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ABSTRACT: Relaxation nuclear magnetic resonance imaging (R-NMRI) was employed to investigate
the effects of thermooxidative aging in a hydroxy-terminated polybutadiene (HTPB)-based elastomer. A
series of three-dimensional (3D) Hahn-echo-weighted single-point images (SPI) of the elastomer were
utilized to generate a 3D parameter map of the aged material. NMR spin—spin relaxation times (7%)
were measured for each voxel producing a 3D NMR parameter (T%) map of the aged polymer. These T
maps reveal a dramatic reduction of local polymer mobility near the aging surface with the degree of T’
heterogeneity varying as a function of aging. Using correlations between NMR T and material modulus,
the impact of this heterogeneous thermooxidative aging on the material properties is discussed.

Introduction

Polybutadiene-based elastomers are widely used as
binders in solid propellant grain. Understanding their
long-term aging characteristics is critical for perfor-
mance assessment and lifetime prediction of such
materials.! In particular, the thermooxidative aging of
a hydroxy-terminated polybutadiene (HTPB) cross-
linked with isophorone diisocyanate (IPDI) has been
investigated extensively.l™3 Using sensitive oxidation
rate measurements, it was shown that oxidative deg-
radation is a determining factor in aging related changes
of mechanical properties (loss in tensile elongation and
modulus increases) and is associated with further cross-
linking, densification, and reduced polymer mobility.3
NMR spectroscopy is an appealing technique to probe
for molecular mobility via relaxation times. NMR pa-
rameters have been correlated with other material
changes and have been used for condition monitoring
of the polymer.3—8 Recently a critical comparison of the
sensitivity of proton relaxation times as a function of
temperature was conducted.” One of the important
issues to consider for accelerated thermooxidative aging
of elastomers is the development of heterogeneities in
the degradation process. Heterogeneities have been
discussed as originating on the molecular level due to
restricted mobilities of free radicals and preferential
initiation reactions®~1% and on a more macroscopic scale
due to diffusion-limited oxidation (DLO) effects.l1-13
DLO conditions lead to pronounced spatial variations
in elastomer hardening and related properties and have
been successfully verified using micromodulus profiling
techniques,!31* including experimental data for the
current HTPB material.® The development of new
experimental techniques that can probe this spatial
heterogeneity or variation in aged polymers is therefore
important.
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Nuclear magnetic resonance imaging (NMRI)!® or
NMR microscopy (k-space imaging)!6 is an experimental
technique that has seen an ever-increasing role in
material science, particularly in the spatial analysis of
polymers and composites.l”"22 A common difficulty
encountered in NMRI of materials is that low molecular
mobility and significant TH—1H dipolar coupling result
in very short 'H NMR spin—spin 7T relaxation times.
Because of the time scale of common imaging pulse
sequences, the short T can strongly limit the perfor-
mance of direct image methods within materials. A
variety of experimental NMRI approaches have been
developed to compensate for this shortcoming. For
example, one common practice in imaging of polymers
is to swell samples in a solvent.?3734 It is then possible
to obtain NMR images of the solvent, since these small
molecules typically have rapid molecular motion and
longer T9 relaxation times. In many instances the
uptake of solvent can also significantly increase the
molecular level polymer motions, thereby increasing the
observed T relaxation rate of polymer nuclei, facilitat-
ing direct imaging of the solid polymer. A difficulty in
utilizing solvents to swell polymers prior to NMR
imaging is the complication of differential swelling or
expansion due to heterogeneities within the polymer,
leading to a corresponding distortion of the spatial
image. Another approach that allows NMR imaging
techniques to be utilized in materials is the incorpora-
tion of pulse sequences amenable to short Ty values,
avoiding the need for solvent swelling. These techniques
include single-point imaging (SPI) and multipoint (MP)
k-space mapping3®~4! and have permitted high-resolu-
tion images in a variety of solid materials to be obtained,
including direct imaging of polymer samples.23:42749

A Dbenefit of using NMRI is the ability to couple
traditional NMR spectroscopy techniques with imaging
to provide a measurement of local nuclei spin behavior
at a particular position (image voxel) in addition to
measuring simple spin concentration or density. One
common example is incorporating different NMR pulse
sequences to provide image contrast or directly measure
NMR spin relaxation parameters. These types of NMRI
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experiments include spin—spin (7T%), spin—lattice (T1),
and rotating frame spin (7'1,) relaxation-based experi-
ments. The reader is referred to more comprehensive
review articles and books on the subject of NMRI and
relaxation filters.21:50-53 In many instances the NMR
relaxation parameters can be directly correlated to
physical properties within the material. For example,
the NMR H T relaxation time has been shown to be a
sensitive measure of local chain mobility and is in-
versely proportional to the square of the reduced effec-
tive dipolar coupling.54=56:57 Changes in the NMR T
relaxation times have been correlated to polymer modu-
lus, induced stress, cross-link density, and/or the degree
of polymer chain entanglement. By incorporating these
types of NMR relaxation/physical property correlations,
it is possible to create unique spatial property images
within materials. Parameter-related images are also
known as material property images (MAP images).20
Examples of relaxation maps in polymers include 74,
studies of cross-linking in natural rubbers and poly-
butadiene,?342-44 T, maps of cross-link density in rubber
and polyisobutylene,?0-3% multiple quantum-filtered and
Ty maps of strained elastomers and tendons,*5:47-58 Ty
maps of solvent permeation,3?4° aging and boundary
migration in natural rubbers,*65° and T; and T maps
of anisotropic molding effects in high-density polyeth-
ylene (HDPE).48

The use of NMRI to investigate polymer aging and
degradation has been more limited. Over a decade ago
Blimer and Bliumich reported the three-dimensional
(3D) T, maps of natural rubber thermally aged in air,
clearly revealing growth of surface hardening with aging
time.!® NMRI has also been used to investigate biodeg-
radation of polymer films,%® the aging in nitrile rubber
elastometrs,5® and the degradation of rubber and poly-
styrene.®! In addition, two-dimensional (2D) T4, and T
maps have been obtained for oxidative aging of natural
rubbers,*3:62 T, maps of silicone copolymers during long-
term desiccation,? and 3D maps of radiation effects in
polymer gels have also been reported.’* In this paper,
we describe the use of NMRI to produce 3D T2 spatial
maps of aging in a HTPB/IPDI polyurethane binder.
Heterogeneous spatial variation in the NMR T is
observed due to diffusion-limited oxidation (DLO) as a
function of distance from the polymer surface.

Experimental Section

The polybutadiene-based elastomer investigated was a cured
hydroxy-terminated polybutadiene (HTPB)/isophorone diiso-
cyanate (IPDI) copolymer. The uncured resins were provided
by ElIf Atochem and Hiils America Inc. The bulk characteriza-
tion, thermal and oxidative aging, and modulus profiling for
these binders have been previously described.?* The sample
used in this study was aged for 8 days at 125 °C under ambient
atmospheric conditions (~630 mmHg in Albuquerque, NM).

A 2.0 mm x 2.5 mm x 2.5 mm piece of the polyurethane
material was cut from the aged polymer pad and placed in a
home-built microimaging probe with a 5 mm diameter rf coil
and a custom-built 8 mm diameter gradient coil. The images
were collected with a Varian Inova wide-bore spectrometer
operating at a 'H Larmor frequency of 500 MHz. To handle
the relatively short T’ times present in the polymer binder, a
3D SPI experiment was coupled to a Hahn echo as described
by Beyea and co-workers.®® The imaging pulse sequence is
shown in Figure 1. The Hahn-echo preparation period for 7%
measurement utilized echo delays (7) of 0, 0.3, and 1 ms and
an acquisition delay period (¢,) of 60 us. The SPI experiment
used a maximum gradient strength of 230 G/cm and 16 x 32
x 16 phase encoding gradient steps to obtain a 3D image
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Figure 1. R-NMRI pulse sequence utilized. A Hahn echo was
coupled to a 3D single-point imaging (SPI) pulse sequence
through a 90° pulse which acts as a z-filter.%® G,, Gy, and G,
correspond to the gradient pulses applied along orthogonal
directions, and T and R represent the transmitter rf pulse and
receiver channels, respectively. The acquisition delay ¢, was
60 us for all experiments.

.

characterized by a field-of-view (FOV) of 2.5 mm (X) x 3.5 mm
(Y) x 3.5 mm (Z) and a spatial resolution of 156 x 109 x 219
um along each axis. Final images were then Fourier recon-
structed using a 32 x 64 x 32 matrix containing 65 536 voxels.
The voxel size is therefore half the actual spatial resolution
encoded along each axis and corresponds to a volume element
of 0.000 47 mm?. Data collection for each 3D image was ~18
h. Because of instrumental time limitations, images for only
three different t values were obtained. Bulk 7' relaxation NMR
experiments were also obtained for the unaged and aged
binder samples. These bulk relaxation results are presented
in the Supporting Information for the unaged (Figure 1S) and
aged (Figure 2S) HTPB binder. These bulk T experiments
show a multi-exponential decay of the magnetization, with
approximately 80—90% of the total signal intensity rapidly
decaying (short T%), followed by a minor component that has
a longer T time. For decay times between 60 us (¢,) and 2 ms
the signal intensity decay is describe very well by a single
exponential (Figures 1S(b) and 2S(b) in Supporting Informa-
tion). For the decay times selected in the NMR imaging
experiment the signal intensity I(7) for each voxel can therefore
be described by a single-exponential decay with a T relaxation
time via

I~ exp(%”) o)
2

where 7 is the echo delay time defined in Figure 1. The T,
values for each voxel were calculated using MATLAB (Math-
Works, Inc., Natick, MA) fitting a linear natural log repre-
sentation of the single-exponential decay described by eq 1.

Results and Discussion

The 3D SPI 'H NMR image of the aged polyurethane,
obtained with no delay in the Hahn echo, is shown in
Figure 2. The individual sectional planar slices (XY
plane) are presented in Figure 2a and were used to
obtain the complete reconstructed 3D NMR image
(Figure 2c). The photo in Figure 2b demonstrates the
relative size of the polymer sample investigated. The
aged binder was oriented with the thermooxidatively
aged surface nominally parallel to the XZ plane. In this
arrangement, the aging and oxidation effects are great-
est at polymer interface at the top and bottom of the
individual 2D slices in Figure 2a. The 28 planar images
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Figure 2. 2D slices (a) from the 'H density NMR SPI image obtained for a thermooxidatively aged HTPB/IPDI binder. Each 2D
image (110 um thick) is an XY plane through the material with the aged surfaces at the top and bottom of the individual slices.
The field of view for each slice is 2.5 mm x 3.5 mm and has a voxel resolution of 78 yum x 55 um. Photograph of the aged
polyurethane sample used (b). The reconstructed 3D SPI NMR image (c) of the binder sample, along with the definition of axes

and the aging surfaces.
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Figure 3. A series of 2D slices (a) taken of the same spatial region of the thermooxidatively aged HTPB/IPDI binder for three
different Hahn-echo delays (7). The resulting T’ relaxation map (b) calculated from the decay of signal intensity for each voxel
using eq 1, with the corresponding 7% color bar on the right ranging from 0 to 2 ms.

are arranged such that the first 2D XY plane in the
upper left of Figure 2a is the empty space below the
sample, with the successive 2D slices moving through
the sample of aged binder from bottom to top (moving
from left to right and row by row though Figure 2a).
The voxel dimensions are 78 x 55 x 110 um, giving a
0.000 47 mm? volume for each imaging voxel element.

The 3D 'H NMR image of the HTPB binder in Figure
2 does not reveal any distinct variations or spatial
homogeneities within the sample as a result of thermal
aging. This lack of variation in the 'H spin density
images is not surprising since aging is not expected to
produce major changes in the local polymer concentra-
tion or density. There are voids in the binder sample
observed as black regions in the NMRI slices (for
example see the top row of images in Figure 2a). The
typical dimension of the observed voids was on the order
of ~200 um x 200 yum x 200 um (0.008 mm?), but one
void was observed to extended nearly 600 ym in one
dimension. The presence of voids in cross-linked elas-
tomers has been shown to be an indicator for crack

initiation and mechanical failure.?6 In the present
example the concentration of these voids is not high.
Therefore, we do not expect these voids to greatly impact
the aging of the material, so their presence was not
considered important. It should be noted that there was
a subtle variation in the T relaxation time distribution
for regions that contained pores as discussed below.

It has been demonstrated that polymer material NMR
relaxation maps often reveal variations in the material
physical properties that are not readily visible in the
direct '"H NMR spin density images.1921:43.59.63 In the
present study 'H T relaxation maps were generated
by obtaining additional 3D NMR SPI images (not
shown) for different interpulse lengths (7) of the Hahn-
echo prefilter (Figure 1) to obtain a measure of the T
relaxation time using eq 1. An example of the procedure
is shown in Figure 3a, where the effects of different
Hahn-echo 7 spacing on the individual voxel signal
intensities for a representative 2D image slice (XY
plane) are used to produce the T relaxation map (Figure
3b).
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Figure 4. Three-dimensional NMR spin—spin relaxation time 75 map of the thermooxidatively aged HTPB binder material.
Each 2D slice (110 um thick) is an XY plane through the material with the aged surfaces at the top and bottom of the individual
slices. The field of view for each slice is 2.5 mm x 3.5 mm and has a voxel size of 78 um x 55 um. The gray voxels designate image
regions removed during analysis based on the error from the 7% fits. For additional details see the text.

The complete 3D 'H NMR T2 map or image (indi-
vidual 2D slices) for the aged HTPB/IPDI binder is
shown in Figure 4. In this 79 map the effects of
thermooxidative aging on the HTPB polyurethane binder
are visible. Near the aging surface (top and bottom of
each individual slice) there is a layer (~ 100—200 um
thick) for which the spin—spin relaxation time 7 has
significantly decreased (blue-green regions) while the
Ty values in the interior remain long (red-yellow re-
gions). The short T9 near the surface (T3 ~ 600—800
us) results from a reduction in local polymer mobility
and is consistent with the hardening of the surface due
to surface oxidation. The range of observed T values
are consistent with the Ty = 734 us measured for bulk
aged HTPB binder (see Supporting Information). It is
well know that these HTPB binders are subject to
diffusion-limited oxidation (DLO) effects at higher tem-
peratures and that the dominant aging process is
related to chemical cross-linking, presumably due to free
radical reactions involving the high concentration of
unsaturation in the polymer.?

It has been forwarded that these apparent changes
in T relaxation times at the surfaces of the aged sample
occur due to MRI-contrast resulting from other sources,
including B; inhomogeneity or susceptibility effects, and
not true T9 relaxation. There are several arguments
against this suggestion including: (1) The short T
values are only observed on two of the six total surfaces
of the sample, and these two surfaces correspond to the
surfaces in direct contact with the oxidative atmosphere.

Susceptibility induced effects would be similar for all
six surfaces. (2) The short Ty values measured agree
well with the T value obtained from bulk aged HTPB
binder (Supporting Information). (3) Shrinkage effects
would impact the total 'H density observed for voxels
at the surface but should have minimal impact on the
Ty maps. (4) Likewise, B heterogeneity is not significant
since a solenoid coil with a length-to-diameter ratio of
greater than one was used, and the sample dimensions
were about half the coil diameter. In this case B;
homogeneity is expected to vary by no more than 10%
across the sample. Consequently, if B; homogeneity was
poor, significant slice-to-slice variations in the T maps
shown in Figure 4 would be predicted, but such behavior
is not observed. (5) Finally, it is know from the micro-
modulus profiling results (see below) that the surfaces
of the aged HTPB binder that show short 7% values also
reveal a dramatic increase in the modulus. For these
reasons we argue that the contrast effects we observed
at the edges of the images in Figure 4 do in fact occur
from local changes in the 'TH NMR T relaxation time
of the binder.

This variation in the T relaxation times as a function
of distance from the aging surface can also be seen in
Figure 5, in which the measured T9 (blue dots) are
projected onto the Y axis perpendicular to the aging
surfaces. The black line in Figure 5 is the mean Ty
relaxation time as a function from the aged surface,
averaged over all image voxels in that XZ plane. There
is clearly a spatial variation in T relaxation times
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Figure 5. Plot of the 19 881 individually measured NMR T
values obtained from Figure 4 as a distance along the Y-axis
perpendicular to the aging surfaces. The blue dots are the
various T values, and the black line is the mean T across
the material thickness.

across the HTPB binder, with the shortest T relaxation
time occurring at both aged surfaces. The range of
average T9 values are consistent with those obtained
from bulk 7 measurements (Supporting Information)
which gave a Ty = 1.289 ms for the unaged binder and
To = 734 us for the aged binder. For this aged HTPB
binder sample, the smooth variation in 7' values across
the entire sample dimension shows that there are
physical changes occurring to the polymer dynamics in
regions within ~1 mm from each of the aging surfaces,
and at the center of the sample the aging effects are
minimal (as compared to bulk unaged binder). The
depth of this physical variation in properties appears
more dramatic than the changes observed in previously
reported micromodulus results.® This suggests that
NMR T, mapping may be more sensitive to different
changes in the local chain dynamics than can be
detected in modulus measurements. Figure 5 also
reveals a large distribution of T relaxation times at a
given spatial position, resulting from polymer hetero-
geneity not directly related to the propagating aging
front. Further discussion into T distributions is pre-
sented later.

One issue that needs to be discussed is the magnitude
of error associated with the production of 'H NMR T
relaxation maps. This analysis is required to determine
whether the variations within the 79 maps are the
result of polymer heterogeneities or are the result of
experimental error. In the present study imaging dis-
tortions such as Gibbs ringing or rf interference do not
introduce significant error into the 7 maps. The main
source of error arises from the calculation of the T for
individual voxels and needs to be estimated and mini-
mized. First, the range of expected T2 values were
measured from bulk 79 NMR measurements (see Sup-
porting Information) and allowed the careful selection
of interpulse Hahn-echo delays (7) to maximize the
accuracy of the T imaging measurement. Second, the
bulk NMR T; measurements also demonstrated that the
relaxation decay is very well described by a single
exponential for the delay times utilized in the imaging
experiments and that eq 1 can be used to estimate the
T relaxation time. To handle the error associated with
the generation of T maps from a very limited set of 7
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spacings, the distribution in 79 errors was used to
identify voxels with unacceptable levels of noise. Using
all 23 540 signal-containing voxels measured for this 3D
NMR image, a standard deviation o in the T: fitting
errors was obtained. Any image voxel with a fitting error
greater than one o deviation from the mean fitting error
was assumed to be too noisy and was rejected. The
rejected image voxels are rendered gray in all subse-
quent Ty relaxation maps and were not utilized in
subsequent analysis of the binder aging. When indi-
vidual voxels are eliminated due to either no sample in
that region (41 996 voxels) or voxels with unacceptable
T error (3659 voxels), there are still 19 881 individual
Ts measurements (voxels) that were used in the creation
of the T maps. This high number of individual T9
measurements provides ample statistics in the analysis
of variations in 7. For example, in the calculation of
the mean T9 values as a function of position along Y
shown in Figure 5, ~440 individual 7% measurements
were used to calculate each mean 7T value. On the basis
of the standard deviation of error in the Ty fits, it was
estimated that the error in the individual T5 measure-
ments was ~+0.1 ms.

In previous NMR relaxation images of polymers,
analysis of distributions of relaxation times and rates
have been used to discuss heterogeneities in the physical
properties of the polymer.434449.63 To explore similar
effects in this aged HTPB binder sample, Figure 6 shows
histogram plots of the measured T3 values for four
different regions of the sample. Figure 6a is the T%
distribution from a surface layer 109 um deep (2 voxels
along Y) parallel to the aged (XZ) surface, averaged over
a 548 um section (5 slices along Z) near the top of the
sample (refer to Figure 2c for definition of axes). Figure
6b is the T distribution for the equivalent aged surface
but represents an average over a 548 um section (5 slices
along Z) near the bottom of the sample. In a similar
manner, parts ¢ and d of Figure 6 are the T distribu-
tions for an interior slice along the X-axis that was a
273 um layer (5 voxels along Y) averaged over a 548
um section (5 slices along Z) near the top and bottom of
the binder sample, respectively. The dashed lines in
Figure 6 designate the mean T relaxation time for each
histogram: (a) 0.83, (b) 0.86, (c) 1.34, and (d) 1.24 ms.
The interior slices show a average T (1.34 and 1.24 ms)
that is longer than the T2 observed near the aged
surface (0.83 and 0.86 ms). This is also consistent with
the variation in the mean T2 plotted in Figure 5.

The histograms in Figure 6 reveal that the width of
the T distributions is much larger than the estimated
error (+£0.1 ms) for an individual 7 measurement. This
result demonstrates that the T relaxation times, and
correspondingly the local polymer dynamics and re-
sidual dipolar coupling, are spatially heterogeneous
throughout the polymer. This heterogeneity is observed
even with the relatively large volume element of 0.00 047
mm?, which is the voxel size of the NMRI experiment,
suggesting that polymer properties should be discussed
on similar dimensions. Heterogeneities have previously
been observed in NMRI studies of curing in natural
rubbers and polybutadiene blends and were contributed
to poor dispersion of accelerator and sulfur, along with
differences in the solubility and diffusion of curing
species.%6

The changes in the T distribution widths between
the aged surfaces (Figure 6a,b) vs the interior portions
(Figure 6¢,d) are not drastically different, demonstrating
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Figure 6. Histogram plots of the T: relaxation times measured for the thermooxidatively aged HTPB binder for a region
representing the aged surface from (a) the top of the sample and (b) the bottom of the sample or an interior region from the (c)
top of the sample and (d) bottom of the sample. Additional details are given in the text.

that in the case of the HTPB/IPDI binder thermooxi-
dation does not dramatically increase the T distribu-
tions as seen in other aging studies. There are also
differences in the T9 distributions arising whether the
analysis was performed at the top or bottom of the aged
polymer (Figure 6, a vs b and ¢ vs d), revealing a
variation in heterogeneity between the top and bottom
of this binder sample (orthogonal to the aging surface)
that is not directly related to the surface oxidation
effects. This variation between top and bottom of the
sample may have arisen due to initial variations in the
HTPB binder prior to aging or more likely from long-
distance aging effects related to the relative position
within the large binder pad (2 cm x 2 cm x 3.5 mm)
that this small imaging sample was cut. These spatial
variations within the HTPB binder are presently being
investigated.

Given the large T distributions shown in Figure 6,
some comment should be made about the ability to
image minor aging effects within polymer samples. In
the present investigation, the aged sample represents
a heavily thermooxidized HTPB binder (8 days at 125
°C). Even with this high degree of aging, the mean T
only varies between ~0.8 and 1.3 ms (Figure 5), with
an estimated error of about +0.1 ms. The large T9
distributions arising from spatial heterogeneities will
therefore complicate distinguishing 7' variations that
are less than ~10%, making imaging studies of minor
aging changes difficult. It has been shown that in some
situations other NMR relaxation parameters (T, or T'1)

or the use of swelling solvents may provide a larger
measure of changes in local polymer properties® and
could be utilized to enhance NMR imaging studies of
polymer aging.

It is known that correlations between NMR relaxation
parameters and other measured physical properties can
be developed.b”~% It has been proposed that the spin—
spin relaxation rate (1/7'2) should be linearly related to
the modulus.%8 Figure 7a shows the previously reported
micro elastic indentation modulus data perpendicular
(along Y) to the aged surface obtained for the aged
HTPB/IPDI binder.? The extreme hardening at the aged
surfaces is readily apparent, with the measured elastic
indentation modulus (E) increasing from 1.45 MPa in
the interior to almost 20 MPa near the aged surface. It
is known from unaged samples that the binder is a
relatively soft material (E ~ 0.7 MPa). These data allow
the correlation between the NMR measured spin—spin
relaxation rate (1/7%) and the modulus to be obtained
and are shown in Figure 7b. Three distinct correlation
regions are observed; at low modulus values 1/T% is
linear with E but shows two regions with different
slopes. Region I shows a 0.164 ms~! MPa~! relationship,
while region II has a 0.044 ms~! MPa! relationship.
Finally, near the surface where the modulus is greater
than 10 MPa (region III) the linearity between 1/Ts and
E is no longer observed. Care should be taken in the
interpretation of region III because of the small number
of modulus data points defining a very large change in
modulus (Figure 7a) and the uncertainty of correlating
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Figure 7. (a) Elastic indentation modulus (E) profile for the
thermooxidatively aged HTPB binder, adapted from Celina et
al. with permission.? The solid and dashed lines define the
linear regions I and II. (b) Plot of the correlation between the
mean 'H NMR relaxation rate (1/Ts) obtained in Figure 5 and
the elastic indentation modulus (E) in the aged HTPB binder.
The dashed line indicates the linear fit to region I, while the
solid line represents the linear fit to region II.

the exact sample edge between the R-NMRI and the
modulus data.

The linearity observed between 1/T and E in regions
I and IT agrees well with predictions, but the appearance
of the two different correlation regions was unexpected.
Within each region the effect of cross-linking on the
correlation time of the inherent polymer motions is
similar, giving rise to the linear response. The change
in slope between regions I and II (at ~350 um) indicates
a dramatic variation in the respective molecular cor-
relation times as a function of cross-link density. The
interface between regions I and II may correlate to
significant chemical changes that have occurred near
the surface due to DLO effects. It is also clear that there
are changes in the T3 and E within the interior of the
material (region I) where O3 is not readily assessable,
suggesting that the some of the Ty changes are not
directly DLO related.

Conclusion

In this work 3D 'H NMR images and the correspond-
ing 'H spin—spin T relaxation parameter maps were
obtained for a thermooxidatively aged HTPB/IPDI
polymer binder. While the spin density images did not
show any clear indication of aging, the Ty parameter
maps clearly revealed heterogeneity due to aging within

Macromolecules, Vol. 38, No. 26, 2005

the sample. The majority of this heterogeneity resulted
from diffusion-limited oxidation effects at the polymer
surface, with the aged surfaces showing the most
dramatic reduction in 79 and correlation with an
increase in the local elastic indentation modulus. In
addition, dynamical heterogeneities throughout the
polymer sample not related to aging effects were also
observed but were not as dramatic as those seen for the
aged surfaces. This investigation demonstrates that 3D
NMR imaging can be used to probe the spatial variation
of aging in polymer samples.
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