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ABSTRACT

A series of chemical, mechanical, and physical tests were performed on
Kevlar/epoxy laminates to determine the cause of failure in a structure which
had undergone extensive delamination during a simulated solar load test. The
results of these tests indicated that improper fabrication procedures caused
microcracking at the fiber matrix interface which made the material particu-
larly susceptible to invasion by environmental moisture and subsequent dela"-t
ination at elevated tesperAtures. The material was also found to have been
undercured by approximately 30%. Acting on recour~eodatione resulting from
this study, the fabricator was able to eliminate the microcrazking and signi-
ficantly increase the degree of cure in the laminates.

Preliminary measureAents of the effect of moisture on the mechanical
properties of the laminate suggested that design properties of the material
should be determined at elevated temperature and humidity.
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INTRODUCTION

In May, 1983, at the request of the U.S. Army Natick Research and Development
Center (NRDC), Organic Materials Laboratory (OML) personnel were requested to attend
technical review meetings to discuss materials-related problems arising from the use
of Kevlar/epoxy panels on the aardened Army Tactical Shelter (EATS). Shelter A2 had
developed extensive delaminations and ply separations durin6 a simul,.ted solar load
test.

After examination of shelter A2 and chemical, mechanical, and physical testing
of materials removed from this and other shelters, a series of recommendations were
made to the HATS technical working group concerning fabrication of the Kevlar/epoxy
panels. These recommendations included:

I. Thorough dryin6 of the Kevlar fabric at a temperature above 100°C before
impregnation with the epoxy resin.

2. Careful quality control to avoid batch-to-batch variation in the resin.

3. Not diluting the resin with organic solvents such as acetone during impreg-
nation.J

4. Curing the panels following the complete recommended cure cycle, with par-
ticular attention to the postcure at 2000C.

5. Deiermination of the design properties of the Kevlar/epoxy at a moisture
content and temperature appropriate to the expected environmental exposure of the
HATS shelter.

Detailed results of the testing program and reasons for these recommendations
will be discussed in this report.

EPOXY RESIN CHEMISTRY

The first test performed on material from A2 was an infrared spectrum (IR)
analysis of ges withdrawn from the blisters in the dtlaminated regions of the shelter
roof. These tests were run by the Physical Test Branch of the Measurements and
Analysis Division of Aberdeen Proving Ground (APG), at the request of OML. The
"results of the IR analysis indicated the presence of acetone in the blisters. It
was not known if the acetone was originally present in the epoxy resin, since the
composition of the resin used by the panel manufacturer HIKI (Erba, Italy) was not
specified.

Two batches of the resin (Eposir SP.502) manufactured by S.I.R. Conzorzio
Industriale S.P.A. (S.I.R.) of Milan, Italy, were obtained from Harry Diamond Labo-
ratories (HDL) for chemical characterization. A number of techniques were used for
chemical characterization of the resin. These included high performance liquid
chromatography (HPLC), gas chromatcgraphy/mass spectroraetry (GC-MS), differential
scanning calorimetry (DSC), and fourier transform infrared spectroscopy (FTIR).
HPLC, GC-MS, and FTIR were used to determine chemical composition, and DSC was used
primarily to measure the extent of reaction in the cured resin and o-•the laminates.

j .4 ~ ..- 4-
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Two RPLC techniques were used in the identification of the resin: reverse
phase high performance liquid chromatography (CPHPLC) on a Perkin-Elmer chromatograph,
and size exclusion chromatography (SEC) on a Waters Associates instrument.

The hardener (Eposir ID01801) was analyzed using RPHLC, and found to be nadic
methyl anhydride (NMA), although the dark color of the sample suggests that there
is another component present.

The RPHPLC results for the two Eposir resin batches are shon inl Figure 1.
They indicate significant variations in the intensities of one of the peaks. Compar-
ison of thE HPLC fingerprint of the Eposir with that of DEN 431, a Dow epoy resin
ccntaining polyglycidyl ether of phenol-formaldehyde novolac (Figure 2) shows that
the Eposir is primarily a novolac resin, but additional components corresponding to
the two peaks marked with arrows in Figure 2a have been added. GC-MS was u•cd to
identify these two components.

Samples of the two unidentified Eposir fractions were run in a GC-MS apparatus
ccnsisting of a Perkin-Elmer model 3920 gas chromatograph coupled with a Finnigan
model 3300 mass spectrometer. The results are shown in Figurea 3 and 4. The first
peak was tentatively identified as diglycidyl etner of reso.zinal, commonly used as
a reactive diluent in these materials to decrease the viscosity of the resin during
processing. The second component was identified by both GC-MS and FTIR as diglycidyl
ether of bisphenol-A (DGE3A). This is a widely used difunctional epoxy, and was
apparently added by the -ranufacturer in amounts which varied from 1% to 3% from
batch to batch. Apparently, the Eposir resin was still considered experimental by
the manufacturer during the time that these two batches were obtained by &DL. The
resin system has since been fully commercialized, and presumably no further variations
in resin chemistry will be made by the manufacturer unless purchasers are so informed.
Since such variations do sometimes occur in practice, the use of soe method of in-
coming QC to monitor resin composition was recommended. HPLC "fingerprinting" is an
excellent incoming QC method, and therefore a detailed description of both IIPLC
techniques used in this study are included for reference in the Appendix.

. /
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Figure 2. HPLC data for comparison between Eposir resin (a) and
DEN 431, a novolac resin (b). Peaks corresponding to resorcinol
and DGEBA are marked on Eposir curve.
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Figure 3. GC-MS date which Identify secoijd unknown HPLC fraction as daglycidyl ether of resorcinol.
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Figure 4. GC-MS data which identify third unknown H .-C fraction as
diglycidyl ether of bisrhenol-A (DGEBA).

None of the chemical techniques used to determine resin composition indicated
the presence of acetone, but during the HPLC analysis, the continual loss of low
molecular weight resin components by evaporation was noted. Since a gradual increase
in viscosity accompanies this selective evaporation, a fabricator might be tempted
to add a solvent such as acetone during a lengthy processing operation. It was
finally learned that MIKI had diluted the resin with acetone during the impregnation
process. OML recommended that this practice be stopped. Since the acetone ic
still present in the cured laminate, it is clearly trapped in the material during
cure, and could contribute to environmental instability in the panels.

ANALYSIS OF SPECIMENS FROM SHELTER A2

On June 9, 1983, OML personnel visited APG and removed several specimens of

the roof and sides of shelter A2 for chemical and physical analysis. ?igure 5
shows the number of delaminations which occurred in one specimen location on the
roof in the center of the bubble. The specimens were removed with a 3-inch-diameter
hole saw. Figures 6 through 12 are color photographs and photomicrographs of some
of these specimens. Two significant observations were made concerning these speci-
mens: 1) the generally pale color of the internal delaminated surfaces (see Figures
6 and 7) suggests that the resin inside the laminate is incompletely cured, and 2)
while some delaminated surfaces appear to be resin poor, examination of matching

4
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Figure 5. Section of the bubble in the roof of shelter A2.
In this region there were two separate ply separations plus
delamination from the honeycomb substrate.

fracture surfaces frequently shows them t,) be resin rich (see Figures 6 versus 7,
and 8 versus 9). It appears that the environmentally induced fracture which caused
these delaminaticns occurred at the fiber-matrix interface along the edge of a
fabric ply. This is also shown in Figures 10, 11, and 12 which show a partially
delaminated specimen. The close view in Figure 12 shows a resin-rich fracture surface
on the bottom of the crack and bare fibers exposed on che top surface.

Both the extent of cure of the matrix and the nature of the environmentally
induced fracture were determined by analysis of the test specimens.

Extent of Cure

A DuPont 1090 DSC was employed to measure the extent of cure of the resin matrix
in the specimens from A2. Extent of cure is determined from DSC measurements by
measuring the residual exotherua which occurs in the cured material as the specimen
temperature is scanned through the cure temperature, and comparing this value to the
original exotherm which occurs during curing of the uncured resin. In order to make
this comparison, the volume fraction of resin which is present in the cemposite must
be accurately determined. This is difficult with Kevlar/epoxy composites since most
conventional methods for selective removal of the resin from the composite, such as
burnout, also remove the organic Kevlar fibers.

4-5
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Figure 8. Magnified view of the fracture surface Figure 9. Magrified view of the fracture surface
shown in Figure 6. shown in Figure 7.

These reconmnendat ions were followed during the fabrication of shelter A5, and
DSC measurements of test specimens from shelter A5 (Figure 16) indicao'-. a reiiidual
resin exotherm of about 30 joule/gram compared to a resin erother- of 80 joule/gram
in Ad'. This represents a considerat)Ie improvement in the of cure. t.iimina-
tion of acetone from the resin, and thorough dryi.&IS t* the Kieviar fabric, as dis-
cussed below, may also have c-ntributed to a higher degree of cure in shelter A5.

Optical Microscopy

Optical microscope specimens were prepared from several of the delaminated
* regions of shelter A2. Material removed from the shelter uas cut, uiountel in

epoxy, and polished with a metallurgical polishing wheel. These specimens were
used for QOM fiber volutre measurements reported in the last section. and also for
analysis of the internal fracture surfacer generated du-ting the siimulated solar
load test. Microscope specimens were al'o prepared from material from sheiter B3,
which had not been exposed to blast or simulated solar load, tor comnparison..

Figure 17 shows a micrograph of an A2 specimen along the environmentally de-
laminated edge from the region shown in Figures 11 and 12. Figure 18 chows micro-
graphs at two different magnifications of specimens from shelter A" (labeled "bad")
and micrographs at the same magnifications of specimens from the B shelter (labý-Ied
"good") Figures 17 and 18 show that, in addition to the actual delamination, the

7
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F igure 10. Specimen removed frorm another Figure 11. Polished specimen from the s•ection
section of the roof of A2. The skin was shown in Figure 10.
partially delarninated in this region.

A? mate'rial contains many small cracks which run along Lhe fiber-matrix interface.

The delamiziations themselves appear to be th,2 result of coalescence of these cr'acks

at ply surfaces.

As Figure 18 shows, these cracks are present not only in the A2 material

which has been exposed to bl~ast and simulated solar load, but also in the Material

f rom shelter B3, which had not been exposed to either. This suggests that some

difficulty arising during fabrication caused these cracks. The micrographs in

Figure 19 indicate that such cracks are not present in all similar Kevlar/epoxy

materials. These micrographs show magnifie'd views (400X) of Kevlar/epoxy specimens;

two from di•fferent locatiuns in shelter A2 - one from the B shelter, and one from

a material preparA• as p.rt of round-robin testing for Mil Handbook 17, a composite

materials properties data base. This material was fabricated from the same resin

system used by MIKI, although the material was obtained in the form of prepreg,

and the same cure cycle was employed. It does not contain extensive fiber-matrix

cracking.

Care was taken during the processing of the Mil Handbook 17 material to ensure

th~at the Kevlar prepreo was dry before laminate fabrication. Mlanufacturers generally

dry the Kevlar fabric adequately before prepregging. The fabric should be dried

at temperatures above 1000C for several hours. This procedure was not followed by
MIKI during fabrication of the earlier shelters. If environmental moisture is not
removed from the Kevlar fabric prior to cure, the elevated temperature will drive

i8



Figure 12. Magnified view of specimen in Figure 11.

it from the fibers into the fiber-matrix interface. This would be expecced to cause
the type of damage which was observed in, the shelter materials. The correct drying
proceiiure was incorporated into the fabrication of sheltzr AS, and a microscopic
examination of the A5 material showed no such damage.

A likely scenario for the catastrophic delamination which occurred during simu-
lated solar loading of shelter A2 is as follows. Environmental moisture was absorbed
:nto the shelter during storage, pooling in the cracks which were present due to
improper drying of the Kevlar fabric. Some residual acetone may also have mixed
with the liquid water in the cracks. Since the thermal conductivity of the Kevlar/
er~oxy composite is considerably lower than that of the metal in the standard shelter,
the procedure followed during simulated solar l3ad resulted in measured temperatures
at the surface of the laminate directly under the heat source of 2600F to 2800P.
These temperatures would be sufficient to induce local boiling within the cracks,
causing coalescence and subsequent delaminations both between plies 4nd from the
hcneycomb substrate. Although the test was much too severe to actually simulate
solar loading, it was fortuitous that the delamination, occurred because it brought
to light a number of indequacies in the fabrication process which, if uncorrected,
were likely to have caused problems with the long-term stability of the shelter.

9
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Figure 13. Sample QOM data on fiber content of Kevlar/epoxy

Slaminates fro)m shelter A2.
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Figure 14. DSC measurement of the curing exothert in the
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I~Figure 15. DSC measurement of the residual exotherm in
cured Kovevl/spoxy material from shelter A2.
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ENVIRONMENTAL STABILITY OF KEVLAR/EPOXY HATS LAMINATES

To ascertain the stability of the HATS laminates in the presence of environmental
moisture, material was obtained from shelter B3 and machined into tension, short
b'ata shear, and torsional pendulum test specimens. These specimens were all machined
at 0/900 to the direction of the Kevlar fiber reinforcement. After machining, the
specimens were dried in vaetum at slightly above 100 0 C until their weights stabilized.
Half of these specimens were then tested to determine dry mechanical and dynamic
mechanical properties. The remaining specimens were immersed in distilled water at
80 0 C until their weight gains had leveled off at 61 to 71, and then tested. L.Wrersion
time required to achieve saturation was about one and a half months. Results of the
tensile and shorz beam shear tests are shown in Table 1, ard t.1e dynamic rzchanical
data are shown in Fig-ire 20.

The dynamic mechanical data indicate that the HATS material iq strongly plasti-
cized by absorbed moisture. Figure 20a ii a plot of the square of the resonant
frequency of the wet and dry torsional pendulum specimens as a function of tempera-
ture. The shear modulus of the specimen is directly proportional to this quantity.
Figure 20b is c plot of the percent damping in the wet and dry materials as a func-
tion of temperature. The damping is a measure of the energy which is dissipated by
the material during each cycle of loading. The organic matrix in these materials
undergoes a glass transition between 100l C and 2000 C, during which the damping
reaches a maximum value, and the shear modulus drops by an order of magrittle.

70 o Dry, Un,,ontinued

o Wet Specimen (6% H20)

50 -000
0

6%4 - O 0o 0%

0A 0

0

0

2 0 - 00o'i 00 00 % 00

10 I,,,, I I I I I I l I £ a I i

420 40 (A 80 100120 140 1W l 210 2W
Temperature fc)

Figure 20@. Torsional pendulum data on high temperture
stability of Kevlar/epoxy HATS materials at 0% and 8%
absorbed moisture. Natural frequency squared Is directly
proportional to shear moduluS, GI.
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Figure 20b. Tirsionrl pendulum data showing the effect of
*m.sbd mairaare on the % domping of Kevisr/epoxy HATS
me•icd as a function of temperature. Data Indicate approxi-
mately 500C depression of Tr

Figure 20 shows that the onaet of the glass transition occurs at a rignificantly
lower temperature (aboot 50 0 C) in the wet material. This lowering of the glass
transition temperature could seriously degrade the performance of the m&terial at
the upper use temperature, and suggests that design properties for the laminates
should be determined at these temperatures after appropriate environmental condition-
ing. Saturation by moisture is unlikely to occur in u.e, but several percent mois-
ture uptake could take place in high humidity eniironments, and even a few percent
absorbed moisture could lead to significant depression of the glass transition tem-
perature in highly cross-linked materials such as this epoxy.

The results of the mechanical testing shown in Table I also indicate that design
ptoperties should be measured after environmental conditioning. The short beam

Table 1. EFFECT OF MOISTURE ABSORPTION ON ThE MECHANICAL
PROPERTIES OF KEVLAR/EPOXY HATS LAMINATES

Properties Wet Dry

Tensile Strength 36.7 52.9
(ksl)

Tensile Modulus 3.44 3.9
(msi)

Shear Strength 1085 3360
(psi)

16



shear strength is a matrix-dominated property, but a decrease in mean interlaminar
shear strength of almort 70? at saturation suggests that an unacceptable loss of
strength may 3ccur at lower moisture contents and elevated temperatures. A drop
of 30% in mean 0/90 tensile strength also suggests that the effect of abaorbed
moisture at elevated temperatures on tensile strength should he assessed.

Since the degradation of mechanical properties which may accompany environmental
moisture absorption occurs only gradually, problemw may not appear ior several years.
A shelter which passed a blast test as fabricated might not sustain the same blast
loads when tested after several years of environmental exposure. The potential
for environmental degradation due to moisture absorption is common to all orgranic
matrix ccaposites. To minimize deterioration, every effort should be made to assure
that composite materials are properly cured to slow down moisture absorption. A
properly applied protective surface coating can also inhibit moisture absorption.
In addition, structures utilizing composites should be designed using allowables
which take enviromental deterioration into account.
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APPENDIX. HPLC EXPERIMENTAL CONVITIONS

RPHPLC
Instrient: Perkin-'lmer - Series 4, ISS 100 Auto Injector, 3600 Data Station

Detector: Perkin Elmer LC75 variable UV set at UV 214 nm

CO I Coln. Waters AssociatCs uLondapak c18

Mobile Phase: Grddiernt 1C1 THF/35•CH3CN/55%OH20
*45/30.25 15 On curve 3

Flow Rate: 2.0 ml/min

S~SEC

instr-m,,ent: 1ýaters Associates model 244, data module, with auto inject

Detector: Waters 440 LIr set at 254 nm

Col ,ins: IBM SEC "A,C" 5u packing material

Mobile Phase: THF
Flow Rate: 1.0 mi/mi
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