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ABSTRACT 
The present standardized test methods to determine the CO 
resistance of refractory materials are based on a classification of 
tested materials into groups “A” to “D” according to ISO 12676 and 
ASTM C 288 and thus do not allow any quantitative, reproducible 
statements regarding the CO resistance of refractories. This hinders 
the targeted development of CO resistant refractory materials in the 
refractory industry. 
Based on the results of previous research carried out at 
Forschungsgemeinschaft Feuerfest e. V., a new, quantitative and 
reliable testing method was developed in cooperation with Koblenz 
University of Applied Science. 
In this newly developed testing methodology, the rate of carbon 
deposition in refractory materials (under service conditions) can be 
determined using in situ thermogravimetry and thus can be correlated 
with varying test and material parameters such as the flow rate of CO 
and the concentration of iron compounds within the refractory 
materials. 
This new testing method enables a reliable and reproducible 
evaluation of the CO resistance of refractory materials. 
 
INTRODUCTION 
The disintegration of refractory materials in reducing atmospheres 
containing carbon monoxide is a relevant issue for refractory 
producers and process industries, as it causes long production 
downtimes and associated tremendous repair costs. The 
disintegration of the material is caused by the precipitation of 
elementary carbon inside of the refractory structure and the 
associated crystallization pressure of this carbon. The basis for the 
deposition of elemental carbon within the structure of refractory 
materials is the Boudouard equilibrium and the associated 
Boudouard reaction (2 CO ↔ CO2 + C(solid)). In a pure carbon 
monoxide atmosphere, the carbon deposition is completely 
determined by the reverse Boudouard reaction. In the relevant 
temperature range of 500 to 600 °C, the Boudouard equilibrium is 
thermodynamically shifted towards C + CO2. Without catalytically 
active phases, the kinetics of the carbon deposition is inhibited [1]. 
Krause et al. were able to prove a VLS (vapor-liquid-solid) 
mechanism in refractories, in which iron containing impurities can 
be reduced to metallic iron. These act as catalytically effective 
phases and cause the precipitation of solid carbon as part of the 
reverse Boudouard reaction. Reducible iron is introduced into 
refractory products as natural impurities in raw materials and can 
also be caused by abrasion from mechanical parts during processing 
(mixing etc.). The catalytic effect of solely 0.1 % metallic iron in 
refractory materials is already sufficient to shift the Boudouard 
equilibrium under CO atmosphere towards CO2 and C. Compounds 
of importance for the promotion of carbon deposition within the 
Boudouard reaction are Fe2O3, Fe3O4, FeO and Femet., whereby 
Fe2O3 is figured out to be the most catalytically effective phase in 
refractory materials [2].  
 
Current standardized testing methods to determine the CO 
resistance of refractories 
The CO resistance of refractory materials is determined according to 
DIN EN ISO 12676 or ASTM C 288. This is done first by thermally 
pre-treating samples under oxidizing conditions at minimum 540 °C 
for at least 5 hours and subsequent exposure for 200 hours in a 
reaction chamber at 495 – 505 °C under at least 95 % CO. The 

resistance of the refractory samples against destruction by carbon 
deposition is determined by visual characterisation after exposure, 
whereat the samples are classified into the groups “A” (unaffected), 
“B” (affected - surface popouts), “C” (affected - cracked) and “D” 
(destruction). However, this classification must be considered as 
error prone with a poor reproducibility. Said testing methods also do 
not promote in-depth understanding regarding the influences on the 
kinetics of carbon deposition. 
As is known by now, the flow conditions within the reaction chamber 
significantly influence the kinetics of carbon deposition and thus 
determine the degree of destruction of the samples and the 
classification into one of the four groups. As the flow conditions in 
the reaction chambers of the standardized testing methods are quite 
variable, samples made from one batch of a material might be 
classified differently [3]. This behaviour may be explained by 
inconsistent flow conditions of CO gas around the samples within 
the reaction chamber during testing [4,5]. 
Krause et al. and Bost et al. used thermogravimetry to quantitatively 
determine the carbon deposition rate. However, this was not done 
based on industry-related samples of refractory material but with 
bulk powders of catalytically reactive materials (using different iron 
compounds). Here, a general course of the carbon deposition in the 
exposition of catalytically reactive phases could be established, 
which makes an important contribution to the verification of the 
correct reaction mechanism. This knowledge was significantly 
helpful for the development of a new test method that allows the 
determination of the carbon deposition rate in application-related 
materials [6,7]. 
 
METHODS AND MATERIALS 
Development of a suitable test stand 
In the design of the new test stand, uniform and homogeneous flow 
conditions around the samples were of first priority. Fluid dynamic 
simulations on different geometries of both the reaction chamber and 
the sample geometry showed that even four samples within the 
reaction chamber led to uneven flow conditions at the sample 
surfaces. This is due to turbulences, and as a result, the flow 
velocities between the samples differed. Simultaneously, a single 
cylindrical sample in a cylindrical reaction chamber showed 
homogeneous and uniform flow conditions around the whole sample 
(Fig.1). 

 
Fig. 1: Fluid dynamic simulations regarding the flow conditions for 
single and multiple samples (slice: velocity magnitude). 
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The reaction chamber designed for the experimental setup inside a 
tube furnace consists of a horizontally mounted cylindrical tube 
made of stainless austenitic steel. At the top and the bottom of this 
reaction chamber, steel plates were mounted to make the reaction 
chamber gas-tight and to prevent leakage air from entering the 
furnace. In the plate at the top of the reaction chamber are integrated 
openings for the gas feed in the form of three copper pipes. In the 
plate at the lower end of the reaction chamber, a steel tube is 
attached, which removes hot carbon monoxide gases from the 
reaction chamber and transfers them into a gas extraction system. In 
addition, inside the lower plate there is an inlet for a corundum tube 
which is used as a sample holder for the thermogravimetric 
measurements. This tube is directly connected to a precision scale in 
the lower part of the furnace housing. The precision scale itself is 
sealed inside a metal chamber to minimize the amount of air ingress 
even more efficiently. Mass flow controllers for CO and N2 are used 
to monitor the gas flow rates and to adjust the flow rates of all gases 
at any time. The furnace and sample temperatures are recorded and 
controlled by type K thermocouples (one between the reaction 
chamber and the heating elements and the other right next to the 
sample). 
 

 
Fig. 2: Test stand to determine the carbon deposition inside of 
refractory materials under CO atmosphere; left: test stand at 
Forschungsgemeinschaft Feuerfest e. V., right: schematic cross-
sectional drawing of the developed test stand. 
 
Model materials for determining the carbon deposition in 
refractory materials 
Model refractory materials were designed to investigate the carbon 
deposition that are both application-relevant and favor the deposition 
of carbon in CO atmosphere, A high-alumina based, CA-cement 
bonded refractory castable was specifically doped with different 
amounts of hematite as the most catalytically effective phase. To 
highlight differences in the carbon deposition due to varying degrees 
of contamination, model materials were doped with 0.1, 0.25 and 0.5 
wt.-% of pure hematite (Fe2O3). Using the recipe shown in table 1, 
cylindrical test samples with height and diameter of 50 mm were 
produced and thermally pretreated in accordance with DIN EN ISO 
12676. Since the deviation from average of the sample masses is only 
1-2 %, the absolute mass increase due to deposited carbon is 
considered in the results. 
 
RESULTS AND DISCUSSION 
Reproducibility 
Repeated measurements of the model materials LCC_0.1H and 
LCC_0.5H indicated a very good reproducibility of the results (Fig. 
3). The deviation from average values of the final carbon deposition 
after an exposition time of 8 h under CO ranged between 2 and 3 %. 
The highest deviation from average within a test series was found to 
be 5 % with an exposition time of 20 h. On average, the amount of 
carbon deposition in the LCC_0.1H samples after 8 h was 1.26 g. In 
comparison, the LCC_0.5H samples show a higher carbon 

deposition with an average of 1.47 g after 8 h due to their higher 
hematite content.  
 
Tab. 1: Composition of high-alumina and CA-cement bonded 
refractory castables with differing amounts of hematite (all data 
given in wt.-%), TA = tabular alumina, RA = reactive alumina, CAC 
= calcium aluminate cement. 

 

 
Fig. 3: Overview of the reproducibility tests on LCC_0.1H and 
LCC_0.5H. The tests were carried out for 8 h under CO atmosphere 
with a CO gas flow rate of 60 l/h and at a constant temperature of 
500 °C. The bold blue line is the result of an overlay of two data sets 
due to nearly identical curve progressions. 
 
The influence of the hematite concentration on the rate of carbon 
deposition in high alumina refractory castables 
An overview of the time dependent carbon deposition in high 
alumina refractory castables with different concentrations of 
hematite is shown in figure 4. It is obvious that the increasing amount 
of Fe2O3 results in a significantly increased rate of carbon deposition. 
With regard to the carbon deposition in samples with a hematite 
content of 0.1 wt.-% (LCC_0.1H), after an initial strong weight gain 
due to carbon deposition, the carbon deposition rate decreases 
continuously until an almost linear course of carbon deposition sets 
in. This linear progression continues until the end of the test. After 
50 h 1.23 g of carbon were deposited within the sample. In contrast, 
the samples LCC_0.25H and LCC_0.5H showed significantly higher 
amounts of deposited carbon in the tests. The final amount of carbon 
deposited in LCC_0.25H after 50 h in CO atmosphere is 3.26 g, 
while in LCC_0.5H more than 4 g of carbon deposition could be 
detected after only 15 hours. In the case of LCC_0.25H, not only a 
generally higher carbon deposition rate can be determined over the 
entire test duration, but also an additional increase in the carbon 
deposition rate after approximately 40 h.  

 LCC_0.1H LCC_0.25H LCC_0.5H 
TA 1-3 mm 25 
TA 0.5-1 mm 21 

TA 0.2-0.6 mm 11 

TA 0-0.2 mm 12 

TA 0-0.045 mm 9 
RA RG4000 7 
CTC 20 10 
CAC Secar 71 5 
Dispersant FS60 0.15 

Hematite 0.1 0.25 0.5 

Distilled water 4.5 
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A possible explanation for this behaviour is the higher gas 
permeability of the material as a result of cracking processes caused 
by the carbon deposition (due to crystallization pressure). This 
assumption is supported by crack patterns that were observed on the 
surface of the specimen after exposure. It is reasonable to assume 
that unattainable hematite particles become accessible for the CO gas 
after cracks have been formed in the samples, which again leads to 
an increase of the carbon deposition rate. A comparable behaviour is 
observed for LCC_0.5H, but to a far greater extent. Here not only the 
highest of all initial carbon deposition rates can be documented, but 
also a significantly earlier re-increase of the carbon deposition rate 
compared to LCC_0.25H. While this re-increase was detected for 
LCC_0.25H after approx. 40 h, it is observed for LCC_0.5H after a 
test duration of only 10 h. This enormous acceleration of the carbon 
deposition leads to a significant volume expansion of the sample and 
distinct cracking on the sample surface after only 15 h of exposition 
in CO atmosphere. In this state, even small mechanical impact results 
in a destruction of the sample. 

 
Fig. 4: Overview of the carbon deposition in high alumina refractory 
castables with different concentrations of hematite. The tests were 
carried out for 50 h at a temperature of 500 °C and a CO gas flow 
rate of 40 l/h. 
 
The influence of the CO gas flow rate on the carbon deposition 
Since the flow conditions were classified in fluid dynamic 
simulations as being relevant for the reproducibility of the results 
obtained with test new stand, the influence of the CO gas flow rate 
was investigated more closely. However, as depicted in figures 5 and 
6, no recognizable difference or tendency in terms of the carbon 
deposition rate in relation to the CO gas flow rates was found in a 
series of tests. 

 
Fig. 5: Overview of the carbon deposition in high alumina refractory 
castables with a hematite concentration of 0.1 wt.-% (LCC_0.1H). 
The tests were carried out for 50 h at a temperature of 500 °C and 
CO gas flow rates of 10, 20, 30 and 40 l/h. 

 
Fig. 6: Overview of the carbon deposition in high alumina refractory 
castables with a hematite concentration of 0.25 wt.-% (LCC_0.25H). 
The tests were carried out for 50 h at a temperature of 500 °C and 
CO gas flow rates of 10, 20, 30 and 40 l/h. 
 
Looking at the results obtained from testing samples with an 
increased hematite content of 0.5 wt.-% (LCC_0.5H) as depicted in 
figure 7, up to a test duration of 10 h, no significant difference was 
found in the carbon deposition rates depending on the CO gas flow 
rates that had been examined. Only after a re-increase in the carbon 
deposition rate after about 10 h, there appeared marginal but still 
visible differences in terms of the reaction kinetics. However, no 
clear trend could be identified on whether lower or higher CO gas 
flow rates cause an increase in the reaction kinetics.  

 
Fig. 7: Overview of the carbon deposition in high alumina refractory 
castables with a hematite concentration of 0.5 wt.-%. The tests were 
carried out for 50 h at a temperature of 500 °C and CO gas flow 
rates of 10, 20, 30 and 40 l/h. 
 
These results lead to the assumption that the influence of the CO gas 
flow rate is small for materials with a lower degree of contamination, 
but grows bigger with increasing porosity and thus with higher gas 
permeability of the material as a result of cracking processes. 
 
CONCLUSION 
As part of this work, a test stand for determining the carbon 
deposition in refractory materials was developed and set up. The 
suitability of the test stand was proven in a series of tests on 
refractory castable samples contaminated with defined 
concentrations of hematite. With this test stand, it is possible to carry 
out thermogravimetric investigations in a carbon monoxide 
atmosphere with little effort and to obtain quantifiable data for the 
carbon deposition in refractory materials under carbon monoxide 
atmosphere. Due to the high reproducibility of the results and the 
easy to replicate measurements, the newly developed method for 
determining the carbon deposition under CO atmosphere is ideally 
suited to facilitating the testing of the CO resistance in industrial 
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laboratories and thus to a targeted development of CO resistant 
refractory products. 
With the help of this test stand, it was also possible to improve the 
basic knowledge regarding the carbon deposition depending on 
material-related and process-related parameters such as: 

▪ What was already known from qualitative investigations 
could be confirmed by quantitative investigations. The 
degree of contamination within refractory materials 
largely determines the kinetics of carbon deposition and 
the service life of the refractory products. In addition, the 
content of catalytically active contaminations determines 
the point in time at which a self accelerating destruction 
process begins, driven by cracking processes and an 
associated increase in gas permeability.  

▪ Providing homogeneous and uniform flow conditions 
around the samples during testing leads to reliable and 
reproducible measurements. This finding suggests that the 
rather poor reproducibility of the normative test methods 
is due to the inhomogeneous flow conditions of the large 
number of samples within the reaction chamber during the 
test, while the influence of the gas flow rate itself is less 
dominant. 

▪ Since a re-increase in the carbon deposition rate after 
several hours of testing could be correlated with beginning 
cracking processes on the surface of the tested material, a 
self accelerating destruction process can be assumed. This 
indicates that the porosity and thus the gas permeability of 
refractories seem to have a bigger influence on the kinetics 
of carbon deposition than expected. On the other hand, the 
CO gas flow rate also seems to have a bigger – but yet 
undefined – influence on the carbon deposition as the 
porosity increases. 

 
OUTLOOK 
Since the CO test stand delivers reliable and reproducible data 
regarding the carbon deposition, future work will include the 
investigation of possible influencing factors on the carbon deposition 
and thus the CO resistance of refractory materials. 
Due to the assumption that initial cracking processes lead to a better 
mobility for CO gas and thus promote a self accelerating destruction 
process by depositing even more carbon within the refractory 
material, the influence of the porosity, the pore structure and thus the 
gas permeability of the refractory material is a topic of high interest 
in future works.  
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