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Oxide inclusions are ubiquitous in steel and are known to affect, generally in a negative sense, the me-
chanical performance of steel products. Micromechanical properties of those phases are therefore im-
portant, yet they have remained largely unexplored. We present strength measurements performed on
individual silicon oxide inclusions in iron. The inclusions are produced in laboratory-fabricated samples
by silicon deoxidation of high-purity iron melts containing dissolved oxygen. Spherical silica inclusions
of diameter ~3 pm thus produced are notched using ion milling and then tested in bending for their
strength, by loading under displacement control in-situ within a scanning electron microscope. Results
show that silicon oxide inclusions thus precipitated within iron are amorphous in structure, exhibit a
smooth outer surface, and have fracture strains in the range from 8 to 17%, corresponding to fracture
stress levels on the order of 10 GPa. The strength of silicon oxide inclusions precipitated in iron can
hence approach the highest values so far measured in dry silica. The presence within iron and its alloys
of precipitated silica thus need not be deleterious, and might perhaps even be exploited to produce novel
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high-strength materials.
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1. Introduction

Non-metallic inclusions are small discrete second phases that
appear in the microstructure of metal alloys as a result of the fab-
rication processes, and which are generally known to degrade alloy
mechanical properties [1]. Oxide inclusions appear in steel primar-
ily for two reasons: (i) co-precipitation of oxygen dissolved within
the metal, and (ii) the entrainment, by flowing steel, of slag, re-
fractory, or surface oxide. The latter mechanisms produce “exoge-
nous” inclusions, which are generally large in size and hence the
most dangerous. Exogenous inclusions are nowadays largely sup-
pressed thanks to modern clean liquid metal treating, handling,
and casting practices. Precipitated or “indigenous” inclusions, on
the other hand, are in steel an unavoidable consequence of the
relatively high solubility of oxygen in liquid iron, which decreases
during alloy cooldown and solidification, and as a result, produces
either gas or the precipitation of oxides within the metal. In order
to avoid outgassing during casting operations (also called efferves-
cence), which in steels is linked to the formation of carbon oxides
during solidification, deoxidizer elements (such as Al, Si or Mn) are
added to the melt; those act as a trap for the dissolved oxygen by
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forming either liquid or solid oxide precipitates within the molten
steel. Although many of the indigenous inclusions are subsequently
eliminated by flotation, an important fraction remains in the lig-
uid steel and becomes part of the alloy microstructure. As once
pointed out by Kiessling [1], one ton of steel with an oxygen con-
tent as low as 1 ppm will contain between 10% and 10" inclusions
if those are present as spherical Al,03 inclusions with a diameter
between 100 and 1 micrometers.

Oxide inclusions are important because they influence the me-
chanical properties of steel: they affect ductility and toughness
[2] and they can be responsible for the initiation of cracks leading
to fatigue failure [3,4]. It has been shown that the melting prac-
tice, including factors such as the type of slag used, the lining of
the refractories, or the melting atmosphere, can have a large in-
fluence on characteristics of the produced inclusions, and through
this on steel properties; the most salient example of this being
given by the fatigue resistance of bearing steels [5]. In order to
improve steel quality, “inclusion engineering” techniques [6] have
been developed that go beyond controlling the size and number
of non-metallic inclusions (NMI), to also enable modifications of
their shape and, to some extent, of their nature by means of ther-
mochemical treatment based on analysis coupled with extensive
databases.
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In contrast with the vast amount of thermochemical data rele-
vant to inclusions in steel, the literature dedicated to their struc-
ture and mechanical properties is quite limited. Probably the most
comprehensive reference work was compiled in 1978 by Kiessling
and Lange [7], who gathered, in an atlas-like book, optical mi-
croscopy images and the chemical composition of inclusions ob-
served in steels of the time. In addition, they fabricated synthetic
oxide mixtures that reproduced the observed compositions in suffi-
ciently large volumes to enable phase analysis using X-ray diffrac-
tion and Vickers’s hardness measurements, using techniques that
at the time did not have the spatial resolution required to charac-
terize individual inclusions.

Such has been the advancement of techniques available for the
measurement of local material properties that it is now possible to
study the structure and mechanical behavior of individual phases
having volumes as small as a few cubic micrometers. To date only
a few studies have made use of these novel tools to characterize
steel inclusions. Among those are the contributions of Lamagnere
et al. [8], Stiénon et al. [9], and Wang et al. [10], who used nanoin-
dentation to probe the hardness and elastic modulus of different
types of non-metallic inclusions, and more recently the work of
Kusche et al. [11] who performed micropillar compression experi-
ments on manganese sulphide inclusions. Although few in number,
these studies show that much can be learned about the mechan-
ical behavior of these small precipitates, unique not only because
of their size and shape but also because of their chemistry and
structure, which are determined by the complex chemical equilib-
ria and thermo-mechanical history of the steel within which they
are contained.

We show here that micromechanical experiments can be car-
ried out in-situ on individual oxide inclusions to measure their
strength. The test methodology is an adaptation of the procedure
presented in [12] and implemented in [13,14]; it consists in test-
ing a pre-notched particle having the shape of a “C”, by applying
a compressive force normal to the notch. Milling of the notch is
performed with a focused ion beam (FIB) and the experiments are
coupled with finite element simulations to deduce the maximum
tensile strain and stress at the point of fracture. An important ad-
vantage of this testing technique is that tensile stresses and frac-
ture are developed in a region of the particle that has not been
altered by FIB milling. We present here the results of such mea-
surements carried out on silica inclusions that were precipitated
within molten iron.

2. Materials and methods
2.1. Fabrication of iron samples containing oxide inclusions

Si0, inclusions were produced by Si-deoxidation of a high-
purity iron melt containing oxygen. The main steps of the sam-
ple fabrication process involve: (i) induction melting of high purity
iron lumps (99.98%, ABCR GmbH, Karlsruhe, Germany) containing a
few ppm of oxygen in a cold crucible furnace under a 99.998% pure
argon atmosphere to 1600450 °C, (ii) the addition of a controlled
amount of Si by dropping a Fe-5 wt% Si pre-alloy (produced with
an arc-melter) into the melt; and (iii) cool-down and solidification
of the sample.

High purity iron is selected as the base material, as opposed to
a specific steel composition, in order to control, to the best possi-
ble extent, the composition of the oxide inclusions that precipitate.
The same reason justifies the use of a cold crucible setup instead
of a more conventional ceramic crucible, since it was observed that
contact of high-purity molten iron with a ceramic crucible leads to
the incorporation of elements from the crucible into the inclusions.

The cold crucible set-up used to prepare samples, shown in
Fig. 1, has as its main element a copper crucible that is contin-
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Fig. 1. Photograph and cross-section schematic of the cold crucible set-up used for
the fabrication of inclusion-containing iron samples.

uously cooled with water, in which the charge is melted by in-
duction heating. The crucible is placed inside a sealed quartz tube
which allows to control the atmosphere by evacuating air to a
pressure of 10-2 mbar, purging 4 times, and filling with argon of
99.998% purity. Temperature is measured by means of a two-color
pyrometer (Impac ISR 6 Advanced, LumaSense Technologies, Milpi-
tas, CA).

The iron lumps used for sample production are of high purity,
yet were not produced by vacuum remelting; as a consequence
they contain residual amounts of oxygen. The oxygen content in
the lumps was measured by the inert gas fusion technique (LECO
ON 736, LECO, St. Joseph, MI) and was found to be on the order of
200-300 ppm. The precipitation of oxide inclusions in samples of
this work is thus the result of the reaction between these ppm of
oxygen present in the liquid iron and the silicon that was added to
the melt.

2.2. Characterization techniques

The oxide inclusions were characterized by standard metallog-
raphy along cut and polished cross-sections of the iron samples.
Scanning Electron Microscopy (SEM) imaging was performed at
3 kV using a Zeiss Gemini SEM 300 (Oberkochen, Germany). The
elemental composition of the inclusions was analyzed using En-
ergy Dispersive Spectroscopy (EDS) (Oxford Instruments, Abingdon,
UK) with an accelerating voltage of 8 KkV. Selective dissolution of
the iron matrix was conducted to partially expose oxide inclusions
lying along the polished surface. This was done by electropolish-
ing for 60 s the matrix in a dilute acidic solution (Struers A2 elec-
trolyte, consisting of ~5% HCIO4 dissolved in a mixture of ethanol
and 2-butoxyethanol). Inclusions exposed in this way were then
machined into micromechanical test samples. Exposed inclusions
were also analyzed for their structure using confocal Raman spec-
troscopy (inVia™ confocal Raman microscope, Renishaw); spectra
were collected with a 532 nm laser, using a x 100 objective and a
confocal set up.
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b Flat punch c

Fig. 2. Schematics of (a) the positioning of samples for FIB milling; (b) the notch geometry used for the testing of spherical inclusions (viewed along the direction of the
ion or electron beams); (c) subsequent positioning of the sample for in-situ testing in the SEM.

Nanoindentation hardness measurements were performed us-
ing a Hysitron TI 950 (Bruker, Billerica, Massachusetts, US) and a
Berkovich diamond tip on individual inclusions along the surface
of polished samples. Accurate positioning of the indentations on
the inclusions was possible thanks to the 500 nm resolution of the
XY positioning platform of the instrument. A total of 15 indents
were performed using a maximum load between 1 and 2 mN.

2.3. Micromechanical testing

Micromechanical test samples were carved out of partially ex-
posed oxide inclusions by milling a deep notch with a Ga* Focused
Ion Beam (FIB) (Zeiss CrossBeam 540, 30 keV, 20 pA to 300 nA).
Spherical inclusions were specifically targeted for the fabrication of
micromechanical test samples, not only because they correspond to
the most commonly observed morphology in our samples, but also
because their compact and simple geometry simplifies milling op-
erations, modeling of the test, and interpretation of results. During
the milling operation, the iron sample was mounted with its pol-
ished surface tilted to a 10° angle with respect to the Ga*™ beam
axis (Fig. 2a), as this provides ion beam access to all inclusions that
have been exposed along the surface of the sample. A V-shape ge-
ometry with a large root curvature radius (Fig. 2b) was used for
the notch, instead of the rectangular profile adopted in previous
work, to adapt the notch to the spherical shape of the silica inclu-
sions. In addition, for most of the test samples, a portion of the
upper lip of the “C” was removed to avoid closure of the C before
fracture of the sample (Fig. 2b).

Testing of the C-shaped particles was performed in-situ within
the SEM under a pressure of ~ 10~% mbar using a nanomechan-
ical testing system (FemtoTools FT-NMTO04, Buchs, Switzerland)
equipped with rotation and tilt stages. A diamond flat punch, of
diameter 5 pm or 10 pum, was used to impose a vertical displace-
ment on the upper lip of the particles. The punch was mounted on
a microelectromechanical sensing probe able to measure both nor-
mal and lateral forces up to + 20,000 pN. Tests were performed
at a constant displacement speed of 0.02 pm/s, leading to a strain
rate along the outer surface of the particles in the range from 1
to 4 x 1073 s~1. The samples were aligned in such a way that the
direction of the ion beam used in the milling step was (i) parallel
to the observation direction during testing and (ii) perpendicular
to the diamond punch displacement direction (Fig. 2c). Measure-
ments were performed while observing the test in the SEM, with
the exception of four additional tests that were performed with the
electron beam off, so as to test whether data were affected by ex-
posure to the electron beam. SEM operating parameters during mi-
cromechanical tests were a voltage of 3 keV on a FEG source, with
a current below 200 pA scanning an area on the order of 60 pm?
over the ~ 180 s duration of the test. The cleanliness of the flat
punch tip surface was confirmed regularly by SEM inspection and
the tip was cleaned when necessary following the procedure de-
tailed in Ref. [15].

The system compliance, including the elastic deformation of the
iron matrix and that of the frame, was measured in separate ex-
periments. These were performed in the vicinity of tested particles
by collecting force-displacement data while compressing, one at a
time, the top of partly exposed spherical inclusions that had not
been FIB-milled.

The total load point displacement measured while compressing
emerging intact spherical inclusions is the sum of displacements
caused by the elastic deformation of the load train, by compression
of the iron matrix under the particle, and by deformation of the
(unnotched) particles under the punch. Knowing that loads dur-
ing C-shaped particle testing are too small to cause plastic defor-
mation in the iron matrix, the contribution to system compliance
of compression of the iron matrix under the particle can be esti-
mated using Sneddon’s equation; this returns values, for all tested
particles, below 2.17 10~3 pm/mN, well below measured load train
compliance values (on the order of 0.1 pm/mN, see below). This
particle-size dependent contribution to the compliance can, thus,
be neglected. The other particle-size dependent part of the sig-
nal is associated with (intact) spherical particle deformation in the
punch/particle contact region. The punch displacement (§) asso-
ciated with particle deformation under the indenter can be es-
timated using Hertz contact theory formulated for a hard punch
against a spherical elastic solid [16] (Eq. (1)):

) N2T3
s_| P (1 2vp) )

16 EpR
where P is the load acting on the particle of radius R (measured
from SEM images), E, and v, are elastic constants for isotropic
silica (Young’s modulus and Poisson’s ratio, respectively, taken to
equal E, =72 GPa and v, =0.17 [17,18]). Calculated values of §
were then subtracted from the force-displacement data of each in-
tact sphere test, to compute the (constant) system compliance that
accounts for contributions coming only from the load train includ-
ing the punch and the iron substrate. This compliance was found
to be relatively constant from one particle to the other and dur-
ing each intact particle compression test (thus validating the ap-
proach), and to be on the order of 0.11 pm/mN (equivalent to a
stiffness of 9000 N/m).

No signs of plastic deformation were observed in the iron dur-
ing the micromechanical tests; permanent deformation of the iron
matrix was only observed during compliance measurement tests
performed on small particles at relatively high loads that were
above the load range used when testing inclusions in the same size
range.

2.4. Finite element simulations

Finite-element models of each test were formulated using
Abaqus/CAE 6.14-1 (Dassault Systémes Simulia Corp., Providence,
RI, USA, 2014) in order to compute the local strain and stress
within the inclusion at the moment of fracture, or at peak load if
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Table 1
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Abaqus/CAE FEM cap-plasticity parameter values, defined first in the word terminology of the Abaqus Documentation, then between parentheses using word and variable

terminology from Ref. [20].

Model/Parameter

Model A - as reported in [19,20]

Model B (modification of Model A to delay tensile yield)

Material Cohesion (yield strength in pure shear, d) (GPa) 7.5
Angle of Friction (friction angle, 8) 0.001
Cap Eccentricity (R) 1.53
Initial Yield Surface Position (initial volumetric strain, 5;‘,’”0) 0
Transition Surface Radius (yield surface parameter, «) 1
Flow Stress Ratio (yield surface anisotropy in the deviatoric plane, K) 1
Cap hardening parameters Pco 11.5
Pc (at 1% strain)* 12.5

11.5
0.001

* Equivalent to a hardening slope (¢) of 100 GPa.

the notched particle did not fail before the notch was completely
closed. The 10° tilt of the iron surface was not accounted for in
computations, such that calculations were conducted on three-
dimensional models comprising half of each tested, partially em-
bedded, notched silica particle. Meshes were built using quadratic
tetrahedral elements (C3D10), with the geometry and dimensions
of the particles as measured from SEM images. The particles were
assumed to be isotropic, with the same elastic constants as above
(Ep = 72 GPa and v, = 0.17 [17,18]).

In addition to models assuming linear elastic deformation of
the silica phase, a second FEM model was run for each frac-
tured particle, in which it was assumed that silica also experiences
plastic deformation as dictated by the yield criterion proposed
by Kermouche et al. [19]. This was implemented in Abaqus/CAE
through the Abaqus Cap Plasticity model using parameters from
Ref. [20] and is listed in Table 1 as Model A. This yield criterion
considers that plasticity in silica can be caused not only by shear
loading, where the yield stress is characterized by a pure shear
critical stress (d in the terminology of Ref. [20]), but also by pure
hydrostatic compression, where the onset of plastic densification is
characterized by a critical pure hydrostatic compressive yield stress
(pc in the terminology of Ref. [20]). Values for (compressive) yield-
ing according to parameters of Ref. [20] correspond to d = 7.5 GPa
and p. = 11.5 GPa. In this model, plastic deformation driven by hy-
drostatic pressure is only present in compression, while for stress
states comprising hydrostatic tension, yield is only driven by shear
following a classical Von Mises criterion.

Finally, a third, modified elastoplastic, FEM model was run for
each fractured particle, using a similar yield criterion but modi-
fied to raise d to 11.5 GPa. This was implemented in order to delay
yield in tensile stress space and, through this, to confine plastic
deformation to the inner notch radius, where the stress state is
compressive (see Discussion).

Given the large deformations attained during the microme-
chanical tests, geometric nonlinearity was included in the models,
meaning that the dimensional change of elements that accompa-
nies their deformation was accounted for in subsequent calcula-
tions of both stress and strain. The punch was simulated as a dis-
crete rigid element (i.e., as a flat shell) to which the experimen-
tally measured, compliance-corrected, displacement was imposed.
Contact between punch and particle was modeled using classi-
cal isotropic Coulomb friction with a penalty friction formulation.
The friction coefficient in each model was considered constant and
equal to the average ratio of lateral to normal forces registered by
the force sensor during the corresponding test, with the observed
friction coefficient situated between 0.05 and 0.3. In order to re-
produce experimental conditions, in which sliding between the
punch and particle surfaces was evidenced, the maximum shear
stress allowed at the contact area was set to a low value, namely
600 MPa.

Boundary conditions for the lower end of the half-particle were
set as a restriction of displacements in all directions (pinning) of

an area along the particle bottom surface, with that area defined
by the intersection of the particle surface with a plane perpendic-
ular to the loading direction (Fig. 3). This (rigid) boundary condi-
tion creates a site of stress concentration along the particle sur-
face, situated just above the line of intersection of the (rigid) ma-
trix surface with the particle surface. This poses no problem if this
site of stress concentration is remote from the peak stress region
created by the notch along the outer particle surface while it is
tested. Such was not the case in all tests, however; when this oc-
curred (Figs. 3b&ad illustrate this) the iron surface was lowered in
FEM simulations to the highest position for which a minimum ap-
pears between the stress at the intersection of the particle surface
with the iron surface and the peak stress along the particle oppo-
site to the notch (Figs. 3c&e illustrate this).

3. Results

Most of the oxide inclusions produced in this work were
smooth and spherical (Fig. 4a) and had diameters ranging between
1 and 5 pm. A comparatively smaller number of the oxide precipi-
tates were observed to have a dendritic morphology (Fig. 4b) sim-
ilar to that documented in Refs. [21,22], or alternatively a rosette
morphology (Fig. 4c) analogous to that described in Ref. [23]. The
elemental composition of oxides in present samples that were ana-
lyzed by EDS corresponds well with that of SiO,. Nanoindentation
measurements conducted on the silica inclusions give indications
of permanent deformation under the indenter and return appar-
ent values for the hardness of 9.0 + 0.8 GPa and 79 + 10 GPa
for the apparent reduced modulus (average £ 2 times the stan-
dard deviation, here and in what follows). Those are apparent val-
ues, because the determination of both quantities is affected by the
presence of the (stiffer) iron matrix surrounding the particle. Cor-
recting for this effect using the scheme proposed in Ref. [24] re-
turns 8.8 + 0.8 GPa for the hardness and 74 + 10 GPa for the
Young’s modulus, consistent with known values for amorphous sil-
ica (9.25 GPa and 72 GPa, respectively). No internal microstructural
features or defects were found along cross sections through the in-
clusions.

Although thermodynamic considerations indicate that cristo-
balite is the stable form of silica at the temperature at which
these oxides are likely to have precipitated (1600 °C), an amor-
phous structure for the present spherical oxide inclusions was con-
firmed by confocal Raman spectroscopy, Fig. 5. As seen, the inclu-
sions give broad intensity shifts instead of narrow bands charac-
teristic of crystalline structures; furthermore, intensity profiles re-
semble closely the spectrum measured for fused quartz while dif-
fering markedly from the spectrum emitted by crystalline quartz;
see Fig. 1 of Ref. [25].

C-shaped particle bend tests led to significant deformation fol-
lowed by sudden fracture of the inclusions in roughly one-third of
the tests. Fracture surfaces of the broken inclusions were often ir-
regular, showing signs of multiple crack formation. Some inclusions
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Fig. 3. Boundary conditions used in FEM model and results from simulations of mechanical tests: (a) SEM image of a tested inclusion at the moment of maximum dis-
placement; (b) pinned area used in simulation, with zero surface displacement everywhere below the iron surface observed in (a); (c) same with pinned area top boundary
lowered to prevent the development of a region of maximum principal stress along the limit of the pinned area; (d) maximum principal stress distribution predicted for the
fully elastic model with the pinned area as defined in (b); (e) same but with pinned area as defined in (c).

Fig. 4. SEM images of SiO, inclusions observed in iron alloy samples from laboratory deoxidation experiments. (a) spherical morphology; (b) dendritic morphology; (c)
rosette morphology.
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Fig. 5. (a) Raman spectrum, and (b) EDS spectrum, collected from SiO, inclusions observed in iron alloy samples from laboratory deoxidation experiments. Spectrum col-
lected on inclusions exposed after dissolution of the iron matrix (by electropolishing).
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Fig. 6. Top, (a) and (c), and side, (b) and (d), view of two fractured particles after testing; note in (c) and (d) that the top portion of the particle remained roughly in place
after fracture, and that one can discern (black arrow) a trace of the indenter along the top particle surface, betraying the presence of a small level of compressive silica

plastic deformation.

Fig. 7. Example of non-fractured particle (a) before testing, (b) at the moment of maximum displacement, (c) after unloading where a crack is visible in the inner part of

the notch (black arrow).

were smashed by the indenter, while in others (the majority) the
upper inclusion half landed at a location remote from the inclu-
sion. Fig. 6 shows two inclusions for which the fracture surface was
comparatively well preserved: in (a) and (b) an inclusion for which
a relatively simple and clean fracture surface is seen, in (c) and (d)
the single inclusion for which the upper part remained attached to
the lower half of the inclusion. For the remaining samples (roughly
two thirds) closure of the “C” was reached before fracture of the
particle (Fig. 7), at which point the tests were stopped and the
sample was rapidly unloaded. For some of the non-fractured par-

ticles (six out of twenty-seven), the opening of a small crack was
observed along the inner, FIB-milled, surface of the notch during
unloading; an example of this is given in Fig. 7c and indicated
with a black arrow. Load-unload tests conducted while gradually
bending C-shaped inclusions showed, even at small loads (below
100 wN), unloading load-displacement lines lower than the load-
ing curve, thus indicating the presence of irreversible deformation
in the C-shaped inclusion.

Force-displacement data (Fig. 8) show overall good agreement
between experiments and FEM models. The initial portion of the



A. Slagter, . Everaerts, L. Deillon et al.

7000

d.
6000

5000 -

Force (uN)
w B
o o
o o
o o

2000

D=3.4um
t=1 pm

1000 +

0.0 0.2 0.4 0.6 0.8
Displacement (um)

6000

5000

D =3.7 um
t=1pum

00 02 04 06 08 10

Displacement (um)

e Experiment

— | inear Elastic

Acta Materialia 242 (2023) 118437

2000 b
1500 ~
Zz
=
o 1000 |
2
o
-
500
D=34um
t=0.7 um
0 -+ T

00 02 04 06 08 10
Displacement (um)

10004 d.
800 -

600 -

Force (uN)

400

D=2.7 um
t=0.6 um

0 I T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Displacement (um)

Model A > Model B

Fig. 8. Examples of force-displacement data collected from experiments and finite element simulations for four different tests along with each particle diameter (D) and
ligament thickness (t); experimental data were corrected to account for the compliance of the substrate and the testing rig. Colours distinguish the curves in the on-line
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Model A (lowest).

curve is, as expected, not altered by the incorporation of plasticity
in the models. Also as one would expect, at larger strain levels the
force computed for both elasto-plastic models falls below values
for purely linear elastic deformation; however, deviations remain
small, both between different model predictions and between pre-
dictions and experimental data. The main trend observed is that
the level of agreement between predictions and data decreases as
the particle size decreases (Fig. 8d illustrates this). The sensitivity
of simulations to dimensional input parameters, namely the liga-
ment radius and thickness, as well as the angle of tilt of the com-
pression axis with respect to the normal to the notch plane, was
examined with a series of separate simulations. These are detailed
in the Supplementary Material; those calculations show that the
predicted load-displacement curve is highly sensitive to those geo-
metrical parameters while the predicted peak stress and strain val-
ues are comparatively little affected by those variations.

Detailed model predictions show that (i) high stresses are
present in the inner region of the notch, as a combination of shear
and hydrostatic stress, and that (ii) the maximum principal stress
is tensile and is always located at the outer surface of the C-shaped
particles (Fig. 9), as one would expect. The incorporation of plas-
tic behavior in the silica deformation law, using parameters pro-
posed in Refs. [19,20] (Model A), leads to predict the presence of
permanent deformation along both the inner and outer surfaces
of the particle (Fig. 9c). This caps, as one would expect, the ob-
served maximum principal stress at the assumed yield stress, of
~8 GPa, while slightly increasing the strain that simulations pre-
dict along the outer surface. Simulations carried out with a yield
criterion modified to restrict plastification to the inner notch sur-
face (Model B) show similar peak stress and strain facture values
along the particle outer surface as those obtained assuming fully
linear elastic deformation.
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Fig. 9. SEM image of a particle at maximum imaged displacement before fracture (a) and FEM simulation results of: (b) maximum principal stress and (c) von Mises stress
(along the mid-plane cross section of the particle), both assuming linear elastic behavior, and d) maximum principal plastic strain predicted for the particle modeled as an

elasto-plastic solid with a deformation law defined by Model A.

Fig. 10a and 10c present values of the maximum principal strain
and stress reached according to FEM models using a linear elas-
tic deformation law, for particles that fractured (filled symbols)
and particles that did not fail (open symbols), with an indication
of data collected with the electron beam of the SEM turned off.
Fig. 10b and 10d show the maximum strain and stress reached by
fractured particles according to elasto-plastic models A and B (de-
scribed in Section 2.3). Points are separated along the horizontal
direction in the plots of this figure according to the product of the
ligament thickness times the notch diameter times the particle di-
ameter. This is a rough indicator of the stressed volume, since that
volume scales roughly with each of those three lengths along each
of three perpendicular directions.

4. Discussion

References in the literature to amorphous silica inclusions nu-
cleated and grown within iron or its alloys are scarce. Early sugges-
tions of the precipitation of glassy SiO, in iron can be found in the
work of Forward [23] and Flemings [26]. A more recent mention
to the amorphous structure of SiO, inclusions in iron and its alloys
can be found in a review by Zhang and Thomas [27]. Gleining et al.
[28] have argued that phases with the SiO, composition found in
multiphase inclusions within 18CrNiMo7-6 case hardening steel
were probably amorphous, since no diffraction lines from those
phases were observed in Electron Back Scattered Diffraction (EBSD)
experiments. Looking beyond steel, Wasai and Mukai [29] showed
that amorphous silica can precipitate in silicon deoxidation exper-
iments conducted with molten copper. The present data thus pro-
vide new, explicit, confirmation of the fact that amorphous SiO,

forms within pure, oxygen-containing, iron in the presence of dis-
solved silicon. As a consequence, we believe that it would be rele-
vant to adapt thermodynamic calculations involving SiO, formation
in iron and its alloys to consider the amorphous form of silica as
a possible deoxidation product, in addition to cristobalite. This can
be important because, even if the structure of the Si-deoxidation
product has a small impact on the total Gibbs free energy of the
system, it could potentially have a large impact on the composi-
tion of the predicted phases since crystalline forms of SiO, have
a limited solubility for other elements while the amorphous struc-
ture can incorporate relatively large amounts of other metals/metal
oxides [30].

The second main observation emerging from the present data is
the spectacularly high resistance to fracture that is measured here,
by means of the C-shaped specimen bend test, in spherical amor-
phous silica inclusions. This result is unaffected by the electron
beam, Fig. 10(a), since data with the beam off fall near the middle
of the range displayed by in-situ data. This lack of a discernable in-
fluence of the relatively low-intensity beam of the SEM (compared
to that of a TEM) on micromechanical measurements conducted on
silica agrees with observations reported in Refs. [31,32].

Both elastic and elastoplastic simulations of deformation within
the bent inclusions lead to conclude that, along their outer sur-
face, tensile strains in the range from 8 to 17% were reached be-
fore inclusion fracture. Those are remarkably high levels of tensile
strain for amorphous silica. Fracture strain values of this magni-
tude in glass are typical of high-perfection silica fibers fractured
in two-point bend tests, which return fracture strain values in the
range from 6 to 8.5% under ambient conditions (with 50% relative
humidity), or from to 16 to 18% when testing is conducted under
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Fig. 10. Maximum principal strain and stress obtained by FEM modeling of the tests: (a) and (c) of all tested particles and assuming linear elasticity; (b) and (d) of particles
that fractured, assuming linear elasticity or assuming elastoplastic behavior according to Models A or B (see Table 1). V; is the product of the ligament thickness times the

notch diameter times the particle diameter of each sample.

liquid nitrogen (i.e., free of the influence of moisture) [17,33-35].
In tensile testing, failure strain values in the same range (12-15%)
are reported for metallized fibers that were coated from the melt
[36]. Those values all exceed one-half of the intrinsic tensile frac-
ture strain, situated near 20% [35,37,38], that was derived for silica
tested under load-control knowing its strain-dependent modulus.

What is the corresponding failure stress? If one assumes fully
linear elastic deformation, then the tensile strength values mea-
sured here for silica inclusions along their surface are predicted by
finite element simulations to be on the order of 10 GPa, Fig. 10.
This is again on the order of values measured in tensile testing for
pure, high-quality silica fibers in either vacuum [39] or liquid ni-
trogen, where maximum reported values reach 14 GPa [17,38-41].
Values in the same range (12-15 GPa) are reported for metal-
lized fibers that were coated from the melt [36]. Values measured
with uncoated high-quality silica fibers in air, namely ~5-7 GPa
[17,33,34,36,39,41,42], are noticeably lower, likely due to the effect
of moisture in the testing environment.

For the large strain and stress levels observed in the current
study, the implications of assuming a linear elastic behavior must,

however, be considered, even if predictions from FEM simulations
match relatively well recorded load-displacement curves (Fig. 8),
since (i) the elastic modulus of silicate glasses is known to depend
on strain, especially for high strain levels, and since (ii) significant
plastic deformation has been observed in glass at high stress val-
ues.

It is known that the elastic modulus of amorphous silica in-
creases by up to 25% upon uniaxial tensile straining, and does so at
least up to strains on the order of 5 to 10% [37,38]. Measurements
at higher strain levels are difficult, but extrapolations from lower
strain data [37] show that the linear elastic assumption, for tensile
conditions up to strains on the order of ~20%, underestimates the
observed failure stress. So the influence of non-linear elasticity will
be to increase the tensile strength values derived from the present
data assuming linear elastic glass deformation, by an amount lower
than 20% (given that the present tests are in essence bend tests
[43]).

Load-unload cycles conducted on C-shaped inclusions gave, as
mentioned above, signs of the presence of irreversible deformation.
Plasticity, if present, will impose a cap on the maximum strength
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of the inclusion material if plastic deformation can be triggered
under tension. There is substantial evidence showing that amor-
phous silica can deform plastically to total strains in the order
of 20% in experiments where the stress state is predominantly
compressive, such as in indentation [20,44-46], diamond anvil cell
compression [47], or micropillar compression testing [32,48-50].
The common observation in those experiments is that amorphous
silica undergoes permanent deformation under stresses around 7
to 9 GPa, with evidence for both densification and shear as the un-
derlying mechanisms that cause plasticity. In experiments of this
study, the crack opening observed in the inner part of the notch
during the unloading of some of the non-fractured C-shaped tests,
Fig. 7¢, and also the slight particle surface deformation that one
can see at the top of the fractured particle half in Fig. 6c, indi-
cate (in the location marked with a black arrow) that some level
of plastic deformation indeed occurred in regions of the inclusions
that were subjected to compressive stress states of sufficiently high
value (and, for the notch root region, to modification by gallium
ion implantation). Linear elastic finite element simulations also
suggest that plastification is to be expected in the inner region of
the notch while the C-shaped inclusions were bent: predicted Von
Mises stress values at that location, for at least some of the lin-
ear elastic model calculations (those with thicker ligaments), reach
values near 35 GPa.

We therefore also conducted finite element simulations assum-
ing the presence of plasticity in the amorphous silica inclusions.
We used a model derived directly from the literature (Model A),
and then modified it in a way to see, in simulations, silica plas-
tification only in regions of the inclusions subjected to compres-
sive stress states (Model B, produced by raising the shear yield
stress in Model A). The reason for imposing this restriction is that
there are no signs in our data, nor to the best of our knowledge in
the literature [20], that plastic deformation appears in amorphous
silica when it is deformed under predominantly tensile stress. In
present samples the outer surface across the notch root in bent
samples (see Fig. 7c¢) remains smooth after unloading, with no sign
of permanent deformation or rippling that would likely result if
the outer surface had experienced substantial plastic elongation
while the inclusion was under maximum load, given that upon un-
loading that region would experience a compressive surface state.
More generally, the failure of high-strength amorphous silica fibers
in bending or tensile testing is regularly reported to be brittle, with
flat fracture surfaces (when they can be observed) [51]. Further-
more, if amorphous silica were prone to deform plastically under
tension, then its toughness should exceed twice its surface energy.
It is thus most likely that plastic deformation was experienced only
in the inner part of the C-shape and not on the outer surface of
deformed C-shape inclusions, leading us to believe that strain and
stress values experienced by inclusions tested here are probably
better predicted by Model B than by Model A. Predictions of both
models are plotted in Fig. 10(b) and (d) for samples that experi-
enced fracture. Predictions of Model A for the tensile failure stress
of fractured particles remain (obviously) capped by the assumed
tensile yield stress. Predictions of Model B come close to values
predicted by linear elasticity (in fact they exceed slightly predic-
tions from linear elasticity for both strain and stress, which is a
priori not expected; likely this is a result of densification on the
compressive side of the notch). We thus conclude that compres-
sive plastic deformation in the material does not affect significantly
peak tensile fracture stress values that emerge from the present
experiments.

It is unlikely that the etching step used to expose the inclusions
would explain why such high failure strains were reached here, be-
cause (i) silica is non-conductive and hence was not electrolytically

10

Acta Materialia 242 (2023) 118437

etched while the matrix was removed; (ii) exception made for hy-
drofluoric or phosphoric acid, which were not used here, amor-
phous high-purity silica is known to be inert in acidic environ-
ments [52], and finally (iii) where high-strength glass fibers have
been etched in corrosive environments, their strength is nearly
always found to have decreased [17,52-55] (an exception is with
fibers that have a rough or damaged surface, the strength of which
can be increased from lower values to a few GPa by means of an
etch that reduces the depth of surface irregularities, however, this
situation does not apply here [17]).

In summary, the very high strains to failure that are measured
here are thus likely not affected by artefacts, leading us to con-
clude that silica inclusions precipitated within iron in the present
work display, along their surface, tensile strength and strain values
that match what has been reported for the strongest silica fibers
produced to date, namely values in the range 8 - 17% for strain,
and 6 - 11 GPa for stress. Those values come near the upper limit
of what is known to be possible in amorphous silica; using a sim-
ple fracture mechanics back-of-the-envelope calculation, since for
amorphous silica K. ~ 0.75 MPa/m [17], peak defect depths are
therefore everywhere below 1 to 3 nm along the inclusion sur-
faces. Since in steel the amorphous silica phase is isolated from the
surrounding atmosphere, it is also reasonable to expect the inclu-
sions to be shielded from water and thus retain their high strength
over prolonged periods of time, the sole (but important) exception
being inclusions located along the surface of the metal.

In turn, assuming that the tested inclusion regions are repre-
sentative of the entire inclusions, this implies first that it is pos-
sible to deoxidize iron without necessarily introducing weak de-
fects in its midst if the inclusions can be made to be strongly
bonded to the matrix. We have not tested here the strength of
the particle/matrix interface (this is the subject of ongoing work);
however, unless it is quite weak (in which case interfacial voiding
might weaken steel containing such inclusions), and unless they
emerge at the surface of the metal, the present inclusions are likely
not to fracture within iron, even when the alloy is subjected to
elevated tensile stress. A second implication of findings reported
here is that, given its high fracture stress, perhaps amorphous sil-
ica precipitated within iron might be used as a reinforcing phase.
If equally smooth and strong amorphous silica inclusions can be
produced in much larger proportions within steel, then one would
have made a material with an admittedly lowered modulus, but
with a potentially high strength to density ratio, entirely made
from abundant elements (iron, carbon, silicon and oxygen), and -
if one can bypass initial silica reduction - with a potentially lower
carbon footprint than steel given that only a portion of the mate-
rial would be reduced from ore.

5. Conclusion

Silicon oxide inclusions can be formed by deoxidation of high-
purity, oxygen-containing, iron melts with the addition of silicon-
iron pre-alloys. The oxides formed in this way are frequently spher-
ical with an amorphous structure and a smooth outer surface.

The fracture stress of spherical amorphous silica inclusions thus
formed can be measured using an adaptation of the C-shaped mi-
crosample testing method that was developed to test, free of FIB
artefacts, the strength of reinforcing phases within metallic materi-
als. Results show that failure strains in the range from 8 to 17% are
attained, corresponding to strength values of the silica inclusions
that reach or exceed (since most particles tested reached such val-
ues without breaking) the range from 6 to 11 GPa. Those values
approach the upper bound for the strength of dry amorphous sil-
ica: oxide inclusions in steel can be very strong.
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