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h i g h l i g h t s

� Slags with compositions resembling ash derived from coal and petroleum coke were synthesized.
� Infiltration of synthetic slags was simulated with a thermal gradient induced in the refractory.
� The slag–refractory interactions under coal gasification conditions were investigated.
� The products of the slag–refractory interaction were examined and their formation was discussed.
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a b s t r a c t

Synthetic slags with compositions representative of carbonaceous feedstock derived from coal and petro-
leum coke were infiltrated into 90%Cr2O3–10%Al2O3 refractory material with a temperature gradient
induced along the penetration direction of the slag. Experiments were conducted with a hot-face temper-
ature of 1723 K (1450 �C) in a CO/CO2 gas mixture with a ratio of 1.8, which corresponded to an approx-
imate oxygen partial pressure of 10�8 atm. Interactions between the slags and the refractory produced
solid-solution spinel layers on the top interfaces of the refractory samples, whose chemistries reflected
the compositions of major constituents of the starting slags. FeCr2O4 formed when samples were infil-
trated with slag composition rich in FeO, which was typical for coals derived from eastern USA.
(Mg,Fe)Cr2O4 formed when samples were infiltrated with slags, containing considerable concentrations
of both MgO and FeO that were common in western US coals. In slags resulted from substituting 50%
(by weight) of the coal feedstock by petcoke, similar solid solution phases formed as the pure coal coun-
terparts, but with addition of V2O3, which originated from the petcoke feedstock. The chromium spinel
layers, to a reasonable extent, limited infiltration by hindering the slag from flowing into the porous
microstructure of the refractory and the formation mechanisms of the product layers were discussed.
The Fe(Cr,V)2O4 layer that formed in the presence of petcoke ash exhibited an uneven morphology. As
compared to the FeO rich slags, MgO rich slags penetrated further beyond the protective layers and into
the refractory. Both of these phenomena could lead to increased refractory spallation rates in actual gas-
ification conditions.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Entrained-flow gasification converts mixtures of carbon-based
materials such as coal, biomass, and petroleum coke into synthesis
gas (syngas), a fuel rich in carbon-monoxide and hydrogen gases.
The flexibility to utilize a wide breadth of feedstock options can
provide increased fuel flexibility and potentially greater reduction

in CO2 emissions when used with carbon capture and storage.
However, with operation temperatures and pressures as high as
1600 �C and 2.8 MPa, the mineral impurities from the feedstock
fuse together into slag, which attack the porous refractory lining
that shields the external steel casing of the gasifier [1]. After slag
infiltrates into the refractory, variations in the chemical and phys-
ical properties of the materials cause cracks and voids to form near
the refractory surface to the point of penetration [2,3].

Penetration of molten slag into refractory is controlled by tem-
perature, gasification atmosphere, refractory porosity, slag compo-
sition and interfacial surface properties of the slag with respect to
microstructure and chemistry of the refractory material [4]. This
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analysis focuses upon understanding how slag composition influ-
ences the slag infiltration into porous refractory.

Petroleum coke (petcoke) is a carbonaceous by-product from
petroleum processing. Petcoke has high energy value, high carbon
content and lower impurity content than coal, and hence it has be-
come an attractive alternative feedstock for gasifiers. As shown in
the worldwide petcoke usage data in ref. [5], the increase is signif-
icant over the recent years and is projected to continue to grow.
The total ash content of coal is typically around 10 wt%, whereas
that of petcoke is 1–2 wt% [6]. However, one disadvantage with
petcoke is its significant amount of vanadium oxides such that it
may require the addition of additives such as limestone or silica
sand to maintain required slag flow characteristics in the system.
This can be further complicated where petcoke is used in a fuel
blend, with coal. The compositions of the consequent slags depend
on the source of petcoke and the coal that it is blended with. Some
typical compositions of a few petcoke slags can be found in Ref. [7].

Vanadium has a number of valence states, which are strongly
dependent on the temperature and oxygen partial pressure in the
gasifier. However, the thermodynamic data and phase diagrams
of VOx in slag solutions are sparse in public databases [8], which
render limited understanding of the thermo-physical properties
such as change of slag viscosity and the mechanism by which vana-
dium-containing slags interact with refractory materials [7].
Although the trade may consider petcoke slags to possess similar
behaviors to those of the coal slags [7], this has yet to be evaluated
experimentally and extensively.

A number of refractory materials have been considered or eval-
uated for use with coal and petcoke feedstock in slagging gasifier
environments, such as sintered or fused cast alumina-silicate, high
alumina, chromia–alumina, chrome–magnesia, alumina, and mag-
nesia, as well as SiC refractory materials [9–13]. Each of these
refractory materials has its own merits and disadvantages in terms
of corrosion and wearing. Alumina refractories are not used in slag-
ging gasifiers with petcoke-containing feedstock because vana-
dium found in petcoke slags can aggressively attack alumina
refractories, rapidly decreasing service life. Based on laboratory-
scale tests and industry trials, chromia-containing refractories
were found to have the best overall properties and performance
to be used as hot-face refractory material, including refractories
made with Cr2O3–Al2O3, Cr2O3–Al2O3–ZrO2, and Cr2O3–MgO sys-
tems [13–15]. Therefore, this study only considered high chromia
refractory, i.e. 90%Cr2O3–10%Al2O3.

Representative slag chemistries were chosen and synthesized to
simulate potential gasification feedstocks and their infiltration
behaviors into 90%Cr2O3–10%Al2O3 refractory were studied using

microscopy and diffraction techniques to identify product phases
and changes in morphology.

2. Materials and methods

2.1. Materials

Synthetic slags with compositions, resembling those created by
the mineral impurities in representative feedstock for entrained-
flow slagging gasifiers, were used in this investigation. Representa-
tive slag compositions [7,16] were selected by taking averages of
ash constituents derived from petroleum coke (petcoke) and east-
ern and western coal feedstock from the United States, with the
former having a more acidic ash composition and the latter being
more basic. The slag compositions were determined for the
feedstock blends: 100% eastern coal (EC), 50 wt% eastern coal –
50 wt% petcoke (ECP), 100% western coal (WC), and 50 wt% wes-
tern coal – 50 wt% petcoke (WCP) feedstock. The ash contents of
eastern coal, western coal and petcoke feedstocks are 10%, 9%,
and 1%, respectively. The ECP and WCP slags are similar to their
EC and WC counterparts, but contain minor additions of V2O3.

Oxide powders were weighed and mixed to their appropriate
ratios, then pre-melted in a high-density Al2O3 crucible at
1500 �C for 2 h in a CO/CO2 gas mixture with a ratio of 1.8 (corre-
sponding to an oxygen partial pressure of approximately 10�8 atm)
in order to ensure that the oxidation state of Fe and V ions were
maintained constant. The slag was cooled at roughly 20 �C/min
by lowering the sample and the surrounding Al2O3 furnace tube
out of the hot-zone. The slag was then extracted from the crucible
and ground into roughly 2 mm particles. The desired target compo-
sitions and the experimentally achieved compositions are summa-
rized in Table 1.

Commercial 90%Cr2O3–10%Al2O3 refractory bricks with fused
grains were cored into cylindrical cups for accepting the slag. The
outer dimensions of the samples were machined to a diameter of
5.08 cm and a height of 11.11 cm. The cup portions of the samples
were machined to a diameter of 3.18 cm and a height of 3.49 cm.
The composition of the refractory is summarized in Table 2.

3. Experimental methods

To verify the constituents and characteristics of the starting
materials, the synthetic slags and the refractory in their virgin
states were examined using an FEI Quanta 600 environmental
scanning electron (ESEM) microscope with energy dispersive

Table 1
Target compositions and experimentally achieved compositions of synthetic slags. Experimental compositions were analyzed using XRF. Results are presented in oxide mol%.

Slags Al2O3 SiO2 FeO CaO MgO Na2O K2O V2O3 Basicity CaO/SiO2

EC Target 18.30 53.70 15.90 7.67 2.31 1.02 1.1
Pre-melted 19.07 53.08 15.19 7.79 2.13 0.82 1.90 0.15

ECP Target 17.51 52.09 15.46 7.86 2.37 1.07 1.09 2.55
Pre-melted 17.15 51.13 14.91 9.04 2.50 0.90 1.71 2.66 0.18

WC Target 10.48 32.50 9.42 29.30 11.45 6.12 0.74
Pre-melted 10.60 32.89 8.31 29.66 11.64 6.15 0.75 0.90

WCP Target 10.18 32.14 9.44 28.19 11.00 5.76 0.77 2.52
Pre-melted 14.10 31.28 7.44 28.79 9.07 5.54 1.07 2.70 0.92

Table 2
Composition of 90%Cr2O3–10%Al2O3 refractory. Results are presented in oxide mol%.

Al2O3 (%) SiO2 (%) Cr2O3 (%) CaO (%) MgO (%) Fe2O3 (%) Na2O (%)

90%Cr2O3–10%Al2O3 9.87 0.05 89.65 0.21 0.13 0.09 0
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spectroscopy (EDS), secondary-electron (SE), and back-scattered
electron (BSE) imaging. The porosity and average pore size of the
refractories were measured using a Micromeritic AutoPore IV
9500 Series mercury porosimeter. The starting slags and the refrac-
tory were pulverized and scanned using a P’analytical X-ray dif-
fraction (XRD) system using a step size of 0.025� and an effective
time per step of 2000 s. The viscosities of the synthetic slags were
measured using a Theta Industries Inc. Rheotronic II, which em-
ploys the concentric cylinder method [17,18]. A spindle and cruci-
ble constructed from high-density Al2O3 and ZrO2, respectively,
were used. The experimental atmosphere consisted of a gas mix-
ture of CO/CO2 with a ratio of 1.8. Viscosity values were acquired
isothermally in a step-cooling cycle from 1500 �C to 1300 �C at
25 �C intervals.

A vertical tube furnace, manufactured by Lindberg, was used to
thermally treat the slag and refractory materials. The experimental
setup is schematically shown in Fig. 1a. A temperature gradient
was introduced along the penetration direction of the refractory
cup by deliberately stepping the lower portions of the refractory
cup below the hot-zone of the furnace. A COMSOL simulation
was carried out with the refractory cup placed in position inside
the furnace and applying the actual dimensions of the furnace set-
up, as displayed in Fig. 1b. This simulation provided a general view
of the temperature distribution in the experimental setup. As pro-
jected by the simulation the lower portion of the refractory cup
experienced lower temperatures than the hot face. The tempera-
ture gradient was designed to emphasize the native temperature
gradients that exist in actual gasification reactors due to differen-
tial heating conditions at the hot-face and the cold-face of the
refractory lining. Refractories in actual gasifiers can experience
100 K or greater drops in temperature at roughly 50 mm depths
from the working hot-face.

The thermal profile along the slag penetration direction was
experimentally measured. Holes were drilled into a dummy refrac-
tory cup bottom at a distance interval of 25.4 mm. The depth of
each hole was about the radius of the refractory cup cylinder so
that the thermocouple could be inserted to measure the tempera-
ture at the center of the cylinder, not just the surface. The temper-
atures measured from the cup bottom are shown in Fig. 2 and
confirms the successful introduction of a temperature gradient.
In the actual infiltration experiments, once the desired thermal

profile was achieved, 40 g of granulated slag was inserted into
the top of the furnace through a quartz tube. An illustration of
the deposition process is shown in Fig. 1. The experiments were
conducted in the same CO/CO2 atmosphere used for melting the
slag. The objective of the experiments was to simulate conditions
similar to those encountered in entrained-flow gasifiers, which
typically operate at oxygen partial pressures between 10�9 atm
and 10�7 atm. The slag was deposited onto the refractory at tem-
perature rather than placed there before the heating cycle to en-
sure that slag would not infiltrate into the refractory before the
proper experimental conditions were met. The furnace was imme-
diately re-sealed after the deposition. After an isothermal holding
of 5 h, the refractory sample was cooled at roughly 15 �C/min
and lowered out of the hot zone of the furnace. The sample was
not rapidly quenched to room temperature because that could in-
duce micro-cracks and damage the microstructures of the samples.

Fig. 1. (a) Illustration of the experimental setup and the deposition process of the slag onto the refractory sample (not drawn to scale); (b) graphical representation of the
projected temperature gradient in the furnace modeled using COMSOL (drawn to scale).

Fig. 2. Schematic drawing of measuring the temperature gradient on the refractory
cup along the infiltration direction of the slag and the experimentally measured
temperature profile.
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The refractory cups containing slags were cross-sectioned to ex-
pose the slag infiltration into the refractory and progressively pol-
ished to a 0.5 lm using diamond suspensions. Polished samples
were examined using the ESEM for morphological observations
and chemical analyses. Portions of the samples were pulverized
and analyzed using XRD to examine the crystalline phases.

4. Results

4.1. Characterization of Starting Materials

XRD powder scans of the pre-melted slag materials in Fig. 3
demonstrated that crystalline phases formed in the ECP, WC, and
WCP slags. The ECP slag contained a solid solution Fe(Al,V)2O4 spi-
nel phase that presented substantial peak broadening due to vari-
ations in composition. The WC slag contained spinel (MgAl2O4),
akermanite (Ca2MgSi2O7), merwinite (Ca3MgSi2O8), and nephelite
(K,Na)AlSiO4. The WCP slag contained similar crystalline phases
including spinel, akermanite, merwinite, nephelite, and jadeite
(NaAlSi2O6). EDS analysis showed that some of the phases contain-
ing Al2O3 in the WCP slag also consisted of varying concentrations
of V2O3. The viscosity measurements of the starting slags with re-
spect to temperature are displayed in Fig. 4. EC slag was glassy and
exhibited Newtonian behavior. Little crystalline solids were found
in post-viscosity measurement examination of EC slag. The other 3
slags all showed non-Newtonian flow behavior below �1723 K
(1450 �C) and their viscosities were plastic due to significant

amount of crystalline solids present in the slags during viscosity
measurement, which was confirmed by examine the post-mea-
surement slags and also by separate quenching experiments. From
an operations standpoint, Fig. 4 shows that the coal/pectcoke
blends can be expected to produce slags that will differ in flow
characteristics from slag produced by their pure coal counterparts.

The porosity of the refractory material was characterized, and
the plot in Fig. 5 demonstrates that two distinct pore distributions
were present. The larger pores, which constituted the majority of
the porosity, corresponded to the pores constructed by the micro-
structure of the fine Cr2O3–Al2O3 particles in the matrix region. The
smaller pores corresponded to the porosity within the fused
Cr2O3–Al2O3 aggregates and particulates. The refractory bricks
exhibited a porosity of 11.23% and mean pore radius of 1.47 lm.

The refractory material comprised of two structurally distinct
regions, as illustrated in Fig. 6a. Dispersed throughout the refrac-
tory were densely packed, fused aggregates with low porosity.
The BSE micrograph of the 90%Cr2O3–10%Al2O3 system illustrates
that variations in composition of the aggregates were present.
The brightly contrasted regions contained higher concentrations
of Cr2O3 while the darkly contrasted regions contained higher con-
centrations of Al2O3. The regions surrounding the aggregates were
the matrix, where finer particles sintered together and packed be-
tween the larger aggregates. The glassy alumino-silicate bond sys-
tem designed to assist in the bonding behavior is shown in Fig. 6b.
Prior studies observed that areas of refractory damage due to inter-
actions with slags were focused in the porous matrix regions
[19,20]. The XRD scan of the refractory in Fig. 7 displays peaks

Fig. 3. XRD powder scans of starting synthetic (a) EC, (b) ECP, (c) WC, and (d) WCP slags melted in CO/CO2 atmosphere.
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attributable to a solid solution Cr2O3–Al2O3 phase with different
lattice parameters.

4.2. Macroscopic infiltration trends

Photographs of the cross-sectioned infiltrated refractory sam-
ples are shown in Fig. 8. The photos were acquired with strictly
the same lighting and camera parameters. Because of the dark
green shade of the high-chromia refractory material, the output
levels of the histograms of the original photos were adjusted to

the same parameters so as to reveal the contrast between infil-
trated and un-infiltrated refractory materials. Beneath the top
interface, infiltrated refractory material appeared in a darker con-
trast comparing to un-infiltrated refractory. The areas of infiltrated
refractory were indicated in Fig. 8. Macroscopically, the infiltration
depth of EC slag seemed slightly deeper than that of ECP slag while
the depths for WC and WCP slags were comparable. The infiltration
on the EC sample seemed non-uniform, i.e. the infiltration on the
right-hand side was more severe than the left-hand side. Subse-
quent SEM examination revealed that this was caused by a small

Fig. 4. Viscosity measurements of the starting EC, ECP, WC and WCP slags with respect to temperature.

Fig. 5. Pore size distribution of 90%Cr2O3–10%Al2O3 refractory. The mean pore radius was 1.47 lm. The plot demonstrates that the refractory microstructure constructed two
well-defined pore size distributions.

Fig. 6. BSE micrograph of (a) an un-infiltrated region of the Cr2O3–Al2O3 refractory, in which two distinct microstructures were evident and (b) the matrix region of Cr2O3–
Al2O3 refractory.

252 T. Kenneth Kaneko et al. / Fuel 115 (2014) 248–263
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coincidental cluster of relatively large pores. Also, it was evident
that WC and WCP slags penetrated much deeper into the refractory
compared to EC and ECP slags. A very rough estimation of the infil-
tration depths from EC, ECP, WC and WCP slags were approxi-
mately 2.5, 1.5, 7.5 and 7 mm, respectively. The slag that did not
infiltrate into the refractory pooled and formed a vitreous phase
on the top interfaces of the samples during cooling. The infiltration
depth difference was also reflected by the amount of slags left in
the reservoir, given that the same initial amounts of slag were
deposited into the refractory cups.

4.3. Slag infiltration and reaction

BSE micrographs of the top interfaces of the refractory infil-
trated with the four slags, with accompanying EDS elemental

maps, are shown in Figs. 9–12. While a product phase formed on
the slag/refractory interfaces of the Cr2O3–Al2O3 refractory in all
four cases, the product phases demonstrated different thicknesses
and solution chemistries depending on the compositions of the
starting slags. Table 3 summarizes these variations. The product
layer resulted from ECP slag was much thicker than that resulted
from EC, WC and WCP slags. This particular product layer also
showed an uneven morphology that protruded into the slag. XRD
scans of the top interface regions confirmed the presence of solid
solution spinel phases and the solid solution Cr2O3–Al2O3 phase
of the refractory, shown in Fig. 13. The akermanite and nephelite
peaks originated from the edges of the refractory, where portions
of the slag reservoir remained attached. The peak positions and rel-
ative intensities of the XRD scans of the slag reservoirs resolved the
same phases as those observed in the starting slags that are dis-
played in Fig. 3. Also, for WC and WCP slags, granular crystals were
seen suspended in the slag above the product layer. The grains
were identified as solid solution spinel phases with Al2O3 and
V2O3 substituting for Cr2O3. Since the refractory cups were not
quenched, there would be crystals precipitating during cooling. It
is believed that the dendrites seen in the ECP slag formed during
of cooling (Fig. 10). For WC and WCP slag, it was not as clear
whether the suspended crystal right above the product layer
formed before or during cooling. Crystals of similar morphology
was also seen in separately quenched slags. Therefore, while the
possibility that these suspended crystals formed during cooling
could not be ruled out, it was equally likely that they formed dur-
ing the isothermal holding.

Besides the different thickness and morphological in the prod-
uct layers resulted from the four slags, there were some other
noticeable differences among the slags. On the sample infiltrated
with EC slag, Fig. 9, the product layer comprised of two regions
with different elemental distributions. The region adjacent to the
slag reservoir was slightly enriched in Fe and Al comparing
to the region adjacent to the Cr2O3 aggregate. Fig. 14a shows the

Fig. 7. XRD powder scan of 90%Cr2O3–10%Al2O3 refractory material before infiltra-
tion. The refractory consists of solid solution Cr2O3–Al2O3.

Fig. 8. Photographs of 90%Cr2O3–10%Al2O3 refractory sample infiltrated with (a) EC, (b) ECP, (c) WC and (d) WCP slag. The penetration was macroscopically visible.
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elemental profiles across the product layer, in which a spike in Al
profile can be seen at the slag/product layer interface. This was
in agreement of the findings in ref. [7], which suggested that the
phases in the slag/refractory boundary area were in the sequence
of slag, FeAl2O4 (hercynite), FeCr2O4 (chromite) and Cr2O3 refrac-
tory aggregate. The BSE micrograph in Fig. 14a showed that the
boundary between FeAl2O4-rich and FeCr2O4-rich spinels was not
abrupt; rather, there was a concentration gradient of decreasing
Al content across a small distance toward the interior of Cr2O3

aggregate. A small amount of Mg2+ solutioned into the spinel layer
as well. The average composition of FeCr2O4-rich spinel was
approximately (Fe0.91Mg0.09)(Cr0.81Al0.19)2O4. The surface of FeAl2-

O4-rich layer appeared to be slightly jagged and rough.
The spinel layer on the top interface resulted from ECP slag,

Fig. 10, showed no abrupt boundary within the product layer,
but a gradual change in the composition across the thickness direc-
tion. The elemental profiles of V and Cr and the elemental profiles
displayed in Fig. 14b shows the concentration gradient across the
product layer. While the Cr concentration decreased from the chro-
mia aggregate toward the slag, V concentration decreased in the

opposite direction. A spike in Al profile can also be seen in
Fig. 14b, similar to but smaller than the one in the EC slag case.
The overall average composition of the product layer was Fe(Cr0.42-

V0.29Al0.29)2O4. Micro-cracks were occasionally seen at the bound-
ary between the product layer and the refractory aggregates.

In the WC slag case, see Fig. 14c, both Fe and Mg showed a rel-
atively constant concentration in the product layer and a steep
drop a few micro-meters away from the spinel/refractory interface.
Very small amount of Al entered the solid-solution spinel phase. In
contrast, neither Al nor V participited in the formation of product
layer of WCP slag comparing to ECP slag, which is evident in
Fig. 14d. Both elements appeared to enrich in the suspended crys-
tals instead.

The Fe map in Fig. 9, the V map in Fig. 10, the Ca maps in Figs. 11
and 12 also illustrate that slags infiltrated into the refractory, as
previously seen macroscopically in Fig. 8. For instance, the Ca maps
in Figs. 11 and 12, which is associated with the slag due to its high
concentration of CaO, demonstrates that variable volumes of slag
passed through the spinel layers and penetrated into the bulk
refractory. WC and WCP slags penetrated deeper into the refrac-
tory as compared to the EC and ECP slags.

EDS point analyses from pockets of infiltrated slag were aver-
aged to produce the compositions of the infiltrated slags shown
in Table 4. As a reasonable approximation, it has been shown in
ref. [19] that the slag composition virtually did not change after
infiltration. In all four cases, SiO2 content in the penetrated slags
increased significantly, as determined by mass-balanced compari-
son of the compositions listed in Tables 1 and 4. There was some
CaO enrichment for both WC and WCP slags as well. Enrichment
of SiO2 in the infiltrated slags should increase their viscosity.

Table 3
Average solid solution chemistries and thicknesses of the product layers.

Solid solution chemistry Surface morphology Thickness (lm)

EC (Fe0.91Mg0.09)(Cr0.81Al0.19)2O4 Smooth 55.1
ECP Fe(Cr0.42V0.29Al0.29)2O4 Rough 98.2
WC (Mg0.67Fe0.33)Cr2O4 Smooth 44.7
WCP (Mg0.67Fe0.33)Cr2O4 Smooth 44.6

Fig. 9. BSE micrograph of top interface of sample infiltrated with EC slag along with the elemental maps.
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5. Discussion

From the observations made in the results section, the following
points can be summarized with respect to the infiltrations of the
four synthetic slags into the Cr2O3–Al2O3 refractory system:

� Formation of a substantially thick layer of spinel phases on the
top interfaces of the refractory obstructed slag infiltration into
the 90%Cr2O3–10%Al2O3 refractory (Figs. 9–12).
� With EC slag, the product layer was comprised mainly of FeCr2-

O4-rich layer, on top of which a thin of FeAl2O4-rich layer
formed (Fig. 9).
� ECP slag resulted in a Fe(Cr,V,Al)2O4 layer, with partial substitu-

tion of Al3+ and V3+ cations into the Cr3+ sites (Fig. 10).
� For WC and WCP slags, the layer was mainly MgCr2O4, with

Mg2+ partially substituted by Fe2+ cations, due to substantially
lower FeO and higher MgO contents in the slags (Figs. 11 and
12). Vanadium species did not participate in the formation pro-
cess of the product layer.
� The overall thickness of the product layers in the fours cases

was: ECP > EC > WC �WCP.
� WC and WCP slags demonstrated noticeable degrees of penetra-

tion as compared to the EC and ECP slags. SiO2, CaO, and Al2O3

species selectively penetrated beyond the chromium spinel
layer.
� The chromium spinel layer that formed with ECP slag was rough

and uneven with significant protrusions into the slag fluid
(Fig. 10).

5.1. Thermodynamic calculations

The product spinel layers of liquid-solid reactions at the top
interface between the slags and 90%Cr2O3–10%Al2O3 refractory
were known to function as barriers to not only block fluid flow into
the bulk refractory, but also reduce corrosion by forcing an indirect
dissolution path [7,21] between the slag and the virgin refractory
material. The chemistries of the solid solution spinel layers re-
flected the compositions of major constituents of the starting slags.
Fe(Cr,Al)2O4 and Fe(Cr,Al,V)2O4 formed when refractory were
respectively infiltrated with EC and ECP slags, which contained in-
creased concentrations of FeO. (Mg,Fe)Cr2O4 formed when samples
were infiltrated with WC and WCP slags, which contain consider-
able concentrations of both MgO and FeO.

Pseudo-binary phase diagrams, which simulated the synthetic
slags in contact with the refractory, agreed with the experimental
infiltration results. Diffusion paths for multi-component systems
that contain species with varying diffusivities rarely exhibit direct
trajectories in the respective phase fields. The diagrams generated
using FactSage v6.3 [22] in Fig. 15 are thus simplifications to rep-
resent some of the phases that may appear, assuming that the spe-
cies behave similarly to one another with regard to diffusion. With
the starting slag composition on the left and the refractory compo-
sitions on the right, the diagrams qualitatively depict the phases
that would appear if the system from the center of the pore to
the pore wall were to be viewed as a diffusion couple. The pore
wall was assumed to be in local equilibrium with the infiltrating
slag. The calculations consider mullite, corundum, spinel,

Fig. 10. BSE micrograph of top interface of sample infiltrated with ECP slag along with the elemental maps.
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aluminate, silicate solution structures and slag as possible phases
that could form in the system. To represent the synthetic slag,
the Slag A solution phase database was selected since it is opti-
mized for many of the major oxide components in the slag. For
both cases and within the relevant temperature range, Fig. 15
shows slag, refractory, and spinel phases in equilibrium with one
another. At lower temperatures, melilite, in the form of akerma-
nite, was predicted to form with WC slag. XRD powder scans asso-
ciated with the WC slag systems in Figs. 3 and 14 both confirm the
formation of akermanite. Although equilibrium predictions were
also calculated for systems containing ECP and WCP slags, the
resulting pseudo phase diagrams were of little use because Fact-
Sage lacks the databases to consider vanadium-oxide in solution.

The valence states of V strongly depend on the oxygen partial
pressure [7] as shown by the stability diagram of V–O2 system
(Fig. 16) calculated with FactSage v6.3 using database for pure sub-
stances. It shows that under the experimental PO2 approximately at
10�8 atm, the most stable phase is solid V2O3, with a melting point
of 2243 K. Although assuming that V-oxides behaved similarly in
solution as it did in its pure state was a vast simplification, the
V-oxide from the starting slags formed solid solution spinel phases
with other cations, such as Fe2+, Mg2+ and Al3+, instead of precipi-
tating in the molten slag as V2O3 solids alone. This stabilized V as a
solid and reduced its activity as a constituent in the slag. This pos-
sible mechanism was evident in the XRD scans of the starting EC
and ECP slags in Fig. 3. FeV2O4 spinel has very high melting point,
i.e. 2023 K [23], hence V-rich spinel phases likely remained as sol-
ids after ECP slag was melted in refractory cup at 1723 K and later
integrated into the product layer.

5.2. The formation of the product layers

As seen in Figs. 9–12, solid–solution spinel product layers
formed on the top interface of the refractory, but there are some
noticeable morphology, thickness and elemental distribution dif-
ferences among the product layers with respect to slag chemistries.
Before the discussion of the individual characters of the product
layers in each case, a generalized description of the processes of
the formation of spinel in the context of liquid–solid reaction is
as follows [24]:

Taking FeCr2O4 as an example, upon contact between the mol-
ten slag and the surface of solid refractory (large Cr2O3 aggregates
in particular), small spinel crystals with near stoichiometry nucle-
ated relatively easily. Once the initial spinel layer formed, subse-
quent growth and thickening of the product layer then depend
on two transport processes, i.e. liquid-phase transport of FeO to
the slag/FeCr2O4 interface and solid-state counter-current diffusion
process of the reactants, i.e. Fe2+ and Cr3+, through the spinel layer,
schematically shown in Fig. 17. In the working temperature range
of the refractory hot-face (1723 K (1450 �C) and above) and given
the content of the FeO in the slag being 15.19% in oxide mol% (as
in EC and ECP slags), liquid-phase transport of FeO would be ex-
pected to be much faster than solid-state diffusion. Therefore, the
solid-state diffusion should be rate-limiting in the thickening of
the spinel layer, in which Fe2+ cations diffuse away from and Cr3+

diffuse toward the slag/FeCr2O4 interface and vice versa from the
FeCr2O4/Cr2O3 interface. During the reaction, in order to maintain
electroneutrality at the two reaction fronts and throughout the
product spinel, every three Fe2+ cations that diffuse to the FeCr2O4/

Fig. 11. BSE micrograph of top interface of sample infiltrated with WC slag along with the elemental maps.
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Cr2O3 interface are accompanied by two Cr3+ cations that diffuse in
the opposite direction to the slag/FeCr2O4 interface. The ideal reac-
tions that occur at the two interfaces are shown in Fig. 17, from
which it can be found that the FeCr2O4/Cr2O3 interface should move
three times as quickly as the slag/FeCr2O4 interface [24]. Because the
thickening of the spinel is limited by solid-state ionic diffusion, the
rate at which the spinel layer thickens should be parabolic as a func-
tion of time [25], and the growth rate is particularly low due to the
generally low diffusivity of the cations in spinel.

5.3. EC slag

On the sample infiltrated with EC slag, it was seen that the
product phase was comprised of two regions with different ele-
mental distributions (Fig. 9), and the phases in the slag/refractory
boundary area were in the sequence of slag-FeAl2O4 (hercynite)–
FeCr2O4(chromite)–Cr2O3 refractory aggregate.

The Gibbs free energy (DG�) for the formation of chromite and
hercynite were calculated using FactSage v6.3 [22], and the results
are shown in Fig. 18. The calculations were based on the following
reactions using database for pure compounds:

FeOðs or lÞ þ Cr2O3ðsÞ $ FeCr2O4ðsÞ; Keq ¼
aFeCr2O4

aFeO � aCr2O3

ð1Þ

FeOðs or lÞ þ Al2O3ðsÞ $ FeAl2O4ðsÞ; Keq ¼
aFeAl2O4

aFeO � aAl2O3

ð2Þ

The DG� for chromite and hercynite at 1723 K (1450 �C) is
�41.89 and �14.87 kJ/mol, with corresponding equilibrium con-

stants (Keq) of 18.61 and 2.82, respectively. Although much simpli-
fied, the big difference in the Gibbs free energies of formation and
equilibrium constants of the two reactions showed that the forma-
tion of FeCr2O4 should be much favored thermodynamically over
FeAl2O4.

It was therefore hypothesized that the FeCr2O4 product layer
formed by the reaction between Fe species in the melt and Cr spe-
cies in the solid refractory, and thickened by counter-current diffu-
sion of Fe cations into the Cr2O3 aggregate and Cr cations toward
the slag. At 1723 K (1450 �C), the diffusion coefficient of Fe2+ in
FeCr2O4 was two orders of magnitudes higher than Cr3+, on the or-
der of 10�9 cm2 s�1, extrapolated from ref [26]. At low oxygen
activity, the dominant point defects of spinels were observed to
be interstitial ions and electrons [27]. As describe earlier, the FeCr2-

O4/Cr2O3 interface moved much faster than the slag/FeCr2O4 inter-
face, which was supported by the fact that the FeCr2O4/Cr2O3

interface seemed quite smooth.
With the predominant inward growth of the FeCr2O4 layer,

small amount of Al3+ also solutioned into the spinel during the pro-
cess. After some time, the growth rate of the FeCr2O4 layer slowed
down as the diffusion of both Fe and Cr cations across the product
layer gradually became the rate-limiting step such that Fe species
accumulated at the slag/FeCr2O4 interface. With no excess Cr3+ but
abundant Al3+ from the slag in the vicinity, hercynite nucleated on
the chromite surface. Because of the similarities in the crystal
structure and lattice parameters, the energy barrier for such nucle-
ation should be relatively small. It should also be noted that hercy-
nite most likely grew into the liquid as made evident by its faceted
and rough surface.

Fig. 12. BSE micrograph of top interface of sample infiltrated with WCP slag along with the elemental maps.
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5.4. ECP slag

The formation of the product layer from ECP slag should be
somewhat similar to the hypothesized process in the case of EC
slag: the chromite mainly grew with inward diffusion of Fe cations
into the Cr2O3 aggregate while solutioning small amounts of Al and
V species. Meanwhile, either the existing V-rich spinel from the
starting slags integrated into the chromite layer or new V-rich spi-
nel nucleated on the chromite surface and grew into the liquid slag,
forming a very faceted and jagged surface. Slightly different from
the case with EC slag, solid-state counter-current diffusion of Cr
and V species seemed to have also occurred in the product layer
and finally resulted in the concentration gradients shown in
Fig. 14. The incorporation of V-rich spinel also significantly in-
creased the thickness of the product layer.

Comparing the cases of EC and ECP slags, while both Al2O3 and V2O3

can react with FeO to form spinels either in the melt or by liquid-solid
reaction, FeAl2O4 formed in much smaller quantities in EC than V-rich
spinel in ECP, and the contribution from FeAl2O4 to the product layer
was much less than that from V-rich spinel. On one hand, in terms of
the formation of V-spinel, assuming the simplified reaction to be the
following without considering its non-stoichiometry:

FeOðs or lÞ þ V2O3ðsÞ $ FeV2O4ðsÞ; Keq ¼
aFeV2O4

aFeO � aV2O3

ð3Þ

The DG� and Keq for V-spinel at 1723 K (1450 �C) are �18.89 kJ/
mol and 3.74, respectively, comparing to �14.87 kJ/mol and 2.82 of

hercynite, also see Fig. 18. It can hence be inferred that FeV2O4 is
also thermodynamically favored than FeAl2O4 under the condition
in this study. On the other hand, in terms of forming solid-solution
with FeCr2O4, the solutioning between FeV2O4 and FeCr2O4 must
be significantly favored energetically than that between FeAl2O4

and FeCr2O4. Due to the lack of data concerning V in solution, this
cannot be validated by thermodynamic calculation. Nevertheless,
these may be the reasons why the product layer resulted from
ECP slag was much thicker than that from EC slag.

5.5. WC and WCP slags

For WC and WCP slags, the product layer was mainly MgCr2O4,
with Mg2+ partially substituted by Fe2+ cations, (Figs. 11 and 12).
The formation of MgCr2O4 and FeCr2O4 are both thermodynami-
cally favored over aluminous spinels, Fig. 18, and the MgO content
in the melt was higher than FeO content, MgCr2O4 thus became the
base product and Fe2+ substituted approximately one third of the
Mg2+ sites.

When the Cr2O3–Al2O3 refractory interacted with ECP slag, V3+

cations substituted into approximately 30% of the Cr3+ sites of
the spinel structure. An analogous substitution of V3+ cations did
not occur for when the Cr2O3–Al2O3 refractory interacted with
WCP slag. The integrated product layer solely consisted of
(Mg,Fe)Cr2O4. V2O3 instead formed (Mg,Fe)(Cr,Al,V)2O4 solid solu-
tion crystals that were suspended above the integrated product
layer.

Fig. 13. XRD powder scans of refractory samples infiltrated with (a) EC, (b) ECP, (c) WC, and (d) WCP slags.
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One possibility that the V3+ substitution into the Cr3+ sites oc-
curred with ECP slag but not with WCP slag was that the free en-
ergy of mixing for the substitution of V3+ into Cr3+ sites possibly
increased when the base spinel phase changed from FeCr2O4 to
MgCr2O4. In other words, the majority 2+ cations changed from
Fe2+ to Mg2+. Equally, simultaneous solutioning of Al3+ into Cr3+ site

in the case of ECP slag may have lowered the free energy of mixing
for the substitution of V3+ into Cr3+ sites even though Mg2+ has
substituted a fraction of Fe2+ sites in the base spinel phase.

Assuming the suspended crystals formed during infiltration
experiment, whether they were in the process of detaching from
or appending onto the integrated layer was unclear. Nevertheless,

Fig. 14. BSE micrograph of top interface of sample infiltrated with (a) EC, (b) ECP, (c) WC and (d) WCP slags accompanied by EDS elemental profiles along lines labeled as AB.
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two possibilities may account for these granular crystals. (a) The
matrix region in the refractory contains small chromia and alumina
particles and the alumino-silicate bonding systems, which held the
much bigger chromia and alumina aggregates together. It was pos-
sible that the alumino-silicate bonding systems in the matrix re-
gion were aggressively attacked by WC and WCP slags that were
much more basic than EC and ECP slags. Similar attacks on the
bonding systems of alumina crucible by basic slags were seen in
earlier studies [28,29]. As a result, the small particles of alumina
and chromia in the matrix regions were released from the refrac-
tory and entered the slag, which consequently reacted with the
Fe2+, Mg2+ cations and V species in the slag and formed the granu-
lar crystals seen suspended in the slag in the vicinity of the product
layer. (b) Due to higher basicity of the WC and WCP slags, chemical

dissolution of Cr2O3 refractory material by the slag might be sub-
stantial and hence these granular crystals could be the reaction
product between the dissolved Cr2O3 and the spinel-forming spe-
cies in the slag, and they were in the process of appending onto
the integrated product layer.

With little participation of Al and V cations in the formation of
the integrated product layer in WC and WCP slags, the thickness of
the product layer would depend on the concentration of 2+ cations
in the slag. If it was true that the integrated product layer grew
mainly by inward diffusion of Mg and Fe cations, given the same
starting contents of combined MgO and FeO in the slags, the thick-
ness of the product layers should be somewhat similar within the
same amount of time. This was supported by the experimental
observation that the thickness of the product layers from the WC

Table 4
Average compositions of slags that infiltrated into the refractory. Results are presented in oxide mol%.

Infiltrating slags Al2O3 (%) SiO2 (%) FeO (%) CaO (%) MgO (%) Na2O (%) K2O (%) V2O3 (%)

EC 26.9 54.4 7.7 6.7 0.7 1.1 2.4 0
ECP 14.7 66.0 7.2 7.4 1.1 1.1 1.6 0.9
WC 14.2 44.0 1.3 33.2 3.2 3.9 2.6 0
WCP 13.2 44.7 1.1 31.9 2.8 3.2 2.3 0.4

Fig. 15. Pseudo-binary phase diagrams, which simulate 90%Cr2O3–10%Al2O3 refractory in contact with (a) EC and (b) WC slags.
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and WCP slags was similar within experimental errors, and the
combined MgO and FeO contents in these two slags were 19.95%
and 16.97% (oxide mol% normalized without V), respectively. In

the case of ECP slag, vanadium evidently participated in the prod-
uct layer formation, therefore, although FeO + MgO contents in EC
and ECP slags was about the same, ECP slag produced a much
thicker product layer.

It was also suspected that the higher basicity (CaO/SiO2 � 1.0)
of the WC and WCP slags affected the formation of the spinel prod-
uct layer in some indirect way. Albertsson et al. found that the
activity of Cr2O3 in the liquid phase was seen increased with basi-
city (1.0–1.4) [30]. It was also known that, in the quaternary sys-
tem of CaO–FeO–MgO–SiO2, the activity of FeO increased with
increasing (CaO + MgO)/SiO2 ratio in the range of 0–0.2, but then
quickly decreased with the ratio greater than 0.2 [31,32].

On the other hand, the suspended spinel crystals containing
Al2O3 and V2O3 suggested that the interaction between the slag
and the refractory had not reached equilibrium at 5 h. In the prac-
tical gasification process, the residence time of slag in the gasifier
chamber has been estimated to be on the order of �30 min [29],
hence equilibrium in fact cannot be achieved. Also, the continuous
flow of slag along the hot-face of the refractory wall would most
likely flush the suspended spinel crystals downstream such that
they could not integrate into the product layer. Therefore, addi-
tional shorter infiltration times need to be studied so as to deter-
mine the direction of the reaction kinetics and the corresponding
slag infiltration behavior.

Moreover, although the product layers that formed on the top
interfaces of the samples prevented excessive slag infiltration into
the refractory, their effectiveness needs to be evaluated in actual
gasification conditions where fresh incoming slag continuously
flows along the refractory walls. As shown in Fig. 10, the
Fe(Cr,Al,V)2O4 layer formed jagged facets that protruded into the
slag fluid. The uneven morphology of the layer can pose opera-
tional problems since the additional surfaces of the protruded
grains can increase any tangential force associated with the flow
of the slag. The sharp corners of the grains can induce vorticities,
and further increase the tangential forces. The protective
Fe(Cr,Al,V)2O4 layer can cause higher spallation rates as a result
of the increased forces associated with its unique morphology.
Studies that consider relative velocities between the slag and the
refractory are needed to further examine this possible spallation

Fig. 16. Temperature vs. PO2 stability diagram for vanadium. Within experimental
parameters, solid V2O3 is most stable.

Fig. 17. Schematic drawing of the formation process of the FeCr2O4 spinel product
layer.

Fig. 18. The Gibbs free energy of formation for spinel phases and the corresponding equilibrium constants.
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mechanism. Also, thicker product layers with mismatch in thermal
expansion coefficients, if significant enough, were in general more
likely to spall. Table 5 lists the thermal expansion coefficients of
the refractory and product spinels. Small cracks and voids at the
interface between the product layer and the refractory were seen
in the present study in the cases of ECP, WC and WCP slags.

5.6. Infiltration of the slag into the porous refractory

Thick layers of chromium spinel resulted from the liquid-solid
reactions at the top interface between the slags and 90%Cr2O3–
10%Al2O3 refractory functioned as barriers to block excessive fluid
flow into the bulk refractory and to limit the slag infiltration into
the refractory microstructure. The refractory corrosion was hence
forced into an indirect dissolution path [7,21] between the slag
and the virgin refractory material. The formation of chromium spi-
nel also highly modified the composition of the slag that infiltrated
beyond the barrier layer.

Nevertheless, all four slags penetrated beyond the protective
product layers as shown both macroscopically (Fig. 8) and micro-
scopically (Figs. 9–12). The extent of these limited infiltrations
can be attributable to a few distinct scenarios. The first possibility
is that the chromium spinel product layer did not fully seal the
refractory from the slag, and thus allowed volumes of slag to
slowly infiltrate into the porous matrix regions. During this pro-
cess, reactions between the slags and the refractory depleted the
slag of its FeO and MgO content, which led to enrichment in
SiO2, CaO, and Al2O3 species. The second possibility is that the
product layer successfully blocked fluid flow, but the ionic species
of Si4+, Ca2+, and Al3+ preferentially passed through the layer by
means of ionic diffusion. At low oxygen partial pressures, spinel
structures are known to consist of cation interstitials [34], which
typically diffuse at greater rates than cation vacancies. The third
possibility is that volumes of slag infiltrated into the refractory be-
fore a fully integrated layer was able to protect the refractory. The
extent of infiltration would be dictated by a competition of rates
between the growth of chromium spinel and the penetration of
slag driven by capillarity pressures. The temperature and the diffu-
sivity of the species in the liquid slag is regarded as the limiting
term for infiltration, while the corresponding solid-state ionic dif-
fusivity of the species determine the growth rate of the product
layer.

Diffusivities of cations in oxide melts decrease with increasing
ionic radii and atomic number, and also with increasing slag poly-
merization, as indirectly indicated by viscosity [7,12]. In partly
polymeric melts, the diffusivity of an ion is governed by its mobil-
ity, while the viscosity of the fluid is determined by the network-
forming species [12]. If the microstructure is considered as a sys-
tem of highly interconnected pores, slag infiltration with respect
to time can be projected by assuming fluid flow through capillary
channels. Since the characteristic length scale of a pore in the
radial direction is significantly shorter than in the penetration
direction, a lubrication approximation was applied to simplify
the momentum equation to Eq. (4) [35].

�uz ¼
dl
dt
¼ Rc cos h

4
R lðtÞ

0 gðzÞdz
ð4Þ

where R is the pore radius, c is the surface tension of the slag, h is
the contact angle of the slag with the pore wall, g is the dynamic
viscosity of the slag, and l is the penetration depth of the slag that
is perpendicular to the slag/refractory interface. Fig. 4 shows that
the viscosity of the slag strongly dictates the rate of slag infiltration.
Given that the size of the Fe2+ cation is larger than that of the Mg2+

cation, the (Mg,Fe)Cr2O4 layer that formed with WC and WCP slags
grew at lower rates as compared to the FeCr2O4-rich layer that
formed with EC and ECP slags. The lower viscosities of the WC
and WCP slags allowed for WC slag systems to infiltrate more
quickly than the EC slag systems. Consequently, WC and WCP slags
penetrated into the refractory until an integrated product layer,
capable of blocking fluid flow, fully formed. Although penetrations
were on the order of millimeters, the infiltrated slag with increased
concentrations of SiO2, CaO and Al2O3 can gradually solution with
the glassy alumino-silicate bonding phase of the refractory and de-
grade the mechanical and thermal properties of the refractory
microstructure. The protective product layer can ultimately spall
away due to weakening of the underlying refractory substrate.
Examination of additional infiltration times will help determine
which of mentioned mechanisms is most dominant.

6. Conclusion

Synthetic slags with compositions resembling the mineral
impurity constitution of potential gasification feedstock were infil-
trated into 90%Cr2O3–10%Al2O3 refractory to investigate the effects
of slag composition on the infiltration characteristics of the slags.
Regardless of feedstock variation, interactions between the refrac-
tory and the slags uniformly produced layers of chromium spinel
on the top interfaces of the samples. The solid solution chemistries
of the chromium spinel varied depending on the composition of
the infiltrating slag. Fe(Cr,Al)2O4 formed when refractory inter-
acted with eastern coal (EC) slag, which contains high concentra-
tions of FeO. (Mg,Fe)Cr2O4 formed when refractory came in
contact with western coal (WC), which contains comparable con-
centrations of both MgO and FeO. The eastern coal - petcoke
(ECP) formed similar solid phases as its EC slag counterpart, but
with additions of V2O3 in the solid solution chemistries. Vanadium
species did not integrated into the product layer in the western
coal–petcoke (WCP) slag infiltration experiment. The Fe(Cr,V,Al)2-

O4 layer that formed with the ECP slag demonstrated an uneven
morphology, which can cause increased spallation rates in actual
gasification conditions. The viscosity of the 4 study slags was mea-
sured in the temperature range of 1773–1573 K (1500–1300 �C).
The viscosity of WC and WCP slags was much lower than EC and
ECP slags. The viscosity differences between the slags strongly dic-
tated the penetration depth. As compared to EC and ECP slags, WC
and WCP slags penetrated beyond the protective product layers
and deeper into the refractory. Although the chromium spinel lay-
ers limited infiltration by effectively blocking the slag from flowing
into the porous microstructure of the refractory, the viability of the
mechanism requires further investigation using methodologies
that can simulate relative velocities between the slag and refrac-
tory materials.

Disclaimer

‘‘This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes

Table 5
Thermal expansion coefficients of refractory material and product spinels.

Materials Thermal expansion coefficients
mm/mm/K (mm/mm/�C)

Refs.

Cr2O3–Al2O3 refractory
(hot-face)

8.2 � 10�6 [7]

FeCr2O4 8.5 � 10�6 [33]
MgCr2O4 9.3 � 10�6

FeAl2O4 9.0 � 10�6

MgAl2O4 8.1 � 10�6
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any legal liability or responsibility for the accuracy, completeness,
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disclosed, or represents that its use would not infringe privately
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process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorse-
ment, recommendation, or favoring by the United States Govern-
ment or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.’’
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