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Abstract
X-ray computed tomography (XRT) is a three-dimensional (3D), non-destructive,
and reproducible investigation method capable of visualizing and examining
internal and external structures of components independent of the material
and geometry. In this work, XRT with its unique abilities complements con-
ventionally utilized examinationmethods for the investigation of microstructure
weakening induced by hydrogen corrosion and furthermore provides a new
approach to corrosion research. The motivation for this is the current inevitable
transformation to hydrogen-based steel production. Refractories of the system
Al2O3-SiO2 are significant as lining materials. Two exemplary material types
A and B, which differ mainly in their Al2O3:SiO2 ratio, are examined here
using XRT. Identical samples of the two materials are measured, analyzed, and
then compared before and after the hydrogen attack. In this context, hydro-
gen corrosion-induced porosity and its spatial distribution and morphology are
investigated. The results show that sample B has a higher resistance to hydrogen-
induced attack than sample A. Furthermore, the 3D representation revealed a
differential porosity increase within the microstructure.
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1 INTRODUCTION

Recently, X-ray computer tomography (XRT) has grad-
ually established its position as a non-destructive and
thus reproducible three-dimensional (3D) investigation
technique allowing material and geometry-independent
application. The technique uses X-rays to generate multi-
ple two-dimensional (2D) projections from distinct angles,
which are subsequently reconstructed into a 3D image.1
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As the object rotates within the X-ray beam between the
X-ray source and the detector, a defined number of 2D
projections from different angles are scanned. Each pro-
jection corresponds to the object profile at one angle and is
obtained from the attenuated X-rays. The attenuation can
be described using the following equation2:

I (L) = I0 (E) e
−

L

∫
0
𝜇(E, x)dx

dE (1)
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I(L) describes the X-ray intensity after interaction with
matter, I0(E) the X-ray intensity emitted by the source,
and L the distance traveled by the X-rays in matter.
For polychromatic X-rays and a heterogeneous medium,
the formula includes the integral for varying attenuation
coefficients µ along L and varying X-ray energies E.2
A 2D projection consists of a map of attenuation coef-

ficients µ, describing the attenuation of X-rays by the
object for each pixel within the scanned cross-section.
The material-specific values of µ increase with density
ϱ, atomic number Z, and path length L.3 Specifically, µ
increases with ϱ and Z4.1
In an XRT scan, varying attenuation values are visual-

ized in different shades of gray. While highly absorbent
materials are represented in bright shades, less absorbent
areas are represented in darker shades of gray.4
In a previous study, XRT was used to examine bauxite

leached with hydrochloric acid.5 The focus was tomeasure
the penetration depth of acid, porosity, and its distribu-
tion in individual bauxite grains. In this work, XRT will
be adapted to evaluate the microstructure weakening of
Al2O3-SiO2 refractories attacked by hydrogen.
To reduce greenhouse gas emissions, especially CO2,

the steel industry is currently shifting towards hydrogen-
based steel production. The Climate Protection Act (§32)
of the Federal Government of Germany, containing the
goal of greenhouse gas neutrality by the year 2045, moti-
vates this change. In 2018, the steel industry generated
approximately 30% of the CO2 emissions of the entire
German industry.6 Thus, the transformation of steel pro-
duction is inevitable. Process-related emissions are mainly
generated using carbon-containing reducing agents in
blast furnaces.7 To achieve climate-neutral steel produc-
tion in the future, the use of hydrogen as a reducing
agent in pig iron production promises high potential,
for example, in direct reduction plants.8,9 Refractory
linings of steelmaking plants are also exposed to the
reducing gas. To ensure long-term use of these oxide
refractories, high-temperature hydrogen environment sta-
bility is essential. Thus, the demands on refractories of
the lining are extended, especially regarding hydrogen
resistance.
Among others, refractories of the systemAl2O3-SiO2 are

considered for use in pig iron production.10 Based on their
application and technical requirements, these refractories
differ in their Al2O3:SiO2 ratio. In this study, two exem-
plary materials of the systemAl2O3-SiO2 based onmullite-
fireclay and corundum-mullite are investigated. According
to previous studies, SiO2 is critical with respect to hydro-
gen attack under high-temperature conditions.11–13 Conse-
quently, hydrogen attack on SiO2 leads to weight loss due
to the formation of the gaseous products SiO andH2O. This

is described by the following equation11:

SiO2 (s) + H2 (g) → SiO (g) + H2O (g) (2)

Accordingly, increasing weight loss indicates higher
corrosion and thus increasing hydrogen attack.11–14 This
is reflected in the sample microstructure, including
increased pore volume.
The common approach for the investigation of hydrogen

corrosion consists of several different analytical methods.
These include weight loss determination, cold compres-
sive strength (CCS) measurements, scanning electron
microscopy (SEM), and X-ray diffraction (XRD).11,12,15–17
Weight loss is the first indication that hydrogen attack

has weakened the microstructure. CCS determines the
mechanical strength of the material before and after
the hydrogen attack. SEM is used to locally examine
the microstructure optically at selected cross-sections in
high resolution, providing insight into this restricted area.
Although limited to two dimensions, combined with
energy-dispersive X-ray spectroscopy (EDX) microanaly-
sis, it allows the chemical characterization of a cross-
section. XRD is applied to identify changes in the mineral
phases due to hydrogen-induced attack. However, CCS,
SEM, and XRD destroy the sample during the examina-
tion, thereby eliminating the possibility of comparative
measurements of the same sample before and after the
hydrogen attack.
In this work, XRT is used to further investigate the

microstructure before and after hydrogen attack. It allows
a spatial characterization of porosity induced by corrosion.
Additionally, potential gradients in the pore distribution
can be identified. For a comprehensive evaluation of
hydrogen corrosion, XRT is utilized as a complemen-
tary method to the conventionally used analysis methods.
Weight loss determination and SEM are considered in
the following, as they provide comparative information
regarding the microstructure.
However, to our knowledge, XRT has not been used

to investigate the influence of hydrogen-induced attack
on the microstructure of refractories. It provides a holis-
tic volumetric insight into the samples and, due to its
non-destructive property, enables a comparison before
and after the attack. Furthermore, XRT allows the
determination of the distribution and morphology of
porosity.
Here, XRT is applied for the comparative evalua-

tion of two exemplary refractories of the system Al2O3-
SiO2 regarding their hydrogen resistance. As an optically
based method, XRT extends the limited insight into the
microstructure of the samples provided by SEM studies
and offers a different perspective on hydrogen corrosion.
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F IGURE 1 Schematic furnace installation. The heating
elements are located left and right of the samples on the red
highlighted walls.

2 MATERIALS ANDMETHODS

2.1 X-ray fluorescence of reference
samples

In this work, three sample bars each of two exemplary
Al2O3-SiO2 refractories (A and B) were investigated. X-ray
fluorescence (XRF) was used to characterize the chemi-
cal properties of the untreated samples. The analyses were
quantitatively carried out using lithium tetraborate melt
tablets according to DIN EN ISO 1267718 using a Bruker S8
TIGER wavelength dispersive XRF spectrometer.

2.2 Hydrogen attack

Hydrogen corrosion tests of Al2O3-SiO2 refractories A and
B were performed in each case on three bars with dimen-
sions of 150 mm x 25 mm x 25 mm in a Linn High Therm
HT-1600-GT-Sonder chamber furnace (Figure 1). An expo-
sure time of t= 200 h at a temperature of T= 1400◦Cunder
atmosphere pressure in a 100% hydrogen atmosphere
(purity 5.0) was selected for the tests.

2.3 Scanning electron microscopy

SEM investigations were performed with a Zeiss EVO 15
and coupled EDX using an Oxford Instruments Ultimax
65 EDX detector. The examinations were carried out on
prepared, that is, sawn, subsequently embedded, polished,
and carbon-sputtered micro-sections of one exemplary
sample for each material after the hydrogen attack. The
images were generated using backscattered electrons at an

TABLE 1 Chemical compositions of materials A and B.

Component

Mass fraction
material A
(wt%)

Mass fraction
material B
(wt%)

Al2O3 61.89 89.90
SiO2 34.52 9.52
Fe2O3 1.07 0.12
TiO2 1.69 0.07
Impurities
(CaO, MgO, alkalies, etc.)

0.83 0.39

accelerating voltage of U= 15 kV. In addition, coupled EDX
mappings of the elements Al and Si were acquired.

2.4 X-ray computed tomography
examination

The examination of the Al2O3-SiO2 refractories A and B
before and after the hydrogen attack was performed using
a ProCon X-Ray CT-Alpha Duo system. The samples were
evaluated with the microfocus tube at U = 235 kV and a
radiation power of P = 59.9 W. The polychromatic beam
was filtered using a 1mmcopper filter. The flat panel detec-
tor provides a matrix of 2048 × 2048 pixels with a pixel
pitch of 200 µm. The sample size with the correspond-
ing focus-detector-distance and the focus-object-distance
results in a voxel size of 88.44 µm.
The evaluation and visualization of the XRT data was

carried out with the software VGStudio Max from Volume
Graphics GmbH. The surface determination of the inves-
tigated sample was performed by VGStudio’s advanced
(classic) option, based on the starting contour from the his-
togram with automatic material definition at an ISO value
of 50%. Based on the results of the surface determination,
the porosity/inclusion analysis module (VGDefX/Only
threshold algorithm) of the VG Studio software was
selected for the identification of voids in the samples before
and after the hydrogen attack. The threshold used for
pore segmentation is obtained from a manually selected
representative region of the background and material.

3 RESULTS AND DISCUSSION

3.1 XRF results of reference samples

The XRF results of the two materials A and B are shown
in Table 1. Here, the chemical composition is displayed in
wt%. It is evident that the chemical composition of the two
materials mainly differ in their Al2O3:SiO2 ratio. While
material A has an Al2O3 content of 61.89 wt% and SiO2
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F IGURE 2 Results of the weight loss determination. The
X-axis shows the samples 1–3 for the respective materials A and B.

content of 34.52wt%,material B has a higherAl2O3 content
of 89.90 wt% and correspondingly a lower SiO2 content of
9.52 wt%. In addition, material A has a higher iron oxide
and titanium oxide content compared to material B.

3.2 Weight loss results

The results of the weight loss determination are presented
in Figure 2. Material A reveals a higher weight loss com-
pared to material B. This provides the first indication of
a more severe hydrogen attack on material A, which is
attributed to the higher SiO2 content.

3.3 SEM results

In Figure 3A, the BSE-SEM image of the corrosion zone of
the exemplary sample A2 reveals a clear damage pattern
after the hydrogen attack. Damage is evident from loss of
substance and highly porous areas which represent the
corrosion zone. Figure 3B shows the result of an Al and
Si mapping. Al is represented in blue and Si in red. The Si
depletion in the porous areas respectively in the corrosion
zone is obvious.
Figure 4A accordingly shows the BSE-SEM image of

the corrosion zone of B2 after hydrogen attack. A dam-
age pattern due to loss of substance and porous areas is
also evident here. Note that only sections of the corrosion
zone of both materials were selected and examined. The
comparison of these sections indicates a less pronounced
corrosion zone in B2 than in A2. This is reflected in the

significantly lower porosity. Figure 4B nevertheless shows
a clear Si depletion in the corrosion zone of B2.

3.4 X-ray computed tomography results

The focus of the investigations is the spatially resolved
determination of the influence of hydrogen attack on the
microstructure, particularly on the pore volume of the
two Al2O3-SiO2 refractories. Due to the non-destructive
nature of XRT, identical samples are scanned, analyzed,
and visualized before and after the hydrogen attack. The
reconstructed volume of the untreated sample is digitally
compared with the volume of the subsequently corroded
sample to identify the influence of hydrogen attack on the
microstructure respectively the pore distribution. How-
ever, to investigate complete samples, it is necessary to
compromise on spatial resolution. Thus, pore diameters
smaller than the voxel size (88.44 µm) are not properly
characterized and are therefore not considered, resulting
in no quantification of the total pore volume. Further-
more, note that allmeasurements provide a snapshot of the
hydrogen corrosion influence on the microstructure after
t = 200 h.
The XRT images provide insight into the internal

microstructure and pore distribution. Figure 5 illustrates
the corrosion zones in 2D-XRT images by comparing the
untreated (top) and corroded (bottom) sample A2 through
the darker areas on the sample surface. The corrosion zone
depth is approximately 4–5 mm. Direct comparison shows
the spatially strongest corrosion at the surface, especially
at the sample ends, next to the heating elements in the fur-
nace (Figure 1). The porosity analysis clearly illustrates this
observation.
Figure 6 shows the porosity analysis results in 2D

according to the color bar, revealing the pore distribution.
The 2D-XRT image represents an example cross-section
from the 3D data set. The following observations are rep-
resentative of all cross-sections within the sample. Due to
the hydrogen attack, the pore volume, which was homo-
geneously distributed in the sample before (top), increases
strongly at the surface. Referring to the schematic furnace
installation of the samples (Figure 1), it is obvious that the
porosity increases at the top and especially at the sam-
ple ends. The bottom of A2 has a correspondingly smaller
increase in porosity.
Note that the pore distribution within the microstruc-

ture varies for all three samples of material A after
hydrogen-induced attack. Like A2, the porosity in A1
occurs more at the ends and top of the samples. However,
A1 shows a stronger increase in porosity at the bottom
after hydrogen attack than A2. A3, like the other two
samples, has the highest porosity at its ends, but has a
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F IGURE 3 (A) Backscattered electron-scanning electron microscopy (BSE-SEM) scan of the corrosion zone of the exemplary sample A2
after hydrogen attack and (B) additional energy-dispersive X-ray spectroscopy (EDX) analysis respectively Al- and Si-mapping.

F IGURE 4 (A) Backscattered electron-scanning electron microscopy (BSE-SEM) scan of the corrosion zone of the exemplary sample B2
after hydrogen attack and (B) additional energy-dispersive X-ray spectroscopy (EDX) analysis respectively Al- and Si-mapping.

higher porosity at the bottom. This reveals a differential
porosity increase in the microstructure of all samples and
thus an uneven hydrogen attack. The increased porosity
at the sample ends could be due to their position respec-

F IGURE 5 Two-dimensional-X-ray computed tomography
(2D-XRT) image of A2 before (top) and after (bottom) hydrogen
attack.

tively proximity to the heating elements. Two explanations
could be considered. The first one would be a temper-
ature gradient within the furnace. However, this can be
neglected due to the limited furnace volume of V = 32.5 L.

F IGURE 6 Two-dimensional (2D)-color representation of the
pore volume of A2 before (top) and after (bottom) hydrogen attack.
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F IGURE 7 Three-dimensional (3D)-visualization of the pore
volume of A2 before (top) and after (bottom) hydrogen attack. The
sample itself is transparent, revealing the pore volume, visualized by
the color bar.

Another plausible explanation would be a flow gradient of
the hydrogen gas within the furnace. This would be most
pronounced at the heating elements and decrease towards
the furnace’s center. Without further investigations, no
conclusive explanation can be given for the spatially inho-
mogeneous pore distribution at the top and bottom of the
samples. This could be due to the position of the sample in
the furnace or the sample itself.
Figure 7 illustrates the 3D-pore volume respectively

the pore distribution of sample A2 before (top) and after
(bottom) hydrogen attack. The sample itself is displayed
transparently, revealing the 3D-color-coded pore volume.
Before the hydrogen attack (top), a spatially homogeneous
distributed porosity of smaller pores highlighted in blue
is visible. The 3D representation of the pore volume after
the hydrogen attack (bottom) illustrates the uneven pore
distribution. The red-colored pores show enlarged and
connected pores in the corrosion zone at the top and
especially at the sample ends.
Additionally, XRT allows the localization of impurities.

Table 1 displays an increased iron oxide (1.07 wt%) and
titanium oxide (1.69 wt%) content in material A compared
to material B. Due to the high atomic number (ZFe = 26,
ZTi = 22), they are illustrated by white pixels in contrast to
the main components Al2O3 (ZAl = 13) and SiO2 (ZSi = 14),
which are represented in varying shades of gray. This is
exemplified in Figure 8 by a magnification of the 2D-XRT
image of A2.
The 2D-XRT image of B2 before (top) and after (bot-

tom) hydrogen attack in varying gray shades can be seen
in Figure 9. A corrosion zone is evident in the corroded
sample as well, recognizable by the darker gray shades rep-
resented on the sample surface. The 2D-grayscale images
indicate that the corrosion zone of material B seems less

F IGURE 8 Magnification of two-dimensional-X-ray computed
tomography (2D-XRT) image of A2 before hydrogen attack.

F IGURE 9 Two-dimensional-X-ray computed tomography
(2D-XRT) image of B2 before (top) and after (bottom) hydrogen
attack.

developed than that ofmaterial A (Figure 5). The corrosion
depth zone is approximately 3 mm.
The porosity analysis presented in Figure 10 confirms

this observation. The figure shows an increased porosity
at the sample surface after the hydrogen attack (bottom)
in contrast to the untreated sample (top). Comparing this
with the porosity analysis results of A2, a smaller corro-
sion zone and a lower pore volume in the corrosion zone
are present. This is also observed for the other two samples
of material B. In addition, a spatially different distributed
porosity can be observed in all three samples.
The 3D representation of the results of the poros-

ity investigation of B2 before (top) and after (bottom)
hydrogen-induced attack in Figure 11 illustrates the lower
porosity in the corroded state compared tomaterial A. Fur-
thermore, the pore size at the sample surface is smaller
compared to Material A. This is reflected by the blue-
colored pores at the sample surface. In addition, this pore
volume representation reveals a homogeneous pore distri-
bution within the corrosion zone. Isolated slightly larger
pores, displayed in green are visible on the sample surface.
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F IGURE 10 Two-dimensional (2D)-color representation of
the pore volume of B2 before (top) and after (bottom) hydrogen
attack.

F IGURE 11 Three-dimensional (3D)-visualization of the pore
volume of B2 before (top) and after (bottom) hydrogen attack. The
sample itself is transparent, revealing the pore volume, visualized by
the color bar.

Figure 12 provides an overview of the porosity analysis
results of all samples, untreated (U) and after hydrogen
attack (HA). The material volume is displayed in two blue
tones depending on the material and the pore volume is in
orange. The diagram confirms the above-presented results
of the exemplary investigations of A2 and B2. It is evi-
dent that all samples ofmaterial A show increased porosity
respectively corrosion after the hydrogen attack compared
to all samples of material B.

4 CONCLUSION

In this work, the influence of a hydrogen-induced attack
under high-temperature conditions on the microstructure
of two exemplary refractories of the systemAl2O3-SiO2 was
evaluated.

For the investigation of hydrogen corrosion, conven-
tional analysis methods exist, which, however, fail to
provide information regarding the spatial distribution of
the corrosion-induced porosity. Due to its non-destructive
nature, XRT provides the unique possibility to spatially
determine the porosity of identical samples before and
after hydrogen attack.
The conventional analysis methods weight loss determi-

nation and SEM each show stronger hydrogen corrosion
for material A compared to material B. This was already
expected due to the higher SiO2 content in material A. The
XRT measurements confirm this and provide additional
information about the spatial distribution andmorphology
of the pores before and after the hydrogen attack.
The porosity analysis for material A shows a homo-

geneous distribution of the untreated sample by the
3D-colored representation based on pore size. After a
hydrogen-induced attack, an uneven pore distribution
within the microstructure is revealed. Material B also has
increased surface porosity after the hydrogen attack. The
corrosion zone depth is less pronounced compared to
material A, and the pore volume within the zone is also
smaller. Thus, comparative studies reveal a higher resis-
tance to hydrogen attack formaterial B than formaterial A.
The investigation after the hydrogen attack shows the

strongest increase in porosity at the end of all samples,
which are in proximity to the heating elements. This could
indicate a flow gradient of the hydrogen gas within the
furnace, resulting in different diffusion properties. Fur-
thermore, the pore distribution varies for each of the three
samples of the same material. Further investigations are
necessary to determine the cause of the uneven pore distri-
bution, for example, a correlationwith the relative position
of each sample in the furnace.
Further questions arise from the research and findings

presented. In this work, the samples were analyzed and
compared in an untreated state and after an exposure
time of t = 200 h. To intensify corrosion research, the
temporal and spatially resolved documentation of the pre-
existing and corrosion-induced porosity, more precisely,
the diffusion paths within the microstructure, is crucial.
Thus, kinetic modeling of the corrosion depending on the
corrosion zone depth is recommendable.
To fully consider progressive chemical corrosion reac-

tions and processes, additional information on the product
gas composition and mineralogical phase development is
required. To investigate mass change and product gases,
thermogravimetry coupledwith amass spectrometer could
be used. SEM coupled with electron backscatter diffrac-
tion enables a localized analysis of mineralogical phase
development.
XRT combined with various analysis methods, offers a

comprehensive approach to gas corrosion in general. The
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F IGURE 1 2 Overview of the porosity analysis results of samples A 1–3 and B 1–3, untreated (U) and after hydrogen attack (HA).

knowledge gained can aid in predicting corrosion pro-
cesses and should be considered in material selection and
development.
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