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ABSTRACT 
The investigation of the stiffening be-

havior of unshaped refractories is essential for 
an adequate lining process. The most com-
mon method to monitor the stiffening is to ob-
serve the propagation of ultrasonic waves in 
the material over time. However, this method 
is not applicable for every refractory system. 
In some cases, it could be shown that the 
propagation of the ultrasonic waves does not 
directly correlate with the increase of the me-
chanical strength and thus the real hardening 
of the mixture. Therefore, an alternative 
measuring method is presented. The so-called 
Dynamic-Mechanical Analysis (DMA) pro-
vides a new approach for the observation of 
setting processes. Although originated in the 
plastics research area, this method can be 
adapted for inorganic systems as for example 
unshaped refractories. It allows monitoring 
the evaluation of the viscoelastic properties of 
a material as a function of time and tempera-
ture, thus representing a powerful tool for 
time-dependent tracking of the strength-de-
velopment during setting processes. In addi-
tion, frequency-dependent measurements of-
fer the possibility to determine characteristic 
points in the setting process as for example 
the gel and the glass point in sol-gel-bonded 
systems. The suitability of the Dynamic-Me-
chanical Analysis for the class of unshaped 
refractories is shown by means of hydraulic 
and chemically bonded materials. 

INTRODUCTION 

For unshaped refractories different 
binder systems are used to shape the loose 
basic materials and allow its processing. For 
the selection of the optimal binder composi-
tion, the setting behavior, particularly the set-
ting time, is of special interest as the pro-
cessing latitude is crucial for an adequate lin-
ing.  

The most common method to monitor 
the stiffening of unshaped materials is to ob-
serve the propagation of ultrasonic waves in 
the material over time1-4. During the propaga-
tion, the ultrasonic field interacts with the 
sample material due to the varying transfer of 
vibrational energy between unequal coupled 
particles, which leads to changes e.g. in the 
running time, damping and frequency. This 
method is therefore suitable to show changes 
in the materials stiffness and thus, time-de-
pendent observation of these parameters by 
continuous ultrasonic velocity measurements 
can obtain information about the setting pro-
gress.  

The runtime of the ultrasonic waves 
represents the average stiffness of the whole 
material, which is usually composed of very 
hard aggregates and the much less strong 
binding phase. The strength of the material 
during the setting process, however, depends 
mostly on the weakest part of the structure, 
which means the binding phase and its adhe-
sion to the grains3. Thus, the results obtained 
by the ultrasonic wave propagation do not al-
ways represent the real strength development 
of the mixtures3,4. Another approach to 
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determine the strength development during 
setting processes is the execution of strength 
tests after different time periods5. However, 
the suitability of those methods is limited es-
pecially in the early setting stage of pasty 
mixtures with very low stiffness.  

In a current research project, the early 
setting stage is of special interest for the de-
velopment of mixtures for additive manufac-
turing (AM) of refractories. AM technologies 
require challenging setting properties, which 
are realized by tailored additive systems. Due 
to the restrictions of other methods, the Dy-
namic-Mechanical Analysis (DMA) was cho-
sen for an alternative approach to investigate 
the influence of different additives and its 
combinations on the workability of AM re-
fractory mixtures.  

DMA allows time-dependent tracking 
of the strength development during setting as 
it measures the viscoelastic properties of a 
material as a function of temperature, fre-
quency and time. By application of an oscil-
lating mechanical force (exciter signal), the 
elastic part (storage modulus E‘) and the plas-
tic part (loss modulus E‘‘) of the viscoelastic 
properties can be determined from the re-
sponse signal of the sample. The ratio be-
tween E‘‘ and E‘ is defined as the loss factor 
tanδ6.  

In preceding work7, DMA was used to 
determine the setting behavior of sol-gel 
bonded materials. On this basis, the aim was 
to investigate, if the developed test procedure 
is applicable for other sol-gel systems too. In 
addition, the adaption of the test method to 
the class of hydraulic bonded systems was 
considered.  
 
EXPERIMENTAL 

To investigate the suitability of the 
DMA for describing the early setting pro-
cesses, measurements of mixtures based on 
varying binder systems were carried out.  

For the class of sol-gel-based binder systems, 
sample mixtures of sodium water glass and 
different inorganic hardeners were prepared. 
After the addition of the powder hardeners to 
the water glass sol, the mixture was stirred 
manually for 3 minutes. In the present work, 
the results of the setting of water glass Be-
tol47T (Wöllner) with 20 wt.% of a phosphate 
hardener (AlPO4, synth.) are shown. A focus 
was the detection of the characteristic gel 
point and its reproducibility by DMA.  

Concerning the hydraulic binder sys-
tems, measurements of mixtures of calcium 
aluminate cements with different accelerators 
(e.g. based on silicates, carbonates) were car-
ried out. In this test series, additional focus 
was set on the comparison of the pure binding 
phase and the binding phase combined with 
typical refractory aggregates (e.g. Al2O3, 
SiO2, mullite). In the presented part of the 
study, the findings are exemplified by meas-
urements of pure mixtures of a calcium alu-
minate cement (Secar 71) with water (water 
to cement ratio w/c = 0.4) and an alkali sili-
cate accelerator (1 wt.%) compared to its 
combination with an Al2O3 (Tabular Alumina 
T 60, Almatis) aggregate (amount of cement 
in the combined mixture = 10 wt.%). 

Preparation and mixing of the samples 
were conducted according to the following 
scheme: 

- Mixing and stirring of the dry powder 
components for 1 minute. 

- Addition of processing water under 
further stirring for 2 minutes. 

Due to the time-dependence of the 
measurement the preparation procedure was 
exactly determined with regard to its duration 
to ensure that every DMA measurement starts 
five minutes after mixing the components 
(mixing and stirring: 3 minutes + preparation 
of DMA measurement: 2 minutes). In all of 
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the shown diagrams this 5-minute time slot 
was added to the pure measuring time.  

DMA Measurements 
For the determination of the stiffening 

behavior, time-dependent DMA measure-
ments were carried out using a DMA 242C 
from Netzsch. With regard to the consistency 
of the mixtures a compression mode and a 
stress-controlled (maximum dynamic force = 
7 N) measuring principle were chosen. The 
influence of the frequency is determined us-
ing cyclic frequency sweeps at f = 1, 2, 5, 10 
Hz. Both the frequencies and the mechanical 
parameters were selected with regard to the 
above mentioned preceded studies8.  

Due to its low viscosity the measure-
ments of the pasty samples were carried out 
in a crucible. Stress is put into the system us-
ing a spherical feeler stamp (Fig. 1). The mix-
tures are filled in the crucible up to a height 
of h = 11 mm and the feeler stamp is im-
mersed completely in the material. To prevent 
deeper invasion of the stamp during the meas-
urement, further contact pressing is avoided 
by choosing a proportional factor (relation of 
dynamic to static force) of zero. During the 
measurements, a temperature chamber was 
used to ensure a constant temperature of 
T = 25°C.  

 

 

 

 

Fig. 1: Experimental set-up Dynamic-Me-
chanical Analysis 

RESULTS AND DISCUSSION 
The different approaches to investi-

gate the suitability of the DMA are exempli-
fied by the previously described mixtures. 
With regard to the presented figures it should 
be noticed, that the geometry of the feeler 
stamp hinders the mathematical determina-
tion of absolute values of the mechanical pa-
rameters. Therefore, the maximum achieved 
storage or loss modulus in every test series 
was normalized. 

Sol-gel based binder systems 
The strength development and setting 

progress of the sol-gel-bonded samples are 
represented by a sigmoid increase of the stor-
age modulus (Fig. 2) which is typical for set-
ting processes: After only small changes in an 
initiation phase, the storage modulus in-
creases significantly, which goes along with a 
peak in the tanδ. Although the increase in the 
storage modulus slows down, it does not 
reach a plateau that would represent a com-
plete hardening after the measuring time of 24 
hours. The development of the storage modu-
lus during DMA measurements matches with 
a macroscopic observation of comparative 
samples. 
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Fig. 2: DMA measurements of 3 comparative 
test series of the water glass phosphate mix: 
Development of storage modulus E‘ and tanδ 
at a frequency of 1 Hz as a function of time. 

The consideration of the three com-
parative test series in Fig. 2 shows a high re-
producibility, both in the storage modulus and 
tanδ. More detailed insights in the reproduci-
bility can be gained by the comparison of the 
gel points. Gel points were determined as the 
point in time when the frequency dependence 
of tanδ disappeared7 (Fig. 3). These character-
istic points are reached after 51.5 minutes 
(test 1), 55 minutes (test 2) and 55.5 minutes 
(test 3).  

 
Fig. 3: DMA measurements of 3 comparative 
test series of the water glass phosphate mix-
tures: Point of intersection of the loss factor 
tanδ for a multi‐frequency measurement in 
dependence of the hardening time.  

The good accordance of the gel points 
and in the progress of storage modulus and 
tanδ as well as the transferability of the 
method to different types of water glasses 
support the suitability of the DMA for the in-
vestigation of sol-gel systems.  

 

Hydraulic binder systems 
Even in the case of hydraulic binder 

systems the setting is represented by the pro-
gress of the storage modulus. Fig. 4 shows a 
direct increase of E‘ for two comparative 

measurements. From a macroscopic view it 
corresponds to a slight thickening of the mix-
ture. In the further progress an abrupt and 
strong decrease of the storage modulus can be 
observed. It can be explained by the for-
mation of cracks in the sample material due to 
the movement and the pressure of the feeler 
stamp. At this point the elastic portion of the 
mixture is too low to compensate the input of 
the mechanical energy and brittle cracking 
occurs. Nevertheless, ongoing stiffening can 
be observed by a further increase in the stor-
age modulus until the formation of other 
cracks. After a certain time, a critical number 
of cracks is reached, and the inserted energy 
is more or less completely lost over the 
cracks. From this point, no further determina-
tion of the stiffening is possible, represented 
by a plateau in the storage modulus that is in 
conflict to the macroscopic observed ongoing 
stiffening. Further investigations are focused 
on avoiding this effect e.g. by varying the ge-
ometry of the feeler stamp. Anyway, the con-
temporaneous crack formation in the two 
comparative samples highlights again the 
high reproducibility of the method.  

 

 
Fig. 4: DMA measurements of 2 comparative 
test series of the cement-water mixtures: De-
velopment of storage modulus E‘ at a fre-
quency of 1 Hz as a function of time. 
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The problem of crack formation can-
not be observed in the DMA measurements of 
samples with aggregate addition (Fig. 5), due 
to its overall higher strength. The storage 
modulus increases quickly until it reaches a 
plateau that is in good accordance to the mac-
roscopically detected hardening.  

 

 
Fig. 5: DMA measurements of 2 comparative 
test series of the cement binding system with 
aggregate addition: Development of storage 
modulus E‘ at a frequency of 1 Hz as a func-
tion of time. 

 

During the interval of fast increase of 
the storage modulus a kind of step, formed 
due to a decline of the setting velocity, fol-
lowed by an anew rise can be seen. When 
coupling these measurements with the results 
of the pure binding phase as it is shown in Fig. 
6, a correlation between the steps in the stor-
age modulus’ increase can be determined. 
Even if the setting of the pure binding phase 
is slower, the step in the progress of E‘ is quite 
similar. This is a good evidence that the DMA 
does not only reflect an average stiffness of 
the system as in the case of ultrasonic velocity 
measurements, but reflects the real strength 
development even in presence of very hard 
aggregates.  

 
Fig. 6: Combination of the DMA measure-
ments of the pure binding phase and the bind-
ing phase with aggregate addition.  

 

CONCLUSIONS 
DMA measurements were conducted 

to investigate the suitability of this method for 
determining the setting process of varying 
binder systems. First main aspects of the on-
going study are exemplified by the results of 
a phosphate hardened sol-gel system and a ce-
ment-accelerator mixture. From the presented 
parts of the study the following conclusions 
can be drawn: 

- DMA measurements of all binder systems 
investigated show a high reproducibility and 
a good accordance of the progress in the stor-
age modulus to the macroscopic observed 
stiffening. 
- The only exception can be seen in DMA 
measurements of the pure cement binding 
phase. Crack formation due to the mechanical 
impact of the feeler stamp results in a loss of 
the validity of the progress in the storage 
modulus. Ongoing research is actually done 
to avoid these effects.  
- The comparison of DMA measurements of 
the pure cement binding phase and the ce-
ment-aggregate mixtures show analogous 
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steps in the storage modulus’ increase, indi-
cating the suitability of the method to de-
scribe strength development during setting 
processes even in presence of hard aggre-
gates.  
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