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A study of the cure kinetics of a one-part water-scavenging silicone elastomer was carried out under conditions of
controlled humidity and temperature using rectangular bars subjected to oscillatory torsional shear. Charac-
teristic cure times were obtained from Hsich model fits to the storage modulus evolution. A modified Arrhenius-
style cure model is proposed that accounts for both the temperature dependence and for the proportionality
between rate of cure and concentration of atmospheric water. The 2-parameter model is fitted to a broad dataset

and allows accurate predictions of cure times.

1. Introduction

Silicones are widely available in commercial markets, being found in
sealants, cooking utensils, sportswear and electrical wiring, and are
increasingly used in industrial applications, in particular in the auto-
motive and medical sectors. Silicone sheets and profiles are typically
manufactured by calendaring or extrusion processes with a thermally
activated cure. Sealant products are instead room-temperature vulcan-
ising (RTV) compounds commonly supplied as a viscous fluid in an
applicator. In all cases silicones exhibit a range of useful properties
including a low modulus, electrical insulation, hydrophobicity and low
toxicity.

Vulcanised silicones are known for their non-stick properties,
whereas uncured silicones have very good adhesion and are therefore
challenging to shape and handle, making in-situ shaping challenging.
With a view to address this, a novel composition of RTV silicone was
developed in 2007 by FormFormForm, and marketed under the trade
name of Sugru® for commercial DIY markets, and as Formerol® F10 for
industrial applications [1]. Both compositions are filled such that the
pre-cured state is one of a ductile solid rather than a viscous fluid, and
that the adhesion is more limited, thus enabling easier in-situ shaping.

Silicones and polysilazanes are examples of one-part cure systems
which do not require manual addition of further chemical constituents
in order to initiate cure. RTV silicone sealants, including Formerol® F10,
cure at ambient temperature by diffusion of water molecules from the
local environment into the material, forming siloxane (Si-O-Si) bonds
between the polymer chains [2]. The hydrosilylation reaction is
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catalysed by platinum, with condensation or addition polymerisation
mechanisms generating the resultant cross-linked structure [3]. Poly-
silazanes cure via a condensation reaction catalysed by amines and
ammonia [4], and, similarly to silicones, cross-link via a hydrolysis re-
action forming siloxane bonds [5].

Temperature and atmospheric humidity have been shown to play a
significant role in the rate at which moisture-scavenging polymers cure.
Halasz and Belina conducted experiments to investigate the effect of
temperature and molar ratio on cure rate for epoxy powder coatings.
Differential scanning calorimetry (DSC) and parallel plate oscillatory
rheology were employed to measure isothermal cure progression and
the sol-gel transition respectively. Temperature was shown to have a
significant impact on gel time, reducing cure times by almost 50% be-
tween 160 and 200 °C, with an activation enthalpy, AH, of ~65 kJ
mol ! [6]. Hong and Lee also used DSC to show the effect of temperature
on polydimethylsiloxane (PDMS) cure rates, establishing a AH of 106 kJ
mol ! [7].

A study conducted by Comyn investigated the effect of moisture
absorption and exposure time on cure depth for silicone sealants and
other adhesives in single-lap joint configurations on aluminium sub-
strates. Using a series of saturated salt solutions to control humidity
within a closed chamber, an increase in relative humidity (RH) from
32.7% to 100% reduced the cure time by ~ 80% for ~3 mm cure depth
[8l.

A similar study was conducted by De Buyl and co-workers using
alkoxysilicone sealants, where cure depth was measured in tubs of depth
7, 11, 17 and 48 mm under varied temperature (5, 25 and 35 °C) and
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relative humidity (75.4% and 100% RH) conditions. It was shown that
increasing either temperature, humidity or both, resulted in a faster rate
of cure and cure depth achieved. Plots of cure depth as a function of the
square root of time showed a ‘kink’ in the experimental data, tran-
sitioning to a steeper slope. This indicates presence of an inner and outer
region of cure, with the outer region experiencing a greater crosslink
density due to a shorter diffusion path for moisture [9].

Raghavan and co-workers showed that for chlorobutyl elastomer
systems, which similarly demonstrate crosslinking behaviour during
cure, shear storage modulus G' measured in torsion at constant fre-
quency can be used to evaluate cure progression [10]. As time elapsed,
G increased from gelation up to a final value, at which point complete
cure is achieved, going by the relationship between shear modulus G and
number density of crosslinks within a polymer network N, given by [11].

G=NkgT (€Y)

where kg is Boltzmann’s constant and T is absolute temperature.

Xie and co-workers also used dynamic mechanical analysis (DMA) in
single-cantilever mode to assess cure progression for epoxy pre-
impregnated glass fibre networks [12]. Isothermal flexural tests at
constant frequency and strain amplitude showed flexural modulus to
provide a measure of cure with elapsing time.

The purpose of this study is to provide a more thorough under-
standing of the cure kinetics of one-part water-scavenging silicone
elastomers. Cure progression was measured via the shear modulus as a
function of time under conditions of controlled temperature and hu-
midity, and simple cure models were fitted to the data to obtain char-
acteristic cure timescales. This study proposes a combined temperature
and humidity model for predicting cure timescales as a function of these
quantities.

2. Materials and Methods
2.1. Materials

The material used in these investigations is a one-part RTV silicone
elastomer named Formerol F.10 (tradename: Sugru). This particular
silicone elastomer was selected for study due to several factors that make
it suitable for analysis: (1) a sufficiently long shaping time prior to
gelling; (2) reasonably short cure timescales at or close to room tem-
perature and humidity, and (3) a sufficiently high viscosity prior to cure
such that specimens can be easily formed and maintain their shape
during handling. Formerol F.10 cures via condensation and hydrolysis
reactions, where moisture from the environment acts as the catalyst to
the formation of hydroxyl groups, as shown in Fig. 1 [13]. As cure
progresses, the reactive species [S] are depleted and a cross-linked
structure is formed. The silane cross-linker used in this reaction also
combines as an adhesion promoter to encourage surface adhesion with
substrates [14]. Talc and silica-based reinforcing fillers comprise be-
tween 3-66% and 10-60% of the total composition respectively, giving
the resultant durability and toughness of the material [1].

The reaction kinetics can be approximated by [15].
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where [H50] is the concentration of water and k(T) is an Arrhenius-
dependent rate constant such that

k(T)oxexp <—%) 3

where R is the gas constant.

The material is supplied in sealed packets that prevent moisture
entry, and is designed to be moulded into shape within ~30 min, after
which time cure takes place in ~1 day under standard UK atmospheric
conditions (~21 °C and 50% RH), forming a tough, durable rubber [16].
For the purpose of this investigation, sheets of white Formerol F.10 were
manually pressed to a thickness of 3.3 mm using a custom-made mould,
and rectangular bars 4.5 mm in width and ~25 mm long were cut using
a parallel-sided blade jig.

2.2. Measurement conditions and procedure

In order to study the progression of cure under controlled conditions,
an Anton Paar MCR302 rheometer fitted with a CTD450 environmental
chamber and torsional bar grips is used. For humidity control, the
chamber is sealed and fed by a Linkam RH95 humidity controller. The
temperature control is achieved by a temperature-regulated water re-
circulator connected to the shell of the chamber, and air access to the
chamber is limited only to the narrow gap between the drive shaft and
the chamber. An independent DHT22 humidity sensor is fixed inside the
chamber and coupled to an Arduino UNO for temperature and humidity
data collection.

Bar specimens were clamped and allowed to acclimatise, after which
time an oscillatory shear strain of 1% was applied at a fixed frequency of
1 Hz. The elastic, in-phase part of the shear modulus G (t) was deter-
mined from the torque response as an indicator of cure progression y at
time t, since for an elastomeric network this is proportional to the cross-
link density [17]. In order to obtain a characteristic cure timescale 7 at a
given temperature and humidity, a Hsich model was fitted to each
experiment, given by [18].

where G, and G,_, are the moduli at the start and end of cure respectively.
In all cases, the Hsich model was fitted to data after the gel point cross-
over had been achieved, using a least squares error approach.

A range of temperature between 20 and 40 °C, and of absolute hu-
midity between 3.4 and 22.1 g m~> was explored. The chamber accli-
matises in ~30 min, and each test was carried out for up to 72 h, during
which time the variations in temperature and humidity were of the order
of £2 °C and ranged between +0.1-2.2 g m~> depending on the applied
conditions. A total of 22 experiments were carried out to measure
temperature and humidity dependence.

Maintaining a specific relative humidity throughout experiments of
such long duration represented the largest source of error during these
investigations. Measured humidity trends throughout experiments
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Fig. 1. The basic mechanisms of hydrolysis and condensation of Formerol F.10 that lead to the formation of a cross-linked rubber network, adapted from [13].
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(~40 °C) led to the worst humidity control, likely due to the increased
supply rate for moisture required by the system to achieve the required
relative humidity. Temperature control via the water circulation system
was more reliable, with minimal variation in temperature in the
chamber, and no test exceeding a standard deviation of +0.9 °C from the
mean. Fig. 2 shows the experimental configuration for humidity and
temperature controlled rheometry, the bar torsion clamping arrange-
ment and typical cure atmosphere data as recorded by the independent
Arduino DHT22 sensor in parts (a), (b) and (c) respectively.

To confirm reproducibility of the experimental results, three repeats
were conducted at (18.9 4+ 1.5) °C and (48.5 + 3.4)% RH. Whilst the
values of G, ranged between 9.7 MPa and 12.7 MPa, the values of 7
varied only between 11.4 and 12.3 h. This suggests that the experiment
is appropriate in obtaining reproducible values of 7 despite some
observed discrepancies in the final state of the material. Due to the
limited quantity of available material, no further repeat testing was
conducted for other experimental conditions.

3. Results
3.1. The role of temperature on cure

In order to study the effect of temperature on cure, a series of tests
were performed in which temperature was varied but absolute

(a)
Water
re-circulator

Rheometer
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humidity, i.e. [HyO], was kept as constant as possible. In order to
convert relative humidity to absolute humidity, the AERK Magnus
formulation for saturation vapour pressure as a function of absolute
temperature ey (T) is employed [19].

17.625T — 4814.27
ey (T) =6.1094 exp (W) (5)
Thus, [HoO] can be written as [7].
2.16679¢,, (T
11,0 = 216679 (D) (6)

T

A value of absolute humidity [HoO] = (4.7 £ 0.7) g m~ 3 was selected
as it enabled relative humidity values to be set in a range suitable for the
humidity controller across a target temperature range of 20-40 °C.
Experimental measurements of cure using bars in torsion were carried
out in this temperature range, at 5 °C intervals, and Hsich models, and
hence 7 values, were obtained for each test. Test and model parameters
are given in Table 1.

The Hsich model produces excellent representations of the cure data
across the range of conditions explored, with R? > 0.998. Representative
cure data sets and fitted Hsich models under conditions of approxi-
mately constant absolute humidity are shown in Fig. 3.

An increase in temperature from 19.3 °C to 39.2 °C leads to an
approximate halving of the cure timescale 7. There are larger variations
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Fig. 2. (a) Experimental configuration for controlled humidity and temperature, (b) bar torsion clamping arrangement, and (c) typical temperature (right abscissa)
and relative humidity (left abscissa) logs produced during experiments, showing a good level of temperature control but larger fluctuations in humidity. Mean values
for temperature and relative humidity over the experiment duration are given by dashed lines.
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Table 1

Approximately constant absolute humidity test conditions employed to explore
the temperature dependence of cure, with Hsich cure model parameters fitted to
each experiment. + denotes one standard deviation for test conditions and one
standard error for model parameters.

T (°C) RH (%) [H0l @m™) G (MPa) 7 (hours)
19.3 + 0.1 29.8 £ 0.7 52+0.1 9.15 £ 0.01 21.77 £ 0.04
24.6 + 0.1 198+ 1.4 4.5+ 0.3 16.5 + 0.02 19.3 + 0.06
29.9 + 0.2 172+ 1.4 52+ 0.4 10.74 + 0.01 15.51 + 0.04
33.9+0.4 13.3+24 49+ 0.9 18.06 + 0.02 15.10 + 0.05
39.2 + 0.3 7.6 +£1.9 39+1.0 10.71 + 0.01 11.05 + 0.02

%
100

80

60

19.3 °C
299°C |
o 392°C

40

20

[H,0] =4.7+0.7 gm”

0 10 20 30 40 50

¢t/ hours

Fig. 3. Cure progression for three temperatures as a function of cure time,
illustrating the effect of temperature under conditions of approximately con-
stant humidity [H,0] = (4.7 £ 0.7) g m~2 (done standard deviation). Corre-
sponding Hsich model fits shown as solid lines.

in G , which may be attributed to the challenges in achieving regular,
uniform bar cross-sections, particularly in the regions in the vicinity of
the clamps.

An Arrhenius plot is generated to explore the temperature depen-
dence of the cure timescale and is shown in Fig. 4. The data shows
Arrhenius behaviour and relaxation times can be expressed as

* AH (1 1
T=1 ar where ar=exp {7 (?7F>} )

and 7" is a characteristic cure time at reference temperature T". Setting
T" = 292.1 K (18.9 °C) and carrying out linear regression produces an
activation enthalpy AH = (24.8 &+ 5.2) kJ mol ! with r* = (22.8 + 2.0)
hours, where + denotes one standard error.

3.2. The role of humidity on cure

From the reaction chemistry, it is postulated that rates of cure should
be proportional to the concentration of water. The effect of humidity at a
constant temperature of T = (38.9 + 0.3) °C = (312.1 + 0.3) K is
illustrated in the results presented in Table 2 and Fig. 5, and shows a
reduction in 7 from ~11 to ~4 h as humidity increases from 7.6% to
36.7% RH. The availability of atmospheric moisture in the form of hu-
midity therefore has a significant impact upon curing rate, in the same
manner as was found by Comyn for fluorosilicone sealant cure [8].

In order to isolate the effect of humidity from that of temperature,
cure times established by Hsich model fits were normalised with respect
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I 1

T T

Fig. 4. Arrhenius plot of cure timescales at various temperatures, with linear
regression showing AH = (24.8 + 5.2) kJ mol . Reference temperature T" =
292.1 K.

/107 K1

Table 2

Approximately constant temperature test conditions employed to explore the
effect of humidity on cure, with Hsich cure model parameters fitted to each
experiment. + denotes one standard deviation for test conditions and one
standard error for model parameters.

T (°C) RH (%) [H,0] (g m~%) G (MPa) 7 (hours)
39.2+0.3 7.6 £1.9 3.9+1.0 10.71 + 0.01 11.05 + 0.02
38.9+0.3 18.1 + 0.8 9.2+ 0.4 10.73 + 0.01 6.78 + 0.02
38.9 + 0.1 28.5 + 2.0 14.6 + 1.0 9.63 + 0.01 4.79 + 0.01
40.6 + 0.2 36.7 + 5.2 18.8 + 2.6 10.22 + 0.01 3.91 + 0.01

%
100

80 |

60 - .
N s 18.1%
40 o 28.5%
o 36.7%

20 1

Ir=389+£0.3°C

0 5 10 15 20 25 30
t /hours

Fig. 5. Cure progression for four relative humidities as a function of time at
constant temperature T = (38.9 + 0.3) °C (+one standard deviation). Corre-
sponding Hsich model fits shown as solid lines.

to the reference value (obtained at a nominally fixed absolute humidity
of [Hy0]l = (4.7 £0.7) g m_3) shifted to the equivalent temperature
obtained from the Arrhenius equation, and the normalised quantity z/
7"ar is plotted as a function of the inverse of the normalised absolute
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humidity [HoO1/[H20]* in Fig. 6. This is done since it is expected that
the cure rate should be proportional to the absolute humidity, and hence
the cure time should be inversely proportional to the same quantity.
Here reference temperature and humidity values of T* = 292.1 K
(18.9 °C), [H0]* =7.85 g m 3 and 7 = 12.2 hours are used as ob-
tained from the repeatability study. The gradient of the line was found to
be 1.05 + 0.04. This is sufficiently close to unity for the purpose of the
estimation of cure times.

3.3. A combined temperature and humidity model

A combined expression for the effects of temperature and humidity
on characteristic cure times can be formulated by adding a further hu-
midity shift factor ay to the Arrhenius expression presented in eq. (7) as

T= ’Z'J; arday (8)

where ay is expressed as

- (33)

In order to make use of all of the experiments carried out at a wider
range of temperatures and humidities, a simultaneous least-squares
fitting of the model constants ° and AH was carried out on the entire
dataset. This exercise determined values of 7° = (11.9 + 0.7) hours and
AH = (28.8 + 4.0) kJ mol ! at reference conditions of T" = 20 °C and
50% relative humidity (i.e. [Ho0]* = 8.63 g m’3), with a correlation
coefficient of R? = 0.885.

4. Discussion
4.1. Determination of cure times

The model and parameters allow the plotting of reference graphs for
the simple determination of cure times at a range of temperatures and
relative humidities of interest. Fig. 7 shows 7 values generated by the
model as a function of temperature for various humidities, and Fig. 8 asa
function of humidity for various temperatures. The values of 7 refer to
the characteristic time constants of the cure reaction, and hence to
determine practical cure times one should consider the extent to which
the cure reaction is completed. For example, after 7 one can expect to
have reached ~63% of the final stiffness, and this increases to 95% after

3.5 T T T T T T
3.0 - ]
25 | - e
20t o ]
& *3[_ 5 ) o
e 15F .
o
10} ]
oS ° R*=0.870
05k ¢ =0.
0.0 1 1 1 1 1 1
00 05 1.0 15 20 25 30 3.5
[H,0T
[H,0]

Fig. 6. Temperature-normalised cure times as a function of the inverse of the
normalised absolute humidity, demonstrating the proportionality between rate
of cure and absolute humidity. Reference conditions of T =292.1 K (18.9°C),
[H,0]* = 7.85 g m~> and 7 = 12.2 hours .
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Fig. 7. Cure timescale as a function of temperature for relative humidity values
between 10 and 90% in 20% intervals as predicted by the model.

20 °C
25°C
30°C
35°C
40 °C

Fig. 8. Cure timescale as a function of relative humidity for temperatures be-
tween 20 and 40 °C in 5 °C intervals. Increasing moisture concentration pro-
duces an exponential reduction in predicted 7 at all reference temperatures.

37, and to 99% after 57. At a typical ambient temperature of 21 °C and
50% RH a value of 7 of 10.81 h is produced; when considering the rec-
ommended cure time at the same conditions of 24 h found on the
manufacturer’s data sheet [16], it suggests that around 2.5z are needed,
and that the recommended level of cure for practical applications is
~92%.

4.2. Consideration of thickness effects

Experimental measurements shown thus far have been carried out at
a fixed sample thickness of 3.3 mm, and hence the diffusion pathway for
water has been 1.65 mm. This has enabled the condition for diffusion
timescales to be considerably shorter than the cure timescales, and
hence that the concentration of water in the specimen remains in
equilibrium at the same concentration as the environment. Attempts to
measure a saturation water concentration in both uncured and fully
cured specimens did not yield measurable quantities, probably due to
the relatively high hydrophobicity of silicone.

A small subset of cure measurements were carried out on specimens
with varying thickness from 1.93 to 4.66 mm at fixed T = (19.8 £ 0.5) °C
and [H,0] =(8.6 £0.6) g m 3. The cure progressions are illustrated as a
function of time together with Hsich model fits in Fig. 9. There is a small



M.T. Elsmore and D.S.A. De Focatiis

%
100 -

80 1

60 r o
= A
40 o

1.93 mm
2.96 mm
4.66 mm

T=19.8+0.5 °C|
[H,0]=8.6 0.6 gm"

20

O 1 1
0 5 10 15 20 25 30

¢t/ hours

Fig. 9. Cure progression of samples of different thickness at fixed T = (19.8 +
0.5) °C and [H20] = (8.6 + 0.6) g m—3 (symbols). Hsich model fits are shown
as lines.

increase in the cure timescale as the thickness is increased, from 9.3 to
11.3 h across the range, suggesting that there is a partial thickness effect.
Consistent with Comyn and De Buyl’s observations for sealants and
adhesives, this is primarily attributed to the effect of the cure of the
outer skin on the diffusion of water [8,9]. Additionally, the geometry of
the specimen is such that outer skin dominates the torsional stiffness
relative to the interior since both the contribution to the polar second
moment of area and the shear strains are larger the further away ma-
terial is from the axis of rotation. A different mode of deformation such
as tension would eliminate this effect.

Although it is acknowledged that diffusion and skin effects may
present a greater challenge in curing particularly thick components, for
the general intended applications of this material the effects of thickness
can be considered small.

5. Conclusions

By coupling a humidity controller to a rotational rheometer, the
curing behaviour of Formerol F.10 silicone elastomer bars was moni-
tored in torsional oscillatory shear under conditions of controlled tem-
perature and humidity. Characteristic cure timescales were estimated by
fitting the storage modulus vs time curves to a Hsich model for each
experiment.

A cure model is proposed that follows Arrhenius temperature
dependence and a proportionality between the cure rate and the abso-
lute humidity, and it was shown that the model is able to provide a good
fit to the broad dataset (R2 = 0.885). The model is useful in estimating
the degree of cure of Formerol F.10 under practical variations of
ambient temperature and humidity, and for specimens with diffusion
length scales of a few mm.
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