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Effects of thermal cycling on
phenylethynyl-terminated PMDA-type
asymmetric polyimide composites

Yixiang Zhang1 , Masahiko Miyauchi2 and Steven Nutt1

Abstract
The effects of thermal cycling on a polymerized monomeric reactant (PMR) type polyimide (TriA X) reinforced with
carbon fibers were investigated. Composite specimens were subjected to 2000 thermal cycles between �54�C and
232�C. At 400-cycle intervals, laminates were inspected for microcracks, and glass transition temperature (Tg) and short-
beam shear (SBS) strength were measured. The composites did not exhibit microcracks after thermal cycling, although
after 2000 thermal cycles, mechanical properties of the matrix declined slightly. The matrix degradation decreased the
resistance to microcracking upon further loading. No effects of thermal oxidative aging were observed from thermal
cycling, and thermally driven fatigue and creep were identified as the primary and secondary factors inducing mechanical
degradation of the matrix. Tg of the composites exhibited no change after 2000 cycles, while the SBS strength decreased
slightly (3–9%). The results highlight the potential for use of TriA X composites as long-term structural components in
high-temperature service environments.
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Introduction

The volumetric shrinkage mismatch between a polymer

matrix and carbon fibers generates thermal stress in com-

posites during cooling. Thermally induced tensile stress on

laminae can cause transverse microcracks, thereby decreas-

ing mechanical performance and, in extreme cases, cause

material failure.1,2 Damage introduced by thermal stress is

a major concern in high-temperature polymer composites,

because the composites are processed at high temperatures

and experience a wide range of temperatures during ser-

vice. In this work, thermal cycling tests were performed on

a new polyimide–matrix composite to investigate the

effects of thermal cycling on the mechanical performance

and service life of the composites.

The cure process of thermoset prepreg creates three

types of strain: chemical cure shrinkage, thermal shrinkage,

and tool-part interation.3,4 Tool-part interaction can be

avoided simply by using release films between prepreg and

tools. Second, the stress introduced by cure shrinkage is

usually negligible if the cure temperature is greater than

the glass transition temperature (Tg), because the curing

resin is in a rubbery state with short relaxation time, high

chain mobility, and low stiffness.5 Finally, the stress

generated by cure shrinkage is typically released during

cure. Thus, it is generally assumed that composites are in

a stress-free state during cure above Tg.6,7 After cure, the

polymer matrix is vitrified and bonded to the fibers. Coef-

ficients of thermal expansion (CTEs) of polymers generally

are much greater than those of carbon fibers. Thus, volume

change mismatch during cooling induces compressive

stress in fibers and tensile stress in the matrix.1 In lami-

nates, the mismatch in properties between laminae of dif-

ferent orientations results in interlaminar stress.8 The

longitudinal direction (0�) of a lamina has much lower CTE

than the transverse direction (90�), and thus 90� plies
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induce tensile interlaminar stress on the adjacent 0� plies

during cooling.1,9

The thermal stress induced during laminate cooling is

proportional to the temperature change (�T) from the cure

temperature. The lower the minimum service temperature

of a composite, the greater the thermal stress generated.

When a composite is cycled between two temperatures, the

composite experiences cyclic thermal stress. Thus, thermal

cycling is equivalent to a form of thermally driven fatigue

on each lamina.1 Thermal stress can cause severe damage

to composites. When the thermally induced stress exceeds

the transverse tensile strength of a lamina, transverse

microcracks can develop, and when thermal stress is greater

than the interlaminar strength, delamination occurs.8

Polyimide–matrix composites are especially susceptible

to defects induced by temperature variations during pro-

cessing and service because of the high process tempera-

tures and the brittle nature. Microcracking and mechanical

degradation induced by temperature fluctuation have been

reported for PMR-15 and other polyimide composites. For

example, extensive microcracking in PMR-15 composites

was reported in thermal cycling tests between �18�C and

232�C and between �156�C and 316�C.8,10 Thermal

cycling (1500 cycles) between �54�C and 232�C of

PMR-15 composites decreased both compressive strength

and interlaminar shear strength by approximately 60%.11

Indeed, some polyimide composites crack during process-

ing. For example, PMR-II-50 polyimide composites micro-

cracked upon cooling from 371�C (cure temperature) to

room temperature during processing, and additional ther-

mal cycling between room temperature and 316�C prolif-

erated the microcracking.12 Microcracks were also reported

in thermal cycling tests of thermoplastic polyimide compo-

sites, specifically thermal cycling (�54�C and 177�C) of

IM7/PIXA and IM7/K3B.13 Previous study has suggested

that increased matrix strength reportedly increases compo-

site resistance to thermal cycling, reducing microcrack-

ing.11 Nevertheless, microcracking is a persistent problem

for polyimide composites, because microcracks not only

decrease mechanical performance but also accelerate

degradation reactions, particularly thermal oxidation.14

Thus, microcracking resistance to thermal cycling is a crit-

ical performance metric for polyimide composites.

The present work describes a new polyimide with

greater resistance to thermal cycling-induced microcrack-

ing compared to conventional polyimide composites. TriA

X is a polymerized monomeric reactant (PMR) type

polyimide derived from pyromellitic dianhydride (PMDA),

2-phenyl-4,40-diaminodiphenyl ether (p-ODA), and

4-phenylethynylphthalic anhydride (PEPA). The term

“TriA X” embodies the characteristics of the polymer mole-

cules: amorphous, asymmetric, addition-type, and cross-

linked (�). TriA X features an asymmetric, irregular, and

nonplanar backbone structure, resulting in an amorphous

structure and greater toughness and ductility than

conventional polyimides (e.g. "b ¼ 15.1% at room tempera-

ture).15 For this work, we selected a TriA X polyimide sys-

tem with a 3942-g mol�1 imide oligomer (n ¼ 7).

Conditioning up to 2000 thermal cycles between�54�C and

232�C was performed on 8-harness satin (8HS) T650-35

carbon fiber laminates produced with [0/þ45/�45/90]s and

[0]8 layup sequences to investigate effects of thermal

cycling. Thermomechanical analysis after conditioning indi-

cated that thermal cycling did not produce microcracks, but

indirectly decreased the resistance to microcracking because

of matrix degradation. The matrix degradation was shown to

arise primarily from thermally driven fatigue, while local

creep was a possible secondary effect. Thermal cycling

caused no decrease in Tg, and retention of short-beam shear

(SBS) strength was >90%, even after 2000 thermal cycles.

The high stability of the polyimide composites upon thermal

cycling was attributed to the high tensile strength and ther-

mal oxidative stability of the matrix.

Thermal stress analysis

Material properties

CTE and Young’s modulus of fiber and matrix are essential

for the calculation of thermal stress in the composites dur-

ing thermal cycling. Carbon fibers are thermally and

dimensionally stable and, thus, the CTE and Young’s mod-

ulus of T650-35 fiber are assumed to be constant in the

temperature range from �54�C to 371�C (cure temperature

of the composites). The properties of T650-35 fiber are

taken from reported values, where Young’s modulus ¼
241 GPa and CTE ¼ �0.5 � 10�6�C�1.16

The values of CTE and Young’s modulus for TriA X

are functions of temperature. The CTE values of the poly-

mer were measured in different temperature ranges using

a thermomechanical analyzer (TMA; Q400, TA Instru-

ments, New Castle, DE, USA) and are listed in Table 1.

The measurement was carried out with a static force of

0.02 N from �55�C to 400�C at a ramp rate of 5�C min�1

under a nitrogen flow of 50.0 ml min�1. The TMA was

calibrated with a standard aluminium reference from

�55�C to 400�C using the same parameters described

above, and the calibration coefficient was determined

according to ASTM E2113.17 The CTE of the polymer

was calculated in accordance with ASTM E831.18

Young’s modulus values are shown in Figure 1. The

modulus values (black dots in Figure 1) at �54�C, 23�C,

232�C, and 288�C were measured from tensile tests.15 Tg of

T650-35 8HS composites is 356�C, lower than the cure

temperature (371�C). The stiffness of polymers above Tg

is much less than that in the vitrified state. Thus, the

Young’s modulus of the polymer at 371�C is assumed to

be zero. A second-order polynomial fitting curve of

Young’s modulus versus temperature (red line in Figure 1)

was constructed based on the measured and assumed values
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of modulus. The fitting curve is described by equation (1)

with a R2 ¼ 0.99, indicating accurate fitting.

EM ¼ �1:8� 10�5T2 � 0:00319T þ 3:753 ð1Þ

Thermal stress calculation

Thermal stress in T650-35 8HS composites was calculated

to estimate the magnitude relative to material strength

upon exposure to cyclic temperatures. In 0/90/0 cross-

ply laminates fabricated with unidirectional plies, the

CTE and elastic modulus mismatch between 0� plies

(fiber direction, low CTE, and high modulus) and 90�

plies (matrix direction, high CTE, and low modulus) gen-

erates transverse tensile stress on 90� plies during cooling

after cure, and the stress can be determined by thermoe-

lastic calculation.9 In T650-35 8HS composites, however,

the shape of individual fiber tows in the cross-ply (non-

crimp) region could not be distinguished after compres-

sion molding, while fill yarns occupied the entire area

between warp yarns. Thus, the fill yarns in the cross-ply

region were considered as a 90� unidirectional ply with a

0� unidirectional ply (warp yarns) on each side. Conse-

quently, the transverse thermal stress (�) in the fill yarns

of the cross-ply region was estimated by thermoelastic

calculation, described by equation (2)1,9 and explained

below. In this work, only the thermal stress in [0]8 layup

was determined, because the orientation mismatch in

cross-ply layup is the greatest for this case, and hence will

produce the greatest thermal stress.

The modulus and CTE of unidirectional T650-35

composites were determined by assuming that the long-

itudinal and transverse properties of T650-35/TriA X

were equal to the longitudinal properties of T650-35

fibers and the properties of neat TriA X, respectively.

The property mismatch between longitudinal and trans-

verse orientations of a unidirectional composite is less

than that between fibers and matrix. Thus, this assump-

tion will present an upper bound of thermal stress. In

equation (2), � and E are CTE and Young’s modulus,

respectively, while the subscripts M and F represent

“Matrix” and “Fiber,” respectively.

� ¼
X ð371�C

T

ð�M � �FÞEFEM

EF þ EM

dT ð2Þ

Because T650-35 8HS laminates were cured above Tg,

during cure, polymer chains were in a rubbery state with

high mobility and short relaxation time, allowing relaxation

of stress induced by cure shrinkage.5–7 Thus, the internal

stress at 371�C was assumed to be zero. The thermal stress

at a temperature (T) in a cross-ply region was calculated by

integrating equation (2) from T to 371�C. The stress values

at �54�C and 232�C are shown in Figure 2(b) (black solid

line) with the temperature profile of cycles (Figure 2(a)).

Numerical calculation of thermal stress in T650-35 8HS/

PMR-15 composites revealed that the thermal stress in the

crimped region was 12% greater than in the cross-ply

region.7 Because PMR-15 and TriA X exhibited similar

thermal expansion behavior, T650-35 8HS/TriA X laminates

are expected to exhibit thermal stress distribution similar to

T650-35 8HS/PMR-15. Thus, thermal stress in crimped

regions of T650-35 8HS/TriA X laminates was estimated

by multiplying the calculated stress in the cross-ply region

by 12%, shown as the black dashed line in Figure 2(b).

The goal of thermal stress calculation is to demonstrate

the thermal stress level relative to the matrix strength. The

tensile strength of neat TriA X was measured at�54�C and

232�C,15 and results are shown as the blue line in Figure

2(b). The internal stress induced by thermal cycles is 51%
and 60% less than the tensile strength of the matrix at

�54�C and 232�C, respectively. Thus, T650-35 8HS com-

posites were expected to exhibit resistance to microcrack-

ing during thermal cycling between these temperatures

(�54�C and 232�C).

Figure 1. Young’s modulus of neat TriA X.

Table 1. CTE of TriA X.

T (�C) CTE (10�6�C�1)

�54 to �25 36.6
�25 to 25 43.5
25 to 75 48.7
75 to 125 64.6
125 to 175 67.0
175 to 225 65.7
225 to 275 68.0
275 to 325 97.6
325 to 355 323.7
355 to 371 217.7

CTE: coefficient of thermal expansion.
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Thermal cycling experiments

Materials

TriA X prepreg was fabricated using an 80-wt% PMDA

diester/p-ODA/PEPA monoester solution in ethanol, which

was combined with desized T650-35/8HS/3 K carbon fab-

ric (areal weight: 368 g m�2, Cytec Solvay Group, Ana-

heim, CA, USA), yielding a fiber volume faction of 55%
after cure. T650-35 8HS/TriA X composites were fabri-

cated in two layup sequences—[0]8 and [0/þ45/�45/

90]s—using a molding cycle described previously.19 A

TriA X neat polymer panel was prepared by molding

PMDA diester/p-ODA/PEPA monoester powder blend in

a hot press.15

Thermal cycling conditions

8HS laminates were machined into rectangular coupons for

thermal cycling followed by microcrack inspection and

SBS testing. Specimen dimensions are described in subse-

quent sections (Microcrack inspection and SBS test). Neat

polymer coupons (40 � 40 � 3 mm3) were prepared for

investigation of effects of thermal cycling on matrix phys-

ical properties. Thermal cycling test specimens were wet

machined, then dried at 100�C for 64–89 h and stored in

desiccators prior to thermal cycling. The specimens were

thermally cycled between �54�C and 232�C with a 10-min

hold at �54�C and a 15-min hold at 232�C (Figure 2(a)).

Up to 2000 thermal cycles were performed at The Boeing

Company, Huntington Beach. Samples were removed

every 400 cycles for microcrack inspection and testing.

Microcrack inspection

Composite specimens (100� 50� 3 mm3) with both layup

sequences were inspected for microcracks at 400-cycle

intervals, and SBS tests were performed. Each specimen

was sectioned in three orientations)—0� (warp), 45�, and

90� (fill)—and mounted in potting resin. The cross sections

(approximately 20 mm long) were wet polished down to

1 mm diamond suspension and inspected for microcracks

using a digital microscope (VHX-600, Keyence, Japan).

High-resolution X-ray tomography (micro computed

tomography (micro-CT)) was performed on the composite

specimens before thermal cycling and after 2000 cycles to

detect microcracks in three dimensions. Specimens were

sectioned from thermally cycled laminates and scanned

(XT H 225ST, Nikon, Japan). Mo-K� incident radiation

(�¼ 0.71 Å) was used with 60 kV/220 mA voltage/intensity

settings to achieve a resolution of �4 mm per pixel.

Oxidized layer inspection

A 2-mm-thick cross section (6 � 3 mm2) was cut from the

neat polymer specimen after 2000 cycles. The cross section

was wet polished on both sides down to 200 mm using a disc

grinder and sandpapers. The cross section under trans-

mitted light was imaged using a digital microscope

(VHX-600, Keyence) to detect discoloration from

oxidation.

Dynamic mechanical analysis

Dynamic mechanical analysis was performed to determine

Tg values of T650-35 8HS laminates and neat polymer

before and after thermal cycling (Q800, TA Instruments).

The measurements were carried out in single cantilever

mode at a heating rate of 5�C min�1 with a fixed frequency

of 1 Hz and a strain of 0.3%. The peak of the tan � curve

was recorded to determine Tg.

Nanoindentation

Nanoindentation was conducted on neat polymer samples

before and after thermal cycling to measure the surface

Young’s modulus. The indentation was carried out using

continuous stiffness measurement mode with a constant

strain rate of 0.01 s�1 at an oscillation frequency of

45 Hz, using a nano-indenter (Nano Indenter XP, MTS,

Eden Prairie, MN, USA) with a Berkovich tip (TB26980,

Keysight Technologies, Santa Rosa, CA, USA). The max-

imum penetration depth was 2000 nm, and drift correction

was applied during tests. Fifty indents were performed on

Figure 2. (a) Temperature profile of thermal cycles and (b)
corresponding thermal stress in cross-ply region (solid black) and
crimped region (dashed black) of [0]8 laminates and tensile
strength of the matrix15 (blue).
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each specimen with an indentation spacing of > 100 mm.

Young’s modulus was calculated as the average result

between 600 nm and 1000 nm using analysis software

(TestWorks 4, MTS).

SBS test

The SBS strength of T650-35 8HS/TriA X composites was

measured at room temperature in accordance with ASTM

D2344.20 Specimen thermal history, dimension, layup

sequence, and number are summarized in Table 2. The tests

were performed on a load frame (5567, Instron, Norwood,

MA, USA) at a crosshead displacement rate of 1.0 mm

min�1. Specimens were stored in desiccators for at least

7 days prior to testing. After testing, polished sections were

inspected to determine failure modes using a digital micro-

scope (VHX-600, Keyence). Only interlaminar shear fail-

ures were observed (Online Supplemental Figure S1).

Results and discussion

Microcrack inspection

Composite specimens were removed from the thermal

cycle chamber every 400 cycles for microcrack inspection.

Specimens were sectioned and polished in three orienta-

tions (0�, 45�, and 90�) for observation. Figure 3 shows the

polished sections of specimens after 2000 thermal cycles.

No microcracks were observed in any of the specimens

using light microscopy. For further inspection, micro-CT

scans were performed on specimens after 2000 thermal

cycles. Only a few microcracks were observed, and the

morphology and position of microcracks (relative to the

fabric architecture) were similar for all the cracks observed.

Figure 4 shows a typical microcrack (outlined in red rec-

tangles), where the image sequence extends from one end

of a microcrack (a) to the other end (h). The sequence is

also represented schematically in Figure 5, which shows

the three-dimensional distribution of microcracks, using

color to indicate the layer position of microcracks. For

example, yellow lines depict microcracks located in the

first ply of the laminate.

Microcracking was detected only in the resin-rich

regions near tow crimp of 8HS laminates (Figure 4). In

these laminates (Figure 4(i)), three types of fiber regions

are present: a cross-ply region (III), two tow edges (I and II)

at an overlap of orthogonal tows, and a crimp region (I–II).

In Figure 4(a), tow A was at a tow edge (IA) of a tow

overlap region, while tow B was in a cross-ply region (IIIB)

that was near a crimp. A microcrack terminated in the

resin-rich region adjacent to tow A (Figure 4(b)). In Figure

4(c) and (d), tow A extended into the cross-ply region (IIIA)

that was yet close to the crimp, while tow B reached the

first tow edge (IB) of a tow overlap, where the resin-rich

region was larger and the microcrack spanned the entire

region. In Figure 4(e) and (f), tow B was situated at the tow

overlap (I–IIB) and the microcrack was at a boundary

between tow A and an adjacent fiber tow. In Figure 4(g),

tow B reached the second tow edge (IIB) of the tow overlap,

and the resin-rich region around the microcrack became

smaller so that the microcrack was shorter. In Figure

4(h), both tow A and tow B were in the cross-ply region,

and the microcrack had terminated. The microcrack shown

in Figure 4 is typical of all microcracks observed in the

micro-CT scans of the 8HS laminates X. The full set of

micro-CT scans of the microcrack presented in Figure 4 is

shown as a video in Online Supplemental Material and

available at https://youtu.be/cuwALxuYroU.

The features of the microcracks in the micro-CT scans

of thermally cycled laminates differed from those of

thermal-cycling-induced microcracks in polyimide compo-

sites. As described above, microcracking was observed

only in the resin-rich regions of laminates and was attrib-

uted to matrix failure. In contrast, microcracking in other

polyimide composites typically occurred within fiber tows

(fiber-rich regions), stemming from debonding at fiber–

matrix interfaces.8,10–13 In addition to this difference in

microcrack location, the distribution of microcracks in

T650-35 8HS/TriA X was inconsistent with that of the

Table 2. Specimens for SBS tests.

Number of cycles

Layup sequence

[0/þ45/�45/90]s [0]8

Length
(mm)

Width
(mm)

Thickness
(mm)

Number of
specimens

Length
(mm)

Width
(mm)

Thickness
(mm)

Number of
specimens

0 18.64 6.20 3.10 8 18.41 6.13 3.08 5
400 18.66 6.21 3.12 6 18.41 6.13 3.11 5
800 18.66 6.21 3.09 7 18.41 6.11 3.08 5
1200 18.65 6.19 3.12 8 18.41 6.12 3.09 8
1600 18.63 6.20 3.10 8 18.42 6.13 3.10 5
2000 18.66 6.21 3.12 8 18.41 6.12 3.09 5

SBS: short-beam shear.
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typical microcracking generated by temperature variations.

All microcracks occurred in one fiber direction in each

laminate, apart from just two microcracks in +45� plies

of the [0/þ45/�45/90]s layup. Because of the woven rein-

forcement, microcracks caused by internal stress are

expected to appear in both fill and warp directions (based

on accepted microcracking mechanics). Moreover, the

microcracks here appeared only on one side of the speci-

mens, while thermal cycling–induced microcracks nor-

mally occur in all fiber directions and are distributed

symmetrically with respect to laminate midplanes.8,10,13

The unusual features of the microcracks observed in the

micro-CT scans indicate that factors other than thermal

cycling were responsible for the cracks. The characteristics

of the microcracks were consistent with artifactual damage.

In particular, the micro-CT specimens were machined

using a low-speed diamond saw after thermal cycling. Cyc-

lic bending loads were applied to the specimens during

sectioning, producing microcracks, of which approxi-

mately 50% were near to the cut surfaces. Based on

comparison of microcracks in the 8HS laminates and

thermal-cycling-induced microcracks reported in other

polyimide composites,8,10–13 we concluded that the addi-

tional loading generated by sectioning after thermal cycling

was the cause of the observed microcracking.

The microcracking observed in 8HS laminates (attrib-

uted to sectioning after thermal cycling) indicates that the

matrix was embrittled by exposure to cyclic temperatures.

Thus, thermal cycling was indirectly associated with the

microcracking. Micro-CT scans were also performed on

fresh specimens (machined by the same method as

described above), and no microcracks were detected. Dur-

ing thermal cycling, three possible processes were

involved. Because samples were thermally cycled in air,

thermal oxidative aging was possible, causing matrix

degradedation.21 In addition, thermally driven fatigue and

creep (at high temperatures) were possible because of the

cyclic stress induced by temperature change. Both fatigue

and creep can induce a process of defect nucleation before

cracking occurs, leading to rupture of atomic bonds and

Figure 3. 8HS laminates after 2000 cycles: [0]8 in 0� (a), 45� (b), and 90� (c), and [0/þ45/�45/90]s in 0� (d), 45� (e), and 90� (f).
8HS: 8-harness satin.
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creating stress concentration sites in forms of chain ends

and cavities (clusters of ruptured bonds).22,23 Any increase

in defects generated by fatigue and creep could result in

greater brittleness of the matrix and make microcracking

easier upon additional loading afterward. The effects of

these three factors are discussed next.

Effects on matrix

Thermal oxidation of polyimides commonly manifests as

surface discoloration and increased Tg and Young’s mod-

ulus.24–27 To investigate the effects of thermal oxidative

aging on the matrix during thermal cycling, neat polymer

specimens were thermally cycled in the same conditions

with the composite specimens. Thermal stress was induced

by fiber–matrix interaction upon temperature change.

When the fibers were absent in the system, no thermal

stress occurred. Note that the neat polymer specimens were

the same thickness (3 mm) as the composite specimens,

giving similar through-thickness temperature gradients

during heating and cooling. Thus, the neat TriA X speci-

mens experienced nearly identical thermal/oxidative expo-

sure to the composites, but without thermal stress.

A thin section of neat polymer after 2000 cycles is

shown in Figure 6, imaged with transmitted light, showing

no discolored surface layer (the curved profile at corners

was created by the saw kerf). Discoloration caused by

thermal oxidation has been widely reported for PMR-

15,24,25,27 and this has also been reported in long-term

thermal oxidative aging of TriA X at 288�C. The Tg and

Young’s modulus (measured on the surface) of neat poly-

mer after thermal cycling are summarized in Figure 7. The

Tg and Young’s modulus exhibited negligible change

(approximately 1%) after 2000 cycles. Oxidized polymers

typically exhibit greater Young’s modulus than fresh

polymers, and this is commonly observed in PMR-15 and

other thermosets.24,27,28 The constant physical properties

of neat TriA X after thermal cycling indicate that no ther-

mal oxidative degradation occurred in the matrix of 8HS

laminates during 2000 thermal cycling. As discussed in

Microcrack Inspection, only three factors, thermal oxida-

tive aging, thermally driven fatigue, and creep, could

degrade the matrix in thermal cycling test and reduce the

microcracking resistance upon additional loading.

Because thermal oxidative aging was excluded, the other

Figure 4. A typical microcrack (boxed in red rectangles) observed in micro-CT scans of 8HS laminates after 2000 cycles; image
sequence from (a) to (h) is corresponding to direction from (a) to (h) indicated in Figure 5; (i) fiber morphology in 8HS weave: tow
edges (I and II) at an overlap of orthogonal tows (I–II) and cross-ply region (III). 8HS: 8-harness satin; CT: computed tomography.
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two factors, thermally driven fatigue and creep, likely

caused the matrix degradation.

To determine the effects of thermally driven fatigue and

creep on the matrix of T650-35 8HS/TriA X, matrix-

dominated properties—Tg and SBS strength—were mea-

sured (Figure 8). Tg (red solid triangles and green solid

diamonds in Figure 8) exhibited negligible change (0.3–

0.4% decrease) after 2000 cycles, while the SBS strength

of [0]8 (red solid squares in Figure 8) and [0/þ45/�45/90]s

(blue solid circles in Figure 8) decreased slightly, by 3.3%
and 9.1%, respectively. Because SBS strength is a matrix-

dominated property, the decrease in SBS strength indicates

mechanical degradation of the matrix. As described above,

only local fatigue and creep induced by cyclic temperatures

contribute to matrix degradation. To determine the relative

importance of these factors, SBS tests were performed on

specimens aged for 500 h at 232 C, equivalent to the total

time at 232 C during 2000 cycles. During aging at 232 C,

only local creep could affect the composites, because the

thermal stress was constant at constant temperature. The

Figure 6. Cross section of neat TriA X after 2000 cycles
(transmitted light).

Figure 7. Tg and Young’s modulus at surface of neat TriA X.

Figure 5. Microcrack distribution observed in micro-CT scans of T650-35 8HS/TriA X after 2000 cycles; color indicates ply position of
microcracks. 8HS: 8-harness satin; CT: computed tomography.
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SBS strength of aged [0]8 (red hollow square in Figure 8)

and [0/þ45/�45/90]s (blue hollow circle in Figure 8) lami-

nates was 0.6% and 3.1% less than that of fresh specimens,

respectively, and can be attributed to possible local creep or

normal measurement variance. The slight decreases in SBS

cannot prove the existence of creep or exclude the possi-

bility. However, the effects of local creep are negligible or

secondary in comparison to thermal fatigue, because the

SBS strength reduction after isothermal aging was far less

(82% less for [0]8 laminates and 67% less for [0/þ45/�45/

90]s laminates) than after 2000 thermal cycles, where both

fatigue and creep could have occurred. Therefore, ther-

mally driven fatigue is identified as the primary factor

responsible for mechanical degradation of the matrix,

resulting in the reduction in SBS strength after thermal

cycling, while creep at high temperatures is possibly a

secondary factor. The slightly greater (6%) SBS strength

retention observed in the thermally cycled [0]8 laminates

compared to [0/þ45/�45/90]s laminates is attributed to

effects of layup sequences—the SBS strength of isotropic

layups is more matrix-controlled than that of cross-ply

layups.8

In addition to thermally driven fatigue and creep, fabric

geometry also affected the mechanical degradation of the

matrix. The resin-rich regions were adjacent to crimped

tows in the 8HS laminates. The thermal stress in the crimped

region is 12% greater than that in the cross-ply region

because of the tow curvature.7 Thus, resin pockets in

crimped regions sustain maximum thermal stress. Here, no

fiber reinforcement was present to carry the thermal stress,

and thus crimped regions were most susceptible to thermal

cycling damage. Consequently, microcracking occurred

upon addition loading. To increase microcracking resistance

after thermal cycling, fabric architecture that minimizes/

eliminates fiber crimp will mitigate effects of resin-rich

regions. Thus, nonwoven reinforcement, such as non-crimp

fabric, unidirectional tape, or spread-tow fabric, should

impart increased resistance to thermal cycling degradation.

Although the matrix degraded slightly from thermal

cycling, the retention of SBS strength was greater than

90% after 2000 cycles. Fiber-dominated mechanical prop-

erties are not as sensitive to microcracks as matrix-

dominated properties.8,10 SBS strength (interlaminar shear

strength) is one of the common matrix-dominated proper-

ties investigated as an indicator of mechanical performance

in thermal cycling tests of polyimide composites.1 Note

that the interlaminar shear strength of PMR-15 composites

after 1500 cycles between �55�C and 232�C was reported

to be approximately 40% of the initial value because of

extensive microcracking, which arose from the low trans-

verse tensile strength of laminae (comparable to the pre-

dicted thermal stress level).11 In contrast, high residual

matrix-dominated properties of TriA X are attributed to the

absence of microcracks, which in turn stemmed from the

high tensile strength of the matrix.

Conclusions

Resistance to microcracking during thermal cycling is a

critical performance indicator for polyimide composites

because of the brittle nature and high CTE of the matrix.

Indeed, no polyimide composites have been reported to

date that withstand thermal cycling (with similar tempera-

ture ranges) without microcracking. Unlike conventional

polyimides, TriA X possesses greater tensile strength, suf-

ficient to withstand the thermal stresses induced by cyclic

temperatures. As reported previously, the intrinsic strength

stems from the distinctive molecular structure. Conven-

tional image analysis did not reveal microcracks in ther-

mally cycled laminates, although a few microcracks were

detected in micro-CT scans. These cracks were attributed to

additional loading during sample sectioning subsequent to

thermal cycling. The >90% retention of SBS strength after

2000 cycles was attributed to the absence of microcracks in

the specimens, while the <10% reduction was attributed to

slight matrix degradation. After 2000 cycles, laminates

were more susceptible to damage from sectioning than

from interlaminar shear loading. Additional investigation

is needed to more fully understand the mechanical behavior

of TriA X composites after thermal cycling.

Three factors—thermal oxidative aging, thermally dri-

ven fatigue, and creep—were considered as possible causes

of the SBS strength degradation, and two of these were

deemed unlikely. First, no evidence of thermal oxidation

from thermal cycling was detected. Thermally driven fati-

gue induced by the cyclic temperatures is the primary cause

of the mechanical degradation of the matrix, while creep is

the possible secondary factor. In addition to local fatigue

and creep, curved fiber geometry of 8HS fabric also

affected the performance of the matrix and decreased the

microcracking resistance of the composites after thermal

Figure 8. Tg and SBS strength of T650-35 8HS/TriA X. SBS:
short-beam shear.
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cycling. Thus, nonwoven reinforcement is recommended

for TriA X composites in future work.

In the field of polyimide composites, PMR-15 has been

the most widely reported matrix for high-temperature

applications. However, all polyimide composites, includ-

ing PMR-15 composites, undergo extensive microcracking

during thermal cycling, which is a major limitation, partic-

ularly for oxidizing environments. Thus, polyimide com-

posites are limited presently to short-term structural

components or long-term nonstructural components.10 The

results presented here demonstrate that composites based

on a newly designed polyimide (TriA X) can withstand

thermal cycling without microcracking. The increased

resistance to thermal cycling is likely to expand the design

space of polyimide composites for longer term high-

temperature structural applications.
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