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Study of plasticizer diffusion in a 
solid rocket motor´s bondline
Abstract: This work aims to determine the diffusion coefficient of the 
plasticizers dibutyl phthalate (DBP), dioctyl phthalate (DOP) and dioctyl 
azelate (DOZ) on the internal insulating layer of solid rocket motors. 
These plasticizers are originally present in the layers of rubber, liner and 
propellant, respectively. This species are not chemically bonded and tend 
to diffuse from propellant to insulating and vice versa. A computer program 
based on the mathematical model of Fick’s second Law of diffusion was 
developed to perform the calculus from the concentration data obtained 
by gas chromatographic (GC) analyses. The samples were prepared with 
two different adhesive liners; one conventional (LHNA) and the other with 
barrier properties (LHNT). A common feature of both liners was that they 
were synthesized by the reaction of hydroxyl-terminated polybutadiene 
(HTPB) and diisocyanates. However, a bond promoter was used to increase 
the crosslink density of the LHNT liner and to improve its performance as 
barrier against the diffusion. The effects of the diffusion of the plasticizers 
were also investigated by hardness analyses, which were executed on 
samples aged at room temperature and at 80ºC. The results showed an 
increase trend for the samples aged at room temperature and an opposite 
behavior for the tests carried out at 80ºC.
Keywords: Fick’s Law, Diffusion, Bondline, Solid rocket propellant, 
Thermal insulation, Liner, Plasticizer, Hardness, Gas chromatograph.

NOMENCLATURE

Al	 Aluminum powder
AP	 Ammonium perchlorate
ASTM	 American Society For Testing And  Materials
C 	 Mass concentration
Meq Mass concentration at the equilibrium 
Ml Final mass concentration 
C0 Initial mass concentration
Ct 	 Mass concentration in a time t
CG 	 Gas Cromatograph
D	 Diffusion coefficient 
DBP	 Dibutyl phthalate 
DOP	 Dioctyl phthalate
DOZ	 Dioctyl azelate
HTPB	 Hydroxyl terminated polybutadiene
IAE	 Institute of Aeronautics and Space
IPDI	 Isophorone diisocyanate
l	 Thickness 
LHNA	 Conventional adhesive liner 
LHNT	 Adhesive liner with barrier properties
MAPO	 Trimethylaziridinylphosphine oxide
MS	 Mass spectography
NB 7113	 Thermal insulation based on Nitrilic Rubber
R1	 Propellant layer at 3 mm from interface
R2	 Propellant layer at 25 mm from interface
R3	 Propellant layer at 55 mm from interface

t Time
TDI	 2.4-toluene diisocyanate
x Normal coordinate to cross section 
z Plane region of a sample

INTRODUCTION

The solid rocket motor is comprised of a combustion 
chamber filled with a solid composite propellant. To 
protect the interior of the chamber against the high 
temperatures generated during the combustion an 
insulating rubber is bonded to the internal wall of the 
vessel. The propellant is casted into the motor and 
bonded to the rubber by a thin layer of adhesive liner 
thus forming a “sandwich” system containing the layers 
of propellant, liner and rubber (Marsh, 1970; Sutton and 
Bilblarz, 1986; Rezende, 2001). 

The term bondline is referred here to the interfaces of 
propellant/liner/insulator. The thin layer of liner prevents 
the separation of the bond system and can also act as a 
barrier to control the diffusion of mobile species in solid 
rocket motors (Byrd and Guy, 1985; Gercel et al., 2000).  

Most of the solid composite propellant composition 
contains approximately 15 weight percent of a polymeric 
resin of hydroxyl terminated polybutadiene (HTPB), 
80 weight percent of the solids: ammonium perchlorate 
(AP) and aluminum powder (Al) and five weight percent 
of additives as cure agents, burn catalysts, stabilizers, 
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plasticizers and etc. The amount of each ingredient can vary 
according to the application desired. The concentration 
of the plasticizers can represent up to 60% of the total 
additives (Paniker and Ninan, 1997; Bandgar et al., 2001; 
Folly and Mäder, 2004; Lourenço et al., 2006).

The plasticizers are used to act as a lubricant and to 
increase the flexibility of the polymeric chains, to improve 
the rheological properties during processing and to reduce 
the viscosity of the system. Otherwise, the plasticizer is not 
chemically bonded and can diffuse between the interfaces 
of the bondline formed in the “sandwich” system due to 
its concentration differences. In general, other free species 
which are not bounded to the matrix, such as burn agent 
catalysts and cure agent can also diffuse (Pröbster and 
Schmuker, 1986; Paniker and Ninan, 1997; Belhaneche-
Bensemra et al., 2002; Gottlieb and Bar, 2003; Marcilla et 
al., 2004; Grythe and Hansen, 2007).

During the storage period the propellant suffers a natural 
process of deterioration defined as aging. The main 
mechanisms that govern the aging process are the diffusion 
and oxidation of the polymeric matrix which can occur at 
room temperature or can be accelerated by the increase of the 
temperature during storage (Celina et al., 2000; Hocaoğlu et 
al., 2001; Judge, 2003; Dilsiz and Ünver, 2006).

The diffusion process of the plasticizers can cause 
degradation of the adhesion in the interfacial layers, change 
the mechanical properties of the propellant and can affect 
the performance of the rocket motor (Byrd and Guy, 1985; 
Pröbster and Schmuker, 1986, Gottlieb and Bar, 2003). 

In this work two different types of adhesives are used to 
bond the propellant to the rubber. The compositions of both 
liners are based on the HTPB binder. The liner identified as 
LHNA contains the plasticizer dibutyl phthalate (DBP) in 
its chemical formulation and is cured with the 2.4-toluene 
diisocyanate (TDI). The liner identified as LHNT has a 
higher crosslink density than LHNA due to the addition of 
a bond promoter, is cured with the isophorone diisocyanate 
(IPDI) and does not have any plasticizer in its composition. 

The purpose of this study is to calculate the diffusion 
coefficients of the plasticizers in the insulation layer of 
samples prepared with LHNT and LHNA liners using the 
mathematical model of Fick. We also report the results 
of the hardness tests of samples submitted to natural and 
accelerated aging. 

EXPERIMENTAL

The LHNT adhesive was developed in the Chemistry 
Division of the Institute of Aeronautics and Space (IAE). 
The bond promoter trimethylaziridinylphosphine oxide 

(MAPO) was used to increase the crosslink density of 
this liner to prevent the diffusion of the mobile species 
between the insulation and propellant and vice versa 
(Gercel et al., 2000).

The plasticizers dioctyl azelate (DOZ), dioctyl phthalate 
(DOP) and dibutyl phthalate are, respectively, present in 
the composition of the propellant, rubber and liner. The 
determination of the diffusion coefficients of this species 
in the insulation layer of samples prepared with the LHNT 
and LHNA was executed by a computer program based 
on Fick’s second law. The software, developed for this 
work, used the concentration data from chromatographic 
analyses obtained up to 31 days after the curing period 
from samples aged at 80°C. 

This interval was established based on previous 
observations carried out with samples aged at 50ºC, at 
which time the results obtained showed that the diffusion 
process reached the equilibrium at approximately 50 days 
after the curing period. Moreover, the softening of the 
propellant near to the interface was also verified. Then, 
based on previous observations the hardness tests were 
performed on different regions of the propellant to confirm 
the occurrence of the softening. 

The diffusion phenomenon on propellant/liner/insulation 
rubber layers occurs due to the concentration differences 
between these regions. The diffusion system can be 
described by Fick’s second law of diffusion (Crank, 1957), 
represented by the following equation

	 (1)

Considering the diffusion in one direction z of a plane 
sheet: 

	 (2)

Considering the region –l < z < l of one plane sample with 
2l of thickness, assuming on (t=0) a constant concentration 
(C0) and on the surface area the concentration (C1).Thus, 
observing the following conditions: 

(a) Initial condition: 

to t = 0 and ∀ -l < z < l → C(l,0) = C0
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Figure 1:	 Dimensions of the block of the propellant sample 
containing the propellant and insulation (rubber and 
liner) layers.

Figure 2: 	 Scheme of the partition of the block of propellant 
sample. 

(b) Boundary conditions:  

to t > 0 and z = 0  → ∂C/∂z=0

And to t > 0 and z = l → C(l,t) = C1.

Appling the conditions above and using the method 
of separation of variables and denominating the mass 
concentrations as M we obtained the following equation: 

	 (3)

Where Mt is the mass concentration on test layer in a period 
t of time, Meq is the mass concentration at equilibrium and 
D is the diffusion coefficient. 

Equation (3) combined with Minimum Square, Newton 
Raphson and Gauss elimination methods were used 
to calculate the diffusion coefficient through the 
computational program in Fortran language developed for 
this work (Libardi, 2009). 

Sample preparation 

Metallic boxes with internal dimensions 130 x 130 x 65 
mm (length x height x thickness) were used to prepare the 
samples. Firstly, the insulation rubber (NB7113) was placed 
into the box and, in sequence, an adhesive liner (LHNA), 
was applied over its surface. In the next stage, the box was 
filled with the propellant forming the interfaces of interest 
to this work and was submitted to the curing process at 
50°C for seven days. The same procedure was executed for 
samples prepared with the LHNT liner. The sample block 
formed is shown in Fig. 1. The insulating layer is formed by 
both layers of rubber and liner. The HTPB-based propellant 
is cured with isophorone diisocyanate (IPDI) and its 
composition contains 84 weight percent of solids (aluminum 
and perchlorate ammonium) immersed in 15 weight percent 
of HTPB and 3.1 ± 0.04 weight percent of the plasticizer 
DOZ. The rubber contains 6.9 ± 0.13 weight percent of DOP 
and the liner 1.3 ± 0.03 weight percent of DBP. 

Plasticizer extraction

Immediately, at the end of the curing process the block of the 
sample containing the layers of propellant/liner/rubber was 
removed from the metallic box. The sample was sliced into 
six pieces of 10 mm thickness each one, as Figure 2 shows, 
and aged at 80°C for 31 days. On days 1, 3, 7, 12, 20 and 31 

one slice was removed from the oven and cooled up to room 
temperature, which in this work is referred to as the range 
of temperature between 24 and 27ºC. Then, the insulating 
layer (rubber and liner) were separated from the propellant. 
In sequence, this layer was fragmented into small squared 
pieces of approximately 5 x 5 mm in dimension. From these 
portions, 1g of the material was separated and transferred to 
the filter paper. In next step, this paper was placed into the 
Soxhlet extractor and filled with 150 mL of ethyl acetate. The 
process of extraction was carried out at 75ºC for 16 hours. 
The whole process was achieved in triplicate and for each 
replicate were executed ten extractions.

After the extraction the chromatographic analysis was 
conducted to determine the plasticizer mass concentration.

Gas Chromatograph

The chromatographic analyzes were performed using a 
Varian Gas Chromatograph (CG) with an ionization flame 
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detector and a Finningan Mass Spectroscopy (MS). The 
column utilized was a DB5 (5% phenyl methyl silicon) 
with diameter of 0.25 mm, 0.25 µm of porosity and 30 m 
in length. To execute the analyses, 1mL/min flow rate of 
nitrogen was used and 1µL of the sample was injected. 

Shore A Hardness 

The hardness tests were executed simultaneously in two 
identical groups of samples. One group was aged at 
80ºC in commercial air-circulating oven with controlled 
temperature (± 1ºC) under ambient atmospheric conditions 
(~712 mm Hg). The other group was aged at room 
temperature (24 – 27ºC). The samples were not submitted 
to moisture control. On days 20, 27, 40 and 54 after the 
curing period, both groups were submitted to the Shore A 
analyzes. 

The indentations were performed in three different regions 
of the propellant as shown in Figure 3. These regions 
were designated as R1, R2 and R3, and are located at 3 
mm, 25 mm and 55 mm, respectively, measured from the 
composite interface with the liner. 

and DBP exhibited opposite behavior (Fig. 5) since they 
diffused from insulating to propellant. The values found for 
all plasticizers in the first period (end of the cure) analyzed 
indicate that the diffusion of these species occurred during 
the cure of the propellant. The mass concentrations of the 
plasticizers determined in the samples prepared with the 
LHNT liner are smaller than the concentrations of the 
plasticizers determined in the samples prepared with the 
LHNA liner, as can be seen in both Figures 4 and 5. These 
results suggest the LHNT liner acts as a barrier against the 
diffusion of the plasticizers.

The diffusion coefficients of the plasticizers DOZ, DOP 
and DBP calculated by Fick’s mathematical model are 
exhibited in Tab.1. The values were determined from the 
concentration data obtained from the gas chromatographic 
analyses executed in the insulating layer of the samples 
aged up to 31 days after the curing period at 80ºC and 
prepared with both liners LHNA and LNHT.

Figure 3: 	 Image of the propellant (gray layer) and the insulation 
(black layer). The dotted line indicates the regions R1, 
R2 and R3 submitted to the hardness tests.

A durometer with Shore A digital scale was used according 
to ASTM D 2240 – 05 (1995). Five indentations were 
executed in order to have consistent results

RESULTS AND DISCUSSIONS 

Figures 4 and 5 shows the mass concentration data versus 
time of the plasticizer DOZ, DOP and DBP obtained by 
chromatographic analyses in the insulating layer at 80ºC.

Figure 4 shows that the DOZ plasticizer diffused from the 
propellant into the insulation layer. Otherwise, the DOP 

Figure 4:	 DOZ mass concentration vs time at 80°C on the 
insulating layer for the samples prepared with the 
LHNA and LHNT.

Figure 5:	 DOP and DBP mass concentration vs time at 80°C 
on the insulating layer for the sample prepared with 
the LHNA and LHNT.

Table 1:	 Diffusion coefficients of DOP, DOZ and DBP 
determined on the insulating layer at 80ºC.

Liner Diffusion coefficient D x 107 (cm2/s)
DOP DOZ DBP

LHNA 1.54 2.01 0.456
LHNT 0.603 0.703 -
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As observed in Table 1, the diffusion coefficient of the 
plasticizer DOZ on the insulating layer obtained from the 
samples prepared with the LHNT liner is lower than the 
coefficient obtained from the samples prepared with the 
LHNA liner in the same region. Firstly, this result shows that 
the DOZ diffused from the propellant into the rubber due to 
the concentration differences. The lower coefficient can be 
explained by the higher crosslink density of the liner LNHT that 
caused the reduction of the free volume between its molecules, 
thus diminishing the displacement of the plasticizers across the 
interface and consequently its diffusion coefficient. 

It can be also observed in Table 1 that the diffusion coefficient 
of the DOP obtained with the samples prepared with the 
LHNT liner is lower than the coefficient obtained with the 
samples prepared with the LHNA liner. In this case, the DOP 
is originally present in the composition of the rubber and the 
barrier effect of the LHNT, due to its higher crosslinking 
density, prevented its diffusion into the propellant layer 
more effectively than the LHNA liner, as confirmed by the 
coefficients found. The plasticizer DBP is only present in the 
composition of the LHNA liner and its diffusion coefficient is 
lower than the DOZ and DOP on the insulating layer. 

The experimental and simulated curves of diffusion of 
the DOZ, DOP and DBP are exhibited in Fig. 6 - 10. 
From these figures it is possible to verify good agreement 
between the theoretical and experimental curves, which 
validates the mathematical model of Fick applied to this 
study (Gottlieb and Bar, 2003).

The curves in Fig 11 and 12 were build from the results 
obtained of the indentations executed in regions R1, R2 
and R3 of the propellant layer located, respectively, at 
3 mm, 25 mm and 55 mm measured from an interfacial 
layer.

The results of the hardness analyses of the samples aged 
at room temperature are exhibited in Fig. 11 where is 
possible to verify an increase trend of the hardness with 
aging period for the three regions analyzed. The loss of 
the plasticizer to the insulation layer due to the process 
of diffusion predominantly causes the hardening of the 
propellant and influences the layer adhesion (Hocauğlu et 
al., 2001). The hardening of the HTPB based propellants 
during aging was attributed by Celina et al. (2000) as a 
consequence of an oxidative crosslinking of the binder 

Figure 6:	 Experimental and simulated diffusion curves vs time 
for DOZ on the insulating layer at 80°C (LHNT). 

Figure 7:	 Experimental and simulated diffusion curves vs time 
for DOZ on the insulating layer at 80°C (LHNA).

Figure 9:	 Experimental and simulated diffusion curves vs time 
for DOP on the insulating layer at 80°C (LHNA).

Figure 8:	 Experimental and simulated diffusion curves vs time 
for DOP on the insulating layer at 80°C (LHNT).

Figure 10:	Experimental and simulated diffusion curves vs time 
for DBP on the insulating layer at 80°C (LHNA).
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due to considerable unsaturation in the polymer structure 
and easy access of atmospheric oxygen. 

It is also possible to observe in Fig. 11 that the values of 
the hardness determined in the regions R2 and R3 are both 
similar and higher than the values found in the region 
R1. The lower values in this region indicate the softening 
in the first 3 mm of the propellant. According to Byrd 
and Guy (1985), the diffusion of various substances can 
interfere with the propellant cure, producing a soft layer, 
hence resulting in a weak bond. The cure agent itself may 
diffuse out of the propellant before the crosslinking is 
complete. This phenomenon usually occurs within the first 
5 mm of the propellant. 

According to Kishore (1984) the moisture can reduce the 
tensile strength and the hardness of the propellant. Also 
according to Iqbal and Liang (2006) the water molecules 
do not react with the ingredients of the HTPB based 
propellant, however, at higher temperature the interaction 
between the polymer and the solid particles can degrade 
its mechanical properties. 

The plasticizer diffusion in the bondline was observed 
in this work, which might explain the changes in the 
hardness at room temperature but it seems that at a higher 
temperature the effect of the moisture is more significant. 
In order to better understand this behavior, more specific 
studies are necessary.

CONCLUSION

The mathematical model of Fick applied in this work 
calculated the diffusion coefficients of the DOZ, DOP and 
DBP plasticizers with success. According to the concentration 
data it is possible to conclude that the diffusion process 
begins at the early stages of curing. The agreement between 
the simulated and experimental values validates this model.

The barrier effect of the LHNT liner, due to its higher 
crosslink density, was confirmed by the results of the diffusion 
coefficients of the plasticizers on the insulating layer.

The results of the hardness tests carried out with samples 
aged at room temperature and at 80ºC showed the 
softening of the propellant on the layer located at 3 mm 
from the bondline. During the aging an increasing trend 
of the hardness for the samples aged at room temperature 
and for the samples aged at 80ºC was observed and an 
opposite behavior was verified. The changes can cause 
damages mainly to the bondline, thereby affecting the 
performance and security of the rocket motor.
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