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Abstract

Due to their great performance and ease of installation, refractory castables

are common ground materials to enable high temperature processes. How-

ever, their fully operational condition is slowed down by the gradual drying

stage required. Therefore, better understanding of the moisture transport

involved is essential to improve their efficiency and reduce the likelihood of

explosive spalling events due to vapor pressurization. Neutron tomography

provides a relevant inner view of the moisture distribution across a sample

and its evolution over time. In this work, the effect of the heating rate on

moisture clog was investigated and compared with available laboratory and

industrial observations. It was found out that higher heating rates resulted

in a faster and longer lasting water accumulation ahead of the drying front,

in agreement with other macroscopic studies and explaining the common

reasoning behind using slower heating rates and safer industrial operations.
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This study highlights the potential of neutron imaging for the ongoing effort

to maximize the efficiency of refractory castables drying process by control-

ling the moisture accumulation without exclusively relying on slower heating

rates.
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1. Introduction

Steel and cement are two of the most consumed building materials in the

world [1]. For their production, several necessary transformations occur at

high temperatures and to safely and efficiently ensure the required processing

demands ranging from high temperatures to mechanical stresses and chemical

attacks, refractory materials are irreplaceable [2, 3].

The class of monolithic refractories differs itself from its alternatives be-

cause it can be cast in-situ into its final shape [2, 3]. This speeds up the ap-

plication procedure, decreasing the maintenance time of the industrial equip-

ment. To attain the rheological features that enable such a behavior, water

is commonly added to produce a raw material suspension. For hydraulically

bonded refractories, the water also reacts with the binders, resulting in crys-

talline precipitates that increase the mechanical strength of the green body

during the curing stage [2].

The demand for improved efficiency yielded materials with increased me-

chanical strength and corrosion resistance, although reducing their porosity

at the green state [4]. This, in turn, requires slower heating during the dry-

ing step to prevent explosive spalling of the refractory lining [3, 4], which
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has become the most challenging technical limitation. This considerably re-

duces the benefits of hydraulic bonded monolithics, increasing costs due to

the slower processing, higher energy consumption associated to the lower

heating rate and also to the greater carbon footprint [5].

Consequently, explosive spalling is a key topic as its first observation in

concrete structures is subjected to fire [6]. The most accepted explanation of

this phenomenon is the superposition between thermomechanical stresses and

water pressurization inside the material pores [6, 7, 8]. A key phenomenon

in spalling is moisture clogging when water evaporates in the warmer regions

and condensates in the colder ones, decreasing the effective permeability.

This pressurizes the water vapor, which can generate cracks, damaging the

structure.

Interest regarding the drying behavior of refractories is also driven by

the potential reduction of the economical and environmental costs associ-

ated to the monolithics processing. Studies ranged from laboratory scale

thermogravimetric tests (TGA) [9, 10, 11] to those based on pressure and

temperature sensors [12, 13, 14], or even more advanced techniques, such as

nuclear magnetic resonance (NMR) [15, 16] and neutron tomography [17].

Full-field techniques, such as neutron imaging describe the entirety of a

sample and the evolving water distribution within it, rather than providing

macroscopic or point-wise information as the other techniques. Additionally,

non-destructive techniques do not affect the sample, as they do not require

sensors placed within them. This is especially important, as it was observed

that the presence of even very thin thermocouples can trap air bubbles at

their interfaces, affecting the local microstructure and possibly interfering
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with the readings of such devices highlighting the scattering range of pressure

values obtained when using such techniques [18, 19].

The most common imaging approaches generally applied to Portland ce-

ment concrete are neutron and X-ray tomography, and Nuclear Magnetic

Resonance (NMR), [20, 18, 21, 22]. The two former differ in terms of the

nature of the ionizing beam used and its physical interaction with the sample

and the water. Notably, X-rays have less interaction with water, yielding a

lower contrast, making the post-treatment stages more challenging and the

final result more prone to numerical artifacts. For more details, the reader

is referenced to the review on the experimental techniques to assess water

removal by Luz et al. [4]. NMR quantifies instead the relaxation time of

the water molecules, detecting the water content and its configuration inside

the sample [21]. However, this technique does not yield a 3D representation

of the water distribution at high resolutions and most importantly, it is not

fast enough to capture the dynamics of drying, something that tomography

based techniques are capable of.

One of the key control parameters of the refractory castable drying process

is the heating rate. It is well known that faster temperature increases lead

to a greater likelihood of explosive spalling as shown by TGA analysis [3,

23, 10]. However, the effect of the heating rate on the water distribution

within the sample itself is still unknown as the available studies tackle the

macroscopic response of the sample instead of its full-field response provided

by imaging tests, such as the neutron tomography setup used by Moreira et

al. [17]. Additionally, the most common technique applied for studying these

effects, the TGA, generates a thermal gradient that is not representative of
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unidirectional heating attained when drying refractory linings in industrial

applications, as schematically shown in Figure 1 (a). The unidirectional

heating of the sample via the neutron tomography setup is shown in Figure

1 (b).

Figure 1: Differences between a general thermogravimetry analysis (a) and the neutron

tomography setup (b) used by Moreira et al. [17] and the resulting thermal state of the

samples. The neutron tomography setup provides a one-directional gradient whereas the

TGA for small samples results only in a minor radial temperature distribution.

For the neutron tomography experiments, the radiant heater is placed at
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the top of the cylindrical sample and the radial sides are insulated, inducing

an unidimensional thermal energy and moisture transport phenomena, which

results in a linear and steep thermal gradient. For the TGA test, the heating

elements are placed at the lateral sides of the sample and all surfaces are

free to exchange heat and mass. This leads to a smaller, radially distributed

thermal gradient. The interpretation of the effect of the drying rate on the

moisture clog position and intensity is then more cumbersome.

Applying a similar setup than the one shown in Figure 1 (b), but based

on NMR, Barakat et al. suggested an in-depth analysis of the heating rate

effect on the dynamics of water removal from refractory monolithics for fu-

ture research [24]. The heating rate applied during the drying of calcium

aluminate cement high-alumina castables analyzed in their study was in the

range of 1-2°C/minute.

Barakat et al. reported preliminary results using a lower heating rate,

0.3°C/min-0.4°C/min, for the NMR tests and found out that the drying front

position followed, in both cases, a linear function of time. Moreover, there

was a minor increase in the drying front velocity for higher heating rates,

whereas the front temperature was virtually the same, as shown in Figure 2.
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Figure 2: Heating rate effect analyzed by Barakat et al. [24], considering the front position

(a) and the front temperature (b). The linear fits were shifted in time to enable an easier

comparison in (c) and (d). LCC stands for low cement castable

The first experimental evidence of the moisture clog phenomenon using

the neutron tomography was reported by Dauti et al. [20], and later conclu-

sively proven by Moreira et al. [17]. In the current work, the effect of the

heating rate on the moisture transport while drying the calcium aluminate

cement refractory castable is studied by neutron tomography and the results

attained are compared with those in the literature. These findings have clear

implications with the industrial demands and highlight the potential of the
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approach adopted here for improving the efficiency of the drying processes

in monolithic refractories.

2. Material and Methods

2.1. Refractory Castable Composition and Processing

A calcium aluminate cement high-alumina vibratable castable was pre-

pared following the Andreasen particle packing model with q = 0.21. The

final composition can be found in Table 1. The refractory composition was

homogenized for 1 min and mixed with water for an additional 3 min in a

paddle mixer equipped with a torquemeter [25]. The composition was then

cast into a cylindrical mullite and alumina ceramic casings (50mm in height

and 33mm in diameter) - it was found in preliminary studies that both mullite

and alumina presented the same performance in avoiding the mass transport

in the radial direction. The curing step for the castable within the case was

at 30°C under 80% of relative humidity in a climate chamber for 24h.

The use of fine aggregates (AT 1-0.5 and smaller, < 1mm) in the final

refractory composition is challenging for rapid neutron tomography, given

that the true resolution in sub-minute tomographies is larger than these

particles [20, 18, 17]. This can lead to difficulties when accurately calculating

the volume fractions of the components (aggregates, dry and wet cement

paste, and pores). Nevertheless, fine aggregates are important for castables

commonly applied as refractory linings, which is why they were kept in the

formulation. It should be noted, however, that to accurately quantify each

phase (matrix, pores, water and aggregates), a smaller spatial resolution

would be needed.
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Table 1: High-alumina refractory castable composition.

Raw materials Compositions (wt.%)

AT 6-3 (Almatis, Germany) 18

AT 3-1 (Almatis, Germany) 10

Tabular alumina AT 1-0.5 (Almatis, Germany) 11

AT 0.6-0.2 (Almatis, Germany) 9

AT 0.2-0 (Almatis, Germany) 16

AT < 45 (Almatis, Germany) 10

Calcined and CL370 (Almatis, Germany) 11

reactive alumina CT3000SG (Almatis, Germany) 10

Calcium Secar 71

Aluminate Cement (Imerys Aluminate, France) 5

Water Distilled water 4.5

Dispersant Castament FS60 (BASF, Germany) 0.2

Free-flow (%) 75

2.2. Samples and Experiment Layout

The unidirectionality of the heat and mass transport is important to keep

the boundary conditions reproducible and close to the industrial applications

conditions and also to simplify the quantification of moisture transport from

the resulting images [20, 18, 17]. This was attained by using mullite and

alumina ceramic casings. These materials were selected because they are

transparent to the neutron beam, impermeable to water vapor, and mostly

important, presenting a lower thermal expansion than the refractory castable.

This prevents radial mass transport even at higher temperatures [17].

The neutron tomography tests were conducted on the NeXT instrument

at the Institut Laue-Lavengin (ILL) [26], adopting the same imaging condi-
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tions as in [18, 17]. A tomography was acquired every 58.5s and the true spa-

tial resolution of each tomography was of 160 µm. The heating was achieved

using an infrared radiator heater (Elstein HTS - High Temperature Heater,

Germany) placed parallel to the top surface of the cylinder sample. Two

different heating conditions were tested, i) a faster heating, with a rate of

roughly 158°C/min up to a temperature of 500°C (as the ones used by Dauti

and Tengattini et al. [20, 18]) and (ii) a slower heating rate of 10°C/min, as

proposed by Moreira et al. [17]. Both conditions are outlined in Figure 3.

Figure 3: Heating rates used during the neutron tomography drying tests.

2.3. Image analysis

The tomographies obtained by using the NeXT equipment were recon-

structed through the filtered back projection algorithm implemented by the
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commercial software X-act (from RX Solutions, France).

The aggregates are, at the first approximation, an impermeable phase

[27], whose main contribution to drying is played by the Interfacial Transition

Zone, ITZ, the layer around the grains where the higher porosity enhances

the mass transport [28]. In the current image analysis, the aggregates were

therefore withdrawn, after isolating them with a gray value-based thresh-

old segmentation, applied over the median of the first ten tomographies as

described by Moreira et al. [17].

The position of the drying front is obtained by locating it on the sudden

change of attenuation caused by the water migration, corresponding to a

minimum in the gray value gradient along the axial direction. To reduce the

noise, this is calculated over the average of a cylinder slice of the sample,

under the assumption of uniaxiality of the drying front. To further reduce

the noise, the Savitzky-Golay [29] digital filter was applied to the intensity

values. More details about this procedure can be found in [17].

To detect moisture accumulation, the relative changes of intensity with

respect to the initial state ψ(t) were analyzed, and specifically the median

intensity of the first ten tomographies as detailed in Equation 1:

ψ(t) =

(
I(x, t) − Î(x, t0)

)
Î(x, t0)

× 100% (1)

where, Î(x, t0) is the median intensity dataset of the first ten tomographies.

3. Results and Discussions

The effectiveness of the drying process in industrial applications is driven

by the temperature increase on the hot surface of the refractory lining [3, 30,
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31]. The evolution of such temperatures over time is generally known as the

heat-up curve. The current section compares the effect of two heating rates

(fast heating - 158°C/min and slow heating - 10°C/min, as imposed by the

infrared heater) on refractory castable samples. Figure 4 shows the relative

changes in the water distribution for the two rates.

Figure 4: Relative changes in water distribution for the fast and slow heating conditions.

After 15 minutes (or less), a drying front was detected at the top of

the sample under the fast heating condition. The equivalent drying stage

was reached after 31 minutes for the slow condition. Another important

observation is the quick increase of water content ahead of the front for the

former.

After moving inwards, in the time range between 23 and 47 minutes, the

front starts to slow down for the fast heating case. The final stages of both

heating conditions are instead practically indistinguishable.
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Figure 5 is a contour plot of the temporal evolution of the moisture con-

tent difference based on its initial moisture condition (reference state). Each

point represents the average at a given depth. The two level curves corre-

sponding to relative differences of 0% and 5% are marked to highlight the

drying front and the moisture accumulation zone, respectively. In both maps,

the level curves for fast (in dotted black) and slow (yellow) heating condi-

tions, are shown to simplify the comparison.

This highlights that water accumulation already initiates after 10min for

the fast heating sample spanning from the positions 40mm to 45mm (5mm to

10mm away from the heated surface - henceforth referred to as top). Within

20 minutes, the increase in attenuation higher than 5% reaches the 35mm

point. This suggests that higher heating rates induce moisture accumulation

closer to the hot surface and earlier.

Figure 5 (b) highlights how under slow heating conditions moisture accu-

mulation initiates later, evolves slowly, most likely reducing the permeability

at a correspondingly slower rate. These observations agree with TGA results

[23] and industrial observations [30] that suggest a direct relation between

the heating rate and the likelihood of explosive spalling.

To simplify the quantitative comparison, Figure 6 reports the normalized

gray value evolution throughout time, averaged over specific heights of the

sample.

The fast heating sample showed evident moisture accumulation (marked

by a normalized average gray value higher than 1) across the sample, which

quickly starts to develop after 5 minutes. The slow heating sample showed

instead negligible moisture accumulation between the 1.6mm and 39.7mm
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Figure 5: Average on the radial direction of the water difference distribution as a function

of time for the samples dried under fast and slow heating protocols (a) and (b). The

heater is placed towards the top of the sample at the 45mm mark. The results were

averaged over slices of 2mm thickness in the axial direction. The contours with relative

differences equal to 0% and 5% are highlighted as black dotted lines for fast heating and

dark yellow for the slow heating tests. Higher values of difference (dark red) indicate water

accumulation, whereas lower values (dark blue) represent drying. The results of the first

ten tomographies (the first 10 minutes of the test) are not described here, as they are the

reference state.
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Figure 6: Normalized average gray value evolution at specific heights of the sample for

(a) fast heating condition and (d) slow heating one. Representative vertical slices of the

tomographies at 45 and 60 minutes, marking the positions corresponding to the plots for

fast heating - (b) and (c) -, and slow heating - (e) and (f) are presented.
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depth region. Under such a condition it takes longer to be developed (starting

after 25 min), but affects a larger portion of the sample. On the other hand,

the time length for which the water accumulation is detected is shorter,

especially when comparing the time taken for the position 33.6mm to reach

values higher than 1 (around 25 minutes for the slow condition and roughly

3 minutes for the fast one).

The highest moisture accumulation zone also shifts, peaking at 16mm for

the slower case, and spanning the region between 8 and 16mm for the faster

one. This attests the observations in Figure 5.

These observations agree with the macroscopic and empirical ones. For in-

stance, Portland cement structures under fire (thus, very high heating rates)

are usually damaged in successive removals of layers [6], whereas refractory

castables heated at a much slower rate, can undergo explosive spalling of

thick layers, that are thrust several meters away [30].

Other key factors may induce this different behavior. Portland cement

concrete components are usually shaped with reinforcement bars in their

structure, and the dehydration reactions differ between the hydrated phases

of calcium silicate (Portland cement) and calcium aluminate (refractory casta-

bles) [32]. Further studies exploring the heating rate effects on explosive

spalling of both classes of materials seems, nonetheless, of great importance.

Figure 7 reports the mean relative difference of attenuation and its time

derivative over 12 voxel thick disks (to minimize noise) at the top the samples.

It is worth noting that positive derivatives indicate a water content increase,

while negative derivatives, a decrease. This highlights areas of rapid variation

of the drying speed; for example the fast heating sample shows an early
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increase of water content at the beginning of the test in the region of interest,

followed by negative peaks that appear after 12 min and 22 min. After 30

minutes, the drying rate decreases and stabilizes to roughly -0.16°C %/min.

A linear fit with a coefficient of determination of 0.99 confirms this in Figure

7.

T
im

e

Figure 7: Relative difference evolution of a 2mm slab at the top of the samples (a) and

the relative difference time rate (b). The axial slice presented in (c) is only to highlight

the region of interest.

The slow heating sample warms slowly for the first 23 minutes, when an

initial increase in moisture is detected, followed by a short plateau and a peak

after 40 minutes, followed by a decrease. At the end of the test, the drying

rate is close to -0.46 %/min, almost 3 times higher than the fast heating case.

This rate appears to slow down and would likely reach the same plateau as

the fast heating sample.

When considering these differences in the drying rate, the dehydration

reactions are critical to understanding the observed differences. The drying
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rate peak positions and intensities observed could be related to the kinetics

of dehydration which are sensitive to the heating rate. Figure 8 (a) shows

the thermogravimetric analysis for different samples with the same chemi-

cal composition studied herein at heating rates of 2°C/min, 5°C/min and

20°C/min. It shows how drying (decrease of mass) is shifted to higher tem-

peratures at higher heating rates - comparing the TGA % in Figure 8 (a) at

200°C (for instance) for the different heating rates.
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Figure 8: Thermogravimetric analysis of samples under heating rates of 2°C/min, 5°C/min

and 20°C/min (a) and the mass loss derivative with respect to time (b). The colored bands

marking temperature ranges indicate when specific hydrates are decomposed. The sample

heated at the 20°C/min exploded during the test.

Figure 8 (b) reports the time derivative of the weight loss highlighting the

ranges of hydrate decomposition. The peak observed around 140°C for the

2°C/min and 5°C/min samples only occurs at 180°C for the sample heated
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at 20°C/min. This explains that dehydration reactions are shifted to higher

temperatures due to the kinetic effects providing an explanation for the dis-

tinct behaviors observed for the samples as highlighted in Figure 7. A more

accurate simulation of this kinetic effect would require directly measuring

the temperature evolution inside the sample.

Figure 9 reports the behaviors at the bottom of the samples, which seems

more similar, considering both the drying rates and their linear fits. At

the bottom of the sample, the effects of the heating rate applied at the top

are reduced, because the thermal energy transport is also controlled by the

thermal conductivity of the material. Nonetheless, peaks in the drying rate

emerge earlier and are less intense for the fast heating sample.

T
im

e

Figure 9: Relative difference evolution of a 2mm slab at the bottom of the samples (a) and

the relative difference time rate (b). The axial slice presented in (c) is only to highlight

the region of interest.

Besides these localized effects, the overall drying speed can be described

through the fraction of the sample whose attenuation has significantly changed,
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as described in Section 2 and detailed by Moreira et al. [17]. Figure 10 shows

this evolution for both tests which highlights a marked difference in speed,

as well as the delay between the start of the test and the inception of drying.

Figure 10: Relative drying volume for the fast and slow heating samples obtained through

the drying front position.

It can be observed that although the moisture accumulation zone (Figures

7 and 9) and the drying front velocities (Figure 10) were notably different,

the overall behavior was similar, and the only difference was the time when

the drying starts. The profiles seem to be approaching each other.

This behavior could be explained by the heating conditions and position

where the moisture increase is in the sample. Firstly, both heating curves
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attained the same final constant temperature of 500°C. Thus, after the 48min

mark, the temperatures of the heater are the same for both cases (see Figure

3). Secondly, as the moisture accumulation position inside the samples is

roughly similar (as observed in Figures 4, 5 and 6), the mass transport at

the latter stages of the drying is similar for both cases.

The above observations are in agreement with the results of numerical

models, where the heating rate directly affects the pressurization and, as a

consequence, the water distribution [33, 14, 31, 27]. Additionally, they also

match the industrial experience. The moisture accumulation identified here

can be directly related to the liquid water condensation observed on the cold

surface of walls unidirectionally heated. The multiple occurrence of such a

phenomenon was reported, ranging from industrial applications [30], where

“weep holes” are commonly drilled through the steel outer shell to drain

liquid water [34, 35], to experimental studies in refractories [36], as well as

Portland cement structures [6, 37].

The current findings shed light on the role of the heating curves on the

geometry and extent of moisture accumulation and the consequent height-

ened risk of explosive spalling. Nonetheless, various physical and chemical

transformations occurred simultaneously during this process, which restrains

the unequivocal development of guidelines and optimal procedures.

4. Conclusions

This work highlights the importance of full-field observation of the mois-

ture distribution in porous media to understand the complex dynamics of

mass transport involved in the heating of partially saturated materials. This
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work adds to previous studies on Portland cement concrete and highlights

how neutron tomography is a powerful tool to understand the drying behav-

ior of refractory castables.

To the best of our knowledge, this is the first time the effect of heating

rate on the drying speed and moisture accumulation ahead of the front has

been directly studied. Faster heating accelerates and increases the extent

of moisture accumulation and it changes the position of maximum moisture

clog. The latter is believed to trigger explosive spalling. This also provides

the first explanation for the well-known connection between slower heating

rates and safer drying. It was also found that because the final temperature

of the heater was the same, the total time (1 hour) was enough to reach

similar states of water distribution for both cases

These findings move the challenge of improving the efficiency of the dry-

ing schedules towards minimizing and controlling the moisture accumulation

without relying solely on over-conservative and slow heating rates.

Future studies will deploy the presented approach to analyze the effect

of different additives, heating profiles and material compositions. This can

provide insights into the processes and be used as a route to validate numer-

ical models, which can additionally help to retrieve properties that cannot

be directly assessed by conventional tests.
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