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ABSTRACT. A crystal of synthetic chromite FeCr,O4 has been annealed in air at 700°C for 50
days at room pressure in order to study physical-chemical changes. After the annealing treatment,
Scanning Electron Microscopy (SEM) images of the polished surface of the sample showed areas of
different composition. Detailed Raman mapping revealed that the annealed chromite undergoes an
oxidation process, proceeding inwards from the outer surface and leading to the transformation of
chromite to magnetite, and ultimately to hematite. The oxidation process also leads to the formation
of trellis-like lines, arguably via stress-related mechanisms associated with the phase transformation
and consequent volume changes. The present study confirms the possibility of non-stoichiometry or
structural defects causing slight structural asymmetries and the formation of new modes, resulting
in a valuable support in characterizing both natural and artificial material. The potential of Raman

spectroscopy in the identification and spatial resolution of mineralogical phases, is also highlighted.
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1. Introduction

Chromite is an oxide mineral belonging to the spinel group with ideal formula FeCr,0y4. Its
interesting properties are not limited to the chromium content used for industrial applications but
are still in the spotlight of researchers for many reasons[1-3] including its high thermal
stability[4,5]. The chromite end-member Fe*'Cr,0y is a typical example of a normal spinel where
the divalent cation fills only the tetrahedral site (T) and the trivalent cations fill the octahedral one
(M). This fact is due to the large excess octahedral crystal field stabilization energy of Cr’* ensuring
its preference for the octahedral site[6,7].
Natural spinels can only approximate the ideal FeCr,O,, in fact, other cations may enter into the
crystal structure, so that (Mg, Fe*)(Al, Cr’"),04 better describes natural Cr-bearing spinels, with
extraterrestrial chromites better approximating the end-members|[8,9]. Another cation that could be

accommodated in different amounts into the crystal structure is Fe’”. Several authors studied the



effects of Fe’™ into the crystal lattice of Cr-bearing spinel and found that it can be present both in
tetrahedral (T) and octahedral (M) sites and that in large amounts it creates a
magnetite/magnesioferrite component leading to an inverse spinel[10-16]. The main possible
causes of the presence of Fe’™ within the spinel structure are a higher oxygen fugacity of the
original melt from which the spinels form, an oxidation process taking place after spinel formation
or the unavailability of other trivalent cation in the melt[10,17-22].

From a chemical point of view, in natural spinels one of the effects of oxidation is the formation of
a rim enriched in Fe’" usually called “ferritchromite”, but the way it develops and the enrichment or
impoverishment of different cations and their exchange with the environment are still a matter of
debate due to exchange with other mineral phases present in the surrounding environment.
Ferritchromite rims formed at the edges of Cr-spinel crystals have been extensively documented at
temperature higher than about 500°C. Velicogna and Lenaz (2017) [23] studied some natural
crystals of Cr-bearing spinels containing variable Cr and total iron content (0.1-1.5 and 0.2 — 1.0
atoms per formula unit, respectively) by X-ray single crystal diffraction at ambient conditions and
after heating at 600°C for 7 and 28 days in order to verify if they suffered oxidation. The results
suggested that air oxidation was absent in the studied natural spinels annealed at 600°C. Some
corrosion studies on stainless steel have been performed in order to see what is the effect of
oxidation by O; and O,+H,O on Fe, Cr alloys[24,25].

In order to shed light in this field, two pure Fe*'Cr,O4 spinelides, where the presence of Fe'™ was
excluded by Electron microprobe analysis [26], had been annealed in air at 600°C and 700°C for
different times (about 120 and 50 total days respectively). Backscattered SEM images of the surface
polished chromites after annealing, showed no changes in the crystal heated at 600°C after 120
days, while the sample heated at 700°C showed interesting modifications i.e. the formation of
trellis-like lines and a progressive greyscale darkening from the inner core to the rim. The aim of
this work is to study the physico-chemical effects of the oxidation on the single crystal of chromite
heated at 700°C by Raman spectroscopy. More specifically, we use Raman mapping and statistical
spectral analysis to provide detailed compositional information with high lateral resolution and with

minimal sample preparation.

2 Materials and Methods
Pure FeCr,O4 (chromite) spinelides crystals were synthesized by flux-grown method at the
Department of Mineralogy of the Museum of Natural History of Stockholm (Sweden) following the

procedure described in literature[26,27].



Two different samples of the synthetic crystals were annealed in air at atmospheric pressure
at 700 °C for 50 days and 600°C for 120 days, respectively. Successively annealed crystals were
thinned, polished, and then analyzed by Electron MicroProbe Analysis (EMPA) coupled to a SEM
operated in the backscattering mode.

The Raman spectra were collected by an inVia Raman Microprobe (Renishaw), using a
HeNe excitation laser at 632.8 nm, a 50x objective with 0.75 NA, and a 1800 lines/mm grating. The
power at the sample surface was 15 mW. An array of 18900 spectral points was collected by an
automated mapping system over an area of about 180 x 25 pum on the polished surface of the
annealed chromite, as depicted in Figure 2, with a collection time of 1 second per spectrum. In
Raman mapping, such an array is referred to as “hyperspectral data set”. This data set has then been
subjected to a Hierarchical Cluster Analysis (HCA)[28,29] where spectra are grouped according to

their similarity.

3. Results

In Figure 1 Electron backscattering images allows to recognize areas with different shades of gray.
The chromite annealed at 600°C for 120 days (Fig.1a) has a uniform color proving to be almost
unaffected by the treatment except for the big black spots that are visible in Figure 1a. These spots
are due to preexistent holes in the crystal structure whose presence becomes evident after the
polishing procedure. The crystal annealed at 700°C (Fig. 1b) seems to be more interesting and for
that, it was chosen for the Raman mapping. More in details, the inner core is almost clear, turning to
a darker shade in proximity of the rim. Within the core and parallel to the 111 lattice planes some

trellis lines are recognized.
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Figure 1. Backscattered SEM images of two surface polished chromites after annealing at 600°C and 700°C for 120

and 50 days, respectively. In the inset, enlargement of the appeared trellis lines parallel to the 111 lattice planes.

The result of the Hierarchical Cluster Analysis (HCA) is shown in Figure 2 and we report the
subdivision in 12 clusters (the clustering procedure is arbitrary and it is guided by the similarity of
the mean spectrum of the cluster with the spectrum of a known compound), where each color

corresponds to a different cluster.

Figure 2. (Left) Backscattered SEM image of the chromite’s polished surface after annealing at 700°C, showing the
area where the array of spectra was collected from. (Right) Map representing the hierarchical cluster analysis of the
array of spectra. Each color in the scale represents the mean of one of the twelve clusters of spectra and allows to

determine the location of the different compounds that each cluster represents, as reported in Figure 2



The mean (centroid) of all spectra belonging to each cluster are represented in Figue 3 by using the
same color code as in the map of Figure 2; each mean spectrum will be treated as representative of
all spectra belonging to the corresponding cluster. Spectra in the orange and red zones (cluster 11

and 12) are essentially identical and will be treated as such in the following.
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Figure 3. Mean spectra (centroids) of the clusters obtained from the hierarchical cluster analysis. The spectrum
representing cluster 1 — corresponding to the resin surrounding the sample — is not included. The color code corresponds
to that used for the map in Figure 2. The peaks are labeled according to the known vibrational mode assignments. The

abbreviations used are the following: HEM: hematite; MAG: magnetite; CHR: chromite)

The black-colored areas on the map (corresponding to the cluster marked as “1” in the color legend)
correspond to the resin surrounding the sample, used for embedding and polishing it, and will be
neglected in the following analysis. As shown in Figure 3 most of the peaks observed in the spectra
have been identified, according to the available literature[30-35], as belonging to chromite,
magnetite, and hematite phases; a more detailed discussion about the vibrational mode assignments
is given in the following section. No peaks associated with the vibrational modes of maghemite
were observed. A close look at the spectral series reveals the following qualitative observations:
spectra corresponding to clusters 11 and 12 (orange and red) can be associated with essentially pure
chromite. Spectra representing cluster 7 through 10 (green to yellow) correspond to a mixture of
chromite and magnetite; spectra representing cluster 3 through 6 (blue shades) correspond to a
mixture of chromite, magnetite, and hematite; finally, the spectrum representing cluster 2
corresponds almost exclusively to a hematite phase.

For a quantitative analysis, the spectra were deconvoluted by using a fitting procedure based on

pseudo-Voigt line shapes function, representing a convolution of a Lorentzian and a Gaussian line



shape[36]. This method revealed as the most effective for accurately determine line widths and peak
positions in Raman spectra [37-39]. Perusal of the spectra reveals a monotonic increase of the
volume fraction of chromite from area 2 to 11-12, a monotonic decrease of hematite from area 2 to
7 (whereas it is absent from area 8 to 11-12), an increase of magnetite from area 2 to 7, followed by
a decrease from area 8 to 11-12. The volume fractions are represented in Figure 4 and are calculated
based on the approximate assumption that the Raman signal, i.e. the sum of the integrated
intensities of all peaks associated to a specific phase, is simply proportional to the volume fraction
of that phase. For the chromite, the sole peak at 672 has been used for quantifying the phase, since

the other two were too small and covered by other peaks in the mixed spectra.
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Figure 4. Estimated volume fraction of the three phases identified on the annealed chromite’s polished surface for each

of the different zones identified according to the twelve-cluster hierarchical cluster analysis.

Observation of the Raman map shows that after 50 days at 700 °C the sample has developed a thin
(<5 um) layer of pure hematite at the sample surface; the hematite contents gradually decreases and
eventually disappears at a depth of about 10 — 30 um from the surface, while the content of both
chromite and magnetite increases — the latter growing up to about 30% volume fraction. Beyond
such limit at about 10 — 30 pm from the surface, the magnetite content rapidly drops to zero, so that
in the core of the sample only pure chromite is found. It is to notice the presence of trellis-like
structures constituted by a mixture of magnetite and chromite. These lines are not uncommon in
natural spinels and testify the presence of another phase (usually ilmenite, in Ti-rich spinels)
[40,41]. In this case, these intergrowths caused by oxidation of the magnetite/ulvospinel solution
create these peculiar features due to the fact that oxygen layers parallel to {111} in the spinel
structure and lattice oxygen parallel to {0001} in the ilmenite structure are almost equivalent[42].

These lamellae (usually <1-10 microns) are due to exsolution driven by the oxidation. In the present



case we can invoke the same procedure for the formation of these exsolved lamellaec of magnetite

within the “pure” chromite area.
4. Discussion

In spinels there are five Raman-active modes, i.e. Ay + E; + 3F,, exhibiting Raman vibrational
modes in the 100-800 cm™ spectral region. Strong bands are observed in the region around 400-500
cm™ and 700-800 cm™ assigned to the E, and A, modes, respectively [43]. According to D’Ippolito
et al. 2015 [43] and references therein, the bands around 600 cm™ are assigned to the third F,
symmetry species, the bands around 480-520 cm™ to the second F», symmetry species, whereas, the
bands around 200-300 cm™ are assigned to the first F», symmetry species.

In chromite, the peak at the highest Raman shift is commonly attributed to the A, mode. Synthetic
chromite shows a peak at about 674 cm’ [43]. However a shift is often observed and is normally
attributed to a non-ideal content of Cr and Fe®*, usually associated to the presence of Al because, in
natural spinels, the Al content is usually higher than that of Fe*™ (however, in the present case, Al is
not present because it was not included in the synthesis, therefore the observed shift should be
attributed to a different cause). Reddy and Frost (2005)[44] associated this vibrational mode to the
Cr — O stretch; in particular it is assigned to the (Cr3+, Fe*', A13+)O6 octahedra [31,45]. It must also
be noted that some authors associate this mode to O vibrations [32] or to the Fe — O symmetric
stretching [33]. In natural Cr-bearing spinelides there is a linear positive correlation between Cr
content and the A, mode [31,45], and the presence of Al is found to influence such correlation.
One question is if Fe’” acts in a similar way. Previous structural studies on spinels from the same
synthesis revealed that they are stoichiometric with the octahedral site completely filled by two Cr
cations [26]. Moreover, the possible presence of Fe’ in both sites could cause the so-called
“dragging effect” to the M site distorting the octahedral[46].

The spectral series shows the presence of two peaks at about 380 cm™ and 630 cm™ (shoulder).
Peaks in the range 615-630 cm” have been observed by Kharbish (2018)[47] in natural ferrian
chromites with Fe’/(Fe**+Cr+Al) ranging from 0.39 to 0.70. For the same samples, Kharbish
(2018) found out peaks in the range 333-350 cm™, far from our 380 cm™ value. However, it can be
observed that their intensity follows approximately the same trend as the peak at about 530 cm™,
which is unequivocally associated to the T, (2) mode in magnetite, this suggesting that these
modes might be associated to such phase mixed with different Cr content. It must be noted,
however, that peaks at about 380 cm™ and 630 cm™ have also recently been observed by Lenaz and

Lughi (2013) in Mg(Cr,Fe’"),0,4 synthetic spinels[34]; in particular, such modes were found to



appear in spinels with more than 70% of Mg-ferrite, when a structure inversion occurs — i.e. Fe’*
starts occupying not only the octahedral, but also the tetrahedral site. Menegazzo and Carbonin
(1998) and Carbonin et al. (1999)[18,19], in studies about artificially or naturally oxidized Cr-
bearing spinelides, suggested the possibility that there are two processes known as maghemitization
characterized by the reaction 3Fe’” — 2Fe’™ + 1Y, where Y is a structural vacancy, and
martitization, i.e. the formation of a-Fe,Os; hematite. Considering other possible explanations,
another cause of structural asymmetries — along with non-perfect stoichiometry and defects — is the
presence of residual stresses, e.g. induced by phase transformation. This, rather than generating new
modes, might lead to the shift of known ones; one might speculate for example that the mode at 630
cm’” results from a shift of the known Ay mode (which in previous studies has been observed to
occur in the 640-670 cm™ range). However, the observation that the positions of almost all peaks
(with one exception discussed below) is very similar in the whole spectral series, suggests that
residual stresses - if present - are essentially negligible — thus strongly weakening the latter
hypothesis. Our hypothesis is that at the beginning of the oxidation process there is the
transformation of Fe*" into Fe*" in T site, causing the shift of the A, mode towards lower values
and the presence of the two peaks at 380 and 630 cm™.

The only peak in the spectral series that shows a marked shift is the T,, mode (at about 530 cm™),
associated to magnetite: this mode is stable in the spectra where magnetite is mixed with hematite
(cluster 2 through 6), while it shows a marked shift (from 530 to 545 cm™), when it is mixed with
chromite. One possibility is that these two latter phases possess a common vibrational mode with a
slightly different position. Another possible speculation is that the presence of chromite induces a
state of stress in the magnetite; although this seems to be unlikely because in that case some stress-
induced shift of the peaks of chromite would be expected as well, it cannot be ruled out since the
value of the piezospectroscopic coefficients is currently unknown, and could be so low to lead to
non-detectable shifts.

Concerning the structural changes of the sample, the results indicate that chromite annealed in air at
high temperature undergoes an oxidation process leading to the transformation of chromite to
magnetite, and ultimately to hematite. Such oxidation proceeds inwards from the outer surface —
which is exposed to the oxidizing atmosphere. The oxidation process also leads to the formation of
trellis-like lines, arguably via stress-related mechanisms associated to the phase transformation and
consequent volume changes. Further investigations are needed to clarify this matter.

As seen above, the oxidation of chromian spinelides is well known in natural samples. Our study
showed that contrarily to the natural samples, alteration began to happen only at a temperature

higher than about 600°C. Considering the differences with natural samples it can be said that in the



latter the presence of other cations, such as Mg and Al, other phases, as olivine, and, possibly, fluids
lowers the temperature of formation of at least one hundred degrees. In fact, while different
authors[21,48] consider a temperature of about 500-600 °C for the formation of the ferritchromite
rim, a synthetic chromite annealed at 600 °C shows no evident oxidation while the presence of the
ferritchromite rim is evident in crystals annealed at a temperature equal or higher than 700 °C.
Consequently, in presence of a limited amount of other cations or other phases, like chromitite pods
were spinels show high Cr/(Cr+Al) and Fe*"/(Fe*"+Mg) ratios, the supposed temperature could be
different from the real occurred one.

Moreover, it is interesting to notice that this study seems to confirm the ideas suggested by Della
Giusta et al. (2011)[49] in their study on possible chromite to magnetite transformation in magnetite
ore bodies from Aosta Valley (northwestern Italy) giving new light on possible mechanism of ore
deposit formation. Those authors suggested that the Cogne magnetite may represent the last stage of
the chromite to magnetite transformation, with the sole survival of the inverse spinel structure.
Samples from all the other deposits of Aosta Valley, retaining appreciable amounts of relict Cr-
enriched areas, represent a transitional situation, where both normal and inverse structures still
coexist. The inhomogeneous chemical composition revealed at the micrometer scale seems to be the
consequence of a complex transformation responsible for the survival of microsites the
compositions of which recall, but do not fit, those of a chromite proto-ore, with the exceeding
chromium removed from the area following the mechanisms suggested by Arai and Akizawa (2014)
and Watenpuhl et al. (2014)[50,51].

As for the closed system investigated in the present paper, the considerations that (i) chromium
cannot be purged out from the system and (ii) the presence of new chromium-containing phases is
not detected during magnetite and hematite formation at the expense of chromite, led to propose
that chromium released from the destructed chromite is present as an impurity in the newly formed
iron oxides. This hypothesis is confirmed from a comparison with Raman spectra obtained for Cr-
doped hematite which shows that, on substitution of Cr at Fe site, all phonon modes are maintained
[52]. Moreover, McCarty and Boehme [53] observed an additional band when chromium is
substituted for iron in hematite, which shifts almost linearly with increasing Cr content from 664
cm’! (for Fe; 73Crg2703) to 685 cm’! (for Fep4Cr;603). In the present work, the same shift is
observed moving from cluster 2 (where nearly pure hematite grown in the sample surface is
present) to clusters 3-6, related to the inner part of the sample, where the chromium content in

hematite is much more higher.



In the field of corrosion science, Ziemniak and Hanson (2002)[24] studied the corrosion behavior of
an austenitic stainless steel (UNS S30400) in a 10,000 h test conducted in hydrogenated,
ammoniated water at 260 °C. Based on the distribution of the three oxidized alloying constituents
(Fe, Cr, Ni) those authors found that the corrosion occurs in a non-selective manner, and that the
corrosion film consists of two spinel oxide layers—a ferrite-based outer layer
(Nig2Feog)(Fe.95Cro05)204 on top of a chromite-based inner layer (Nig,Fegs)(Cro7Fep3)204. These
compositions agree closely with the solvi phases created by immiscibility in the Fe;04—FeCr,04
binary. The significance of the above compositions lies in the spinel immiscibility. Although both
outer and inner oxide layers are spinels, the ferrite-based outer layer is an inverse spinel while the
chromite-based inner layer is a normal spinel. When an alloy undergoes oxidation, one would
expect that a single phase oxide (i.e., spinel) would be capable of accommodating the oxidized
alloying constituents in a solid solution. However, the existence of two spinel sub-categories
imposes certain limitations on the mixing process. The Fe;0s—FeCr,O4 binary, which is relevant to
spinel corrosion films on iron-based FeCrNi alloys, is known to exhibit a solution temperature
around 880 °C [54]. Below this temperature, complete mixing is not possible and separation into a
ferrite-rich spinel and a chromite-rich spinelide occurs. This result is identical within experimental
error, to the Fe(Il)-Cr(Ill) distribution observed in the corrosion oxide layers formed on 304
stainless steel.

One additional important implication of our work is to show the potential of Raman spectroscopy
and in particular of Raman mapping, combined with the statistical analysis of the large amount of
data that can be collected by automated mapping systems. This combination of techniques is now
being increasingly appreciated in the fields of materials science and in biomedical and biological
applications [55], but has hardly been used for mineralogy studies. We showed that Raman spectra
and maps can be easily collected from this kind of samples, non-destructively and without any
additional sample preparation with respect to that needed for more standard techniques (XRD,
optical and SEM imaging, etc.); actually, no preparation at all is necessary for Raman spectroscopy

in itself, as spectra can be collected from virtually any kind of surface.

4. Conclusions

The structural changes occurring in a synthetic chromite FeCr,O4 sample after annealing treatment
were investigated by means of Raman analyses. The results indicate that chromite annealed in air at
high temperature undergoes an oxidation process leading to the transformation of chromite to
magnetite, and ultimately to hematite. Such oxidation proceeds inwards from the outer surface —

which is exposed to the oxidizing atmosphere. The oxidation process also leads to the formation of



trellis-like lines, arguably via stress-related mechanisms associated with the phase transformation
and consequent volume changes.

The obtained results confirm the possibility of non-stoichiometry or structural defects causing slight
structural asymmetries and the formation of new modes, resulting in a valuable support in
characterizing both natural and artificial material.

Moreover, the present study allows us to explore the potential of Raman spectroscopy in the
identification and spatial resolution of mineralogical phases, which cannot be identified otherwise
by optical or electron microscopy, nor could be spatially resolved by standard X-Ray Diffraction.
Raman spectroscopy with mapping capabilities revealed an excellent candidate as a key
characterization technique for applications in mineralogy, for its facile applicability and its
capability for spatially resolved analysis of the material’s structure, composition, and — in

prospective — residual stresses [56].
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