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Abstract For the first time, in situ .

NMR measurements were performed
during sulfur vulcanization of unfilled
SBR. A vulcanization device was

constructed for use in combination
with a standard microimaging probe

time. The spatial dependence of this
process was monitored by NMR
imaging.
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Introduction

Crosslinked elastomers at temperatures above T, are
rewarding materials for the application of 'H-NMR
methods such as spectroscopy [1] and imaging [2]. This is
due to their richness in protons and their small static
'H-linewidth of < 2.5 kHz at room temperature. In spite
of the suitability of NMR, such measurements were never
performed in situ during the vulcanization process. The
curing of phenolic and epoxy resins, a process formally
related to vulcanization, has only recently been investi-
gated by NMR methods [3, 4].

Since its discovery by Goodyear (1839), the vulca-
nization process is of outstanding importance for the
manufacturing of high yield elastomers and rubbers. The
standard method for monitoring the crosslinking process
is vulcametry [5]. The goal of this paper is to investigate
the use of standard H-NMR methods for the analysis of

in a vertical bore NMR magnet.
'"H-linewidth measurements are
correlated with cure simulations in
a vulcameter to explain the increase of
the linewidth during the
vulcanization. Inhomogeneous
heating conditions in the sample
result in an inhomogeneous course of
the vulcanization as a function of

simulations

the vulcanization process in elastomers and correlate the
results to vulcametric measurements. The investigated
elastomer material was an SBR or poly(styrene-co-bu-
tadiene) system.

For the NMR measurements, an apparatus was con-
structed for in situ vulcanization under realistic conditions
inside the NMR magnet. The requirements were twofold:
First, sufficient pressure was needed to ensure homo-
geneous vulcanization, and second, sufficient heating was
necessary in order to observe the reaction on an acceptable
timescale.

It is demonstrated that the crosslinking process can be
followed by 'H-linewidth measurements. These data are
correlated to vulcameter measurements of the shear
modulus. This assumes that the transverse 'H magneti-
zation decay can be described by an exponential function
with a single time constant. This is a justified approxima-
tion for the measurements reported here, which were
carried out in slightly inhomogeneous magnetic fields. In
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homogeneous magnetic fields, it is known that the trans-
verse 'H magnetization decay is nonexponential in cross-
linked elastomers and depends on the crosslink density
[6-9].

In a second step, an NMR imaging experiment is
reported by which inhomogeneities in space and time of
the vulcanization process can be followed. These inhomo-
geneities are caused by the heating geometry and the heat
transport properties of the sample.

Experimental

The NMR measurements were performed on a Bruker
MSL Spectrometer at a 'H frequency of 300 MHz. A
vulcanization device (VD) was constructed to fit into a
commercial Bruker micro-imaging probe. The design is
depicted in Fig. 1. The VD was inserted form the top into
a 79 mm vertical bore magnet to fit into an Alderman—
Grant saddle coil [10]. This coil had an inner diameter of
23 mm. The vertical position within the coil was adjusted
by a Teflon spacer so that the sample chamber was in the
sensitive region of the B;-coil.

Cooling with air was necessary to protect both the
probe and the inner bore of the magnet from overheating.
A steel spring (D = 11.5 N/mm) was employed to provide
a minimum pressure of 400 kPa (4 bar) during vulca-
nization. The particular pressure on the spring was con-
trolled by an adjustable nut. The heating cartridge was

Fig. 1 Vulcanization device: (a)
Polyimide case, (b) polyimide
muzzle with screw top, (c)
sample chamber, (d) copper
piston, (e) heating cartridge, (f)
ceramic connecting rod, (g)
brass nut with thread for
pressure control, (h) steel
spring, (i) access for ventilation
and wiring. All measures are
given in mm
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equipped with a thermocouple (NiCr/Ni) which allowed
the observation of the cartridge temperature. A simple
manual control of the heating current was found to be
sufficient for the experiment. An NMR measurement with
a thermo-couple inserted in the sample chamber is not
feasible because the metallic wire becomes an antenna for
stray signals during data acquisition. In order to determine
the average temperature of the sample as a function of
time, each experiment was repeated without NMR data
acquisition under the same heating conditions defined by
the cartridge current. Knowledge of this temperature curve
is necessary for comparison of the NMR results with the
cure simulation in the vulcameter. For the experiments
shown below the curves always showed an increase of
temperature in the first 10 min and a constant value after-
wards. Hence the conditions were isothermal after 10 min.

The operation of the VD with samples of 100 mg to
200 mg was found to be optimum with respect to a com-
promise which had to be found between heating condi-
tions and NMR measurements: Although larger samples
would provide a better filling factor for the NMR coil and
hence a better signal-to-noise ratio, homogeneous vulcan-
ization could no longer be assured. In fact, inhomogeneous
vulcanization could be followed by NMR imaging (see
below).

The cure simulations were performed on a Monsanto
vulcameter MDR-2000-E [11] which allowed program-
ming of the temperature curves used in the NMR experi-
ments. The vulcanization system of the investigated
sample is shown in Table 1. A standard accelerator of the
TBBS-type has been used.

Results and discussion
NMR relaxation measurements

Only one-pulse free-induction decay signals (FIDs) were
recorded in the first experimental stage. The reasons were
twofold: 1) Ferromagnetic parts in the VD caused By-field
inhomogeneities which gave rise to fast signal decays
and prevented accurate settings of pulse times. 2) The

Table 1 Vulcanization system

Material Amount
[phr]

SBR Buna® 1500 100

ZnO 3

Stearic acid 2

S 3

Accelerator 3
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timescale of the vulcanization process in the chosen
temperature region is in the order of minutes. To monitor
such fast processes, a simple acquisition scheme was
needed.

The FIDs were recorded on resonance and the signalin
the time domain was subsequently fitted to a single expo-
nential. The characteristic decay time constant is denoted
by TF with R¥ = 1/T¥ the decay rate which is propor-
tional to the linewidth.

A typical curve of TF as a function of time is displayed
in Fig. 2. The curve is characterized by three distinct re-
gions: The first region is defined by a rise of T3 up to
a maximum value during the first 10 min due to the tem-
perature increase in the sample. In the second region
T#¥ decreases at constant temperature. This is attributed to
the vulcanization. The third region is identified by a pla-
teau with a constant value of T¥ after the end of the
reaction. After the experiment, a flat vulcanized rubber
cylinder is removed from the sample chamber.

The validity of this interpretation of the data in
Fig. 2 was checked by using a compound which contained
only the polymer and no other additives. Hence vulcaniz-
ation could not take place. In fact, the increase of T§
at the beginning of the curve was observed as well as the
plateau region in the end at constant sample temperature,
but the characteristic decrease of the curve in the second
region of Fig. 2 was absent. This proves that vulcanization
indeed causes this feature in Fig. 2. Vulcanization can
indirectly be mapped by following TF with the given
experiment.

The region of interest for further analysis is the de-
crease in 75 due to vulcanization. This decay corresponds
to an increase in the shear modulus G’ in the vulcameter,
which is elaborated in the following. For reasons of simpli-

Fig.2 Typical Tj-curve corresponding to the measurement in
Fig. 5. Three distinct regions are discriminated: I) Increase in T¥ due
to the heating-up process of the sample chamber. II) Decrease in
T¥ during vulcanization. IIT) Plateau region following the comple-
tion of the reaction
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For adequate comparison of NMR and vulcametric
measurements, it is essential that the temperature curve

T = T(t) of the sample is known and can be used for
measurement of the shear modulus in the vulcameter. The
temperature curve T (f) was acquired as described above.
Having measured the shear modulus as a function of time
X, = x,(t) in the vulcameter with the temperature curve of
the NMR experiment, it can be correlated to the NMR re-
laxation rate R% = R%(t) to eliminate the time dependence:

Xy =

RE(1), x.(t) RE(x.) - @

Tw
As R%(t) and x.(¢t) are both measured at discreet points in
time, which in general are not identical, one of the func-
tions had to be parameterized for interpolation to arbi-
trary times t. TF was chosen, because the parameterization
can also serve to smooth the NMR data. R¥(z) was cal-
culated afterwards from the parameterized curve of T5.

The function F(t, a, b, ¢ ... ) for parameterization was
chosen to fit the shape of T3(t) in the regions II and III of
Fig. 2. In particular, it had to reproduce the maximum in
T% at the onset of vulcanization at time t; as well as the
plateau at the end of the reaction {Fig. 2). Figure 3 shows
the region of interest with two different polynomials fitted
to the experimental data. The solid line 1s for a polynomial
of degree 3 and the broken line for a polynomial of degree
4. The corresponding values of the reduced modulus
x, and the mechanical loss factor tan d as a function of time
t are shown in Fig. 4. Combining the NMR and vulcamet-
ric data according to Eq.(2) leads to the correlation of
NMR relaxation rate and mechanical modulus shown in
Fig. 5. For the experiment leading to Figs. 2,3 and Fig. 5,
180 mg of sample were prepared. From the heating curve
an initial time f#; = 30.4 min between the beginning of
heating and the onset of vulcanization was observed. The
final sample temperature under isothermal conditions was
142°C. The correlation in Fig. 5 covers the range from
t=31min to t =44 min. The two sets of data points
correspond to fits of third and fourth order polynomials
for the TF curves (cf. Fig. 3).

A second example for a correlation under different
experimental conditions is shown in Fig. 6. Only 110 mg of
sample were vulcanized here. A higher sample temperature
during vulcanization (152°C) was chosen than for the
measurement of Fig. § resulting in ¢; = 17.5 min. Both fig-
ures show an increase in the linewidth which is approxi-
mately linear except for extreme values of the reduced
shear modulus. The characteristic S-shape of the curve
may be an artifact.
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Fig. 3 Regions II and III of Fig. 2 with two fits. Solid line: Poly-
nomial of degree 3. Broken line: Polynomial of degree 4
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Fig. 4 Vulcameter-curve: Measurement of the torque in a low fre-
quency shear experiment (1 Hz) as a function of time. This curves
corresponds to the experimental conditions in Figs. 2, 3 and 5.
Additionally, the loss factor tané is plotted (broken line) -

With the equipment used in the experiment described
above, the relaxation rate was measured in an inhomo-
geneous field because of slightly ferro-magnetic heater
material. The experimentally determined relaxation rate
can be decomposed into two parts,

,_ L1, 1
Ty, TR

where 1/T5° describes the contribution of the static field
inhomogeneity and 1/T, is the transverse relaxation rate
determined by the material properties and affected by the
vulcanization process. Due to the field inhomogeneity, the
ratio of contributions to the linewidth which are affected
and those which are unaffected by the vulcanization is only
about 179. Nevertheless, the correlation achieved in Figs. 5
and 6 is substantial, because the 1/T3° term results in
a constant offset of about 4 kHz which can be subtracted.

1/T,, on the other hand, is given by the theory of
Bloembergen, Purcell and Pound [12], which is in our case
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Fig. 5 First experimental correlation of RY with x, for the experi-
mental conditions of Fig. 2: 180 mg sample, ¢, = 30.4 min, vulcaniz-
ation temperature 142 °C. The correlation covers the range from
¢t = 31 min to ¢ = 44 min. Diamonds: Fit of T5 data with a poly-
nomial of degree 3. Squares: Fit of T5F data with polynomial of
degree 4. The solid line is drawn to guide the eye
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Fig. 6 Second experimental correlation of R% with x,. Experimental
conditions: 110 mg sample, f; = 17.5min, 152°C sample temper-
ature. Diamonds: Fit of TF data with polynomial of degree 3.
Squares: Fit of T§ data with a polynomial of degree 4. The correla-
tion covers the range from ¢ = 18 min to ¢ = 25 min. The solid line is
drawn to guide the eye

valid for rubbers at about 150°C:

Here, J; denote the amplitudes of the spectral densities and
w; = 0, W, and 2w, where wy = 300 MHz is the Lamor-
frequency of the spectrometer used. In the limit of wgr>> 1,
i.e., for the slow molecular motion, all terms except the first
one are negligible:

1
T;:.Il'[. (5)

1+co @)

This gives a dependence of the linewidth on one single
correlation time. This correlation time must be affected by
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the increase in the crosslinking during the vulcanization
process. And hence it is the link between vulcametry and
NMR.

This assumption is a simplification in two respects:

1) The molecular motion is in general a distribution of
correlation times extending over many decades [13].

2) The equivalence between the correlation times of
molecular motion relevant to NMR and those relevant to
mechanical measurements is not evident a priori. Never-
theless, such an approach has been used in the work of
Marcinko and Parker [ 14-16] who have postulated a cor-
relation of the cross-polarization rate 1/T ¢y and the dy-
namic modulus for a variety of polymers on the basis of the
Maxwell model. Given the objections above, a more than
qualitative analysis of the correlation between NMR and
mechanical properties cannot be formulated at this time.

NMR imaging results

In the vulcanization device, heat is administered to the
sample by a copper piston from one side only. For samples
of thickness Ad > 1 mm the heating conditions can be
assumed to be inhomogeneous. Careful positioning of
the thermocouple indicated a temperature range of
140°-170°C across a length of Ad = 2 mm of the sample.
By NMR imaging the resulting inhomogeneities of the
vulcanization process can be followed in space and in time.

Because of the presence of large By-field inhomogenei-
ties, the standard spin-echo imaging [10] sequence could
not be employed. A remedy was found in using a single
phase-encoding gradient to obtain spatial resolution
(Fig. 7), because the phase encoded dimension is not affect-
ed by By-field inhomogeneities. ‘

By this technique, one-dimensional spatial projections
were recorded with the z-direction along the cylinder axis
of the sample as the spatial dimension using 16 increments
of the phase-encoding gradient. The image contrast is
based on T¥ weighting of the acquired signal. Thus, the
contrast indicates differences in T ¥ which scale with differ-
ences in the increasing crosslink density. The acquisition of
one projection required eight acquisition cycles with a re-
cycle delay of 1.4s. Hence each projection reflects the
conditions within the sample averaged over 3 min.

In Fig. 8, the measured projections are depicted for
different times elapsed since the start of the vulcanization
experiment. After 5 min the image contrast only reflects
the temperature gradient over the sample from right to left.
The projection after 15 min shows a sharp decrease in the
contrast parameter on the right-hand side: The vulcani-
zation is already completed there, whereas on the left-hand
side the reaction has only started. After 35 min, the reac-

/2 n

AQ

Fig.7 Basic pulse sequence for phase-encoded spatial resolution.
The magnetic field gradient G is incremented step by step in success-
ive experiments. Fourier-transformation of the echo amplitude as
a function of the gradient strength introduces the spatial resolution.
‘rf” denotes radio frequency excitation with pulse flip angles given by
n/2 and 7. AQ indicates data acquisition

heating

contrast

T T T T

spatial axis
Fig. 8 Phase-encoded projections along the z-dimension of the elas-
tomer sample. For encoding of the spatial dimension 16 gradient

increments were employed. The inhomogeneous vulcanization pro-
cess becomes evident

tion is finished across the whole sample. Only on the
left-hand side an increase in the contrast parameter re-
mains, probably caused by the influence of the cooled
bottom of the vulcanization device.

In Fig. 9, the course of the contrast parameter in the
images of Fig. 8 is shown as a function of time for four
different points in space. The individual curves are spaced
about 0.5 mm apart. The onset of the vulcanization is
marked in the picture for the different points in space
which manifests itself as a change in the curvature of the
contrast parameter curves.
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Fig. 9 The contrast parameter of the phase-encoded projections as
a function of time (cf. Fig. 8). Along the time axis 11 projections were
recorded and connected by spline interpolation. The onset of the
vulcanization process is marked by t; for three points in time

From the viewpoint of NMR this experiment is an
example for a case in which phase-encoded imaging is
obligatory due to the large By-field inhomogeneity. From
the perspective of vulcametry, this measurement delivers
information about the spatial and time dependence of the
type of inhomogeneous vulcanization conditions encoun-
tered in practice.

Summary

The reported work intends to extend the possibilities of
NMR for the routine industrial application in the field of

elastomers. The process of vulcanization is well under-
stood from the viewpoint of viscoelastic and rheological
measurements. It has not been investigated by in situ
NMR before. For in situ measurements an apparatus was
constructed which would both provide the necessary con-
ditions for vulcanization and fulfill the limitations of an
established NMR environment. Linewidth measurements
were performed during the vulcanization because they are
rapid enough for the timescale of the reaction. The detri-
mental effect of an inhomogeneous By, field is understood
and can be subtracted. It has been shown that the estab-
lished vulcametric measurements correlate well with NMR
measurements giving an increase in the linewidth with an
increasing degree of vulcanization. The central assumption
for interpretation of this observation is that the correlation
time for the molecular motion manifests itself in both
the dynamic behavior of the modulus and in the NMR
relaxation.

Inhomogeneous vulcanization conditions were visual-
ized by NMR imaging. The drawback of Bg-field inhomo-
geneities was overcome by phase-encoding of the spatial
axis. Different time dependencies of the vulcanization
process were identified for sample regions with different
separations from the heat source.
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