crucible or in a cold crucible setup as described in
Reference 43) or by arc-melting. These different tech-
niques were used along process flows detailed in
Figure 1 to explore the effect of processing parameters
on the characteristics of obtained inclusions. In the end,
differences were minor and mainly observed on the
spatial distribution of inclusion within the iron sample
and not among the characteristics of the individual
particles. The composition of resulting inclusions was a
function of the deoxidant nature and concentration
(itself strongly altered by calcium loss by evaporation in
samples containing this element) and on location within
the sample.
Samples were prepared for metallographic character-

isation using standard metallographic procedures.
Because many of the calcium aluminate oxide particles
gave indications of being etched by water, all grinding
and polishing operations for samples containing those
inclusions were performed using ethanol as the lubri-
cant, while a mixture of water, soap, and ethanol was
used for other samples. Polished surfaces were observed

METALLURGICAL AND MATERIALS TRANSACTIONS A



using a Zeiss Gemini 300 (Oberkochen, Germany)
scanning electron microscope (SEM) under a voltage
of 3 kV. The same instrument, equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector
(Oxford Instruments, Abingdon, UK) was used to
determine the elemental inclusion compositions after
nanoindentation testing of the particles so as to: (i)
avoid potential electron beam-induced artefacts that
may arise on the surface of the oxide from prolonged
EDS acquisition times (typically> 30 s) and (ii)

Table I. Chemical Composition of High-Purity Iron Lumps

Used as Indicated in the Certificate of Analysis (abcr GmbH,

Karlsruhe, Germany)

Iron Lumps Composition [Wt Pct]

Fe C Mn Ni P S Si

99.98 0.0008 0.0002 0.0022 0.00022 0.0015 0.0002

Table II. Deoxidising Agents, Crucible, and Melting Technique Used to Produce Iron Samples Containing Oxide Inclusions

Sample
Crucible/Furnace for Final

Melting
Deoxidising

Agent
Wt Pct Al
Added

Wt Pct CaSi2
Added

Wt Pct Si
Added

Wt Pct Mn
Added

1 Fused quartz (SiO2)/induction CaSi2* 0 0.12 — —
2 Refrigerated copper/arc Al, CaSi2* 1.07 0.88 — —
3 Refrigerated copper/induction Al, CaSi2* 1.05 0.90 — —
4 Refrigerated copper/induction Al, CaSi2* 1.08 1.13 — —
5 Refrigerated copper/arc Al, CaSi2* 1.03 0.90 — —
6 Refrigerated copper/induction Si, Mn — — 0.62 4.53
7 Refrigerated copper/induction Si, Mn — — 0.31 1.17

*CaSi2 used in this study was in powder form (Sigma-Aldrich) and was found via EDS measurements to contain variable concentrations, situated
on average around 1.8 wt pct of Al as an impurity.

Fig. 1—Detailed fabrication processing route of the seven samples characterised in this work. Different routes were implemented to produce
inclusions with various compositions. Iron bolts were made by the vacuum arc melting technique with vacuum casting into a cylindrical mould,
followed by machining, and were used to keep the added powder enclosed within the iron sample up to melting. Deoxidation in Sample 1 and
Ca-treatment in Samples 2 to 5 were made using CaSi2 (Color figure online).
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precisely analyse the composition of the indented region,
in particular in multiphase inclusions. The operating
voltage for EDS measurements was between 6 and
15 kV. Cation ratios were used to determine single
cation oxide fractions assuming oxygen stoichiometries
corresponding to FeO, MnO, CaO, Al2O3, and SiO2.

Thermodynamic calculations aiming to predict inclu-
sion compositions were performed with the Thermo-
CalcTM software using the TCOX9 database. A first
series of calculations was carried out considering the
nominal composition of Sample 1 (deoxidised only with
CaSi2) with the goal of explaining the range of observed
compositions (see Results). The silicon content was set
to 0.07 wt pct of the total sample mass, coexisting in the
molten iron along with different amounts of Ca, which
were set as a percentage of nominal additions to
simulate various scenarios of Ca evaporation during
sample preparation. The oxygen content used for the
calculations was 200 ppm, this being the approximate
value measured by the inert gas fusion technique in the
pure iron lumps used here. The presence of aluminium
was also examined since this element is present as an
impurity in the CaSi2 that was used as a deoxidant in
sample preparation. More specifically, the content of Al
detected by EDS in the CaSi2 powder varied signifi-
cantly (from 0.6 to 23 wt pct Al after deconvoluting the
carbon content) when measured at various locations
along an � 11 mm2 area of carbon tape covered with
the powder. It was on average 1.8 wt pct of the CaSi2,
and in calculations the aluminium content was thus
varied from 5 to 75 ppm by mass within the molten iron
sample.

The computations were performed suspending from
the database all crystalline phases associated with silica.
This was motivated by (i) the spherical shape of present
high-silica inclusions (which suggests that they are not
crystalline), and (ii) the fact that amorphous phases have
been reported for a wide area of the ternary Al2O3–
SiO2–CaO oxides.[44] The phases suspended from the
database were thus cristobalite, tridymite, quartz and
mullite. The simulations were run for a temperature of
1600 �C and a pressure of 105 Pa, and hence correspond
to (metastable) thermodynamic equilibrium microstruc-
tures predicted at that temperature, which we assume
are roughly maintained given the rapid subsequent
cooling of the samples.

Nanoindentation was carried out using a Hysi-
tron TI 950 (Bruker, Billerica, MA) equipped with a
Berkovich diamond tip, and was performed along the
sample cross-section after it was polished with diamond
paste down to 0.25 lm. Individual inclusions were
labelled before nanoindentation by writing a number,
using focused ion beam (FIB) milling, into the neigh-
bouring iron matrix tens of micrometres away from the
inclusion (Figure 2(a)) to subsequently allow a direct
correlation between the individual inclusion composi-
tion and its resulting modulus and hardness. The
scanning probe microscopy (SPM) capability of the
nanoindenter was used to produce a topographical
image of each inclusion before and after indentation,
which enabled precise localization of the indents on the
oxide particles with a spatial resolution of 500 nm,

Figures 2(b) through (d). The loading sequence included
a linear loading segment, a hold at maximum load, and
a linear unloading segment. Maximum loads were in the
range of 900 lN to 1300 lN. For most of the inclusions,
one indentation was made per particle in a location as
close as possible to the centre of the particle; for the few
cases where more than one nanoindentation measure-
ment was made per oxide particle, reported values
correspond only to the first indent.

III. RESULTS

A. Inclusion Chemical Composition

In each iron sample investigated, inclusion composi-
tions were observed to vary, with no apparent correla-
tion between composition and location within the
sample, across a relatively wide range of chemistries;
measured compositions are superimposed in the liquidus
projection of the respective ternary systems in
Figures 3(a) and (b). To better understand these
observations, thermodynamic simulations were carried
out using the Thermo-CalcTM software with the TCOX9
database taking as an example the nominal composition
of Sample 1 (deoxidised only with CaSi2). Results of
these simulations are presented in Figures 3(c) and (d).
The dark symbol in Figure 3(c) (100 pct Ca yield) shows
the predicted inclusion composition obtained by assum-
ing that the entire deoxidiser addition of CaSi2 plus 10
ppm Al (corresponding to about 1 wt pct of the CaSi2
addition) is incorporated and dissolved into iron con-
taining 200 ppm O. In the calculations, the influence of
small amounts of Si that might have been incorporated
to the melt (by reaction with the SiO2 crucible used to

Fig. 2—(a) SE-SEM micrograph of four spherical oxide inclusions
and their labels, written into the iron matrix using focused ion beam
milling; (b) through and (d) gradient scanning probe microscopy
(SPM) images of selected inclusions in the Al2O3–CaO system
obtained after nanoindentation testing, with (d) showing pileup
around the indentation site (light/dark areas correspond to
variations in the force sensed by the tip while scanning and not
directly to topography).
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melt Sample 1) were not considered, given that iron with
200 ppm of dissolved oxygen would be in equilibrium
with SiO2 if the amount of Si dissolved in iron was on
the order of 250 ppm: this amount is negligible in
comparison with that of Si added from CaSi2 (about
0.07 wt pct). The predicted inclusion composition then
corresponds to pure CaO.

If one bears in mind that calcium does not dissolve in
iron and that the boiling point of calcium is below the
melting point of iron, and if therefore one assumes that
a certain fraction of the calcium is lost by evaporation
(while other elements remain), then one obtains the
other points in that figure for various scenarios of
calcium yield, Figure 3(c). As seen, with 1 pct of the
calcium retained the predicted inclusion chemistry falls
along the line of measured compositions. If then one
thus assumes that 99 pct of the calcium evaporates from
the CaSi2 deoxidant addition when it is added to the
molten iron, and now varies the ratio of deoxidiser
elements (with only 1 pct of the initial calcium content

entering the melt) to deoxidised alloy (iron plus 200 ppm
oxygen), then predicted oxide equilibrium compositions,
as shown in Figure 3(d), lie along the same line as those
observed experimentally for Sample 1.
In the simulations, various other combinations of Ca

evaporation level, Al impurity level in the CaSi2, and
initial oxygen concentration were found to lead to
similar results (those are presented in the Supplementary
Materials). While the absolute concentrations assumed
here for Ca, Al, and O may therefore not accurately
match those of the tested samples, the order of magni-
tude is likely to be correct, and variations explored here
in their relative ratios thus offer a plausible explanation
for observed inclusion chemical compositions.

B. Inclusion Morphology and Structure

The typical aspect of inclusions, as observed in SEM
images of metallographic cross sections, is presented in
Figure 4. Inclusions appeared often as isolated

Fig. 3—(a, b) chemical composition (determined by EDS) of individual oxide inclusions tested by nanoindentation (a) in the system
Al2O3–SiO2–CaO and (b) in the system MnO–SiO2–FeO; (c, d) results of thermodynamic predictions for the nominal composition of Sample 1
considering (c) different extents of Ca evaporation (100 pct Ca yield corresponding to no evaporation and 1 pct Ca yield corresponds to 99 pct
of Ca being evaporated), and (d) different scenarios of deoxidant concentration, with x1 deoxidant concentration corresponding to the
experimental addition of Si, a Ca yield of 1 pct, and 10 ppm Al (other deoxidant concentrations correspond to lower or higher dilutions into
iron but keeping the same proportions of deoxidant elements and 200 ppm O). In (c, d), except for the point corresponding to 100 pct CaO
where the predicted phase corresponds to ‘‘halite’’, all other inclusions compositions were predicted as liquid oxides. Ternary liquidus projections
for a, c&d) are redrawn from Ref. [45] liquidus projections for (b) are redrawn from Ref. [46] (Color figure online).
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micrometre-sized particles; however, alumina inclusions
were generally found as aggregates (Figure 4(e)) and
rarely appeared as isolated inclusions (Figure 4(d)).
Many of the produced inclusions were nearly spherical:
such was the case for all inclusions in Samples 1, 6 and 7,
and for many of the inclusions in Samples 2 to 5. Some
inclusions presented irregular facets; this was notably
the case for inclusions with composition close to
CaOÆ6Al2O3, Figure 4(c).

As observed in Figures 4(f) and (i), complex inclu-
sions consisting of multiple oxide phases were also
observed. This was the case for nearly all manganese-sil-
icate inclusions in Sample 7 where a matrix with
composition close to MnOÆSiO2 was observed to contain
precipitates of composition close to SiO2, Figure 4(i).
On the MnO-SiO2 phase diagram, one finds that above
roughly 45 wt pct SiO2, solidification of SiO2 precedes
that of MnOÆSiO2, consistent with the observed two-
phase oxide structures observed here in inclusions of
Sample 7. Similar multiphase inclusion structures were
also observed for some calcium aluminates, where a
matrix of composition in the neighbourhood of
CaOÆAl2O3 (but with the Al/Ca ratio varying across
the range from 1.4 to 3.0) was often observed to contain

inclusions of composition near CaOÆ6Al2O3, Figure 4(f).
Occasionally, and most frequently in calcium-rich oxide
particles, sulphur-containing precipitates were found
next to, or within, the oxide particles (Figure 4(a)). This
last observation is in line with the literature, which
documents the co-precipitation of sulphide and oxide
inclusions, as well as an affinity of sulphur for calcium
(see, e.g., Fig. 8 of Reference 47 or Fig. 5 of Reference
37). Sulphur in the present samples has its origin as an
impurity in the iron lumps (Table I).

C. Nanoindentation Response

Nanoindentation data obtained from oxide inclusions
that displayed, in optical or high voltage scanning
electron microscopy, a uniform microstructure along the
plane of polish are plotted in Figure 5. Results obtained
by indentation testing on inclusions that appeared to
contain several phases, found in Sample 7 (with struc-
tures as in Figure 4(i)) and Samples 2 to 5 (with
structures as in Figure 4(f)), being more uncertain due to
the influence of neighbouring secondary phases within
the same inclusion, are only presented in the Supple-
mentary Materials.

Fig. 4—Scanning electron microscopy images of some representative oxide inclusions observed in samples of this work. Images (a) to (f) show
inclusions in the CaO–Al2O3 system while images (g) to (i) show silica-based inclusions. In (a) the white arrow points at a sulphur rich phase (a
situation most often seen in Ca-rich oxides). Group numbers refer to composition ranges shown in Fig. 5 and described in Sect. IV.
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Fig. 5—Elastic modulus and hardness of calcium aluminates (a, b), calcium aluminosilicates (c, d), and manganese silicates (e, f). Each data
point corresponds to the indentation of a single inclusion; white-filled symbols are obtained by directly applying the Oliver–Pharr method[26,27] to
the indentation data collected; colour-filled symbols are additionally corrected for the average matrix elasticity contribution following the
method described in Ref. [55] Inverted triangles in (a) and (b) indicate indentations in which signs of pileup were observed in SPM images after
indentation; presented data has not been corrected for pileup but only for matrix elasticity contributions. Composition is reported here as the wt
pct of Al2O3 (a, b), SiO2 (c, d), MnO (e, f), or CaO (top horizontal scale) in the inclusion composition. The locations of the corresponding
composition ranges for each sample are illustrated on the ternary diagrams in Fig. 3 (Color figure online).
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Because the load measured during nanoindentation is
sensitive not only to the material immediately below the
indenter but also to long-range stress fields, elastic
modulus measurements on small volumes of materials
can be affected by the properties of the surrounding
matrix or substrate.[32,48–55] In Figure 5, data obtained
by direct application of the Oliver–Pharr method[26,27]

(i.e., ignoring the multiphase nature of the tested
material and thus assuming that the material below
the indenter is homogeneous) are presented as white-
filled symbols. Colour-filled symbols correspond to the
same indentation data after correction for matrix
elasticity contributions using the method described in
Reference 55 in which the particles are assumed to
behave as spheres partially embedded in an homoge-
neous material of different elastic properties. More
specifically, the matrix elasticity correction has been
applied using an average correction factor alpha value
of 1.06 (as suggested in Reference 55 for spherical
particles) and taking the matrix properties to be those of
steel, namely an elastic modulus of 210 GPa and a
Poisson ratio of 0.3. Results are presented using the
value returned by nanoindentation, namely E/(1 � m2),
rather than Young’s modulus (E) of the inclusion, to
avoid assuming a value for the inclusion Poisson ratio
(m).

IV. DISCUSSION

A. Inclusion Composition

By comparing the chemistry of inclusions identified in
Sample 1 with the results derived from thermodynamic
computations described above it is possible to provide a
plausible scenario explaining why compositions in that
sample vary and lie along the observed line
(Figure 3(d)). If the precipitation of oxide inclusions

takes place before melt homogenisation, then variations
in observed inclusion chemical compositions will be
induced by variations in the local concentration of
deoxidiser, which is in turn a result of incomplete
mixing. Furthermore, if solute transport is mostly by
convection, as is reasonable for short times, then the
relative ratio (but not the concentration) of dissolved
deoxidising element concentrations will be the same
everywhere (note that we also assume here that Ca
evaporation from, and the Al impurities in, the CaSi2
additions are both uniform across the small amount of
powder used for deoxidation of Sample 1). As seen in
Figure 3(d), if one assumes that only 1 pct of the Ca in
the CaSi2 is incorporated while other elements remain,
and if furthermore the local concentration of these
deoxidising elements varies within the Fe-200 ppm O
melt while Ca/Si and Al/Si ratios remain constant, then
one obtains a series of inclusion concentrations that lie
neatly along the line of measured inclusion chemistries.
This shows that local variations in the concentration of
dissolved deoxidiser agents at the time of oxide forma-
tion can explain the observed range of inclusion
chemistries in Sample 1 (Figure 3(a)) if these are
governed by local equilibrium at 1600 �C and remain
unchanged over time and during solidification.[17]

Unlike Sample 1, which was prepared by adding a
single deoxidising agent (CaSi2), Samples 2 to 7 were
prepared by adding multiple deoxidising agents
(Table I). Local deoxidiser concentration variations in
these samples then do not only lead to variations in the
ratio of deoxidiser to deoxidised alloy (iron plus
oxygen), but also to various ratios between the different
deoxidant elements. This is likely the reason why a
larger spread of inclusion compositions is observed in
other samples, and why compositions for Sample 6,
shown in the ternary diagram of Figure 3(b), cover an
area rather than a line or a curve. In Samples 2 to 5,
inclusion compositions do not depart from the line

Fig. 6—Elastic modulus and hardness results obtained for inclusions in Groups VII and VIII showing (a) that data are clustered into two groups
and (b) that the clusters in property values are correlated with the MnO content. White-filled symbols in (a) represent raw indentation data while
coloured-filled symbols represent data corrected for the average matrix elasticity contribution following the method described in Ref. [55] (Color
figure online).
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joining CaO and Al2O3; this is not surprising given the
far stronger oxygen affinity of Al and Ca compared to
other oxide-forming elements present in the melt (Si and
Fe), coupled with the much higher concentration of the
former elements as compared with those in Sample 1,
thus causing Si additions to remain dissolved in the iron.

B. Inclusion Structure

Inclusions in Groups I, II, and III (Figure 5(a) and
(b)) correspond to phases for which the EDS data fall in
narrow compositional ranges and have stoichiometries
corresponding to Al2O3 (Group I), CaOÆ6Al2O3

(Group II, referred to hereafter as CA6; see Figure 5
for definitions of short-hand oxide compositions) and
CaOÆ2Al2O3 (Group III, or CA2), respectively. Electron
backscatter diffraction (EBSD) analysis was carried out
on inclusions from each of these three groups (data are
given in the Supplementary Materials). This confirms,
through the presence of Kikuchi lines, the crystalline
nature of Group I, II and III inclusions, as suggested by
their relatively stoichiometric chemical compositions.

Inclusions in Groups IV and V (Figures 5(a) and (b))
present wider compositional ranges. These bear no
relation to the CaO–Al2O3 pseudo-binary phase dia-
gram, as there are no wide single-phase fields predicted
for solid phases in that region of the phase diagram.
Moreover, EBSD analysis conducted on inclusions from
these groups do not exhibit Kikuchi lines. Given these
observations and the consistently spherical inclusion
morphology in those two groups, it is highly likely that
inclusions in Groups IV and V are amorphous. Our
classification of these inclusions into two groups, namely
Group IV or V, is thus based exclusively on their
chemistry falling within a certain range, with the
boundary between the two Groups placed at 55 wt pct
Al2O3. This line of separation was chosen instead of the
stoichiometric composition of the phase, namely
12 CaOÆ7Al2O3, because this is where the largest gap
runs between the two sets of datapoints. We note in
passing that inclusions in Group V are ones where
sulphur-containing phases were identified, either within,
or adjacent to, the oxide inclusions (Figures 2(d) and
4(a)).

Inclusions in Group VI (Figures 5(c) and (d)) contain
more than two-thirds of silica by weight. They display a
consistently spherical morphology and have

compositions known to produce, in macroscopic sam-
ples, oxide glasses when air-cooled from 1600 �C.[44]
Inclusions in Group VI are therefore likely amorphous.
Due to the large range of compositions of inclusions in
this group and to the observed trend of modulus
decrease with increasing silica content (Figure 5(c)),
indentation data for inclusions in this group were
binned by composition, with a bin every 5 wt pct
SiO2, before averaging to account for the matrix
influence on nanoindentation data.
Inclusions in Group VII and VIII correspond to

manganese silicate oxides. These appear to be sin-
gle-phased upon observation at low magnification or
with high voltage in the SEM. Results of indentation
testing of these inclusions, however, are clearly clus-
tered into two groups, suggesting that two different
types of inclusions were in fact present, Figure 6(a). As
observed in Figure 6(b), the transition in properties
correlates roughly with the MnO content and (surpris-
ingly) not with the total MnO + FeO content, as
would be expected if the transition in properties was
caused by the overall inclusion composition crossing
the 2MnxFe1�xSiO4 boundary (which runs as a hori-
zontal line at about 30 wt pct SiO2 in the ternary
diagrams of Figures 3b and 6b). Upon SEM imaging
with higher resolution and with the use of carbon
coating to decrease charging effects, some inclusions in
Groups VII and VIII exhibited a multiphase
microstructure, Figure 7. The presence of this multi-
phase structure was somewhat more frequent in inclu-
sions of Group VIII than in those of Group VII, but a
direct correlation was not observed. Upon EBSD
analysis, some of the inclusions also show signs of
being crystalline, most of them corresponding to
inclusions that are also observed to have a multiphase
structure, but again with no direct correlation with the
Group number. Details of the microstructures and
EBSD results are presented in the Supplementary
Materials. Finally, small amounts of S detected in
inclusions of Groups VII and VIII, in the range of 0.23
to 1.3 at. pct, also show no correlation with hardness
and elastic modulus results. The classification of
inclusions in each of these groups was therefore made
considering only indentation results and not
microstructural aspects. Because the microstructural
features observed in Figure 7 are considerably smaller
than the indentation size (Figure 7(c)), hardness and

Fig. 7—Scanning electron microscopy images (SE detector) with examples of fine multiphase structure observed on inclusions in Groups VII
(image a) and VIII (images b and c).
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elastic modulus values given below are considered to be
meaningful, and representative of the multiphase
structure.

Overall, most of the inclusions produced and charac-
terised here are apparently single-phased and often
amorphous. This might be partly due to the high

Fig. 8—Average elastic modulus and hardness vs average oxide composition for calcium aluminates (a, b), calcium aluminosilicates (c, d), and
manganese silicates (e, f); vertical error bars correspond to the standard deviation while horizontal error bars delimit observed compositional
ranges). White-filled symbols correspond to literature data for relevant crystalline, stoichiometric oxides[23,25,28,33,34]; in computing E (1 � m2)�1

from reported E values, Poisson ratios of 0.32 and 0.27 have been assumed for CA2 and CA6 respectively, following Ref. [34] while a value of
0.25 was assumed for Al2O3 following Ref. [23] (Color figure online).
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cooling-rates that are imposed by the methods used here
for sample production; fast cooling might produce
homogeneous inclusions with amorphous structures,
which would otherwise (if processed more slowly and
hence closer to equilibrium) lead to the formation of two
or more crystalline phases. We also note that the two
types of inclusions for which multiple phases were
evident by (relatively) low-magnification imaging in the
SEM (and also in SPM images obtained with the
nanoindenter in one of the cases) do not correspond to
equilibrium microstructures: the matrix and precipitate
phases shown in Figure 4(f) are not adjacent in the
CaO–Al2O3 phase diagram, while neither the matrix nor
the precipitate shown in Figure 4(i) give any indication
of being crystalline in EBSD analysis. In addition, for
both multiphase inclusion types, the relatively broad
range of chemical compositions observed for the oxide
matrix suggests that this part of the inclusion is
amorphous.

C. Local Inclusion Properties: Sources of Uncertainty

Indentation results presented in Figure 5 show that
variations in the inclusion composition can indeed lead
to variations in their mechanical properties; however,
the dispersion in the obtained results is relatively large
both before and after correcting for matrix elasticity
contributions. As described in Reference 55 such dis-
persion in the obtained values is to be expected because
inclusions are embedded within iron to different and
unknown relative depths, leading the matrix to affect
each particle measurement to a different extent. Given
that the plane of polish and particle distribution are
random, the influence of these variations in particle
depth, together with that of uncertainties inherent to the
indentation technique, can be reduced by averaging data

over a sufficiently large number of inclusions (30
particles or more was found to be sufficient in Reference
55). Since the averaging can only be performed among
values from inclusions of the same type, the tested
inclusions are classified into eight groups, as described
above.
Indentation results, corrected for matrix elasticity

contributions and averaged across each of the described
inclusion groups are presented in Figure 8 and
Tables III and IV. For Groups IV & V, and VII &
VIII, the ends of horizontal error bars in Figure 8
indicate the maximum and minimum value of the
measured Al2O3 or MnO content, respectively. These
average results exclude a few indentations in Group V
(marked in Figure 5 using triangles as opposed to
circles) that exhibited pileup in the topographic SPM
images (Figure 1(d)). Such observations of pileup were
exclusive to inclusions in that group and did not show
any clear correlation with either the inclusion size or
chemical composition. No correlation was either found
between pile-up and the presence of sulphur-rich phases
detected in inclusions belonging to this group.
To account for the uncertainty in present measure-

ments, we consider the two main sources of error
mentioned above: (i) uncertainty intrinsic to nanoin-
dentation (related to surface roughness, uncertainty in
the zero-load contact point, etc.) and (ii) uncertainty
associated with the fact that measurements are con-
ducted on particles surrounded by a matrix of different
elastic modulus into which the particles are embedded to
varying depths. To estimate the latter source of uncer-
tainty associated with the procedure in Reference 55 we
take, as extreme deviations, the particles to be embedded
in the matrix to an average depth (relative to their
diameter) of 30 or 70 pct, as opposed to the assumed 50
pct value that comes with a random depth distribution.

Table IV. Average Elastic Modulus (E (1 2 m2)21
) and Hardness (H) for Calcium Aluminosilicates and Manganese Silicates

Inclusion Type
SiO2 [Wt Pct]
(min–max.)

(E (1 � m2)�1) [GPa] (Mean ± Std. Dev./
Min–Max)

H [GPa] (Mean ± Std. Dev./
Min–Max)

Group VI
(Ca-aluminosilicates)

65.8 to 100 81 to 102 7.6 to 8.2

Group VII 42.4 to 67.9 109 ± 10 7.0 ± 0.7
Group VIII 66.1 to 72.0 183 ± 0.7 10.3 ± 0.4

Table III. Average Elastic Modulus (E (1 2 m2)21) and Hardness (H) for each Inclusion Group in the CaO–Al2O3 System,

Together with Literature Data for the Density of Stoichiometric Oxides of the Same or Similar Composition

Inclusion Type
Al2O3 [Wt Pct]

(Mean/Min–Max.)

(E (1 � m2)�1)
[GPa] (Mean ± Std.
Dev./Min–Max)

H [GPa]
(Mean ± Std.

Dev./Min–Max)

Density of the
Stoichiometric

Compound [gÆcm�3]

Group I (Al2O3) 100 347 ± 35 26 ± 2.5 3.98[57]

Group II (CaOÆ6Al2O3) 91.8 377 ± 37 22 ± 1.9 3.79[58]

Group III (CaOÆ2Al2O3) 78.6 147 ± 14 12 ± 1.2 2.92[59]

Group IV (~CaOÆAl2O3) 57.6 to 71.7 156 ± 15 10.5 ± 0.7 2.94[60]

Group V (~12CaOÆ7Al2O3) 44.5 to 53.4 151 ± 19 8 ± 2.0 2.67[61]
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Those two alternative depths correspond to values of
parameter alpha of Reference 55 equal to 1.21 and 0.67,
respectively, as opposed to the value 1.06 to be used in
the averaging procedure of Reference 55. This induces
changes in the final result that are generally around 5 pct
and do not exceed 11 pct, which are deviations in the
range of uncertainty intrinsic to nanoindentation mea-
surements (Table X4.6 of Reference 56). Given that the
standard deviation of data in present measurements is
on the order of 10 pct, we conclude that the two sources
of uncertainty in present measurements are commensu-
rate, and that their cumulative effect is well reflected in
the standard deviation that comes with the averaging of
binned data points; this is plotted as error bars in
Figure 8.

D. Local Inclusion Properties: Influence of Composition

1. Calcium aluminates
The results presented in Figures 8(a) and (b) and in

Table III show that calcium-rich inclusions of Al2O3

content ranging from 40 80 wt pct, and therefore
covering nearly the entire range of calcium aluminates
expected after successful calcium treatment, have prop-
erties that are essentially independent of composition,
with an elastic modulus well below that of iron
regardless of whether the inclusions are apparently
amorphous (Groups IV and V) or crystalline (Group
III). At higher alumina contents, however, a sharp
transition in the properties is observed between inclu-
sions in Groups III and II (corresponding to
CaOÆ2Al2O3 and CaOÆ6Al2O3, respectively). This tran-
sition correlates well with that reported in the literature
for the density of those oxides (Table III). An increased
bond density is thus a likely factor causing the measured
sharp increase in elastic modulus and hardness of
Ca–Al–O inclusions.

As seen in Figure 8(b), hardness data collected here
for calcium aluminates are in good agreement with
values reported for phases or inclusions of similar
compositions, notably with previously reported micro-
hardness[13] and nanoindentation data.[28] By contrast,
elastic modulus values presented in Figure 8(a) show a
higher degree of discrepancy with data in the literature.
For Groups V and IV, this difference is not overly
significant if one considers that literature values are
calculated (from first-principles density functional the-
ory for crystalline phases of similar composition) and
not measured.[33,34] For CaOÆ6Al2O3 inclusions the
discrepancy is unexpectedly high: results presented here
are well above values from calculations,[33,34] and are far
higher than previously reported experimental data
obtained by nanoindentation of inclusions in an indus-
trial bearing steel.[28] The fact that the correction for
matrix elasticity contributions of Reference 55 was not
applied in Reference 28 is not an explanation since the
reported elastic modulus is lower than that of steel, nor
is elastic anisotropy an explanation since (C11–C12)/2C44

computed using tensor coefficients reported in Refer-
ences 33 and 34 gives values close to unity. Differences
related to the indentation technique per se (e.g., to the
calibration of the tip area function) are also unlikely

since hardness values reported here and in Reference 28
agree (Figure 8(b)). Perhaps alloying additions present
in the commercial steels that were tested in Reference 28
played a role, bringing the elastic modulus of Group II
inclusions (CaOÆ6Al2O3) near that of Group III of this
work; however, this proposal is purely speculative and
would require verification.

2. Calcium aluminosilicates
Variations in elastic modulus and hardness of inclu-

sions in Group VI (calcium aluminosilicate) are modest,
Figures 8(c) and (d) and Table IV. There is a slight
increase in elastic modulus with decreasing silica content
starting at 95 wt pct SiO2: this is in keeping with the
literature as the substitution, in an amorphous SiO2

network, of Si cations with di- or trivalent oxides
normally causes an increase in elastic modulus.[62]

Elastic properties measured in this work are also in
good agreement with those reported for aluminosilicate
glasses in Reference 63. The inclusion elastic modulus
evolution found here is thus consistent with the litera-
ture and shows a slight, yet finite, influence of compo-
sition along the composition ranges delineated in
Figure 8(c). Group VI hardness values are higher than
those reported in Reference 63. This difference might be
a consequence of the higher Al2O3/CaO ratio (in at. pct)
of inclusions in this work (ranging from 1.2 to 2) as
compared to data in Reference 63 (£ 1). The observed
variation is reasonable since a higher Al2O3/CaO ratio
in aluminosilicate glasses is expected to increase the
coordination level of aluminum species,[63] increasing
the network connectivity and with it the hardness.

3. Manganese silicates
For (manganese silicate) inclusions in Groups VII and

VIII, a sharp transition in elastic modulus and hardness
is observed when the MnO content in the inclusions
exceeds � 66 wt pct, Figures 8(e) and (f) and Table IV.
The elastic modulus value of 183 GPa observed for
inclusions in Group VIII is interesting since it comes
closer than do all other data of this work to the 231 GPa
value characteristic of iron (calculated taking
E = 211.4 GPa and m = 0.293[64]). This value of 183
GPa is slightly higher than the � 160 GPa that would be
expected if inclusions in this Group had the exact
composition of 2MnOÆSiO2 and were crystalline[25],
Figure 8(e).
Looking more closely at the microstructure of inclu-

sions in Group VIII, one notices that they contain at
least two phases: a matrix and a dispersion of small,
nanometric, dark inclusions, which are thus of lower
atomic number than the matrix in which they are
contained. A low grey level in Figure 7, if not caused by
variations in the topography, can therefore only be
associated with a low average atomic number and thus,
in the present system, to a SiO2-rich second phase.
Backscattered electron (BSE) coefficients, which should
be proportional to the flux of BSE electrons emitted and
therefore to the non-topographical component of the
grey level, are estimated to be 0.375 for MnO, 0.312 for
MnOSiO2, and 0.334 for 2MnOSiO2 (thus being close
for those three phases) while the BSE coefficient of SiO2
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is approximately 0.237.[65] The matrix is thus likely of
MnO or of MnO-enriched manganese silicate.

Looking then at literature data for the elastic prop-
erties of oxides in the MnO-SiO2 system, one finds that
the elastic modulus of manganosite (MnO) has been
reported to be on the order of 317 GPa.[66] Further-
more, MnO inclusions precipitated in iron (and thus
containing a finite proportion of iron cations given the
low deoxidising power of Mn), produced and tested with
the same procedure as described above but using only
Mn as deoxidising agent, returned a value of
257 ± 16 GPa (with a hardness of 5.6 ± 0.4 GPa;
further details and data are presented in the Supple-
mentary Materials). Measured nanoindentation proper-
ties for silico manganese inclusions, in conjunction with
the observed microstructures, can thus be rationalised if,
for inclusions with more than 66 wt pct MnO, phase
separation causes the precipitation of a finely dispersed
SiO2-rich phase leaving behind a MnO-enriched matrix,
possibly containing precipitated manganosite, which
would explain the rise in elastic modulus.

Note that, in equilibrium conditions, the precipitation
of a silica-rich phase is not expected for the average
chemical composition of inclusions in Group VIII: the
explanation proposed here is thus speculative and might
be specific to the present rapidly cooled samples. If
however this explanation is correct, given that the elastic
modulus of manganosite exceeds that of iron, and given
that moving to higher silica contents reduces the oxide
modulus, it is possible that there be an intermediate
composition at which the average two-phase inclusion
elastic modulus in the Mn-Si-O system can be made to
match that of iron. This would eliminate, in the fully
elastic deformation regime, stress concentrations in steel
around those particular oxide inclusions.

E. Local Inclusion Properties: Implications
for Steelmaking

If the present nanoindentation results are now placed in
the context of steelmaking, it can be concluded that elastic
moduli of oxide inclusions can take values that are either
considerably above or below the elastic modulus of steel,
while their hardness is generally above that of the steel
matrix. This implies that little improvement can be
achieved by tailoring inclusion compositions in processes
or applications where the room temperature deformability
of the inclusions matters (for example to avoid defect
formation during cold rolling), while there might be a
window of opportunity to improve the performance of
steel products where the steel-inclusion elastic mismatch is
important, as in high-cycle fatigue. For example, recent
finite element simulations by Allison and Pandkar[40]

suggest that the rolling contact fatigue resistance can be
improved by a decrease in the modulus of inclusions when
those values remain above themodulus of the steel and the
inclusions are strongly bonded to the matrix. This conclu-
sion is also found to hold in the presence of extending
cracks, pores (equivalent to inclusions with E = 0) being
less detrimental than inclusions stiffer than the steel.[41]

Unfortunately, inReferences 40, 41as inother studies (e.g.,
References 67, 68), the case of an inclusion with a finite
elasticmodulus lower than that of ironwas not considered,
incidentally showing that, with the exception of MnS,
inclusions are generally considered stiffer than ironwhen in
fact they can also be more compliant.
More specifically, while the elastic modulus of calcium

aluminosilicates measured here does not change signifi-
cantly and remains in the range of 87 to 106 GPa, a sharp
transition is observed with composition for the elastic
modulus of manganese silicates and calcium aluminates.
For calcium aluminates, the transition in properties
reported here shows that calcium aluminates expected
as a result of successful calcium treatment (with Al2O3

contents below 80 wt pct) are more compliant than iron,
while only Al2O3 and CaOÆ6Al2O3 exceed its elastic
modulus significantly. Furthermore, as noted above, in
order to minimise stress concentrations caused by elas-
ticitymismatch between inclusions and thematrix, results
of this work suggest that manganese silicates with about
70 to 80 wt pct MnO might offer a solution.
We note in closing that this work evidently covers

only a fraction of possible inclusion compositions. It is
our aim to pursue it further, as there might be inclusion
compositions of greater compatibility with steel than
was found in present samples. To give one example,
drawing from elasticity data for minerals often found on
the Earth’s mantle or crust, some silicates emerge as
interesting alternatives with both an elastic modulus
close to that of iron (E(1 � m2)� 1 = 231 GPa) and the
potential to be a product of efficient deoxidation; these
minerals are forsterite (Mg2SiO4) and mullite (3Al2O3Æ2-
SiO2), which have reported values of E(1 � v2)� 1 of
214 GPa[69] and 247 GPa,[24] respectively.

V. CONCLUSIONS

Several oxide inclusions across the Al2O3–SiO2–CaO
and MnO–SiO2–FeO systems can be formed by reactive
precipitation within oxygen-containing iron, using proce-
dures based on arc- and/or induction-melting. Inclusions
thus produced within each given iron sample are observed
tohaveawide rangeof chemical compositions, probablyas
a result of their relative rapid formation in relation to
deoxidant homogenisation times. For samples deoxidised
withCaSi2, asmuch as 99pct of the calciumaddition is lost
by evaporation, judging by a comparison of thermody-
namic simulations with experimentally determined inclu-
sions compositions. Resulting inclusions are single- or
multiphase particles, and the phases they contain are
frequently (albeit not always) amorphous, perhaps as a
result of the rapid cooling characteristic of the present
sample production method.
Inclusions thus produced are amenable to testing by

means of nanoindentation for their hardness and
modulus. Hardness values for tested inclusions remain
always above 4 GPa and thus generally exceed values
for steel. Measured oxide inclusion elastic moduli
include values both below and above those expected
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for iron, as they span a range that goes from 81 to
377 GPa. Of particular notice are the following results:

i. Among compositions explored here, Al2O3 inclu-
sions and CaOÆ6Al2O3 inclusions show the high-
est elastic modulus values, reaching 377 and
347 GPa, respectively. Hardness values for these
inclusions are also comparatively high, with
averages at 25.9 GPa (Al2O3) and 21.5 GPa
(CaOÆ6Al2O3).

ii. Calcium aluminate inclusions with less than about 80
wt pctAl2O3 have average elasticmoduli on the order
of 150 GPa.Therefore, calciumaluminates produced
by successful calcium treatment ofAl-deoxidised steel
are expected tobe less stiff than the iron-basedmatrix.
Averagehardness values for these calciumaluminates
are in the range of 8.3 to 11.6 GPa.

iii. Calcium aluminosilicate inclusions tested here
have elastic modulus and hardness values that
are relatively unaffected by their chemical com-
position. These are in the range of 81 to 102
GPa, thus again lower than iron or steel, and 7.6
to 8.2 GPa, respectively.

iv. Manganese silicate inclusions studied here have
elastic modulus values that are below that of
iron; however, if the MnO content is on the order
of 70 to 80 wt pct, multiphase inclusions with a
fine microstructure and an elastic modulus of
about 183 GPa are obtained. These have, among
all the observed inclusions, the smallest elastic
mismatch with the iron-based matrix.
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