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Standard procedure
for avoiding
impromptu cracking
of tempered and
heat strengthened
glass, caused by the
presence of nickel
sulphide, is the Heat
Soak Test (HST).

Results of research,
however, show that the
HST is not fully accurate as
regards temperature and
time. A shorter and
apparently more reliable

version of the HST, was explored by a team of scientists at Saint-Gobain,
who discuss their findings here. 
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NTRODUCTION
The spontaneous cracking of tem-

pered and heat strengthened glasses con-
nected with the occurrence of nickel sulphide
inclusions has been a well known fact for a
long time.1 The sudden fracture occurs by an
expansion of the nickel sulphide stones as the
result of a slow crystalline transformation from
α-NiS (hexagonal high temperature form) to β-
NiS (rhomboedral form at low temperature,
called Millerite). During the tempering process,
the nickel sulphide stones are completely trans-
formed to the high temperature state during
the heating stage. Afterwards, however, the
glass is cooled too quickly during tempering and
heat strengthening to allow the reverse trans-
formation to the low temperature phase β-NiS.
This reverse transformation occurs later over peri-
ods of time ranging from a few minutes after ther-
mal treatments to more than ten years after the
glazing installation.2 The dangerous inclusions
can be collected after breakages between the “but-
terfly wings” in cases where the broken windows
do not fall down. Most of the time, they are
analysed as polycrystalline NiS spheres with 0.04
to 0.7 mm diameters, always situated within the
tensile portion of the tempered glasses.

THE HEAT SOAK TEST
At the present time, the heat treatment of tem-

pered or heat strengthened glasses, also called
“Heat Soak Test” (HST) or sometimes “qual-
ity test,” appears to be the only effective
method to avoid a later spontaneous failure.2-

5

The HST is a destructive test which heats the
glass for several hours at about 280°C to speed
up the α to β-NiS transformation and conse-
quently eliminates the contaminated glasses.
Standard HST requires more than ten hours’
thermal treatment, including 1 to 6 hours to heat
large quantities of glass up to 260-300°C, fol-
lowed by a temperature plateau at these tem-
peratures for 3 to 12 hours, before cooling
down slowly to ambient temperature. 

Established on an empirical basis, Heat
Soak Tests do not necessarily take into account
the kinetics of spontaneous failures. As a con-
sequence, the Heat Soak Test is over-rated
with respect to temperature and time. This

may be an explanation for the great differ-
ences in operating conditions used by glass
manufacturers, for example the very different
holding times and temperatures.

Based on recent measurements of the trans-
formation rates of NiS inclusions as a function
of temperature and composition2 and using
experimental data collected inside HST fur-
naces, the first objective of the present study is
to better understand and predict the occurrence
of spontaneous failures in Heat Soak Test 
furnaces. The second objective is to optimize 
the Heat Soak Test.

EXPERIMENTAL DETAILS
The temperature conditions were investi-

gated inside commercial electric and gas HST
furnaces, with horizontal or vertical stacking
of glasses. Measurements were performed by
thermocouples glued directly on the glass sur-
faces. Twenty temperatures were monitored
simultaneously. 

The experiment was repeated with differ-
ent positions of the thermocouples and differ-
ent loads of glass inside the furnaces.

In addition, 12,000 tons of glass were tested
with microphone equipped HST furnaces in
order to record the time of spontaneous failure.
More than 1,500 breakages were monitored.

RESULTS
A study allowed us to identify the NiS com-

positions that may lead to spontaneous fail-
ures on building or inside HST furnaces, and to
quantify their transformation rates as a function
of temperature.2 The results showed first order
kinetic laws for the allotropic transformations,
whatever the NiS composition. The kinetic
parameters obtained are summarized in Table 1.
The first-order rate law is written as 

(δx/δt)T = k(1-x) (1)

where x is the fraction of α-NiS transformed
in time t at temperature T and 

k = K0 exp(-E/RT) (2) 

where R is the ideal gas constant, E the
activation energy and K0 the pre-exponential fre-



πK 2
1C

Dc = –––––––––– (3)
3.55√P0 σ1.5

0

with the stress intensity factor K1C=0.76
m0.5 MPa and the hydrostatic pressure result-
ing from the α→β NiS transformation and
from differences in thermal expansion coeffi-
cient  P0 = 615 MPa.8,9

Thus, the minimum diameter of an NiS inclu-
sion predicted to cause spontaneous fracture in
a tempered glass plate with internal tensile
stresses of 50-60 MPa is in the range of 44-58.
Larger NiS inclusions are required to provoke
spontaneous failures in heat strengthened glass-
es, for example 160 µm for glasses with 25
MPa residual tensile stresses.
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quency factors.

The time necessary for 99.9 per cent α→β NiS
transformation at constant temperatures is rep-
resented in Figure 1. It can be seen that less than
one hour at 280°C (553 K) is enough to complete
the transformation for all the phases that may lead
to breakages inside HST furnaces. In compar-
ison, more than one hundred hours become nec-
essary to complete the same transformations
at 250°C, i.e. only 30 degrees below! 

In agreement with the available literature, we
show the strong composition and stoichiometry
dependence of the transition speed from α to β-
NiS. We conclude that the transformation rates are
very rapid, even at low temperatures, for com-
positions near the stoichiometric phase (Ni1S1).
On the other hand, the compositions Ni7S6 and
Ni1S1+x with x > 1.025 appear principally relevant
to explain spontaneous breakages inside HST
furnaces. Actually, these phases show only neg-
ligible α→β transformations near room tem-
perature.2 A simple generalized fracture mechan-
ical model of the cracking was used in conjunc-
tion with kinetic results in order to predict the time
of spontaneous failures inside HST furnaces.
The mechanical model relative to stresses around
spherical inclusions with thermal expansion
coefficients, different from the matrix, was first
developed by Evans.6 The model was further
adapted by Hsiao to incorporate the NiS volumetric
expansion.7 Using this model, Swain showed
that there exists a critical diameter “Dc” to cause
spontaneous fracture of glasses.8,9The critical diam-
eter depends upon the residual stresses “σ0” sur-
rounding the inclusion (i.e. the level of temper-
ing and the position of the stone inside the glass):
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FIG. 1

Calculation of the time necessary for 99.9%
transformation at different temperatures (from 20
to 280°C) for the dangerous compositions of NiS.

DANGEROUS COMPOSITIONS E(kJ) K0(S-1)

Ni7S6 329 2.56 1037

Ni1S1.00 60 46200

Ni1S1.01 63 25200

Ni1S1.025 91 2260000

Ni1S1.046 486 2.66 1043

KINETIC PARAMETERS MEASURED FOR
DANGEROUS COMPOSITIONS OF NiS

TABLE 1
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For NiS stone diameters in the range of the
experimental ones, only glasses with core resid-
ual stresses below 10 MPa are not supposed to
show spontaneous failures.

Calculating the hydrostatic pressure from
Equation 3 as a function of the stone diameter
and position, allowed us to determine the crit-
ical transformation rate to provoke the spon-
taneous failure. Besides, by measuring the
glass temperatures inside HST furnaces, it
becomes possible to accurately simulate the
time for spontaneous breakages.

Figure 2 shows typical temperature meas-
urements and failure recordings in a standard ver-
tical HST furnace. Simulated spontaneous fail-
ures are also represented, assuming an initial pop-
ulation of 5,000 NiS stones with random posi-
tions inside the glass, Gaussian distributed
diameters and with random temperatures between
the maxima and minima recorded as a function
of time during Heat Soaking, considering dif-
ferent positions of thermocouples and loads
of the furnace.

The temperature measurements represent-
ed in Figure 2 show about 30 degrees difference
between the hottest and the
coldest glass during Heat
Soaking. We have to point
out that such a furnace has
been chosen as being fairly
well representative of what
is available on the market.
Few Heat Soak Test fur-
naces appeared better, many
are worse, especially for
high loads and thick glass-
es. Figure 2 also shows the
simulated cumulative ratio
of breakages represented
for the different dangerous
NiS compositions. A pos-
sible population of NiS that
fits the experimental curve
is also represented.

DISCUSSION
The simulated failures

explain well both the early
breakages observed at the
very beginning of the Heat

Soak Test and the latest ones monitored after a
few hours’ annealing at 250-280°C. 

From the simulated results, it can also be seen
that the most dangerous NiS compositions
(those that transform significantly near room tem-
perature Ni1S1+x with x=0.025) lead to glass
failures before 300 minutes in the relevant
HST furnace (see Figure 2) - that is to say only
two hours after reaching the temperature plateau.
Most of the late failures (more than 20 per cent
of total breakages) are predicted to be induced
by the Ni1S1.046stoichiometry that shows only neg-
ligible transformation after the glazing installation
on buildings. This result could be used to short-
en greatly the HST duration and to save glass-
es (for example with a two hour temperature
plateau for the HST presented in Figure 2). 

Unfortunately, a HST which is so much
shorter will lead inevitably to some glasses
being delivered with partially transformed
Ni1S1.046 stones that will weaken the products. 

The occurrence of a breakage linked to such
existing unfavourable stresses inside the glass
prior to installation is statistically very limited
and could be seen only during extreme wind load-
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FIG. 2

Temperature measurements and
failure recordings in a standard
vertical and electric HST furnace. 
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ings or thermal gradient conditions. Neverthe-
less, the risk still exists.

A more satisfactory manner to shorten the HST
duration while completely transforming the
NiS stones and avoiding subsequent breakages
is to improve the temperature homogeneity
inside HST furnaces. The more the temperature
is homogeneous inside the furnace, the short-
er the HST can be.

For example, a one hour HST at 290 ± 10°C
appears particularly interesting. On the other hand,
more than five hours is necessary in  HST fur-
naces where the minimum glass temperature is
below 260°C. These results indicate that a sin-
gle HST duration could not guarantee the reli-
ability of the test without taking into account the
thermal homogeneity inside the furnace.

CONCLUSIONS
Nickel sulphide stones were collected inside

tempered glasses after spontaneous failures and
analysed. All the stones are spherical, with diam-
eters of 0.04 to 0.7 µm and are situated in the ten-
sile portion of the glasses. Spontaneous fail-
ures were recorded inside HST furnaces with simul-
taneous measurements of glass temperatures.

A thermo-kinetic model allowed us to predict
the spontaneous failures inside HST furnaces.
The results fit the experimental data quite well
and explain both the early breakages observed
at the very beginning of the HST, and the lat-
est ones monitored after a few hours' annealing.

We showed the very strong temperature
dependence of the time necessary to transform
all the dangerous NiS.

A one hour HST appears fully reliable for HST
furnaces with good temperature homogeneity
(± 10°C to be measured on the glass). The time
necessary for a reliable Heat Soaking depends
strongly upon the HST furnace quality.
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