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Abstract. In this work, the change of the elastic properties induced by a change in cross-linking conditions of polydimethyl-
siloxane is investigated by measuring its shear modulus by dynamic mechanical analysis and correlating it to that predicted
from swelling measurements. Polymer cross-linking is performed at different curing temperatures reached with ramps at dif-
ferent heating rates. From both mechanical and swelling measurements, the molecular weight between cross-links, M, is
determined, and its dependency on the applied thermal history is analyzed. The main results are: (i) the elastic modulus of
the cured material is not significantly affected by the heating rate adopted, while (ii) the curing temperature has a significant
influence on the polydimethylsiloxane mechanical properties. In addition, (iii) M¢ evaluation from swelling measurements
is in good agreement with that estimated from mechanical measurements when appropriate theories are considered. This last
result suggests that swelling experiments can be considered as a reliable tool to predict the elastic modulus of the polydi-
methylsiloxane studied. The quantitative information reported in this paper, also obtainable by the suggested method if other
thermal curing histories are applied, is extremely useful for the proper design of devices based on polydimethylsiloxanes.
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1. Introduction process. The use of PDMS materials such as Syl-
Polydimethylsiloxanes (PDMSs) are beingused ina  gard 184, the one considered in this study, in prod-
wide range of applications for their outstanding char-  ucts such as medical devices, soft morphing struc-
acteristics such as good physiological inertness, tures, soft robots and actuators for flexible electron-
good biocompatibility, high temperature and humid-  ics is widely reported in the literature [13—18]. The
ity stability, as well as high deformability [1]. Due = mechanical performance of these devices strongly
to its mechanical and physical behavior, PDMS is  depends on the behavior of the constituent materials.
used in several applications such as medical sensors, For example, Colombo et al. [14], have shown how
electronic devices like micro-electro-mechanical the curing time affects the mechanical properties of
systems (MEMS), and in smart soft composites [2— the PDMS used for mock arteries production. To cor-
7]. PDMSs are chemically cross-linked elastomers  rectly reproduce the behavior of the artery, a proper
with alternating silicon and oxygen atoms in the curing history was necessary. Therefore, knowing
backbone chain and side methyl groups. It is known  how the PDMS mechanical properties depend on the
that the cross-linking kinetics [8—10] and the struc-  curing history is very important for proper material
ture of the formed network and thus the relevant me-  and device design. Some results about the depend-
chanical properties [11, 12] are significantly affected  ency of the elastic modulus of the PDMS considered
by the thermal history applied during the cross-linking  on the thermal history applied during the cross-linking
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process have already been reported in the literature
[2, 11,12, 14]. Johnston et al. [11] compared the me-
chanical properties of the PDMS cured under differ-
ent thermal histories but limited them to the curing
conditions suggested by the material supplier [19].
Placet and Delobelle [12] investigated its dynamic-
mechanical response and Colombo ef al. [14] exam-
ined the effect of the curing time on its mechanical
properties at just one fixed temperature. To the au-
thors' knowledge, no systematic study on the curing
conditions' effect on the mechanical properties of the
resulting material has been reported up to now.

In a previous paper [20], the authors performed a
systematic characterization of the rheological behav-
ior of the same PDMS carried out in dynamic con-
ditions during the cross-linking process performed
under different thermal histories and this study al-
lowed us to describe the network forming kinetic and
compare it with existing literature [8—10, 21]. The
focus of the present work is on the evaluation of how
the adopted thermal history affects the PDMS net-
work structure and, consequently its mechanical
properties. To this aim, a systematic study of the dy-
namic mechanical properties of the cured PDMS has
been carried out, considering the effect of both the
temperature at which the curing is performed and the
heating rate adopted to reach this temperature.
Swelling measurements were also performed on the
differently cured PDMS to estimate the values of the
mean molecular weight between cross-links, M, for
the different networks produced. The results ob-
tained are comparable to the M values determined
from the shear modulus of the cross-linked PDMS
following the theory of rubber elasticity.

2. Experimental

2.1. Material

The PDMS employed in this work is the commercial
Sylgard 184 provided by Dow Corning, Michigan,
United States. It is a two-part liquid component system
consisting of an elastomer base (component A) and a
curing agent (component B). Both components are lig-
uid and transparent. Typically, the elastomer base con-
tains linear PDMS pre-polymers with two vinyl end
groups that react with the component B multifunction-
al crosslinker leading to a three-dimensional cross-
linked network. The exact composition of Sylgard 184
is proprietary, anyway, the materials safety data sheet
states that the elastomer base (component A) contains
mainly dimethylvinylsiloxy-terminated (CASRN:

925

68083-19-2), dimethyl siloxane and dimethylvinylat-
ed and trimethylated silica (CASRN: 68988-89-6)
and the curing agent (component B) contains mainly
siloxanes and silicones, dimethyl, methylhydrogen
(CASRN: 68037-59-2), dimethylvinylsiloxy-termi-
nated (CASRN: 68083-19-2), dimethyl siloxane, di-
methylvinylated and trimethylated silica (CASRN:
68988-89-6) and methyl-vinylcyclosiloxane (CASRN:
2554-06-5).

The two components were mixed at room tempera-
ture in 10:1 (A:B) mass ratio with a low-speed helix
mixer (200 rpm speed, helix diameter 20 mm, beaker
diameter 30 mm) for 10 min, as suggested by the
supplier [19]. Then the mixture was degassed in a vac-
uum bell jar for 20 min (low vacuum P = 9-10* Pa)
and kept at 4 °C to avoid premature cross-linking be-
fore testing. Rheological experiments were per-
formed within 5 h after mixing. It will be shown in
Section 4 that no variation in the mixture properties
occurs during this period.

2.2. Rheometry
Dynamic mechanical analyses in shear mode were
performed with an Anton Paar MCR 502 rheometer
in plate-plate configuration (plate diameter 25 mm),
to measure the complex shear modulus evolution
under different thermal histories. These could be ap-
plied by means of the Peltier plate and hood system
H-PTD 200 which equipped the rheometer.
The uncured PDMS mixture was first poured on the
rheometer lower plate, then the upper plate was
moved toward the lower one and positioned at a dis-
tance of 1 mm. The material in excess was trimmed
before starting the test. All theological measurements
were carried out at a constant frequency of 1 Hz,
whereas the strain amplitude was set to 5% for val-
ues of the complex modulus, G*, up to 4-10° Pa and
to 0.5% for larger values. The linear behavior of the
material was verified for both the experimental con-
ditions applied. All the measurements were per-
formed in air and at atmospheric pressure. A normal
force of 1 N was applied during the tests to avoid
sample slip between the plates. All the tests were car-
ried out at least three times to verify the repeatability
of the measurement.
The applied thermal histories consist of four steps,
listed and detailed below:
1. isothermal stabilization step: the sample is kept
at 25°C for 1 min to stabilize the material tem-
perature;
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2. heating step: the sample is heated at a constant
rate up to a defined temperature, 7. Heating rates
from 1 to 8 °C/min were employed. This range of
heating rates was chosen based on the previously
published kinetics study [20]. Heating rates high-
er than 8 °C/min do not allow homogeneous heat-
ing of the sample. On the other hand, 1 °C/min is
arate low enough that cross-linking can occur al-
most entirely during sample heating;

3. isothermal step: the sample is kept at a constant
temperature, referred to as curing temperature 7¢,
for a curing time, #c, of 4 h (curing temperatures
in the range 65—150°C were employed);

4. cooling step: the sample is cooled to 25 °C at the
rate of 8 °C/min and kept at this temperature for
10 min to stabilize its temperature.

Table 1 summarizes the values of the heating rates

adopted and the curing temperatures investigated;

Figure 1 shows the different thermal histories ap-

plied. The thermal histories for which the heating

rate, T'is 8 °C/min and T¢ ranges from 65 to 150 °C,

Table 1. Heating rate and curing temperature values of the
thermal histories applied for the PDMS curing dur-
ing the rheological tests.

Thermal history | Heating rate, 7 | Curing temperature, 7¢c
code [°C/min] [°C]
T100_R1 1 100
T100_R2 2 100
T100_R4 4 100
T100_RS8 8 100
T125_RS8 8 125
T150_RS8 8 150
T65_R8 8 65
T75_R8 8 75
T85_RS8 8 85
160 4
o 140 [
,:: 120 [ \
R
g;- 80 U
£ 60
200 60 120 180 240 300 360
Time, t[min]

Figure 1. Temperature vs. time of all thermal histories ap-
plied for the PDMS curing during the rheological
tests. In black thermal histories for which the heat-
ing rate, 7'is 8 °C/min, in light blue thermal histo-
ries for which 7¢ = 100°C and 7 ranges from 1 to
8 °C/min.

which were performed to investigate the effect of the
curing temperature on the properties of the PDMS
are reported in black. The thermal histories for which
Tc=100°C and 7 ranges from 1 to 8 °C/min, per-
formed to study the effect of the heating rate on the
PDMS properties, are reported in light blue.

2.3. Swelling measurements

The cylindrical samples (thickness = 1 mm, diame-
ter = 25 mm) obtained at the end of all the rheolog-
ical experiments performed with a heating rate 7=
8 °C/min were cut in smaller specimens (about one-
third of the cylinder volume) and were used for
swelling measurements. All swelling measurements
have been performed at room temperature, 25 °C.
The initial mass of each specimen, m, was measured
before immersing it in a large excess of toluene for
24 h to reach the equilibrium state. Then the swollen
specimen mass, m', was measured, after lightly press-
ing the specimen between two pieces of filter paper.
The specimens were then left to dry at room temper-
ature and atmospheric pressure for 12 h and the mass
of the dried specimen, m, was measured again. The
drying time of 12 h allowed the complete release of
the toluene dissolved in PDMS, as indicated by the
fact that no further mass loss was observed even
after subsequent drying of the sample in a vacuum.

From these measurements, the polymer extractable
fraction, wey; and the volume fraction of polymer in
the swollen network, v, can be obtained as Equa-
tions (1) and (2):

_ mo_m
Wext =y (1)
m
_ p
V2T T =m +m (2)
Ps p

where mo, m' and m are the initial, swollen and dry
mass of the specimen as described above, pg is the
solvent density (0.865 g/cm? for toluene at room
temperature [22]) and p is the density of the dry poly-
mer after the extraction of the free chains. This last
property was derived from the polymer density meas-
ured before extraction, py, according to Equation (3):

p=py (1~ Wex,) 3)

where weyy, 1s the average value of the measured ex-
tractable fractions, Wey:.
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The polymer density po was measured at 25 °C with
a pycnometer and resulted to be 1.070+0.015 g/cm?.

3. Theoretical analysis

According to the theory of rubber elasticity, the rub-
ber shear modulus is correlated with the mean mo-
lecular weight between cross-links, M. Considering
the ‘phantom network’ assumption [23] the follow-
ing relation can be proposed (Equation (4)):

_Po R

where G is the shear modulus of the rubber, py is
the polymer density, R is the gas constant
(8.314 J/(mol-K)) and T'is the absolute temperature.
The mean molecular weight between cross-links M,
can also be correlated to the swelling of ideal rub-
bers, through on the Flory-Huggins theory of poly-
mer solutions [24]. According to different hypothe-
ses, different correlations were proposed [25-27].

Equations (5), (6) and (7) describe the equilibrium
swelling with the functionality of the cross-link equal
to 4, according to Flory and Rehner [25], Rennar and
Oppermann [26] and Robert et al. [27], respectively:

p _In(I1=v)+w+x-vi

M VS'VéB 6))
p _In(L=vy)+v+yv;
_FC = v;/3 (6)
Vi3
o _In(l—v) vty o
Mo v (1P -3)

where p is the dry polymer density, M¢ is the mean
molecular weight between cross-links, Vs is the molar
volume of the solvent (for toluene 106.52 cm?/mol
[22]) and v, is the volume fraction of the polymer in
the swollen network. y is the solvent-polymer inter-
action parameter: it depends on both the solvent and
the polymer and may vary somewhat with concentra-
tion and with the extent of cross-linking [28]. The de-
termination of the toluene-PDMS interaction param-
eter is not trivial and different values can be found
in the literature [29]. According to Robert et al. [27]
the toluene-PDMS interaction parameter can be cal-
culated as y =yo + B-v, where yy = 0.44 and § = 0.36.
Differently, Bueche [28] considered a constant
toluene-PDMS interaction parameter x = 0.465. For
the sake of clearness in the present work, these two

proposals for the solvent-polymer interaction param-
eter will be referred to as yr (Robert) and yp
(Bueche), respectively. In our analysis, for the deter-
mination of Mc from swelling experiments yr was
adopted when Equation (7) was used while either yr
and yg were adopted when Equation (5) and (6) were
used. M¢ values obtained from swelling tests were
then compared to those obtained from rheological
analysis.

4. Results and discussion

4.1. Rheometry

As explained in Section 2.2, different thermal histo-
ries have been carried out to cure the PDMS (Figure 1)
and the change in time of its complex shear modulus
G" was monitored.

After mixing the elastomer base and the curing
agent, the mixture was kept at 4 °C and the rheolog-
ical experiments started within 5 h. Figure 2 shows
that no systematic and significant variation in the
properties of the mixture occurs during this period,
suggesting that the material is stable if stored at low
temperatures.

The rheological analysis performed allows to moni-
tor the evolution in time of the complex shear mod-
ulus during the whole curing history. All the details
about the rheological curves are shown and ex-
plained in [20]. In this work we limited our attention
to G at the end of the applied thermal history, inves-
tigating the effect of the thermal history. The loss fac-
tor, tan 6, measured at 25 °C for the cured material,

3%1 o G
o G"
30 o
w 25 1 ) 8
a
© 58
)
&
3 151
°
(e}
=
10
5_
ol e ° ° °
0 1 2 3 4 5 6

Time at 4°C [h]

Figure 2 Storage modulus, G" and loss modulus, G" of the
uncured PDMS just mixed as a function of the time
in which the mixture is kept at 4 °C before applying
the desired thermal history.
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is small (tan d < 0.096), thus the dissipative compo-
nent of the complex modulus is very limited com-
pared to the elastic one. The PDMS displays there-
fore a behavior very close to that of an ideally elastic
material, and its complex modulus almost coincides
with its elastic modulus.

G values measured at the end of each thermal history
(G is assumed equal to G*, as explained before) are
reported in Figure 3 for the different thermal histo-
ries, as a function of (Figure 3a) the heating rate for
the curing temperature 7 = 100 °C and of (Figure 3b)
the curing temperature for the heating rate 7=
8 °C/min.

As shown in Figure 3a, the heating rate has no evi-
dent effect on the properties of the cured PDMS.
On the other hand, Figure 3b shows that the curing
temperature has a significant influence on the PDMS
mechanical response: G at 25 °C increases from
0.65+0.06 to 1.25+0.03 MPa when the curing tem-
perature is increased from 65 to 150 °C.

During the cross-linking process, elastomer base
and curing agent react to form an infinite network.
Figure 3b shows that varying the temperature at
which this process takes place, the mechanical prop-
erties change, and this indicates that the network that
is formed has been modified. Usually, the amount of
curing agent is in excess of the elastomer base be-
cause in addition to the main hydrosilylation reac-
tions, other secondary reactions take place. This can
change the way in which the molecules of the two
components react, affecting the structure of the re-
sulting network and thus its mechanical properties,
as explained in Section 3. Higher temperature leads

2.0
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S 14
14
0 1.2 A
N
®
(0] 1.0 1
&% u ]
2 081
hel
o
E 06
©
[0}
o 0.4
0.2
0.0 : : : ;
0 2 4 6 8 10
a) Heating rate, T [°C/min]

to the formation of a stiffer PDMS, indicating the
formation of more cross-links, probably because
fewer secondary reactions take place at a higher tem-
perature.

Literature [11, 12, 14] reports that the structure of the
formed network and the consequent mechanical prop-
erties are significantly affected by the thermal history
applied during the polymer network formation. In our
analysis, the influence of the thermal history has been
split into two contributions: the effect of the heating
rate and the effect of the curing temperature, and we
have shown that the major contribution to the me-
chanical properties change is given by the curing tem-
perature at which the cross-linking takes place, inde-
pendently of the heating rate applied to reach this
temperature in the first stages of the cross-linking.

4.2. Swelling

The values of the initial mass of each specimen my,
the swollen specimen mass, m’, and the mass of the
dried specimens, m, are reported in Table 2. As can
be seen, the mass of the swollen specimens almost
doubles the initial mass of the specimens, thanks to
the good interaction between polymer and solvent.
Instead, the mass of the specimens dried after swelling
is almost equivalent — slightly lower — to the initial
mass. This small difference can be attributed to the
removal of an excess unreacted component of the
mixture.

Polymer extractable fraction, wey; and volume frac-
tion of polymer in the swollen network, v, have been
calculated for all the PDMS cured at different curing
temperatures according to Equation (1) and (2),

2.0
1.8
1.6 1
g
= 1.4
(6]
o 12 u
5 [
4 1.0 1
g |
g 0.8 . |
<}
E 061 L
©
o
» 0.4
0.2
0.0 T T T T
60 80 100 120 140 160
b) Curing temperature, T, [°C]

Figure 3. Shear modulus, G measured at 25 °C, at the end of the cooling step vs. (a) heating rate, Tand (b) curing temperature

Tc applied in the curing process.
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Table 2. Initial mass of the specimens, m, swollen speci-
mens mass, m', and mass of the dried specimens, m,
measured during swelling tests.

Sample | Thermal history my m' m
name code lgl lgl [g]
al T65 R8 0.1016 0.2050 0.0967
a2 T65 R8 0.1225 0.2402 0.1173
a3 T65 R8 0.0912 0.1876 0.0872
bl T75 R8 0.0847 0.1688 0.0807
b2 T75 R8 0.0885 0.1754 0.0841
b3 T75 R8 0.0893 0.1737 0.0849
cl T85 R 0.0661 0.1300 0.0631
c2 T85 R8 0.1009 0.1955 0.0958
c3 T85 R8 0.0688 0.1335 0.0655
dl T100 RS 0.0984 0.1869 0.0936
d2 T100 RS 0.0971 0.1826 0.0925
d3 T100 R8 0.1119 0.2108 0.1064
el T125 RS 0.1329 0.2473 0.1267
e2 T125 RS 0.1026 0.1865 0.0980
e3 T125 RS 0.0788 0.1458 0.0753
fl T150 RS 0.1152 0.2060 0.1099
2 T150 R8 0.0698 0.1240 0.0668
3 T150 RS 0.1094 0.1971 0.1045

respectively, and are reported in Figure 4 versus the
curing temperature.

The extractable fraction (Figure 4a) seems not to be
affected by the curing temperature and varies be-
tween 4 and 5%, with a mean value of 4.7+0.2%.
As expected, the volume fraction of polymer in the
swollen network v, increases with the curing tem-
perature (Figure 4b). Higher temperatures have been
shown to lead to the formation of stiffer PDMS
(higher G, as shown in Figure 3b), suggesting that
the PDMS formed has higher density of cross-links,

NI
}

ext

Extractable fraction, w_, [%]

4.4
4.2
4.0
3.8
60 80 100 120 140 160
a) Curing temperature, T, [°C]

corresponding to lower molecular weight between
cross-links. When a cross-linked polymer is immersed
in a good solvent, the network absorbs the solvent
until an equilibrium is reached. In particular, the
higher the density of cross-links, the lower the amount
of solvent absorbed and, consequently, the quantity
of polymer in the swollen sample (,) is larger.

4.3. Mean molecular weight between
cross-links
The mean molecular weight between cross-links, M
was estimated, according to Equation (4), from the
experimental value G at 25 °C of the PDMS cured at
different curing temperatures. As shown in Figure 5
(black crosses), it varies from 2066+189 g/mol for
Tc =65°C to 1062+22 g/mol for T = 150 °C. As ex-
pected [24], the higher G, the lower the correspon-
ding Mc.
The mean molecular weight between cross-links ob-
tained from swelling measurements evaluated accord-
ing to Equations (5), (6) and (7) as reported in Sec-
tion 3 are also shown in Figure 5 (colored markers).
The values of M obtained from the swelling data
depend strongly on both the equation and the solvent-
polymer interaction parameter, y adopted. The dif-
ferences among the results arise from the different
assumptions on which models are based [29, 30]. It
is beyond the purpose of this article to discuss each
model assumption validity for the material under
study. We limit our analysis to the assessment of the
more appropriate theory based on the consistency of
estimates from swelling experiments and dynamic
mechanical analyses.

0.50

0.48 - {

0.46 i

0.44 1 {

0.42 1

Volume fraction of polymer
in the swollen network, v, [-]
-

0.40 T T T T T
60 80 100 120 140 160

b) Curing temperature, T, [°C]

Figure 4. (a) Polymer extractable fraction, wey and (b) volume fraction of polymer in the swollen network, v, vs. curing tem-

perature, 7¢.
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Figure 5. Mean molecular weight between cross-links vs.
curing temperature. Black crosses represent data
from rheological analysis and colored markers are
data from swelling analysis. For the latter data, val-
ues obtained according to Equation (5) from Flory
and Rehner, Equation (6) from Rennar and Opper-
mann and Equation (7) from Robert are reported.

As can be seen in Figure 5, the theory from Robert
etal.[27] (e green dots), the theory from Rennar and
Oppermann [26] with the toluene-PDMS interaction
parameter yg from Robert ef al. [27] (A red up tri-
angles) and the theory from Flory and Rehner [25]
with yg from Bueche [28] (@ blue diamonds) lead to
very similar results. On the other hand, M from
Flory and Rehner theory [25] with yg from Robert
et al. [27] (m light blue squares) are significantly
higher than those from the theories just mentioned,
while the results of the analysis based on the theory
from Rennar and Oppermann [26] with the toluene-
PDMS interaction parameter yg from Bueche [28]
(v orange down triangles) are significantly lower.
Furthermore, M calculated from the elastic modulus
(% black crosses in Figure 5) are in good agreement
with M obtained with the first three mentioned
swelling models (e green dots, A red up triangles
and & blue diamonds in Figure 5).

This result clearly indicates that the theory from
Robert et al. [27], the theory from Rennar and Op-
permann [26], with yg and the theory from Flory and
Rehner with yg can be adopted to estimate M¢ out
of swelling experiments on the PDMS studied.

5. Conclusions
In this work, the change of the network structure and
mechanical properties of PDMS Sylgard 184 after

cross-linking was investigated in a systematic way
by varying the heating rate and the curing tempera-
ture. To this aim, two approaches were considered:
the measurement of the complex shear modulus by
dynamic mechanical analyses during the whole cur-
ing process and swelling measurements on the cured
elastomers.

The shear modulus of the cured material is not sig-
nificantly affected by the heating rate adopted. On
the other hand, the curing temperature has a signifi-
cant influence on the PDMS mechanical properties.
From both rheological and swelling measurements,
the molecular weight between cross-links, M, has
been estimated and its dependency on the applied
thermal history has been investigated. The shear
modulus of the cross-linked PDMS has been related
to M¢ according to the theory of rubber elasticity.
Furthermore, several correlations between M and
the volume fraction of the polymer in the swollen
network have been considered, following theories
based on the one initially proposed by Flory. A good
agreement between the two approaches has been
found and this confirms that changes in the network
structure are the main cause of the changes in the
mechanical properties.

On the basis of the good agreement obtained, M es-
timates based on simple swelling experiments and
the appropriate theories mentioned above can be
considered a reliable tool to predict the shear modu-
lus of the PDMS considered. This might simplify the
material characterization after any curing cycle since
both a dynamometer and relatively large specimens
with a proper shape are required to perform a me-
chanical test, while only a precision weighing scale
balance is necessary for swelling measurements, and
a small sample of any shape is suitable for this kind
of measurements.

With our investigation of the effects of heating rate
and curing temperature on the structure of the net-
work and on the mechanical properties of the PDMS
studied, we hope to provide quantitative information
for researchers designing applications employing the
PDMS studied cured under certain conditions as a
part of more complex structures.
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