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Quantification of high temperature stability of mineral wool for 
fire-safe insulation 
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A B S T R A C T   

Mineral wool, particularly stone wool, is a widely applied thermal insulation material that plays a critical role 
both in saving energy and in slowing the spread of fire in buildings owing to its high-temperature stability (HTS). 
However, so far there has been a lack of a universal method to accurately quantify HTS of mineral wool on a 
small scale. Here, we established a universal method, which is based on measuring the variation of the silhouette 
area of a cylindrical wool fiber pellet during heating by a hot-stage microscope. Using this method, we detected 
two main stages of shrinking: 1) the first-stage shrinking related to viscous deformation; 2) the second-stage 
shrinking caused by melting. Minimizing the first stage shrinking is the key to ensure the fire barrier role of 
stone wool. The origin of the HTS differences among different types of wool products was clarified by X-ray 
diffraction, differential scanning calorimetry and thermal expansion.   

1. Introduction 

Vitreous silicate wool including mineral wool which is comprised of 
stone wool and glass wool [1] is a versatile material with various ap
plications covering building insulation, industrial and technical insu
lation for process industry, engineered fiber solutions, noise and 
vibration control. Mineral wool consists of vitreous fibers with typical 
diameters of 2–6 µm with average lengths of around 2–6 mm [1] held 
together by an organic binder. Mineral wool products can be manufac
tured with varying densities and dimensions providing a wide range of 
options for customization. 

Stone wool as a thermal insulation material plays a critical role in 
energy-saving technologies since it possesses unique advantages, such as 
low thermal conductivity, abundant availability of raw materials (rocks 
and wastes from households and industries), and easy recycling [1]. 
Furthermore, compared with most other wool insulators, stone wool 
exhibits superior high-temperature stability (HTS), i.e., the ability to 
maintain its original shape at elevated temperatures [1,2]. HTS of stone 
wool is critically important for preventing or slowing down the spread of 
a fire inside buildings. In this regard, stone wool can provide more time 
for people to escape a burning building, for firefighters to put out the 
fire, and thereby both lives and property can be saved. 

The HTS of stone wool is a complex subject that has been 

investigated previously [2–14]. HTS of stone wool is controlled both by 
product properties (wool structure, wool slab density, and thickness) 
and fiber properties (e.g., chemistry, redox state of iron, fiber diameter). 
The fiber properties are a prerequisite for the integrity of stone wool 
products at elevated temperatures and are the focus of our work. The 
main controlling factor of HTS for stone wool fibers is the crystallization 
behavior, which in turn is controlled by the chemical composition e.g., 
by the Mg and Fe content, and the redox state of iron with a larger 
fraction of ferrous iron being beneficial for HTS. When stone wool fibers 
are heated in an oxidizing atmosphere, oxygen from the air reacts with 
the fiber surface oxidizing Fe2+ and forming nanocrystalline MgO in the 
process. As iron deeper in the fiber is oxidized diffusion of primarily Mg 
occurs toward the surface to ensure charge neutrality. This results in a 
progressively thicker layer of nanocrystalline MgO at the surface as the 
oxidation process continues. This nanocrystalline layer acts as a nucle
ation site and lowers the onset temperature of bulk crystallization. 
Furthermore, it acts as a protective shell in the viscous temperature 
range between the glass transition temperature and bulk crystallization. 
Both these effects of the Fe2+ improve HTS of stone wool fibers [2,4,6-9, 
12]. Even though the mechanism behind the HTS of stone wool fibers 
has been explored [2–14], the influence on fiber shrinkage has not, until 
now, been quantified due to the lack of a suitable method. 

Within the mineral wool industry, methods such as ASTM C356 and 
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DIN 4101–17, address shrinkage behavior at elevated temperatures by 
comparing the dimensions of a specimen before and after heating to a 
specific temperature. However, none of the methods address the un
derlying mechanism for the wool shrinkage, since the wool deformation 
is strongly influenced by the product properties. Different types of wool 
products have different dimensions, densities, and applications. For 
instance, they cannot be installed identically for a construction fire test, 
and hence, it is hard to make a comparison in the performance of the 
wool materials. In other words, construction fire tests concern wool 
products, whereas our method presented in this work considers wool 
material itself. To the best of our knowledge, no construction fire test 
exists, which can provide a geometric parameter for comparison. But our 
method can lead to a comparative parameter as shown in the next sec
tion. Furthermore, construction fire tests are usually carried out under 
isothermal conditions, and thus, are not comparable to our dynamic 
heating test, where the samples undergo a heating process at a given 
rate. 

Establishing a standard method for investigating HTS of stone wool 
fibers, without product properties complicating the interpretations, is 
important not only for the fundamental understanding of HTS but could 
also be a valuable tool for assessing and developing stone wool products 
for high-temperature applications. By using such a method, we would be 
capable of studying the impact of both chemical composition and pro
cessing condition (e.g., redox condition and fiber dimensions) on the 
high-temperature behavior of stone wool, and thereby develop the wool 
products with superior HTS. However, it has been difficult to set up a 
unified standard method for quantifying the HTS of stone wool fibers 
due to the following challenges. Firstly, the technique, which can visu
alize and detect various dynamic stages of the deformation of wool fi
bers, was not available. Secondly, different methods, e.g., the 
differential scanning calorimetry (DSC) and standard methods for 
quantifying HTS of stone wool products, often provide different results 
regarding the onset temperature of wool collapse during dynamic 
heating (i.e., raising the temperature at a constant heating rate). This is 
because the testing conditions (e.g., atmosphere, wool sample geometry, 
heating rate) are different. Thirdly, the mechanism of the heating- 
induced collapse of the wool structure is not clear, and hence it is 
hard to give a clear definition of HTS. 

In previous studies, Scanning Electron Microscopy (SEM) imaging 
was used for qualitatively evaluating the change of the geometry and 
morphology of stone wool fibers subjected to different temperatures and 
atmospheres [2,5,6]. DSC was used for determining the glass transition 
temperature, onset temperatures of crystallization, and melting of stone 
wool samples [2,5,6]. However, the SEM images have limitations as they 
only represent a snapshot of the stone wool fibers at a single chosen 
temperature and do not show important events during the dynamic 
deformation. DSC provides no information about the geometrical sta
bility. In contrast to the previous studies, the present work aims to 
establish a standard procedure for performing systematic tests of HTS on 
stone wool fibers using different methods. We introduce a new method, 
namely, hot-stage microscopy (HSM) for quantifying HTS of stone wool 
fiber pellets taking the effects of product properties (density and wool 
structure) out of the equation by keeping them fixed. The HSM data is 
combined with DSC and dilatometry (for determining glass transition 
temperature and softening point) to further clarify the causes of stone 
wool HTS. 

HSM is a method commonly used for investigating the high- 
temperature behavior of different materials including vermiculite 
[15], glass foam [16], ceramic glaze [17,18], various vitreous fibers 
[19], and raw materials for stone wool production [3]. However, to the 
best of our knowledge, HSM has not been used for quantifying HTS of 
stone wool fibers. In this work, we study the geometric response of a 
pellet of stone wool fibers to dynamic heating with HSM. Through the 
geometric response of the samples to temperature, we identify several 
characteristic parameters, such as the onset and offset temperature of 
wool pellet collapse as well as the magnitude of the collapse. Then we 

can observe how those characteristic temperatures are affected by 
experimental conditions such as heating rate and fiber packing density, 
as well as by chemical composition of the fibers. 

The characteristic temperatures measured by HSM, DSC, and dila
tometry deviate from one another, and we analyze and explain the 
origin of this deviation. Once this has been established, we propose a 
universal method and parameter that can be utilized to investigate and 
quantify the HTS of stone wool fibers as well as other types of mineral 
wool. This method enables more in-depth studies of the origins of and 
controls on HTS of stone wool fibers and will thus contribute to the 
research and development of mineral wool product insulation with 
improved fire-protective properties. 

2. Experimental 

2.1. Sample preparation 

Four mineral wool types were chosen as objects of this study, 
including three types of stone wool (SW1, SW2, and SW3) and one type 
of glass wool (GW). In addition, one type of alumina-silica wool (ASW) 
was tested. GW is known to have poor high-temperature stability (HTS), 
whereas ASW demonstrates exceptional HTS. Meanwhile, SW exhibits 
HTS levels that fall somewhere in between. These different samples were 
chosen to assess the applicability of the HSM method. The chemical 
compositions and Fe3+/Fetot (Fetot=Fe3++Fe2+) values are reported in 
Table 1. Wool samples were manually sieved such that a fraction of fi
bers with sizes of <63 µm was formed and used for both HTS and DSC 
measurements. Sieving the samples has three benefits: 1) breaking down 
the structure of the wool products; 2) removing “shots” (if any are 
present) which are the non-fiberized glass droplets (several millimeters 
in diameter); 3) providing homogenous samples, with respect to e.g., 
density and binder content. These three factors may also affect the HTS 
of wool fibers. 

Another sample characteristic important for HTS is the surface area 
or fiber diameter. Surface crystallization is important for the HTS of 
stone wool fibers as described earlier, and it follows that a higher spe
cific surface area (smaller fiber diameter) is beneficial for the HTS. The 
specific surface area (SSA) is calculated from the fiber diameter (d) of a 
number (nf) of fibers measured with SEM, and fiber density (ρ). nf for the 
presented results are between 800 and 2200. See Appendix 1 for deri
vation of the equation. 

SSA
[

m2

g

]

=
∑nf

k=1

dk

ρ ×
∑nf

i=1(0.5 × di)
2 

The specific surface areas for the four mineral wool samples are (in 
m2/g): 0.40 (SW1), 0.28 (SW2), 0.20 (SW3), and 0.20 (GW). 

2.2. HSM characterizations 

For HSM characterizations, the sieved wool fibers coated with 
organic binder were pressed into cylindrical pellets (6.4 mm in diam
eter; ≈6.4 mm in height) by a hydraulic press yielding a density of 
around 0.9 g cm− 3 and a porosity of around 0.7. The wool fiber pellet 
was placed in EM201x hot stage microscope (Hesse Instruments, 
Osterorde, Germany), which consists of a light source, a camera, and a 
furnace. The camera recorded the silhouette area of the sample as a 
function of temperature. The cylindrical samples were heated at 10 ◦C/ 
min in atmospheric air. 

To see how the HSM data is affected by the density of the wool fiber 
pellets, we prepared fiber pellets of SW1 with varying densities (0.8 to 
2.0 g/cm3) by pressing varying amounts of sieved stone wool into pellets 
of the same dimensions and then measured the change of the silhouette 
area of the fiber pellets using HSM. 
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2.3. Thermal analysis and crystal identification 

The DSC and thermogravimetry (TG) measurements were simulta
neously carried out using a simultaneous thermal analyzer (STA) (449C 
Jupiter, Netzsch, Germany). Approximately 20 mg of the sieved wool 
fibers were placed in a Pt crucible on the sample stage next to an empty 
Pt crucible. To avoid sticking of the Pt crucible to the Pt stage at elevated 
temperatures, alumina discs were put between the crucible and the 
sample stage. The samples were heated from room temperature to 60 ◦C, 
held for 5 min, and subsequently heated to 1350 ◦C at 20 ◦C/min under a 
50 ml/min flow of atmospheric air, and then cooled down to 200 ◦C at 
50 ◦C/min, and finally to room temperature via natural cooling. 
Simultaneously, the mass change of the sample during heating was 
recorded using the TG function to monitor the chemical reactions such 
as binder decomposition and oxidation of ferrous to ferric ions. 

The thermal expansion of a bulk glass sample with the same 
composition as SW1 (it should be noted that Fe3+/Fetot of the bulk glass 
sample is 5 % as opposed to the 37 % of SW1) was measured as a 
function of temperature using a dilatometer (Netzsch DIL 402C, Selb/ 
Bavaria (Germany)) at the heating rate of 2 ◦C/min in atmospheric air. 
The bulk glass sample was cut from a larger piece of glass that was 
collected from a production line before the melt was spun into fibers and 
quenched by being poured onto a brass plate. The glass was not 
annealed. The geometry of both the standard reference sample and the 
real glass samples was kept close to equal, with the sample dimensions 
being, 5 × 5 × 9 mm. To precisely measure the expansion of the sample, 
a correction was made, since the measured change in length includes 
both the sample holder expansion and the sample expansion. The 
expansion of the sample at any temperature is determined by the 
equation ΔL(T)/L0=[L0- L(T)]/L0, where L0 and L(T) are the initial 
length and the length at temperature T of the sample, respectively. 

An important aspect of mineral wool HTS is crystallization. An aspect 
of the crystallization behavior that is not shown in DSC measurements is 
which phases that crystallize. This aspect of HTS is explored here with a 
focus on the stone wool samples. To obtain crystalline fibers suitable for 
the identification of crystalline phases, small tuffs of the individual stone 
wool samples were heated in a muffle furnace (K10 – Scandia Ovnen A/ 
S) at 1000 ◦C for 30 min after which they were crushed in an agate 
mortar. XRD measurements were performed using the Panalytical 
Empyrean powder X-ray diffractometer (Malvern Panalytical Ltd, UK) 
operating at 45 kV and 40 mA, using Cu-Kα radiation. The XRD data was 
analyzed using HighScore Plus from Malvern Panalytical. 

3. Results and discussion 

The stone wool fiber sample is a compressed cylindrical wool fiber 
pellet, the silhouette of which can be seen in Fig. 1. As the sample is 
heated towards the liquidus temperature (TL) [20] at a given rate, it 
undergoes two distinct stages of shrinking (see HSM curve in Fig. 1). The 
initial shrinkage is quantified by the ratio ΔA/A0, i.e., (A0-A2)/A0 where 
A0 and A2 are the silhouette area at room temperature and the area at the 
offset of the first shrinkage, respectively. The first step of shrinkage 
occurs within a temperature range of ΔT = 47 ◦C between the onset 
temperature (T1=773 ◦C) and the offset temperature (T2=820 ◦C). A 

smaller ΔA/A0 indicates less shrinkage. In contrast, the second-stage 
shrinking takes place in a narrower temperature region of ΔT = 18 ◦C 
between the onset T3 (1203 ◦C) and T4 (1221 ◦C). 

Considering the dynamic and thermodynamic behaviors of stone 
wool glass and melt [7], it is possible to infer the deformation mecha
nism of the samples during the heating process. The first-stage shrinking 
could be related to a gradual deformation of the wool fibers within the 
viscous region between Tg and Tc. In contrast, the second-stage shrinking 
within the narrower T region is attributed to the rapid first-order ther
modynamic transition, i.e., the melting event of the crystallized wool 
fibers. 

The first-stage shrinking is accompanied by an elastic-to-viscous 
transition process. That is, the elastic rigid glass state of wool fibers is 
transformed into the viscoelastic, but still relatively rigid state in a 
temperature range above the glass transition temperature (Tg), and 
finally into the fully viscous state at T1, at which the sample begins to 
shrink. This stage of shrinking is a dynamic process that is related to a 
decrease in viscosity, followed by melt solidification (due to crystalli
zation) starting at T2. T2 is both the offset temperature of the first 
shrinking and the onset temperature of the solidification of the viscous 
sample. The solid state survives until it starts to melt at the onset tem
perature (T3) of the second collapse. Fig. 1 illustrates that A2 is equal to 
A3 in the temperature region of T2 to T3. To reveal the deformation 
mechanisms of stone wool, DSC and dilatometry measurements were 
performed on SW1. Details of these experiments are given in this section. 

The HTS introduced in this work is a measure of the ability of the 

Table 1 
Chemical compositions (in wt%) as measured by X-ray Fluorescence (XRF), and Fe3+/Fetot (%) as measured by wet chemistry for four mineral wool samples and one 
ASW sample. Division of Fe into FeO and Fe2O3 calculated from XRF and Fe3+/Fetot results. *Containing additionally estimated 6 wt% B2O3. The uncertainty of the 
measurements is given in brackets below each parameter.  

Sample SiO2 (0.3) Al2O3 (0.2) CaO (0.1) MgO (0.1) Na2O (0.1) TiO2 (0.1) K2O (<0.1) FeO 
(0.2) 

Fe2O3 

(0.1) 
Fe3+/Fetot 

(5) 

GW* 64 2 8 3 16 0 <1 <1 <1 NA 
SW1 44 17 18 9 2 1 <1 4 3 37 
SW2 40 19 16 11 2 1 1 5 4 40 
SW3 41 12 30 6 1 1 <1 6 0 <3 
ASW 76 24 0 0 0 0 0 NA NA NA  

Fig. 1. The shrinking process of the cylindrical stone wool fiber pellet, reflected 
by the change of the black silhouette area as a function of temperature (T) (see 
the black images taken by the hot-stage microscope). The silhouette area is 
expressed as the ratio A/A0, where A0 and A are the initial silhouette area at 
room temperature and at elevated temperature T, respectively. T1 and T2 are 
the onset and offset temperatures for the first-stage shrinkage. Note that (A1- 
A2)/A0 ≈ (A0-A2)/A0, where A1 ≈ A0. T3 is the onset temperature of the second- 
stage shrinkage caused by the melting of the crystallized sample. T4 is the 
temperature, at which the melting process is completed, and the second-stage 
shrinkage is the silhouette area change normalized by A0, i.e., (A3-A4)/A0. 
Note that A2≈A3. 
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vitreous wool to suppress its shrinking at high temperatures. In the stone 
wool industry, the first-stage shrinkage, which is expressed as the vol
ume change of stone wool blocks or slabs upon heating, is often used as 
the main parameter of HTS to evaluate the performance of stone wool 
products as a fire barrier. The smaller the volume change is, the better 
the HTS is. However, the HTS method established by the present work 
yields more detailed information about the fiber stability compared to 
the industrial methods mentioned earlier and provides insight into the 
dynamics of the stone wool fiber deformation. We define the ratio A2/A0 
as the main indicator for HTS. The (A3-A4)/A0 value and the onset 
temperature (T3) of the second collapse determine the temperature 
application limit for the material. However, for fire protective purposes 
A2/A0 is the most important parameter since the second-stage collapse 
occurs at high temperatures (>1100 ◦C) (for stone wool), which are 
generally not reached during regular construction fires, or only after 
very prolonged fires (ISO-834). 

Before this method can be utilized to study the chemical controls on 
HTS it is important to understand the effects that the physical parame
ters, namely fiber pellet density and heating rate, of the test have on the 
measured HTS. 

Fig. 2 shows the dependence of the HTS parameter A2/A0 and 
characteristic temperatures of SW1 on the pellet density. The results 
clearly demonstrate that ΔA/A0 decreases, i.e., the HTS parameter A2/ 
A0 increases, with increasing sample density (Fig. 2a). This dependence 
is attributed to the fact that the free space available for the wool fibers to 
collapse into is gradually reduced by pressing the samples, i.e., with 
increasing the pellet density and decreasing the porosity. Furthermore, 
it is observed in Fig. 2b that T1 and T3 depend on the sample density as 
well. Specifically, the onset temperature (T1) of the first stage shrinking 
appears to remain nearly unchanged when the density of the initial 
pellet density is increased from about 0.6 to 1.5 g/cm3. But it drops by 
12 ◦C when the density is further increased from 1.5 to 2.0 g/cm3. This 
phenomenon is associated with the scenario that, when the pellet den
sity increases, the free space inside the wool fiber pellets becomes 
gradually smaller, and hence the heat transfer inside the pellet becomes 
faster. This leads to faster heating of the fibers, and consequently to a 
decrease in the onset temperature of the viscous deformation. As seen in 
Fig. 2b, the changing trend of T3 is comparable to that of T1. Thus, the 
results in Fig. 2a and b indicate that to quantify and compare the HTS of 

different types of mineral wool products, it is crucial to keep the same 
density for the fiber pellets of different samples when preparing HTS 
measurements. In addition, to make the quantification of HTS more 
accurate, it would be appropriate to prepare the wool fiber pellets with a 
relatively low density, thereby allowing a larger amplitude of shrinkage 
(ΔA/A0) to occur in the first shrinking stage, so that we can more 
accurately distinguish the ΔA/A0 values of different stone wool samples. 

Furthermore, we have observed in the HSM experiments that the 
shrinkage of the SW1 samples increases when increasing the heating 
rate, as shown in Fig. 3. This could be related to the situation where the 
fast heating means a shorter period for the sample to be oxidized and 
hence thinner nanocrystalline layer to form on the surface of stone wool 
fibers. This means that there is no sufficient nanolayer to lower the 
shrinking of the wool fibers. An additional experimental parameter that 
is important to keep in mind is the fiber diameter distribution which 
determines the specific surface area of the fiber sample, a factor that is 
important in the proportion of nanocrystalline surface layer to bulk 
fiber. The effect of surface area is discussed later. Now that the effects of 
the experimental parameters have been determined, the method can be 
used to obtain a deeper understanding of the origin of mineral wool HTS. 
To sum up, when using this method for comparing the HTS of different 
fibers it is important to keep the density the same (and preferably low) 
and the heating rate the same. 

To improve the fire-protection performance of stone wool products, 
it is crucial to optimize both stone wool composition and product 
properties (density, binder content, fiber diameter, etc.). To do so, it is 
critically important to reveal the origin of the first stage of shrinking and 
to identify the key factors controlling HTS. This is done by studying the 
correlations of the HSM curve with the DSC output, mass change, and 
thermal expansion as shown in Fig. 4a and b. In the DSC and TG curves, 
we can observe chemical reactions, glass transition, and phase transi
tions in sample SW1 during dynamic heating, which are described by the 
following 4 steps. 

Firstly, sample SW1 loses the organic binder in the temperature range 
from 230 to 500 ◦C, which is reflected by the double endotherms at 314 
and 430 ◦C, respectively, and verified by the TG curve (Fig. 4a). Sec
ondly, SW1 undergoes glass transition with the Tg of 665 ◦C. Meanwhile, 
most of the Fe2+ ions in SW1 fibers are oxidized to Fe3+ ions in the 
temperature region between about 450 and 800 ◦C, and this is confirmed 
by both a broad but relatively weak exothermic peak and a mass gain of 
0.3 wt% due to the incorporation of oxygen into the wool fibers and 
formation of MgO nanolayer on the fiber surface [6]. Thirdly, the 
oxidized fibers crystallize in the range of temperature between 846 and 
974 ◦C. Fourthly, the crystallized sample begins to melt at 1157 ◦C and 
becomes completely melted at 1227 ◦C. 

The above four thermal events are helpful for explaining the area 
changes of the stone wool fiber pellet shown by the HSM curve in Fig. 4a 

Fig. 2. Effect of the initial pellet density on both the HTS (A2/A0) (a), and the 
two characteristic temperatures, T1 and T3 (b) for stone wool SW1. Error bars 
represent 2 times the standard deviation (SD). Error bars are smaller than the 
symbol size for A2/A0 of the high-density sample. 

Fig. 3. Dependence of the shrinkage (A2/A0) on the heating rate in HSM for 
stone wool SW1. Error bars represent 2 times SD. 
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(and 4b), and for finding the key factor that controls the HTS of the stone 
wool fiber pellet. The organic binder combustion reflected by the DSC/ 
TG causes a silhouette area increase of about 1 % in the temperature 
range from 230 to 500 ◦C (too small to be visible in Fig. 4a), as deter
mined by HSM. The organic binder accounts for only about 1.5 wt%, and 
hence the expansion is small. The binder-induced expansion can in some 
cases be over 10 %, depending on binder content and pellet density with 
the effect of binder content being larger at high densities, another reason 
for selecting low pellet densities for HTS studies. Varying the organic 
binder amount leads to a variation in the degree of pellet expansion and 
thereby pellet densities through binder combustion. Additionally, we 
notice that an initial small expansion (about 1–2 %) occurs in the tem
perature range between room temperature and 230 ◦C (again not visible 
in Fig. 4a), which should be attributed to the expansion of air trapped in 
the fiber pellet. 

By comparing the DSC data with the HSM data, we find that the 
temperature region between T1 and T2 in the HSM curve corresponds to 
the highly viscous liquid region between the Tg+82 ◦C and Tc-27 ◦C, in 
which the sample rapidly shrinks. When the temperature rises to 820 ◦C, 
i.e., 27 ◦C below the onset temperature (Tc) of bulk crystallization, the 
shrinking process tends to end due to surface crystallization that can be 
difficult to identify by DSC [2,6]. When temperature increases to Tc, 
bulk crystallization starts, thereby causing a complete termination of the 
viscous deformation, leading to the end of shrinking. Then, A/A0 re
mains constant before the temperature rises to T3 (Fig. 1), i.e., the onset 
temperature of the second-stage shrinking, which corresponds to the 
onset temperature (TS) of the melting process of the crystallized wool 
(Fig. 4a). The second-stage shrinking ends at the melting point (Tm) as 
shown by the DSC curve in Fig. 4a. 

Fig. 4b shows the comparison between the HSM curve and the 

thermal expansion curve for a bulk glass with a composition corre
sponding to SW1, which can also give insight into the origin of the wool 
fiber shrinking. The dilatometric softening point (Tsoft) and the dilato
metric glass transition temperature (Tg_dil) for the bulk glass piece with 
the same composition as SW1 are 703 ◦C and 665 ◦C, respectively, at the 
heating rate of 2 ◦C/min. The bulk glass sample demonstrates softening 
at a temperature of 703 ◦C (Tsoft), while the wool fiber pellet undergoes 
significant shrinkage starting at 747 ◦C (T1). The cause of shrinkage 
processes is viscous deformation, meaning the end of the viscoelastic 
deformation. We attribute the 44 ◦C difference between Tsoft and T1 to 
the following two reasons. Firstly, the bulk sample undergoes the 
heating process under a mechanical load (0.5 N), and thus this load 
allows the bulk glass sample to deform at a lower temperature compared 
to the wool fiber pellet that undergoes heating under no load. Secondly, 
the crystalline nanolayer (primarily consisting of MgO) exists on the 
surface of stone wool fibers, and it shifts the viscous deformation event 
to higher temperatures compared to the deformation temperature of the 
bulk sample as wool fibers possess a significantly larger specific surface 
area, and hence, a significantly larger amount of the nanocrystalline 
layer. In other words, if there were no sufficient nanocrystalline layer, 
wool fibers would shrink at a temperature closer to the bulk sample. 
Moreover, the nanolayer enables the primary bulk crystallization to 
occur at lower temperatures, thereby reducing the degree of shrinking. 

In addition, the thermal expansion curve in Fig. 4b shows a decel
erating stage of expansion in the temperature range between Tr (588 ◦C) 
and Tg_dil (663 ◦C). This phenomenon is attributed to the volume 
relaxation below the glass transition temperature that occurs in a rapidly 
cooled glass. The glass sample used for the dilatometric measurement 
was not subjected to annealing after the process of melt-quenching. A 
rapidly cooled glass has a larger free volume and a higher enthalpy 
compared to a slowly cooled or annealed glass [21]. 

As depicted in Fig. 1, the A2/A0 value serves as a quantitative indi
cator of the wool fiber HTS with the effects of product properties such as 
density, and wool structure eliminated. Having a general understanding 
of the mechanisms behind the shrinkage behavior of mineral wool fibers 
and the observations made with the HSM we wish to assess the appli
cability of the HTS quantification method. We do that by measuring the 
HTS of several different types of wool fiber. The fiber types are: One type 
of glass wool (GW), three types of stone wool (SW1–3), and one type of 
alumina-silica wool (ASW). We have selected these fiber types because 
GW is known to have a low HTS, ASW an extremely high HTS and SW 
falls somewhere in between the two other types in terms of HTS. For the 
HTS quantification method to be meaningful it is important that the 
method can clearly show these well-known differences between fiber 
types. Furthermore, three distinct types of SW have been selected to 
conduct a more detailed investigation into the origin of HTS for SW 
specifically. 

As is seen in Fig. 5a and Table 2, the onset temperature (T1) of the 
first-stage shrinking varies in the order of GW < SW1 < SW2 < SW3 <
ASW, while the onset temperature (T3) of the second-stage shrinking 
varies in the order: GW < SW3 < SW2 ≈ SW1 < ASW. The HTS value 
(A2/A0) increases in the sequence of GW< SW1 < SW2 < SW3 < ASW. 
Clearly, ASW possesses the highest HTS among the five wool products as 
it does not shrink at all in the investigated temperature range (up to 
1260 ◦C). This is because ASW has a strong tendency to crystallize, i.e., it 
crystalizes even prior to the completion of glass transition [22,23] and 
does not undergo any viscous deformation before the maximum scan
ning temperature in the HSM. Upon an overall assessment, ASW is the 
best fire barrier since it exhibits not only the highest A2/A0 value (≈1) 
but also the highest T3 and Tm values. We included ASW in this study for 
two reasons. Firstly, we aimed to validate the effectiveness of our 
approach in ranking the HTS of diversified wool products. Secondly, we 
sought to investigate the underlying reasons for the variation in HTS 
among different fiber types, utilizing the significant crystallization 
tendency of ASW. 

Fig. 5 and Table 2 show that the HSM method clearly demonstrates 

Fig. 4. (a) Comparisons between shrinkage (A/A0), DSC output, and weight 
change (wt%) SW1 measured at the heating rate of 10 ◦C/min; (b) Comparison 
between the silhouette area shrinkage (A/A0) and thermal expansion (ΔL/L0) 
the thermal expansion measured at a heating rate of 2 ◦C/min. Tg: Glass tran
sition temperature; Tc: Crystallization onset temperature; Ts: Onset of melting; 
Tm: Liquidus temperature; T1: Onset temperature of the first shrinkage stage; Tr: 
Relaxation temperature; Tg_dil: Dilatometric glass transition temperature; Tsoft: 
Dilatometric softening temperature. 

P.G. Jensen et al.                                                                                                                                                                                                                               



Journal of Non-Crystalline Solids 622 (2023) 122680

6

the expected differences in HTS between GW, SW, and ASW. This dif
ference is easy to explain when comparing their crystallization behav
iors [1,22,23]. That is, the glass wool does not crystallize during heating, 
instead, it behaves as a viscous melt above Tg, and hence, rapidly shrinks 
with increasing temperature. In contrast, the stone wool fibers crystal
lize during heating, thereby suppressing the first stage shrinking to 
various extent, depending on its chemical composition. By comparing 
different types of stone wool fibers, we can detect striking differences in 
their HTS (A2/A0). In Fig. 5a and b, it is interesting to see a large dif
ference in HTS, i.e., A2/A0 between SW1 and SW2, despite only small 
differences in chemical composition and iron redox state between the 
two samples (Table 1). According to the chemical analyses, SW2 pos
sesses 2 wt% less CaO, and 2 wt% more MgO than SW1. Furthermore, 
SW2 has 1 wt% more FeO than SW1 meaning that more Fe2+ ions are 
available for oxidation in SW1. As a result, more alkaline earth ions can 
diffuse to the fiber surface of SW2 compared to SW1 [6]. Consequently, 
after the heating process, SW2 must have a thicker oxidation-induced 
nanocrystalline layer than SW1. This nanocrystalline layer difference 
could be one of the main causes of the difference in the crystallization 

and shrinkage behavior between SW1 and SW2. 
In Fig. 5a and b, another striking scenario is observed where SW3 

features the highest HTS (A2/A0=0.97) among the three stone wool 
samples. By studying the DSC and XRD results (Fig. 6a and b) the origin 
of the high HTS of SW3 can be deduced. In contrast to the other two 
stone wool samples, the DSC upscan curve of SW3 shows a broad but 
shallow exothermic peak between Tg and Tc, i.e., in the temperature 
region of viscous deformation. The broad exothermic peak of the DSC 
curve can be explained as follows. SW3 contains 6 wt% FeO and ≈0 % 
Fe2O3 i.e., all the iron exists in the ferrous state. When SW3 is heated in 
HSM and DSC in atmospheric air, Fe2+ reacts with oxygen, yielding Fe3+

and forming a nanocrystalline MgO layer in the process [6]. Both the 
oxidation of ferrous iron and the nanocrystal formation cause the release 
of the internal energy of SW3 fibers, thereby leading to the broad 
exothermic peak prior to the primary crystallization event. Such a broad 
DSC peak is not detectable in the other two samples since their Fe2+

content is lower (FeO=4 wt% (SW1) and FeO=5 wt% (SW2)) than that 
of SW3 (6 wt%). Although the absolute differences in FeO content be
tween the three samples are relatively small, the relative differences in 
FeO are significantly larger, e.g., SW3 and SW2 have 50 wt% and 20 wt 
% more FeO than SW1. 

The nanolayer on the surface of wool fibers is composed of MgO and 
CaO, and this hard crystalline skin limits the viscous deformation i.e., 
shrinking [6]. Subsequently to the surface crystallization, the bulk 
crystallization takes place between the onset (about 870 ◦C) and the 
offset temperature (990 ◦C) of the bulk crystallization (Fig. 6). An 
interesting observation is the inverse correlation between fiber surface 
area and HTS (A2/A0) for the three stone wool fibers, where the surface 
areas as mentioned earlier are (in m2/g): 0.40 (SW1), 0.28 (SW2), 0.20 
(SW3). Surface area is an important control of crystallization and could 
be important for HTS as discussed earlier. However, our results indicate 
that, within the range present for the selected stone wool fibers, surface 
area is of secondary importance. 

To further understand the crystallization behavior of the stone wool 
fibers, XRD measurements were performed on the three samples that 
were treated at 1000 ◦C for 30 min. As seen in Fig. 6b, the three ther
mally treated samples have different crystalline phases. In detail, after 
heat treatment, both SW1, SW2, and SW3 contain augite, and SW3 
contains akermanite in addition to the augite. The formation of aker
manite (2CaO-MgO-2SiO2) could be attributed to the much larger 
amount of CaO (about 30 wt%) in SW3 compared to the other two types 
of samples. The XRD measurements show that the identity of the crys
talline phases is not necessarily the main control on HTS since SW1 and 
SW2 are shown to have almost the same crystalline content whereas 
their HTS is significantly different. 

4. Conclusions 

We established a facile and effective standard method to quantify the 
high-temperature stability (HTS) of mineral wool fibers. The method is 
based on the hot-stage microscope (HSM) in which a wool fiber pellet is 
dynamically heated at 10 ◦C/min, and the heating-induced change of the 
silhouette area of the pellet can be determined. We showed that stone 
wool goes through two stages of shrinking in different temperature 

Fig. 5. Quantification of high-temperature stability of different types of vitre
ous wool for thermal insulation by means of HSM. (a): The shrinkages (A/A0) of 
glass wool (GW), stone wool (SW1, SW2, and SW3), and alumina silicate wool 
(ASW) upon dynamic heating. (b): The HTS parameter (A2/A0) for the different 
wool products. Error bars represent 2 times SD. 

Table 2 
Characteristic values for the four mineral wool products and the one ASW product collected from Figs. 5a, 6a, and [23]. DSC upscan rate was 20 K/min and HSM upscan 
rate was 10 K/min. Standard deviations for HSM are presented in brackets. The uncertainties of Tg and Tm values are ±1 ◦C [24] and ±4 ◦C [25], respectively. The 
uncertainties of Tc and Tp lie between those of Tg and Tm.  

Wool T1 (◦C) T2 (◦C) T3 (◦C) T4 (◦C) A2/A0 Tg (◦C) Tc (◦C) Tp (◦C) Tm (◦C) 

GW 623(0.9) 692(1.0) 776(1.5) NA 0.47(0.02) NA NA NA NA 
SW1 773(2.3) 820(0.7) 1203(1.3) 1221 0.68(0.02) 677 861 927 1231 
SW2 751 817 1197 1216 0.91 666 884 924 1213 
SW3 811 869 1172 1188 0.97 687 873 934 1207 
ASW NA NA NA NA 1.00 891 965 979 NA  
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regions during heating. We showed that it is important to control the 
density of the wool pellets as it affects both the amount of shrinkage as 
well as T1 and T2. We suggest using a low-density wool pellet (around 1 
g/cm3) to obtain a wide range of possible degrees of shrinkage as well as 
limit the effect of the organic binder. The first stage of shrinking is 

attributed to the viscous deformation of the glass phase, while the sec
ond stage is the result of the melting of the crystallized fibers. In 
contrast, glass wool undergoes only one continuous shrinking due to the 
viscous flow which fits with observations from literature showing that it 
does not crystallize during heating at the selected heating rates. 

The first-stage shrinkage was found to be a key value for evaluating 
the high-temperature stability of wool as it is sensitive to the fiber 
composition and the redox state of iron. Thus, the ratio A2/A0., where A0 
and A2 are the silhouette areas of the wool fiber pellet at room tem
perature and after the first-stage shrinking, respectively, was defined as 
the main indicator for HTS. Using this ratio, we ranked the high- 
temperature stability for four mineral wools, one glass wool sample, 
three stone wool samples, and one alumina-silica glass wool. To 
compare the HTS of different types of mineral wool fibers, besides A2/ 
A0, the onset temperatures (T1 and T3) for both the first-stage shrinking 
and the second-stage shrinking (melting) should be used as well. T3 
determines the upper-temperature application limit of the mineral wool, 
given that A2/A0 is sufficiently low. 
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Appendix 1: Derivation of equation for calculation of specific surface area of mineral wool 

The derivation of an equation for calculating the specific surface area of a mineral wool sample based on fiber diameter measurements is based on 
the following three assumptions:  

1 The fibers are shaped like rods with constant diameters along the fibers. The area of the rod ends is not included in the calculations.  
2 The lengths of the fibers are independent of fiber diameter.  
3 The specific surface area for the sample is calculated as a mass-weighted sum of the specific surface area of each individual fiber. 

The specific surface area (A) of a single measured fiber with density ρ, radius r, diameter d, and length L is calculated as follows: 

A
[

m2

g

]

=
2 × r × π × L
ρ × r2 × π × L

=
2

ρ × r
=

4
ρ × d 

The mass fraction (f) of a single fiber is calculated as the ratio of the mass of the individual fiber to the combined mass of all in all nf (number of 
measured fibers) measured fibers: 

f =
(0.5 × d)2

× π × ρ
∑nf

i=1(0.5 × di)
2
× π × ρ

=
(0.5 × di)

2

∑nf
i=1(0.5 × di)

2 

Fig. 6. (a) DSC upscans for stone wool samples SW1, SW2, and SW3 (b) XRD 
patterns of the three stone wool samples, all of which were subjected to 
isothermal treatment at 1000 ◦C for 30 min in atmospheric air. 
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The specific surface area (SSA) of all nf measured fibers is calculated as a weighted sum of the individual fibers’ specific surface areas: 

SSA
[

m2

g

]

=
∑nf

k=1
(Ak × fk) =

∑nf

k=1

(
4

ρ × dk
×

(0.5 × dk)
2

∑nf
i=1(0.5 × di)

2

)

SSA
[

m2

g

]

=
∑nf

k=1

dk

ρ ×
∑nf

i=1(0.5 × di)
2  
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