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Detectability of Delaminations in Solid Rocket Motors with
Embedded Stress Sensors

Anhduong Q. Le' and L. Z. Sun®
University of California, Irvine, CA 92697-2175

Timothy C. Miller’
Air Force Research Laboratory, Edwards AFB, CA 93524

A finite element model is used to investigate the effect of delaminations on the radial
stress distribution along the bondline during the cooling process of a solid rocket motor
composed of propellant, insulation, and casing. With the assumption of stress sensors evenly
distributed along the circumference of the interface between the propellant and insulation, a
relationship is established between the debond angle, the number of sensors, and the
required sensor accuracy. Two approaches are proposed to detect debonds based on the
radial stress readings from these embedded sensors. In addition, a quantitative mapping is
obtained between the debond size and the sensor data to inversely estimate the extent of the
delamination. It is demonstrated that the proposed framework can detect delaminations in

solid rocket motors.

Introduction
Structural health monitoring is of significant interest for the safety and reliability of solid rocket motors (SRMs)

[1, 2]. The ability to detect damage in SRMs will help enable timely, accurate, and reliable assessment of structural
integrity, and thus will yield great cost savings and prevent catastrophic structural failures [3]. Currently, due to
uncertainties associated with service life predictions, many SRMs are disposed of prematurely [4]. A fundamental
understanding of thermal-mechanical deformation and related damage mechanisms is critical for the development of
improved service life predictions for the next generation of motors.

Because SRMs are cooled from the cure temperature to an ambient temperature, radial stresses persist in the

grain throughout its life, and SRMs can develop critical flaws that can cause catastrophic failure at ignition. There
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are three primary failure mechanisms: propellant aging [5-9], bore cracking [10-12], and delamination (debond) at
the interfaces between the propellant, insulation, and case [13]. In regions of the grain where a highly triaxial stress
state exists, interfacial debond is a predominant damage mode. Little research has focused on using health
monitoring to detect this type of defect, although recently Brouwer et al. [13] illustrated the effect of debond on
radial stress distributions along the bondline between the propellant and the casing. They employed a two-
dimensional linear elastic finite element model to analyze a 20° circumferential debond angle at the SRM bondline.
While multiple stress sensors [14, 15] were introduced to measure the radial stresses at specific bondline locations,
no algorithm was proposed to study the detectability of debonding.

In this paper, we apply the finite element method to investigate the effect of delaminations on the radial stress
distribution at the bondline during the cooling process of a solid rocket motor consisting of propellant, insulation,
and casing. With the assumption of stress sensors evenly distributed along the circumference of the motor at the
propellant/insulation interface, the relationship is established among the debond angle, the number of sensors, and
the required sensor accuracy. Two approaches are proposed to detect debonds based on the radial stress readings
from the sensors. In addition, a quantitative mapping is obtained between the debond angle and the sensor data to
inversely estimate the extent of the delamination. It is demonstrated that the proposed framework can successfully

detect delamination damage in solid rocket motors.

Methodology

The solid rocket motor considered is a cylinder with circular cross section as shown in Fig. 1 (symmetry conditions
allow only half of the cross section is modeled). The inner and outer grain diameters are 203.2 mm and 406.4 mm,
respectively. The thickness of the insulation is 2.54 mm while the casing is 3.175 mm thick. The propellant is a
typical composite grain of hydroxyl-terminated polybutadiene/ammonium perchlorate (HTPB/AP). The insulation
layer is ethylene propylene diene monomer (EPDM). The temperature-dependent mechanical properties of
HTPB/AP and EPDM were obtained from in-house testing at AFRL/RZSM (Edwards AFB). The motor case is
assumed to be a filament-wound graphite-epoxy motor (GEM). A simplified symmetric layup with winding angles
of (0°/90°/+45°); is assumed and modeled with quasi-isotropic thermal-elastic responses (Young’s modulus is 55.9
GPa, Poisson’s ratio is 0.30, and the coefficient of thermal expansion is 2.16x10° K™) [16].

Most SRMs are designed with stress-relieving slots and flaps or boots near the ends of the grain. Because failure

is favored in regions of high stress triaxiality, it is assumed that the propellant/insulation delamination typically
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develops first at the motor midplane and propagates longitudinally towards both ends of the motor. The
corresponding two-dimensional plane-strain problem can be analyzed using finite element analysis to investigate the
effect of debond on the local stress distribution. The analysis is performed using the commercially available finite
element software package ABAQUS [17]. Four specific debond cases are considered: the debonds subtend arcs with
total angles of 5°, 10°, 15°, and 20° (denoted by o in Section A-A of Fig. 1). In some of the figures, the “debond half-
angle” is used because of the symmetric finite element model (the debond half-angle is 0/2). All cases are subjected
to the slow temperature cooling from the cure temperature down to ambient temperature. A stress-free cure
temperature of 58°C is assumed with a final service temperature of -40°C. An additional 2°C in temperature drop is

used to account for stresses related to cure shrinkage. Therefore, the total effective temperature drop used is 100°C.

Point location determined by
Y itsangle ¢
Debond with

angle a Sensor location angle 8

Sensor

<! A Section A-A

Fig. 1 -- Schematic diagram of a solid rocket motor showing a delamination and an array of four stress and
temperature sensors at the midplane of the motor

Plane-strain finite element models of solid rocket motors with debond half-angles of 2.5°, 5°, 7.5°, and 10° were
analyzed — a typical mesh is shown in Fig. 2, with a debond half-angle of 10°. The edge of the delamination is
modeled as an interfacial crack tip with a heavily refined mesh. Approximately 10390 nodes and 3310 elements
were used. The elements were quadratic isoparametric hybrid elements with reduced-order integration (ABAQUS
employs hybrid elements, which incorporate pressure as an independent variable, to help prevent computational
problems with incompressible or virtually incompressible materials). Symmetry boundary conditions prevent
horizontal motion along the left edge, with a single vertical nodal restraint to prevent rigid body motion. The radial,
hoop, and shear stresses at the propellant/insulation surface are calculated for temperatures from 60 C to -40°C

(cooling takes place in a quasistatic fashion with 10°C increments).
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Fig. 2 -- A finite element mesh of the motor midplane. The model shown here has a debond half-angle of 10°

Results and Discussion
Fig. 3 shows the Dual Bond Stress and Temperature (DBST) sensor that is proposed for health-monitoring of

solid rocket motors [14,15]. These sensors have been designed specifically for this purpose, and measure both radial
stress (bond stress) and temperature near the case wall. Both wired and wireless prototypes are being developed.
Long-term testing and iterative improvements in the manufacturing process have improved accuracy to at least

10 kPa, but significantly greater accuracy is expected due to advances in design and manufacture. Since the sensors
measure radial stresses near the case wall, we focused mostly on radial stresses, although hoop stresses are
consistently higher in the finite element models (shear stresses are shown in Fig. 4c, however, they are small in
comparison to the other two components). In addition, although the presence of a debond clearly perturbs the
stresses throughout the entire cross-section of the grain, this work focuses on radial stresses adjacent to the bondline,
since these correlate with sensor measurements. Fig. 4 shows typical finite element model contour plots of radial,
hoop, and shear stresses (for clarity, the stresses in the propellant only are shown). The plots shown here are for a

debond angle of 20° at -40°C.
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Fig. 3 -- A Dual Bond-Stress and Temperature Sensor mounted on a phenolic case material.

Radial Stress,

Hoop Stress,
kPa

(a) (b)

Shear Stress,
kPa

(©)

Fig. 4—Distributions of stresses in a motor with a 20° debond (a 10° debond half-angle) at -40 C
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Fig. 5 shows the radial stress distribution over the circumference of the grain of the solid rocket motors in four
different debond cases with different debond angles (o= 5°, 10°, 15°, and 20°). The horizontal line at 855 kPa is the
baseline radial stress for a defect-free motor. Obviously, at points remote from the defect, the radial stress

approaches its baseline value. At the tip of the debond, the radial stresses exhibit crack-tip like singularities.
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Fig. 5 — Radial stresses along the edge of the propellant grain for various debond sizes (debond angles of 5°,
10°, 15°, and 20°).

Structural health monitoring can play an important role in detecting rocket motor delaminations. Stress sensors
can be embedded at the bondline to measure radial stress around the edge of the propellant grain. Four sensors are
first assumed to be evenly mounted with a 90° circumferential angle between any two neighbors. Their function is to
monitor any possible change of radial stresses. For the detection of debonds, the maximum and minimum values of
four sensor readings are compared -- the difference between the highest and lowest radial stresses for various
positions of the sensor set is determined (i.e., the position of the sensor set is characterized by 0 in Fig. 1). The least
optimal location (corresponding to the smallest value of these differences) is compared with sensor accuracy for
various defect sizes. In Fig. 6, for example, data for a 20° debond angle is shown. The smallest difference between

maximum and minimum stress values of the four sensors takes place if 6 = 45°, and this difference is 22.7 kPa. In
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other words, no matter where the sensors are located, the difference between the maximum and the minimum values
of the four sensor readings is always larger than 22.7 kPa. For the sensors currently being considered, the stress
values are accurate to +10 kPa [14-16]. The implication is that defects with 20° debond angles in this solid rocket

motor could be detected with 100% reliability.

3000

2000 +

22.7 kPa at 0 = 45°

1000
_ P

Difference Among Four Sensor Readings (kPa)

0 T T T | T T ' T T | T 1
0 15 30 45 60 75 90

Location of First Sensor Relative to Flaw Center, 0 (degrees)

Fig. 6 — Differences among the four stress sensor readings as a function of position. The data shown is for a
20° debond angle at the lowest temperature (-40°C)

Similar analyses were conducted for three-sensor and six-sensor systems. For the 20° debond angle, the
difference between the maximum and minimum readings at the least-optimal locations were 21.0 kPa and 45.4 kPa
respectively. By performing similar analyses (using the finite element models described above) for various debond
angles, curves relating the detectable debond angle for three-, four-, and six-sensor systems can be derived and used
to construct a set of curves — these results are shown in Fig. 7 below. The figure shows that increasing the number of
sensors improves flaw detectability. For example, with six sensors, delaminations with total debond angles at or
above 9° can be detected with 100% reliability. However, with three- or four sensor- systems, only debonds with

angles of at least 15° can be detected with 100% reliability.
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Fig. 7 -- Relationship between stress differences (in the least optimal location) and detectable debond angle

using various numbers of sensors

Different temperatures (20° C, 0° C, - 20 C and -40° C)

Fig. 6 and 7 show results for debonds in a motor at -40°C, however, these systems will still be able to detect

debonds at less extreme temperatures. To examine the effects of temperature on flaw detectability, a four-sensor

system is assumed with an initial temperature of 60°C (the cure temperature is assumed to be 58°C, however, an

additional 2°C is added to account for curing shrinkage) and final temperatures of 20° C, 0° C, -20°C and -40° C.

The debond angle in this case is 20°. This part of the analysis is summarized in Fig. 8 below.
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Fig. 8 -- Stress differences in a four-sensor system at the least-optimal location at various temperatures
The figure shows that the detectability is enhanced by taking sensor readings at lower temperatures. For

example, by using four sensors, the debond with an angle of 20° can be detected with 100% reliability at or below -

25°C. Above this temperature, the probability of detection is less than 100% (but still quite high, as shown later).

As a final comment in this section, the sensitivity of the sensor system to debonds is a function of the sensors
themselves, but also the motor geometry and material properties. For the majority of tactical motors, the loading
density (or, alternatively, the web fraction) of the propellant would be expected to be higher than in the finite
element models employed here — as a result, the work in this paper probably tends to underestimate the sensitivity of

the sensors. In this case, more moderate temperatures could probably be employed to sense delamination.

Detectability When One Sensor Fails

The health monitoring system capability is enhanced by using more sensors, and the cost of these sensors is only
a fraction of the cost of the motor. However, using an excessive number of sensors can lead to a complicated,
expensive system with excessive data storage and analysis requirements. The question arises: what is the best
number of sensors to use? Until this point, our discussion has assumed that all sensors in the system work for the
duration of the motor life. However, results can be determined if we assume, say, that one of the four sensors in a
four-sensor system has failed. It is interesting to note that the debond detectability of the three- and four- sensor
systems are very similar. For example, Fig. 7 shows that the difference between stress readings for the three- and

four-sensor systems (when the least-optimal location is considered) are 21.0 kPa and 22.7 kPa (assuming a 20°
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debond). On the surface, this suggests that a three-sensor system is ideal, since the results are very close. However,
the situation if one sensor is allowed to fail is different. An analysis of the finite element data shows that if this
occurs in a four-sensor system, the stress difference (at the least optimal location) between the three remaining
sensor readings is 14.4 kPa — so even with one of the four sensors not working, the 20° debond can still be detected
with 100% probability of detection (assuming 10 kPa sensor accuracy). Figure 9 shows this analysis. Similarly, a
three-sensor system was analyzed with a single sensor failure — in this case, the stress difference (at the least optimal
location) was less 0.2 kPa (much less than the 10 kPa of sensor accuracy), so having two viable sensors in a three-

sensor system is inadequate.
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Fig. 9 -- Stress differences for a four-sensor system assuming random failure of a single sensor

A Second Method to Detect Delaminations

In this section, a four-sensor system with a temperature drop from 60°C to -40°C is considered. The second
method proposed by the authors is to compare sensor readings (at some point during the motor life) with the radial
stresses in the flaw-free motor — this method of analyzing the health monitoring data could improve the debond
detectability.

The following procedure is proposed. First, use finite elements to determine the radial stresses at the
propellant/insulation interface in the flaw-free motor (this is called the “reference value”). Next, determine the
largest variation from this reference value for various orientations of the system relative to the flaw. At the least-

optimal location, the variation will indicate whether the debond can be detected with 100% reliability. This depends
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of course on the sensor accuracy and is a conservative prediction. In the figure below, use of the reference value is
referred to as “Method 2” and the method used in the previous section is called “Method 1.” The detectability of
debonds is increased using Method 2. The only caveat is that any shift in the reference value could affect the
viability of the analysis, so if substantial shifts in the stress-free temperature are anticipated, Method 2 must be used

with caution.

40

—e&— Method 1
—¥— Method 2

304

20 4

Stress Difference (kPa)

T T T J
0 5 10 15 20

Debond Angle (degrees)

Fig. 10 -- A comparison of flaw detectability using two different methods of detection
Percentage of detectability (reliability)

Previously, we analyzed data in the “least-optimal location,” and this gave a conservative estimate of health
monitoring system performance. However, this approach ignores most of the data — it is possible to use the entire
data set (for example, the curve in Fig. 6, as opposed to its minimum) to determine a probability of detection for a
fleet of motors. For any given flaw size, some sensor orientations will have values greater than the sensor accuracy,
and some will not. Probability of detection arises from a comparison of such a curve with the sensor accuracy level.
In this section, motors with a four-sensor system at -40°C are analyzed. The following figure illustrates the

probability of detection for each debond angle — this again assumes a sensor accuracy of 10 kPa.
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Fig. 11 -- Detectability of flaws for the two proposed methods of analyzing data
Fig. 11 shows that the probability of detection is similar for both methods. Delaminations with debond angles
greater than or equal to 15° are 100% detectable with either method. Below 15°, the probability of detection is
affected, but is still very high for the 10° debond (77% and 82% for Method 1 and Method 2, respectively). Smaller

debonds are not very detectable with either method of analysis.

Estimation of debond size (two readings based on medium sensors)

Once the health monitoring data indicates a debond exists, the next question is: how large is the debond? The
following method is proposed by the authors to estimate debond angles — in this case, we illustrate it with a four-
sensor system and a temperature drop of 100°C. This method focuses on the absolute difference between the two
intermediate values of sensor readings (excluding the maximum and minimum values of sensor readings).

For each location of a set of four sensors, by using the finite element data, the sensors readings are arranged in
decreasing order: R, Ry, R3, and Ry. Figure 12 shows the range (scattered points) of value (R, — R;) as a function of
debond angle. The solid lines in the figure represent the boundaries of maximum and minimum stress values of (R,
— R3) with all the debond angles considered (0° to 20°). Therefore, at a given debond angle, the values of (R, — R3)
vary in a defined envelope. With no debond (o = 0° in Fig. 12), Ry, Ry, R3, and Ry are always equal, so the stress
difference is zero — but this stress difference increases with the size of the debond. To use the graph, the value of (R,
—R;) is obtained from sensor readings and is referred to the y-component so that the corresponding upper and lower

limits for the debond angle (x-components) can be estimated. For example, if the two stress readings R, and R;

Distribution A: Approved for public release; distribution unlimited



differ by 5 kPa, then the corresponding debond is between 11.5° and 16.5°. Similar algorithms may be found for the

three- or four-sensor systems to estimate the debond size from the sensor data.
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Fig. 12 -- A method for determining the extent of the debond using four-sensor system data
Conclusions
Health monitoring sensor data can be used to detect delaminations (debonds) along the propellant/insulation
interface in solid rocket motors. Two methods have been suggested to analyze the data, with similar results. In each
case, the sensors measure radial stresses (and temperature) at the interface between the grain and the insulation. The
methods are explained and analyzed with finite element models; comparison with sensor manufacturer data indicates
that debonds of various sizes can be detected. Furthermore, a quantitative relationship is established that allows

estimation of the size of the debond from the sensor data.
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