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Reduction of residual stresses in thick-walled composite cylinders
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Abstract

The nozzle parts of solid rocket motors must endure both the internal pressure generated by high temperature exhaust gas and the
mechanical load generated by steering operation. Therefore, the nozzle parts of solid rocket motors are fabricated with thick carbon fiber
phenolic resin composites. When the thick-walled phenolic composite cylinder is cooled down from the curing temperature of about
155 �C to the room temperature, thermal residual stresses are created due to the anisotropic thermal deformation of the composite
structure.

In this paper, a smart cure method with cooling and reheating was developed to reduce residual stresses in thick-wound composite
cylinders made of carbon phenolic woven composite. The optimal cure cycle was obtained to reduce the residual stresses without increas-
ing processing time and applied to fabrication of the thick-walled composite cylinder. From the residual stresses measured by the radial-
cut-cylinder-bending method, it was found that the residual stresses were reduced 30% by using the smart cure method.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The nozzle parts of solid rocket motors must endure
both the internal pressure generated by high temperature
exhaust gas and the mechanical load generated by steering
operation of the nozzle. Therefore, the nozzle parts are
usually made of thick carbon phenolic composites when
the thick carbon phenolic composite cylinders made of
many prepreg plies are cured at high temperatures and
cooled to the room temperature, thermal residual stresses
are developed due to large difference of CTE (coefficient
of thermal expansion) between the in-plane direction and
the transverse direction. As the radial thickness of compos-
ite cylinder increases, the tensile residual stress in the radial
direction may increase up to the interlaminar tensile
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strength, which eventually causes delamination failures
[1,2]. Therefore, a new manufacturing process for the
thick-walled composite cylinder to reduce thermal residual
stresses is necessary to avoid the interlaminar failure.

Since the magnitude of thermal residual stresses is pro-
portional to the temperature difference between the cure
temperature of composite and the room temperature, a
lower cure temperature is beneficial to reduce the thermal
residual stresses. But the low temperature curing is not rec-
ommended because it takes very long time to complete the
cure reaction and obtain full consolidation. Although there
are many researches to reduce temperature overshoot of
thick composite structures due to the internal exothermic
heat generation by cure reaction such as the autoclave cure
cycle with cooling and reheating [3–5], cure temperatures
for phenolic resin composites are still too high to reduce
the thermal residual stresses.

Because the cure reaction and the thermal residual stres-
ses due to shrinkage are chemical and physical phenomena,
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Table 1
Specifications of the carbon fabric phenolic prepreg

Woven pattern 8-harness satin
Number of fibers in a yarn 3000
Yarn width 2.2 mm
Uncompacted ply thickness 0.62 mm
Fiber volume fraction 62%

Table 2
Laminate properties of the carbon fabric phenolic composite

E1 62.8 GPa
E2 59.8 GPa
E3 6.21 GPa
m12 0.0754
m31 0.0460
m32 0.0470
G12 5.49 GPa
G13 2.86 GPa
G23 2.63 GPa
a1 1.2 · 10�6 �C�1

a2 1.8 · 10�6 �C�1

a3 41 · 10�6 �C�1

Ply thickness 0.37 mm
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Fig. 1. Conventional cure cycle recommended by the prepreg manufac-
turer and smart cure cycle with cooling and reheating for the carbon
phenolic composite.
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respectively, the process for generating thermal residual
stresses can be separated by controlling the viscoelastic
behavior of thermosetting resins. Hodges et al. experimen-
tally investigated the method for the reduction of residual
stresses in epoxy curing [6]. They employed a rheometer,
dilatometer, and DSC to investigate the influence of five
different curing cycles on the characteristics of epoxy resin,
from which the optimized dwell times and cure tempera-
tures were suggested using a simple elasticity theory for
the prediction of residual stresses. White and Hahn investi-
gated an optimal cure cycle for the reduction of the fabri-
cational residual stress in composite materials [7]. They
investigated the effect of cooling rate, dwell time, and
post-cure cycle on the fabricational thermal residual stress
in the composite material considering the viscoelastic prop-
erties of resin during cure cycle. Kim et al. [8] devised a
smart cure cycle with cooling and reheating for co-cure
bonded steel/carbon epoxy composite hybrid strips, from
which an optimal cooling temperature to reduce the
thermal residual stress was found. However, research
results either for the reduction of thermal residual stresses
in thick composite structures or phenolic resin composites
are rare.

When cooling and reheating was applied to composite
structures during curing process, calculation of the thermal
residual stresses is complicated because the viscoelastic
behavior of the resin should be considered. Therefore, the
measurement of residual stresses in thick composite cylin-
ders is preferable to the calculation. A plausible measuring
technique for residual stresses in the thick-walled compos-
ite cylinder is the radial-cut method [9,10]. In this paper,
the modified method for the radial-cut method which con-
sidered the radial variation of material properties in fabric
composite cylinders with shear deformation was used [11].

Also, the smart cure method with an abrupt cooling to
decrease the solidification temperature of the resin and
a reheating to complete the cure reaction was developed
to reduce thermal residual stresses in thick-wound compos-
ite cylinders made of carbon phenolic woven composite.
The DSC method is generally used to obtain the cure rate
of a thermosetting resin. In the DSC method, the degree of
cure is calculated using the heat generated during cure of
the material. The degree of cure of the carbon phenolic
composite was measured by the dynamic and isothermal
DSC tests to determine the optimum time to apply the
cooling operation. The solidification temperatures, which
induce the thermal residual stresses, were obtained by mea-
suring the curvatures of steel/composite co-cured strips
with respect to cooling temperature. Then the optimum
cooling temperature to reduce the thermal residual stresses
without increasing processing time was determined and
applied to fabrication of the thick-walled composite cylin-
ders. Finally, the residual stresses in the thick-walled
composite cylinders fabricated with the manufacturer’s rec-
ommended cycle and the optimum cooling and reheating
cycle were measured by the radial-cut-cylinder-bending
method.
2. Degree of cure of carbon phenolic composite

The carbon fabric phenolic composites are widely used
for heat-resisting parts in solid rocket motors because of
their excellent ablative property, high strength and dimen-
sional stability. The specifications of PAN-based carbon
fabric phenolic prepreg (CF3336, Hankuk Fiber Glass
Co., Korea) and their laminate properties are shown in
Tables 1 and 2, respectively. The conventional cure cycle
recommended by the prepreg manufacturer is composed
of dwelling for 30 min at 80 �C, temperature increment
by a uniform rate of 1.0 �C/min, and curing for 2 h at
155 �C as shown in Fig. 1.

The degree of cure of the carbon fabric phenolic com-
posite was measured with Thermal Analyst 2200 (TA
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Fig. 2. Heat generation rate and the absolute degree of cure of the carbon
fabric phenolic composite from the DSC tests: (a) dynamic scanning with
the temperature increasing rate of 1.0 �C/min and (b) isothermal scanning
at the temperature of 97, 117, 137, and 157 �C.

Table 3
Total heat generation of carbon fabric phenolic composite during the
dynamic and isothermal scannings

Dynamic scanning

1 �C/min 30.3 J/g

Isothermal scanning

97 �C 10.5 J/g
117 �C 29.1 J/g
137 �C 29.8 J/g
157 �C 30.3 J/g
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Instruments, USA). Small samples of 6–8 mg of the pre-
preg were used for DSC measurements under both the
dynamic scanning and isothermal scannings. In the isother-
mal scanning, the heat generation rates were measured with
respect to time at the constant temperatures of 97, 117, 137,
and 157 �C for 2 h. In the dynamic scanning, the heat gen-
eration rates were measured with respect to time at the uni-
formly increasing temperature rate of 1.0 �C/min.

The dynamic cure rate dn/dt is expressed as follows [12]:

dn
dt
¼ 1

HU

dH
dt

� �
T

; ð1Þ

where n is the dynamic degree of cure (or absolute degree of
cure), (dH/dt)T is the heat generation rate during the dy-
namic scanning (W/g), and HU is the total heat generation
250 mm 

Fig. 3. Dimensions of the steel/composite co-cured strip before curing; thick
respectively.
during dynamic scanning (J/g). Eq. (1) can be rewritten
using the isothermal cure rate df/dt:

dn
dt
¼ H T

H U

df
dt
; ð2Þ

where f is the isothermal degree of cure and HT is the total
heat generation during isothermal scanning (J/g). On inte-
grating Eq. (2), the dynamic degree of cure n can be ex-
pressed as follows:

n ¼ H T

H U

Z t

0

df
dt

� �
dt: ð3Þ

Fig. 2 shows heat generation rate and the absolute
degree of cure during the dynamic scanning and the iso-
thermal scanning. Table 3 shows the total heat generation
during the dynamic scanning and the isothermal scanning.

3. Solidification temperature

The solidification temperature of the carbon phenolic
composite was estimated with respect to cure cycles by
measuring curvatures induced by the thermal residual
stress in the steel/composite co-cured strips cured with
smart cure cycles with cooling and reheating, isothermal
cure cycles, and the conventional cure cycle as in Fig. 1
[8]. The dimensions and stacking sequence of steel/compos-
ite co-cured strips are shown in Fig. 3 and mechanical
properties of the steel strip are shown in Table 4. The cure
assembly with a dummy laminate for monitoring tempera-
ture at the strip during fabrication is shown in Fig. 4.

In the smart cure cycle with cooling and reheating, the
temperature was controlled by the conventional cure cycle
until the temperature at the dummy laminate reached the
specified cooling temperature. Then the specimen was
cooled abruptly by quenching the cure assembly into a
water tank in order to stop the cure reaction. Finally, the
strip was post-cured at 155 �C for 2 h to complete the cure
Composite [0]1T

12.5 mm 

Steel strip 

nesses of the composite layer and the steel strip are 0.37 and 0.20 mm,



Table 4
Mechanical properties of the steel strip

E 207 GPa
G 72 GPa
m 0.30
a 11 · 10�6 �C�1

Fig. 4. Photograph of the assembly of the steel/composite co-cured strip
for cure.

Fig. 5. Curved steel/composite co-cured strips at 15 �C: (a) before post-
cure and (b) after post-cure.
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Fig. 6. Measured solidification temperatures in the steel/composite co-
cured strips cured under the smart cure cycles and the conventional cure
cycle: (a) with respect to cooling temperature and (b) with respect to
degree of cure at the cooling point.
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reaction. The smart cure cycle took less curing time than
the conventional cycle as shown in Fig. 1. Several cooling
temperatures such as 95, 115, 120, 125, 130, and 135 �C
were used in the smart cure cycle, while the temperatures
in the isothermal cure cycles were maintained for 2 h at
120, 125, and 130 �C.

When the temperature of the strip was cooled down
from the cure temperatures to the room temperature, the
strip bent due to the thermal residual stress created by
the temperature difference DT between the solidification
temperature Tsolidify and the room temperature Troom was
calculated using the measured curvature R of the curved
strip and the principle of bimaterial thermometers [13] as
follows:

DT ¼ T solidify � T room

¼
t 3ð1þ mÞ2 þ ð1þ mnÞðm2 þ 1=mnÞ
h i

6Rð1þ mÞ2ðasteel � acompositeÞ
; ð4Þ

where m = tcomposite/tsteel is the thickness ratio of the com-
posite to the steel; n = Ecomposite/Esteel is the modulus ratio
of the composite to the steel; t = tcomposite + tsteel is the total
thickness of the strip; and asteel and acomposite are CTE’s of
the steel and composite in the length direction, respectively.

Fig. 5(a) and (b) show the curved strips cured under the
smart cure cycles with the different cooling temperatures at
the room temperature of 15 �C before and after post-cure,
respectively. The solidification temperatures estimated by
Eq. (4) in the steel/composite co-cured strips fabricated
under the smart cure cycles and the conventional cure cycle
are shown in Fig. 6(a) and (b) with respect to cooling tem-



Table 5
Measured solidification temperatures of the steel/composite co-cured
strips cured under the isothermal cure cycles

Curing temperature (�C) Solidification temperature (�C)

120 122
125 124
130 129

17.5

37.8

60

Fig. 8. Dimensions of the thick-walled composite cylinder (units in mm).

Radial-cuts

Strain gages
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perature and degree of cure at the cooling point, respec-
tively. The degree of cure at each cooling point was
obtained from Fig. 2(a) under the assumptions that the
cure reaction stopped immediately at the cooling point
and the 80 �C dwelling step affected little the degree of cure.
The solidification temperature before post-cure increased
as the degree of cure at the cooling point increased, while
the solidification temperature after post-cure had the min-
imum value of 108 �C when the cooling temperature was
125 �C, where the degree of cure was 0.38. The measured
solidification temperatures in the steel/composite co-cured
strips cured under the several isothermal temperatures are
shown in Table 5. The solidification temperatures were
similar to the isothermal curing temperatures when the cure
reactions were not fully completed.

Therefore, to minimize the thermal residual stresses
without increasing the processing time, the smart cure cycle
was determined as the cycle with abrupt cooling at 125 �C
and reheating to the final post-cure temperature of 155 �C,
where DT was reduced by 29% compared to the conven-
tional cure cycle.

4. Residual stresses in the thick-walled composite cylinder

In order to reduce the interlaminar tensile thermal resid-
ual stress in the thick-walled composite cylinder, the smart
cure cycle with cooling and reheating was used to fabricate
the thick-walled carbon fabric phenolic composite cylinder.
The inside-out one-step compaction method [11] was
employed since the insufficient compaction of fabric lami-
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Fig. 7. Measured temperature distributions in the thick-walled carbon
fabric phenolic composite cylinder during the conventional cure cycle.
nates resulted in the large interlaminar through-thickness
CTE and high void content [14]. The stacked composite
cylinders were cured under the conventional manufac-
turer’s recommended cycle and the optimal smart cure
cycle with abrupt cooling at 125 �C and reheating. The
measured temperature distributions showed that there
was little temperature deviation through thickness due to
high thermal conductivity of the carbon fabric phenolic
composite as shown in Fig. 7. In the conventional cure
cycle of the thick-walled composite cylinders, longer dwell-
ing times at 80 �C and 105 �C were applied for good con-
solidation. The fully cured cylinders were machined to
the dimensions of the cylindrical specimen shown in Fig. 8.

The thermal residual stresses in the thick-walled cylin-
ders at the room temperature of 15 �C were experimentally
obtained by the radial-cut-cylinder-bending method [11]
as shown in Figs. 9 and 10. The stress distributions in
the hoop and radial (interlaminar tensile) direction in the
thick-walled composite cylinders were calculated from the
Fig. 9. Schematic drawing of the radial-cut test of composite cylindrical
specimens.

Strain gages

Loading pins

Tensile load

Fig. 10. Schematic drawing of the bending test of the radial cut composite
cylinder.
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Fig. 11. Measured residual stresses in the thick-wound composite cylinders fabricated under the conventional cycle and the smart cure cycle: (a) hoop
stresses and (b) radial stresses (interlaminar tensile stresses).
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results of the bending tests of the radial-cut composite
cylindrical specimens as shown in Fig. 11. The residual
stresses in the cylinder manufactured under the smart cure
cycle were 30% lower than those under the conventional
cure cycle.

5. Conclusion

In this work, thick-walled carbon fabric phenolic com-
posite cylinders were cured with the smart cure cycle with
cooling and reheating to reduce thermal residual stresses.
The stresses in the composite were estimated by thermal
analysis and curvature experiments. Using the developed
smart cure cycle, thick-walled carbon fabric phenolic com-
posite cylinders were fabricated and the residual stresses in
the cylinders were measured by the radial-cut-cylinder-
bending method. From the experiments, it was found that
the interlaminar tensile thermal residual stress in the com-
posite cylinder cured under the smart cure cycle was
reduced 30% compared the tensile stress in the composite
cylinder cured under the conventional cure cycle.
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