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ABSTRACT

The first paper, “Dye Penetrant Induced Microcracking in High Performance
Thermoplastic Polyimide Composites”, studied the possibility of spurious microcracking in
three high performance thermoplastic polyimide composite materials due to zinc iodine dye

penetrant. The material systems were IM7/LaRC™-IAX, IM7/LaRC™-IAX2, and

IM7/LaRC™-8515. Specimens from each material system were subjected to one of three

immersion tests. The first immersion test involved soaking composite specimens
previously prepared with different polishing techniques in dye penetrant. In the second
test, specimens were immersed in the individual components of the dye penetrant. The
final test involved exposure of specimens to one of six solvents followed by exposure to
dye penetrant. Results showed that the composite materials have sufficiently high thermal
residual stresses to drive microcracking in the presence of dye penetrant without external
mechanical loading. There was no evidence that the different polishing techniques had an
effect on dye penetrant induced stress cracking. The dye penetrant components did not
produce microcracks in the composites. Some combination of the components must be
present to induce microcracking. Observations also revealed that polishing had an effect on
the microcracking process of the composites that were initially exposed to solvents then dye
penetrant.

The second paper, “The Effect of Environmental Stress Cracking on High
Performance Polymeric Composites”, studied solvent stress cracking and solvent induced

strength degradation on four polyimide matrix materials developed at NASA-Langley
Research Center. These materials are LaRC™-JAX, LaRC™-JAX2, LaRC™-8515, and

LaRC™-PETI-5. Cross-ply specimens were used to characterize solvent stress cracking in

composites. Matrix cracking due to solvent exposure was observed in all of the materials.
The solvent exposure time of the materials ranged from 1 minute to 96 hours. The results



show that residual thermal stresses due to processing in the cross-ply composite specimens
are sufficient to drive solvent stress cracking in the matrix. Solvent application lowers the

microcracking toughness, G, ,values such that the available strain energy, G,_, within the

mec ?
transverse ply groups is sufficient to initiate microcracking. In the absence of a solvent, the
same G_ value would not induce microcracking.

Transverse flexure tests were performed on unidirectional specimens to determine
the effects of the solvents on the material strengths. The presence of certain solvents
severely degraded the materials. The manner in which the solvents were applied to the
materials determined the degree of material degradation. The results revealed a synergistic
effect between stress and solvent.

The tests showed that diglyme, MEK, and acetone produced the most severe

damage to the materials. The most solvent resistant material was LaRC™-PETI-5. This is

followed by LaRC™-8515, LaRC™-IAX2, and LaRC™-JAX respectively. LaRC™-

PETI-5 is a thermoset whereas the remaining materials are thermoplastics.



PREFACE

This thesis is written in the form of two journal articles. The first article is entitled
“Dye Penetrant Induced Microcracking in High Performance Thermoplastic Polyimide
Composites” which is to be submitted to the Journal of Thermoplastic Composites in
February 1996. The second article, to be submitted to the Journal of Composites in
February 1996, is entitled “The Effect of Environmental Stress Cracking on High

Performance Polymeric Composites”.
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1. Dye Penetrant Induced Microcracking in High
- Performance

Thermoplastic Polyimide Composites

INTRODUCTION

Fiber-reinforced composite materials are rapidly entering into numerous
applications where they encounter various environmental conditions. To design and utilize
composite structures to their full potential, their response to the service environment must
be understood. Research has shown that certain environments accelerate damage in
composite materials.

Composite materials lose much of their structural integrity when damaged. Damage
in composites usually initiates from stress concentrators such as holes, corners, joints, free
edges, etc. or from pre-existing flaws which can occur during manufacturing or during

operation [1,2]. There are four primary failure modes associated with laminated
| composites. These modes are matrix microcracking, fiber debonding, delamination, and
fiber breakage [1-5].

The first form of failure in an angle-ply and/or cross-ply laminate is matrix
microcracking in the angled ply or plies [5,6]. Matrix microcracking is well documented in
the literature primarily because microcracking affects the performance of composite
structures in their service environments [7-25]. For instance, matrix microcracks cause a
reduction in the coefficients of thermal expansion and in the stiffness [4,11-15,18-25].
They also allow an increase in moisture uptake and act as nucleation sites for more critical
forms of damage such as delamination and fiber breakage [2,3,6]. There are many factors
responsible for the initiation and progression of matrix microcracks. Such factors include
ply orientation, ply thickness, matrix strength and toughness, mismatch in coefficients of
thermal expansion, processing conditions, and the service environment [2,3,26]. Included
in the service environment of a composite structure are solvents encountered during
cleaning, testing, repairing, painting, paint stripping, fueling, etc. The possibility of matrix
- cracks resulting from exposure to environmental solvents, commonly referred to as
environmental stress cracking (ESC) or solvent stress cracking, has become a concern to
both researchers and the aircraft industry [7,25,27-29].



The research presented in this paper investigates the effect of dye penetrant
exposure on the matrix cracking of fiber-reinforced cross-ply composites. The first section
of the paper will review the literature regarding environmental stress cracking of polymeric
materials and composites. The second section describes the experimental program, and the
remainder of the paper presents experimental observations. The purpose of this research is
to characterize dye penetrant induced microcracking in high performance thermoplastic

~ polyimide cross-ply composites.

LITERATURE REVIEW

Environmental stress cracking of polymers has interested researchers since the
1950’s [30,31]. Researchers have found that many polymeric materials, both semi-
crystalline and amorphous, are susceptible to damage by organic solvents while under
stress. Failure by ESC occurs at a lower stress level than would ordinarily be necessary to
induce failure in the absence of the solvents. The exact mechanisms of ESC are not
completely understood, but it is generally accepted that absorption of the liquid and
simultaneous Tg reduction are closely related to stress cracking behavior [32-35].

Kambour and co-workers have shown that when polyphenylene oxide [32],
polysulfone [33], polystyrene [34], and polycarbonate [35] are exposed to a wide variety
of liquid environments, a correlation exists between the critical strain and the liquid
~ solubility parameter ( &1). They have also reported in their study of polystyrene that organic
liquids do not exercise a significant surface energy role in solvent crazing but that their only
roles are associated with flow processes [34].

Vincent and Raha [36] examined polymethylmethacrylate, polyvinyl chloride, and
polysulfone in the presence of liquid environments and concluded that a two-parameter
representation including the solubility parameter, &, and the hydrogen bonding parameter
is more effective than solely using the solubility parameter in predicting the stress cracking
characteristics. Henry [37] has used a three dimensional solubility parameter approach to
evaluate critical strains of polycarbonate and polysulfone.

Hittmair and Ullman [29] studied the effects of molecular weight, temperature, and
crystallinity on stress cracking of polyethylene. They confirmed previously reported
results that stress cracking is more severe the lower the molecular weight of the material.

As the temperature was increased, the breaking time decreased at a given load. They also
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noticed an inverse relationship between stress cracking and material crystallinity. In a
material with low crystallinity, stress cracking occurred rapidly; whereas, in a highly
crystalline material, the stress cracking slowed down and eventually stopped.

Polymeric materials are often used as matrix resins in composite structures. Despite
their toughness, some matrix resins are susceptible to solvent induced microcracking while
under stress. The stress can be either mechanically induced or it can result from thermal
residual ply stresses. Generally a tensile residual stress develops in the transverse-fiber
directions of multi-directional laminates when the laminate is exposed to temperatures
below its stress free temperature (SFT). Exposure to these temperatures generally occurs
during the cool-down cycle of processing and often throughout the service life. During
cool-down, plies want to shrink more in the transverse direction than in the fiber direction,
but the fiber direction plies constrain shrinkage in the transverse direction plies resulting in
tensile residual stresses in the transverse plies. The formation of thermal residual stresses
is illustrated in Figure 1.1.

_ Rothschilds et al. [24] studied the influence of temperature, moisture content, and

hygrothermal history on matrix cracking in several different fiber/matrix cross-ply
composites. They primarily studied the critical mechanical strain at the onset of matrix
cracking. Their temperature and moisture content results showed that the critical strain was
dependent upon material type, environmental conditions and G,,. Resistance to matrix
cracking was found to be greater in the materials where the transverse moduli was lower.
Their results also suggest that thermal contributions to matrix cracking can be minimized
by lowering the mismatch in the coefficients of thermal expansion.

Hsieh, Schneider, and Mandell [7] investigated the effect of solvent on Mode I
delamination crack propagation in polyetherimide based materials. They observed that in
the presence of o-xylene, crack propagation occurred at significantly lower G; levels than
the respective G, value needed to produce a crack in air. Hsieh et al. [7] also performed
immersion tests, in which there was no externally applied mechanical load, on adhesively
bonded composites in several solvents and observed adhesive cracks in the adhesive layer
of the bonded composites. Thus, the thermal residual stresses from processing were
~ sufficient to drive solvent stress cracks in the composite laminates.

The dye penetrant technique is heavily utilized in research to investigate damage in
composites [38-45]. Finn and Springer took x-rays in conjunction with a dye penetrant to
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show matrix cracks and delaminations in graphite-epoxy, graphite-toughened epoxy, and
- graphite-PEEK composite materials [38]. O’Brien utilized dye-penetrant-enhanced
radiography to observe matrix cracking and delamination in T300/5208 graphite/epoxy
laminates under quasi-static and cyclic loads [39]. Nelson studied thermal aging of Celion
6000/LaRC-160 and Celion 6000/PMR-15 graphite/polyimide composite materials. He
used dye-penetrant-enhanced radiography to measure the crack depth along the specimen
edges as a function of time and temperature [40]. Hitchen and Ogin quantified the damage
in the form of transverse cracks in the core layer of a 50% by weight discontinuous glass
fiber reinforced Nylon composite using a dye penetrant technique [41]. Jowitt reported on
the techniques available to the aircraft inspector for use in non-destructive testing of
aircraft. The most useful technique reported is the dye penetrant technique [42]. Rouillon
and Gomina used a dye penetrant marking technique to monitor natural crack lengths in 2D
C-SiC and 2D SiC-SiC fiber reinforced composite materials using three-point-bending tests
[43]. Hitchen developed a milling/dye penetrant technique to quantify the cracking and
average crack spacings associated with modulus reduction and damage accumulation during
fatigue cycling of a long, discontinuous glass fiber reinforced nylon composite with a
" skin/core structure [44]. Sykes, Funk, and Slemp used an opaque penetrant to produce x-
radiographs to observe cracking in C6000/P1700 thermoplastic composite specimens [45].
Razvan, Bakis, and Reifsnider used x-ray radiography to study the effect of cyclic load
amplitudes on composite laminates [46]. Swain, Reifsnider, and Vittoser used x-
radiographs to verify IST results [47].

EXPERIMENTAL PROCEDURE
Materials

The results presented in this paper are based on experiments and observations made

on three polyimide material systems synthesized in the Composite and Polymers Branch

(CPB) at NASA Langley Research Center. The material systems include IM7/ LaRC™-
 IAX, IM7/ LaRC™-IAX2, and IM7/ LaRC™-8515 (5.5%). The LaRC™-IAX, LaRC™.-

IAX2, and LaRC™-8515 (5.5%) resins were provided by IMITEC of Schenectady, New
York. The fibers were 12k unsized IM7 carbon fibers supplied by Hercules.



LaRC™-JAX and LaRC™-IAX?2 are matrix resins based on their predecessor

LaRC™-JA (Langley Research Center-Improved Adhesive) [48,49]. LaRC™-IA is

prepared from oxydiphthalic anhydride (ODPA) and 3,4’-oxydianiline (ODA) in N-
methylpyrrolidone (NMP) as a 30% w/w solids solution [48,49]. The backbone of the
LaRC™-IA polymers was altered by substituting the 3,4’-ODA with 1,4-phenylenediamine
(p-PDA) at a 10% level to improve the solvent resistance. This new material was

‘ designated LaRC™-JAX [48,49]. In the case of LaRC™-IAX2, 20% of the ODPA in
LaRC™-]JA was replaced with 3,3’,4,4’-benzophenonetetracarboxyl dianhydride (BTDA)
to again improve solvent resistance [48,49]. These alterations in the LaRC™-IA polymers

produced stiffer backbones, better mechanical properties and higher Tg’s. LaRC™-8515

(5.5%) (Langley Research Center - 8515) is prepared from 3,3°,4,4’-
biphenyltetracarboxylic dianhydride (BPDA) and a ratio of 85:15 of 3,4’-oxydianiline
(3,4’-ODA) and 1,3-bis(3-aminophenoxy)benzene (APB) [50,51]. The 5.5% refers to the

stoichiometric offset of the polyimide [50,51]. The LaRC™-8515 material referred to

herein corresponds to the 5.5% form. LaRC™-IAX, LaRC™-JAX?2 and LaRC™-8515 are

thermoplastic polyimides. Figure 1.2 illustrates the chemical structures of the polyimides.

Specimen Preparation

The NASA LaRC Multipurpose Prepreg Machine was used to make solution-coated
prepreg tape for each material. The solution prepreg was then hand laid in the desired
orientations in 6” square molds and processed into flat panels by press molding. A cross-
ply orientation having a [0/90/0,/90,/0,/90,], layup was chosen. This layup provided three
stressed transverse ply groups each having a different thickness. The layup contained a 4
ply transverse group, a pair of 2 ply transverse groups and a pair of single ply transverse
groups. This layup allowed the researcher to investigate the effects of thermal residual ply
stresses and ply group thickness on matrix crack formation. The maximum transverse
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thermal residual ply stresses associated with this layup have been calculated in Reference 2
using Classical Laminate Theory. The materials were processed using the cure cycles in
Figure 1.3. The resultant composite panels were ultrasonically inspected and showed good
consolidation.

A diamond saw, polisher, and microscope were used during the specimen
preparation process. A K.O. Lee water cooled diamond saw was used to cut the panels
into 25.4 mm by 25.4 mm specimens and were allowed to dry at room temperature and
humidity for 24 hours. The specimen configuration used in this research showing the
- different transverse ply groupings is illustrated in Figure 1.4. The specimens were divided
into twelve groups where each group contained one specimen per material. Table 1.1
describes the preparation of the specimens in each group, and indicates the solvents to
which the specimens were exposed. The polished specimens were polished on an Ecomet
4 variable speed grinder-polisher with an Automet 2 power head. Four steps were
involved in the polishing process. Table 1.2 describes the polishing process. An Olympus
BH-2 optical microscope was used to examine the specimens.

Test Procedures
Immersion Tests in Dye Penetrant

The U-1-DP, S-1-DP, and B-1-DP groups were exposed to zinc iodine, a dye
penetrant mixed in the Non-Destructive Evaluation Section (NDES) of the Models,
Materials and Technology Branch (MMTB) at NASA Langley, for 18 hours. The
- specimens were x-rayed using a Faxitron 8050-310 Radiographic Inspection System.
After the x-rays were taken, in order to examine the U-1-DP group under a microscope,
one edge was polished parallel to the 0° direction with Struers polishing compounds. Then
the x-radiographs were studied and the polished edges of each specimen were examined for

microcracking using the microscope.

Immersion Tests in Dye Penetrant Components

Because microcracking was induced by the dye penetrant, other specimens were

exposed to components of the dye penetrant to better understand the mechanisms involved.
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Figure 1.3. Cure cycles for LaRC™ materials.
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Figure 1.4. Illustration of composite test specimen design.
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Table 1.1. Specimen preparation for each group.

Group | Materials in Group Preparation Solvent Exposure
U-1-DP LaRC™-IAX unpolished specimens zinc iodine
LaRC™-IAX2
LaRC™-8515
S-1-DP LaRC™-IAX polished on one edge zinc iodine
LaRC™-JAX2 parallel to the 0° direction
LaRC™-8515 with Struers polishing
compounds
B-1-DP LaRC™-JAX polished on one edge zinc iodine
LaRC™-JAX?2 parallel to the 0° direction
LaRC™-8515 with Buehler polishing
compounds
S-2-DPC LaRC™-IAX polished on one edge n-propanol
LaRC™-JAX?2 parallel to the 0° direction
LaRC™-8515 with Struers polishing
compounds
S-3-DPC LaRC™-IAX polished on one edge iso-propanol
LaRC™-JAX?2 parallel to the 0° direction
LaRC™-8515 with Struers polishing
compounds
S-4-DPC LaRC™-IAX polished on one edge Photoflo 200™
LaRC™-JAX?2 parallel to the 0° direction
LaRC™-8515 with Struers polishing
compounds
S-5-Dig LaRC™-IAX polished on one edge Diglyme
LaRC™-8515 parallel to the 0° direction zinc iodine
with Struers polishing
compounds

11



S-6- LaRC™-IAX polished on one edge MEK
MEK LaRC™-8515 parallel zinc iodine
to the 0° direction with
Struers polishing
compounds
S-7-Ace LaRC™-JAX polished on one edge Acetone
LaRC™-8515 parallel to the 0° direction zinc iodine
with Struers polishing
compounds
S-8-Tol LaRC™-JAX polished on one edge Toluene
LaRC™-8515 parallel to the 0° direction zinc iodine
with Struers polishing
compounds
S-9-TCE LaRC™-TAX polished on one edge TCE 1,1,1
LaRC™-8515 parallel to the 0° direction zinc iodine
with Struers polishing
compounds
S-10- LaRC™-JAX polished on one edge Hyjet IV
Hyj LaRC™-8515 parallel to the 0° direction zinc iodine

with Struers polishing

compounds

12



Table 1.2. Polishing process used to polish composite specimens.

Steps Time Force Polishing Fluid Direction Speed
(min) (Ibs) surface (rpm)

1 | 25 320 grit sandpaper water CWH** 120

2 3 25 #6 tin platen 15 micron* CCW*** 60

3 3 25 #10 ceramic platen 6 micron* CCW**k 60

4 4 50 Texmet 3 micron** CWx* 120

* diamond slurry
** alumina suspension

*x% CW - clockwise; CCW - counterclockwise

13



The components of the zinc iodine dye penetrant are 1750g of zinc iodide, 300mL of water,
300mL of propanol, and 300mL of Photoflo 200™, an Eastman Kodak product. The S-2-
DPC group was exposed to n-propanol for 24 hours. The S-3-DPC group was exposed to
iso-propanol for 24 hours, and the S-4-DPC group was exposed to Photoflo 200™ for 24

hours. The polished edges of each specimen were examined under the microscope for
microcracking.

Immersion Tests in Solvents

The S-5-Dig, S-6-MEK, S-7-Ace, S-8-Tol, S-9-TCE, and S-10-Hyj groups were
" initially immersed in solvents for 4 days (96 hours). Each group and its respective solvent
are listed in Table 1.1. Following the solvent exposure, the specimens were examined for
microcracking using the microscope. The specimens were then exposed to zinc iodine for
18 hours and x-rayed so that the depth of the crack could be measured.

RESULTS AND DISCUSSION

Prior to testing, all of the specimens were examined for microcracks. One of the

IM7/LaRC™-IAX specimens polished with the Struers compounds revealed a microcrack

in a 2 ply transverse grouping prior to solvent exposure, which was most likely the result
of a defect. No microcracks were observed in the remaining specimens prior to testing.
Figure 1.5 illustrates a typical specimen edge having no microcracks prior to testing.

. Results from Immersion Tests in Dye Penetrant

For specimens immersed in dye penetrant for 18 hours, the x-radiographs revealed

numerous through-the-width microcracks in all of the specimens. Figure 1.6 compares the

three different polishing techniques of the IM7/LaRC™-IAX specimens in the U-1-DP, S-
1-DP, and B-1-DP groups. The x-radiographs of the IM7/LaRC™“-8515 and

IM7/LaRC™-IAX2 were quite similar to those in Figure 1.6. There was no noticeable

14



Figure 1.5. Photomicrograph of a specimen edge prior to testing
showing 90° ply groupings in a portion of a [0/90/02/902/02/902]s
laminate of LaRCT™-JAX.
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