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SYNOPSIS 

Magnetic resonance imaging (MRI) has been used to  study solid rocket propellants and 
liner material. The  samples studied were simulants, used mainly for safety reasons, of real 
systems using ammonium sulfate in place o f t h e  energetic materials. The  polymeric binder 
was hydroxy-terminated poly(butadiene) ( H T P B )  reacted with isopherone diisocyanate. 
MRI was used to  observe variations in intensity in the simulant samples due to  differing 
percentages of solids loading. It also showed the homogeneous intensity obtained for a n  
unfilled sample used for comparison with the 82% filled material. The liner material, H T P B  
and dimeryl diisocyanate, was imaged despite its relative rigidity observed from its short 
T2 value. Samples of poly(alky1ene) oxide simulants were imaged, and various bubbles and 
regions of filler inhomogeneity were observed. These defects were correlated with photo- 
micrographs of the sample. MRI can be used to  image real systems of solid rocket com- 
ponents. (C 1996 John Wiley & Sons, Inc 

INTRODUCTION 

Solid rocket motors, such as  those used on the 
space shuttle, are composed of a rigid case that con- 
tains a thin elastomeric liner and a large area of 
propellant.' This propellant grain consists of an 
elastomeric material that is highly filled with par- 
ticulate oxidizer. The homogeneity of the propellant 
grain and the integrity of the grainllinerlcase in- 
terfaces are crucial criteria from the standpoint of 
performance and safety. Properties such as  burn 
rate, mechanical properties, and safety are affected 
by propellant homogeneity. A method of nonde- 
structive evaluation (NDE) would have obvious 
benefits. 

The use of magnetic resonance imaging (MRI)  
as an NDE method in materials science has been 
well documented.2 It has been used on various ma- 
terials, including porous ceramics, wood, plants, and 
elastomers. Many of the elastomer studies involved 
swelling the material with solvent and imaging the 
solvent front. Others imaged the elastomer itself, 
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provided the material was relatively flexible.* Fi- 
nally, some groups used MRI to look a t  solids con- 
tent and its affect on the elastomer.* These were 
usually carbon-black filled rubber elastomers. It is 
therefore an obvious choice for evaluation of rocket 
motor propellants and liners. These materials are 
composed of an elastomeric (polymer) binder with 
a high percentage of a solid, highly energetic oxi- 
dizing compound. An initial study using MRI to  
evaluate solid rocket components has been r e p ~ r t e d . ~  
This study further investigates the usefulness of 
MRI for evaluating solid rocket components. 

In particular, we attempted to focus on issues that 
are of significance to the solid propulsion community 
and to use samples which, as  close as  safely possible, 
represent current and future solid rocket technology. 
Samples were prepared with hydroxy-terminated 
poly (butadiene ) as the polymeric binder as  this ma- 
terial is currently used extensively in solid rocket 
motors.' Poly (alkylene) oxide, a potential next 
generation binder material, was also evaluated. 
Samples were prepared to reproduce, as closely as 
possible, important structural problems with solid 
rocket motors. Samples were prepared with and 
without particulate oxidizer simulant. Samples with 
various amounts of solid filler were also prepared 

341 



342 MERWIN ET AL. 

and studied using MRI. Samples were produced 
which contained deliberately included voids, regions 
of filler inhomogeneity, bubbles, and other flaws. 
The images of these samples clearly identify such 
flaws and defects and demonstrate the applicability 
of MRI to propellant grain and liner evaluation. 

EXPERIMENTAL 

Simulants were prepared for several reasons. First, 
simulants are safer to study than the actual explosive 
materials. The simulants were also prepared to ap- 
proach loading levels found in actual materials. Also 
various physical properties were matched with the 
actual explosive materials. Preparation of the si- 
mulants studied was accomplished using the follow- 
ing methods: 

Hydroxy-terminated Poly ( butadiene ) Propellant 
System 

5 wt % of hydroxy-terminated poly (butadiene) 
( H T P B )  rubber was combined with 0.04 wt % di- 
butyl tin dilaurate. In a separate beaker, 12  wt % 
dioctyl phthalate was combined with 0.7 wt % iso- 
pherone diisocyanate. All sample weighing and ini- 
tial mixing were done in a nitrogen atmosphere due 
to the air sensitive nature ofthe materials. The ma- 
terials were then combined and degassed under vac- 
uum for 15 min. 82 wt % ammonium sulfate was 
added as a simulant for the oxidizer (ammonium 
perchlorate). The ammonium sulfate used was 
composed of 56 wt % 200 pm particle size ammonium 
sulfate and 26 wt % 20 pm particle size ammonium 
sulfate. Other weight percents were obtained by 
varying the amount of the smaller particle size am- 
monium sulfate. The solid simulant was added in 
small portions and mixed without vacuum until all 
the solid particles were wet. Additional portions of 
the solid particles were added in the same manner 
until the solid was completely mixed. Other samples 
were prepared with 78 and 80 wt % solids, 0 wt % 
solids (for comparison), 75.5 wt % ammonium sul- 
fate plus 6.5 wt % aluminum powder, and a sample 
with 80.5 wt % ammonium sulfate and 1.5 wt % 
Eccospheres," which are hollow glass beads that are 
approximately 20-120 pm in diameter used to sim- 
ulate voids and bubbles in the simulants (Emerson 
and Cuming Inc., Gardena, CA) . All materials used 
were reagent grade. Prior to being imaged, each of 
the HTPB samples was placed in an oven and cured 
for 5 days under nitrogen a t  50°C. 

Hydroxy-terminated Poly( butadiene)/ Dimeryl 
Diisocyanate Liner 

The liner material was composed of 56 wt 5% HTPB, 
20 wt % dimeryl diisocyanate (DDI) , 19 wt % ti- 
tanium dioxide, 4.7 wt % Cabosil, and 0.3 wt % tri- 
ethanolamine. This formulation gives an isocyan- 
ate/hydroxy (NCO/OH) ratio of 1.4. Other com- 
positions were prepared with varying NCO/OH 
ratios of 1.0, 0.9, 0.8, 0.7, and 0.6. Each of these 
variations were prepared separately. 

Aluminized Poly(alky1ene Oxide) Propellant 

The aluminized propellant was prepared with 5.9 wt 
% poly(alky1ene oxide) (PAO),  0.1 wt % hexa- 
methylene diisocyanate, 16 wt % dimethyl phthalate, 
13 wt % DE-62 ( a  mixture of pentabromyldiphenyl 
oxide, aromatic phosphate, and compatibilizer from 
Great Lakes Chemical Corporation, West Lafayet- 
ter, I N ) ,  15 wt % aluminum, and 50 wt  5% dechlor- 
ane, CAS # 13560-89-9 (Occidental Chemical). De- 
chlorane was used as an ammonium phosphate si- 
mulant since it is compatible with P A 0  and gives 
the same density when mixed with the formulation. 
This material was also mixed under a nitrogen at- 
mosphere. The mixing time was 225 min to allow 
solids to wet. Initial degassing of PA0  was performed 
for 30 min, and the remaining mixing was done un- 
der vacuum due to the air-sensitive nature of the 
material. The final mixture was then cured for 5 
days a t  50°C. 

Spectroscopic measurements, NMR and MRI, 
were performed in the following manners: 

1, Studies 

T 2  relaxation times for each material were obtained 
using a Bruker MSL-200 operating at  a proton res- 
onant frequency of 200.130 MHz. The cured solid 
material was packed in a spinner and inserted into 
a 7 mm solid-state probe. The data were collected 
in the static mode. A Carr-Purcell-Meiboom-Gill 
pulse s e q ~ e n c e ~ ' ~  supplied with the Bruker software 
package was used to collect the data. A variable delay 
list was used and varied slightly for each material 
based on the T2 values expected or observed. The 
maximum intensity from the data set was picked a t  
each value of the echo time and plotted. The curve- 
fitting program for relaxation studies supplied with 
Bruker software was used to calculate the T 2  values 
by fitting the data to a two-parameter exponential 
curve. Most data sets were fit to an exponential curve 
within five iterations. The peak intensity for the 
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Table I 
Propellant Simulant 

T2 Relaxation Times for HTPB 

Filling (wt %) T2 (ms) 

0 
78 
80 
82 
EccospheresO 
Aluminum 

18.73 
10.95 
8.67 
7.84 
8.97 
7.93 

CH2 resonance, which was the most intense peak in 
the spectrum, was used as a basis for the T2 calcu- 
lation. Repetitive runs were performed to  ensure re- 
producibility of the T2 data. 

MRI Experiments 

All imaging data were obtained on a Bruker MSL- 
200 with microimaging accessories. The nucleus of 
interest was proton, with a resonant frequency of 
200.130 MHz. Both conventional spin-echo and 
multislice pulse sequences were used for data ac- 
quisition. The slice thickness in all images was 1 
mm. The gradient strengths were 3.013 G/cm in the 
x- and y-directions and 6.136 G/cm in the z-direc- 
tion. The z-gradient, combined with a shaped sinc 
pulse, provided the 1 mm slice excitation. The x- 
and y -gradients were the read and frequency encode 
direction, respectively. The image size was 128 X 128 
pixels, taken across a field-of-view of 9 mm. This 
provided an in-plane resolution of 70 X 70 l m .  The 
echo time was 5.36 msec for the spin-echo sequence 
and 5.34 ms for the multislice sequence. The repe- 
tition times were 1.0 and 0.5 s for the spin-echo and 
multislice pulse sequences, respectively. Each ex- 
periment was signal-averaged for 48 scans, giving a 
total acquisition time of 1.7 h for the spin-echo single 
slice experiment and 0.85 h for the multislice 4-slice 
experiment. 

RESULTS AND DISCUSSION 

Before any imaging experiments were run, T2 values 
of each material were collected to  determine if suc- 
cessful images could be obtained using conventional 
solution spin-echo pulse sequences. T2 values were 
collected for all the HTPB propellant simulant 
samples with percent filling ranging from 0-82% by 
weight solid ammonium sulfate. Also, T2 studies of 
samples with 1.5% by weight Eccospheres@ and a 
mixture of solids containing 6.5% aluminum powder 

and 75.5% ammonium sulfate were performed. All 
these values are contained in Table I. 

These results show several things. First, the range 
of T2 values for the propellant simulants, being 7.84- 
18.73 ms, is easily within an acceptable range for 
MRI studies. Given these values, it is clear that  the 
majority of the signal will rephase during the refo- 
cusing portion of the spin-echo sequence and be 
available for detection. 

The second observation apparent from the data 
is that T 2  decreases with increasing solids loading. 
This result is intuitively expected. The cured HTPB 
sample with 0% solids has a longer, almost liquid- 
like T2 value. The sample is quite "rubbery," mobile, 
and fluid-like in its physical appearance. This is 
supported by its longer T2 value. As increasing 
amounts of solid particles are mixed with the binder, 
the mixture becomes more rigid, and, subsequently, 
shorter values for T 2  are obtained. This has been 
observed before with carbon black loading in elas- 
tomers.6-"' In these studies, only a small weight per- 
cent of carbon black could be tolerated before the 
elastomer became too rigid to be imaged in a rea- 
sonable amount of time with conventional tech- 
niques. This increase in rigidity was due to restricted 
polymer chain motion. In the HTPB propellant si- 
mulant samples, quite high solids loading contents 
are obtained with reasonably long T2 values. The 
materials themselves do become more rigid with the 
addition of solids. Again, the physical observations 
are supported by the observed decrease in T2 values. 
The T 2  values of the Eccosphere'" -filled sample and 
aluminum-filled sample (both at  total solids con- 
tents of 82% ) are similar to the values obtained for 
the ammonium sulfate filled simulant. 

The T 2  values of the liner material as a function 
of NCO/OH ratio are given in Table 11. As can be 
seen from the data, T 2  values increase with decreas- 
ing NCO/OH ratio. This correlates again with ob- 
served physical properties. As the NCO/OH ratio 
decreases, the liner material becomes more tacky 
and gummy (i.e., less rigid). This property is re- 

Table I1 
Material 

T2 Relaxation Times for HTPB Linear 

NCO/OH Ratio T2 (ms) 

1.4 
1 .o 
0.9 
0.8 
0.7 
0.6 

0.612 
1.13 
1.39 
1.76 
2.07 
2.23 
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Aected by an increase in T 2 .  The range of T2 values 
for the liner are near the limits of detection for the 
pulse sequence used; but with additional signal av- 
eraging and/or shorter echo times, it should be pos- 
sible to obtain an image. 

Two MRI images of HTPB propellant simulants 
are shown in Figure 1. Each image contains an un- 
filled sample (higher intensity) and a sample with 
82 wt % ammonium sulfate (lower intensity). The 
two images are identical except that the image in 
Figure 1 ( b )  is a t  a lower screen contrast than the 
image in Figure 1 ( a ) .  Each image shows that solids 
loading can be differentiated based on intensity. 
Figure 1 ( a )  shows that the filled and unfilled sample 
have different levels of signal intensity. The filled 
sample shows lower intensity due to the high solids 
loading. The ammonium sulfate does not produce 
appreciable signal due to its rapid spin-spin relax- 
ation time. The signal generated by the spin-echo 
pulse sequence disappears quickly (on the order of 
100 psec for solids) before acquisition begins. This 
short T 2  causes the gray or black portions in the 
image of' the 82 wt % filled sample. Figure 1 ( b )  is 
a t  a lower screen contrast to show the homogeneity 
of the signal in the 0% filled sample. This uniform 
signal distribution can also be ohserved in the row 
profile shown in both figures. The row profile is a 
projection of the proton density along a particular 
row or column. The height of the row profile rep- 
resents the proton density a t  each voxel across the 

image. The row profiles clearly show the difference 
in signal intensity between the filled and unfilled 
material. The black regions in the filled sample could 
be due to large ammonium sulfate particles, an ag- 
glomeration of several smaller ammonium sulfate 
particles, bubbles/voids, or some other defect in the 
sample. This demonstrates the ability to test solid 
rocket propellant integrity, distinguish different 
solids loading levels, and detect homogeneity and 
defects in the propellant formulation using MRI. 

To  examine the ability of MRI to differentiate 
solids loading, images of three simulant samples with 
78, 80, and 82 wt % solid content were acquired. 
Figure 2 shows the three samples, appropriately la- 
beled, again a t  two different levels of contrast, with 
the corresponding row profile displayed in Figure 
2 ( b )  . The row profile displayed is marked with a 
small white arrow at  the bottom of the image near 
the center. This designates the position of the row 
profile. The display from left to right of the row 
profile corresponds to top to bottom on the image. 
As can be seen in the image, the intensity increases 
from the 82 wt % sample to the 78 wt % sample. 
The row profile also shows this intensity variation 
between samples. This is seen both visually and with 
the row profile. The bright region between the 80 
and 82 wt  5% samples is wax paper used to separate 
the two samples that were cured together. There is 
more variation in these row profiles since there is 
no unfilled material as a reference. Therefore, the 

(4 
Figure 1 MRI images of 0% (sample on lower right) and 82% (sample on upper left) 
filled, cured H T P B  propellant simulants. (a)  High screen contrast and row profile to  show 
intensity differences. (b) Low screen contrast and  row profile to  show homogeneity of 
unfilled sample. 
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(4 (b) 

Figure 2 
levels. (a) High screen contrast. (b) Low screen contrast and row profile. 

MRI images of HTPB propellant simulants at  three different solids loading 

solids loaded materials are the only basis for inten- 
sity that the computer screen and instrument have 
for display. This gives a different scale compared to  
Figure 1. The scale is a much smaller range of in- 
tensity values so noise and variations in the signal 
are more pronounced. The dark features in the im- 
ages are again due to either large ammonium sulfate 
crystals ( a  large distribution of crystal size was 
added to the simulant), pockets of several smaller 
ammonium sulfate crystals packed together, and/  

or bubbles/voids in the cured material. These im- 
ages show the ability of MRI to  differentiate solids 
loading levels. 

Figure 3 shows a multislice image and an expan- 
sion of one slice of an unfilled HTPB sample and a 
sample filled with aluminum and ammonium sulfate 
a t  a total solids content of 82 wt %. Real propellants 
have a similar weight percent of aluminum added 
to  the formulations. This collection of images was 
acquired to  observe if aluminum had any effect on 

(4 (b) 

Figure 3 Multislice MRI of unfilled and aluminum-filled HTPB. Aluminum filling a t  
6.5% with 75.5% ammonium sulfate. (a) Multi-slice acquisition; 4 slices; slice position 
indicated on figure. (b) Enlargement of 0 mm slice image. 
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(a) 

Figure 4 
1.0. (a) High screen contrast. (b) Low screen contrast. 

Spin-echo MRI image of HTPB-based liner material with NCO/OH ratio of‘ 

image quality due to susceptibility differences. These 
arise from the large difference in bulk magnetic sus- 
ceptibility that can exist a t  an interface between 
two materials, a metal powder (aluminum) and the 
hydrocarbon polymer, in this case. Susceptibility 
interferences are a major difficulty in medical im- 
aging. Others have observed the effect of suscepti- 
bility variations on image intensity and quality in 
materials l 7  Usually an image distortion 
or a loss in signal is observed at  susceptibility in- 
terfaces. susceptibility differences create a local 
magnetic field gradient across a region of interest. 
Depending on the difference in magnetic suscepti- 
bility and the direction of the read gradient, the par- 
ticular voxels involved experience a greater or 
smaller magnetic field than would be experienced 
with a gradient alone. This difference in applied field 
creates a mismapping of the affected region and 
shifts the region along the frequency encode axis. 
In a spin-echo sequence, a hyperintense region is 
created from overlapping intensities.” These images 
show no apparent effect on image quality due to the 
incorporation of aluminum into the sample. The in- 
tensity of the image is similar to that of a sample 
filled with just ammonium sulfate when compared 
to the unfilled sample (both visually and with the 
row profile). A void can also be seen in the 0 mm 
slice position (lower right side). 

The liner material is a different material from 
the binder used in the propellant simulant shown 
in the first three figures. Although this material is 
also HTPB-based, it has a much lower solids content 
and a much higher NCO/OH ratio. Also, the T2  

values discussed earlier are much shorter, showing 
that this material is more rigid than the propellant 
simulant (see Tables I and I1 for comparison of T2 
values). These values of T 2  were at  the limit of MRI 
methods using conventional spin-echo techniques. 

Figure 4 shows that the liner material can be im- 
aged successfully with a spin-echo pulse sequence 
at  an echo time of 5.3 ms. The titanium-dioxide- 
filled liner can be imaged despite its relative rigidity. 
Several voids and small air bubbles can be seen in 
the image. The material shown has an NCO/OH 
ratio of 1.0, although all liners studied gave similar 
results. 

Figure 5 shows a multislice acquisition of a sample 
of P A 0  and an expansion of the slice a t  0 mm. The 
images show several regions of low signal intensity 
due to bubbles and regions of filler inhomogeneity. 
An estimation of the  depth of these defects can be 
made with the multislice data. The 0 mm slice shows 
a region of low signal intensity in the center. In the 
f l  mm slice, the middle portion of this defect is no 
longer visible. It is also not visible in the -1 mm 
slice. This defect is limited to a depth of 1 mm. For 
the lower portion of the defect, it can be seen in the 
+1 mm slice but is not observed in either the -1 
mm or f 2  mm slice. This shows that this region of 
filler inhomogeneity is found to be 2 mm in depth. 
The bubble located on the left side of the 0 mm slice 
is also limited to 1 mm in depth as it is not observed 
in either of the neighboring slices. 

The identity of these defects was verified by com- 
parison with photomicrographs of the sample. These 
photomicrographs are shown in Figures 6 and 7. In 
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(4 (b) 

Figure 5 Multislice spin-echo image of filled P A 0  propellant simulant with 65% solids 
of which 15% is aluminum. (a) Four slices of sample with slice position indicated. (b) 
Enlargement of 0 mm slice with defects labeled: B-Bubble, I-Filler inhomogeneity. See 
Figure 7 for comparison. 

Figure 6, the location of the 0 mm slice that was 
imaged is marked with a dashed line. The  bubbles 
which break the surface in Figure 6 are not seen in 
the 0, 1, or 2 mm slice in Figure 5 ( a )  but are seen 
in the -1 mm slice (lower right side of the image). 
For the second photomicrograph, the sample was 
cut along the dashed line shown in Figure 6. This 
cut-away is shown in Figure 7 and represents the 0 
mm slice imaged and displayed in Figures 5 ( a )  and 
( b ) .  As can be seen, the various defects seen in Fig- 
ure 7 correspond very well with the defects seen in 
Figures 5 ( a )  and ( b )  . A region of filler inhomoge- 

Figure 6 Surface photomicrograph of P A 0  propellant 
simulant. The dashed line designates the position of the 
plane for the 0 mm slice image. B = Bubble. 

neity and two regions with bubbles are clearly seen 
in both the image and the photomicrograph. They 
correspond well with each other in terms of defect 
position. This shows the validity of the imaging data 
and its ability to nondestructively detect defects in 
these propellant simulants. 

CONCLUSION 

We have demonstrated that MRI can be used as an 
NDE method for real systems of solid rocket com- 
ponents. In the HTPB system, MRI showed an 
ability to differentiate filled from unfilled samples. 
From intensity variations, the degree of solids load- 
ing was determined relative to other samples in the 
spectrometer. In addition, MRI provided data on 
inhomogeneous solids distribution and voids in the 
HTPB sample matrix. MRI also provided data on 
the HTPB/DDI liner material showing various 
voids and defects in the sample. T 2  data for varying 
NCO / OH ratios in hydroxy-terminated poly- 
(butadiene) suggest that MRI could be used to de- 
termine the state of cure of HTPB liners and pro- 
pellant grains. The use of this technique could have 
a significant impact on production techniques and 
quality control. 

For the P A 0  sample, MRI demonstrated the 
ability to image the material in spite of the presence 
of embedded aluminum particles. No significant 
signal loss due to susceptibility variations was ob- 
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Figure 7 Photomicrograph of the section corresponding 
to the 0 mm slice of the P A 0  propellant simulant showing 
image features. B = Bubble; I = Filler inhomogeneity. 

served. Solid-state MRI could be used to determine 
the kinetics of mobile plasticizer migration from 
grain to liner and the loss from the grain. This would 
be a significant tool for aging and service life pre- 
diction. MRI also allowed for the visualization of 
bubbles and inhomogeneous filler distribution in the 
P A 0  sample. An excellent correlation between the 
P A 0  images and photomicrographs of the sectioned 
sample show the validity of the imaging data. Future 
studies include the examination of knit lines and 
further studies of solids content differentiation. Also, 
variable temperature work will be used to evaluate 
sample integrity a t  various temperatures. 
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