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Temperature/Humidity Effects on the Strength
of Graphite/Epoxy Laminates

R. M. Verette*
Northrop Corporation, Hawthorne, Calif.

In this paper, the influence of temperature and humidity on the strength and modulus of graphite/epoxy is
examined. The mechanical properties at several temperature/humidity conditions are compared to baseline
room-temperature dry conditions. A technique for using a high-temperature/high-humidity soak prior to test to
accelerate attaining a "wet" condition is discussed. Stresses and strains at failure are presented and reduced to a
B-basis. Data for unidirectional laminates are given for tension, compression, and shear both parallel and trans-
verse to the fiber direction. Three multidirectional laminates typical of aircraft construction are also examined.

Introduction

IT has been recognized for some time that once flight loads
and temperature profiles are defined for an aircraft system,

materials used in the construction of the aircraft must be such
that they possess sufficiently high strength at temperatures en-
countered for safe and durable aircraft operation. More
recently, the effects of moisture and its influence on advanced
composite properties have come to be appreciated. Since life
requirements for aircraft, as specified in MIL-STD-1530,
range from 15 years for fighters to 25 years for bombers,
tankers, cargo, and trainer vehicles, it is clear that absorption
of moisture must be considered in the assessment of laminate
strength. This is particularly cogent in view of the uncertain
status of sealants, paints, and other moisture-inhibiting a-
gents at the present time. The moisture equilibrium level at-
tained is a function of the relative humidity, with high-
humidity environments permitting more moisture absorption
than less humid environments. Since one cannot dictate usage
over an entire aircraft fleet lifetime, and since it is necessary
to maintain a state of "operational readiness," one can con-
servatively assume conditions corresponding to saturation at
100% relative humidity. Any real life case can be expected to
be less severe.

This paper presents data on the rate of moisture absorption
and the saturation levels attained for a currently used
graphite/epoxy system, AS/3501-5 prepregged by Hercules,
Inc. The influence of humidity and temperature on failure
stresses and strains and on modulus is then examined. In
reviewing the data to be presented, one should keep in mind
that, just as the realization that moisture effects must be con-
sidered in the use of composites is a rather recent develop-
ment, the formulation of specific systems to optimize
saturated strength has only recently been initiated. Thus, it is
not particularly surprising to find that saturated strengths of
existing prepregs can be substantially lower than correspond-
ing dry strenghts. These results are outlined in detail in the
following paragraphs.

Absorption/Desorption Studies
Accelerated Moisture Conditioning

As noted above, graphite/epoxy laminates, when exposed
to a given environment, will absorb moisture until a state of
equilibrium is reached with respect to the relative humidity of
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the environment. Thus, an aircraft fabricated from composite
materials may be expected to absorb moisture until
equilibrium is reached for the geographical location involved,
unless the aircraft is retired prior to reaching equilibrium.
Even though the rate of absorption may be such that some
time is required before saturation occurs, eventually an
equilibrium position will be attained, and this would occur in
many cases before the aircraft is retired from service.

In order to assess the effects of moisture on laboratory
specimens made of composites, a number of techniques have
been used to accelerate moisture pickup and thus compress the
time required to attain a wet condition. Several methods have
been described. !~4 These include immersion in room-
temperature water for prescribed periods of time, prolonged
immersion in room-temperature water until saturation is at-
tained, immersion in boiling water for prescribed periods, im-
mersion in elevated-temperature water for prescribed periods,
exposure to high-humidity environments at elevated tem-
perature for prescribed periods, and exposure to high-
humidity high-temperature environments until saturation oc-
curs. In reviewing the several methods available, those that
employ the highest humidity, highest temperature en-
vironments will result in the greatest weight gain for a given
period of time, and thus a saturation condition can be reached
in a minimum period of time under these conditions.

The data reported in this paper were obtained by continued
immersion in 180°F deionized water until saturation, as
measured by reaching an equilibrium weight gain condition,
was reached. Thus, the specimens tested gained the maximum
weight due to moisture that they were capable of acquiring,
regardless of exposure time. The specimens were immersed in
180°F water as against being contained in a 180°F, 95%
relative-humidity environment strictly as a matter of con-
venience since a) the two methods provide approximately
equivalent moisture-gain rates and equilibrium levels; b) the
two methods appear to yield laminates having approximately
equivalent wet/dry strength comparisons; and c) the epoxy
molecular bonds are exceptionally strong relative to those
found in other plastics, and thus the probability of chemical
attack by 180°F water or other response not experienced or
exhibited by an identical specimen in a high-humidity 180°F
environment is remote.
Processing Effects

In this paper, four cure-cycle/postcure combinations are
examined to assess the influence of processing on weight gain
and saturated properties. The essential features of the four
processing cycles are: Cycle A-one stage cure, 30 min at
350°F and 100 psi with no postcure; Cycle B -one stage cure,
30 min at 350°F and 100 psi, followed by a 4-hr postcure at
370°F; Cycle C-two-stage cure, 1 hr at 225°F and 100 psi,
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Fig. 1 Influence of cure cycle on moisture absorption.
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Fig. 2 Effect of temperature and humidity on longitudinal tensile
elastic modulus.

followed by 1 hr at 350°F and 100 psi, with no postcure; Cycle
D-two-stage cure, 1 hr at 225 °F and 100 psi, followed by 1 hr
at 350°F and 100 psi, followed by a 4-hr postcure at 370°F.
Figure 1 shows the weight gain experienced by specimens
cured using the four cycles. All date shown in Fig. 1 were ob-
tained from 16-ply AS/3501-5 graphite/epoxy laminates im-
mersed continuously in 180°F water. Note that for the cases
illustrated, saturation level (1.9 ±0.1% weight gain) is essen-
tially independent of processing employed. Also, rate of
moisture pickup is nearly independent of specific cure cycle.
The saturation level shown (1.9 ±0.1%) has been reconfirmed
repeatedly and is independent of lay-up pattern and number
of plies in the laminate.

Unidirectional Data
Using the 180°F water immersion method to provide ac-

celerated moisture conditioning to reach saturation (1.9±
0.1% weight gain), a series of tests were conducted using
AS/3501-5 graphite/epoxy. Unless otherwise stated, all data
reported below were obtained using specimens cured ac-
cording to cure Cycle A referred to above.

Longitudinal Tension
Figures 2 and 3 show the effects of temperature and

humidity on the modulus and strength of 0° tension
specimens. Data were collected at four temperature/humidity
conditions: room temperature dry, room temperature wet,
— 67°F wet, and 265°F wet. Specimens utilized were straight-
sided coupons, 8 in. long by 0.5 in. wide with tapered
fiberglass loading tabs providing a 3-in. gage section. Heating
was provided by a baffled hot-air enclosure and cooling was
provided by a cold-gas enclosure (see Fig. 4). Dwell time at
temperature prior to test was 10 min. Temperatures were
measured by thermocouples. The thermocouples indicated a
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Fig. 3 Effect of temperature and humidity on longitudinal tension
stress at failure.

Fig. 4 Low-temperature test setup.
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Fig. 5 Effect of temperature and humidity on transverse tensile
elastic modulus.

uniform-temperature state throughout the gage area. Strains
were measured using strain gages. AE-10/15 adhesive was
used to bond the strain gages in place for the -67°F and
room-temperature tests. The strain gaging was followed by
soaking to recapture moisture desorbed during strain-gage
cure. Elevated temperature tests used Loctite Hot Strength
306 adhesive, which cures during heat up and dwell at tem-
perature prior to test. It is apparent from Figs. 2 and 3 that
neither longitudinal tensile modulus nor tensile strength is
dramatically affected by humidity or temperature. In all cases
considered, similar failure modes were observed. At room
temperature, modulus is lowered slightly and failure stress in-
creased slightly due to the presence of moisture. The B-basis
values shown in Fig. 3 were obtained by estimating Weibull
scale and shape parameters from the sample data and then
using a confidence level of 95% to set the population mean
along with a probability of survival of 90%.
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Fig. 6 Effect of temperature and humidity on transverse tensile
stress at failure.
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Fig. 7 Transverse tension failure strain data.

Compression test fixture.

Although the data of Figs. 2 and 3 above were obtained
from material cured using cure cycle A (30 min at 350°F and
100 psi), numerous replicated tests on specimens cured using
cure cycles B, C, and D mentioned above yielded substantially
the same results, indicating no effect of particular cure cycle
on longitudinal tensile properties.
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Fig. 9 Effect of temperature and humidity on longitudinal com-
pression elastic modulus.
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Fig. 10 Effect of temperature and humidity on longitudinal
pression stress at failure.

corn-

criteria are often expressed in terms of strain, and the
transverse tensile strain is frequently a critical design
parameter.

Longitudinal Compression
Compression data were generated using the Northrop-

developed fixture shown in Fig. 8. This fixture is employed in
conjunction with a 16-ply 3 x 3/4-in. untabbed coupon, and it
provides support along both the machined and nonmachined
surfaces to preclude undesired specimen buckling. Results are
shown in Figs. 9 and 10 for specimens cured according to cure
cycle A. Heating is accomplished by heating the fixture of Fig.
8 with quartz lamp heaters. The specimen is then heated con-
ductively through the fixture. Thermocouples have indicated
a condition of uniform temperature throughout the test
coupon. The longitudinal compressive modulus is quite in-
sensitive to temperature and humidity as was found to be the
case for the longitudinal tensile modulus. The longitudinal

Transverse Tension
Using 16-ply untabbed straight-sided specimens 8 in. long

by 1 in. wide and material cured according to cycle A above,
the data shown in Figs. 5 and 6 were obtained. In contrast
with the fiber-dominated failure characteristics described
above in the case of longitudinal tension, the data of Figs. 5
and 6 show pronounced temperature and humidity effects.

Failures at -67°F wet (-67W), room temperature dry
(RTD), and RTW were all straight across with minimal fiber
splitting. At 265 W, the failed specimens often remained in
one piece, with the two halves connected by a mesh of
graphite fibers. Figure 7 shows failure strain data. Failure

Table 1 Unidirectional static 0° compressive strength,
16 ply AS/3501-5 graphite/epoxy

Cure
cycle a

A
B
C
D

RTD
ksi

152.4
155.0
155.8
151.0

RTW
ksi

129.7
119.4
114.1

265W
ksi

79.6
72.8 .
76.5
79.6

a A, 30 min at 350°F and 100 psi, no postcure; B, 30 min at 350°F and 100 psi,
4-hr postcure at 370°F; C, 1 hr at 225°F and 100 psi, followed by 1 hra t350°F
and 100 psi, no postcure; D, 1 hr at 225 °F and 100 psi, followed by 1 hr at
350°F and 100 psi, 4-hr postcure 370°F.
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Table 2 Multidirectional data-wet/dry comparisions AS/3501-5 graphite epoxy

Test
type Laminate

0° tension 25% 0°
* 25% 90°

50% ±45°
621/2% 0°
12'/2% 90°
25% ±45°
25% 0°
75% ±45°

T e m p e r a t u r e
humidity
condition

RTD
RTW

RTD
RTW
RTD
RTW

Number
of

plies
16
16

16
16
16
16

Number
of

repl ica tes
3

10

3
10
3

10

Spec imen
width
1.00
1.00

1.00
1.00
1.00
1.00

Average
failure
stress

ksi
73.7
86.2

144.2
138.3
82.4
78.7

compressive strength at 265 W is about 50% of the RTD value,
whereas the - 67W value typically exceeds the RTD value.

Various processing alterations do not appear to materially
affect the RTD, RTW, and 265W longitudinal compression
strengths, as shown in Table 1. These data are all from high-
quality material and all are averages of at least three in-
dividual tests. The data scatter associated with the several cure
cycles at 265W is shown to be roughly similar in Fig. 11.

Transverse Compression
Transverse compression tests also use 3x3/4-in, coupons

and the fixture shown in Fig. 8. Results for specimens cured
using cure cycle A are shown in Figs. 12 and 13. Note that the
transverse compression modulus data are quite similar to the
transverse tensile modulus data. Strong reduction of strength
at saturated elevated temperature conditions is quite ap-
parent. At 265W, pronounced local bulging of specimens oc-
curred at failure.

In-Plane Shear
In-plane shear tests were conducted using 16-ply 0° rail

shear specimens. Results are given in Figs. 14 and 15. Failure
modes were rather consistently at or near the rail boundaries
or at the specimen centerline.
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Fig. 11 265W longitudinal compressive strength of AS/3501-5 as a
function of cure cycle.
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Multidirectional Data
Three multidirectional laminates regarded as typical of

those encountered in aircraft applications have been studied.
The particular laminates examined include a **7r/4 laminate,"
consisting of equal percentages of 0°, 90°, +45°, and -45°
plies; a laminate consisting of 62.5% 0°s, 12.5% 90°s, and
25% ±45° plies; and a laminate containing 25% 0° plies and
75% ±45° plies. Although numerous tests have been con-
ducted on these multidirectional laminates, only those that
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Fig. 13 Effect of temperature and humidity on transverse com-
pression stress at failure.
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Fig. 14 Effect of temperature and humidity on in-plane shear
modulus.
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Fig. 12 Effect of temperature and humidity on transverse com-
pression elastic modulus.

Fig. 15 Effect of temperature and humidity on in-plane shear
strength.
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provide clear-cut wet/dry comparisons will be mentioned
here. Table 2 provides data comparisons for the three
multidirectional laminates. This table allows wet/dry com-
parisons for 0° tension loading to be made. In this instance,
the failures are fiber-dominated, and one would not expect,
based on the unidirectional data, that significant strength
reductions would be observed in going from a dry to a wet
condition. The 0° tension data of Table 2 indicate mild
strength changes as a result of moisture, a result consistent
with the undirectional data. The ?r/4 0° tension data of Table
2 are from two different programs, and hence the slight dif-
ferences in material quality encountered could explain the
larger-than-expected strength enhancement in going from dry
to wet conditions.

Conclusions and Recommendations
The effects of temperature and humidity on composites

have been examined in this paper. Weight gain due to ab-
sorbed moisture/and modulus and strength changes as a
result of certain moisture/temperature combinations have
been presented. The data obtained suggest that fiber-
dominated failures are relatively unaffected by the absence or
presence of moisture, whereas matrix-dominated properties
are adversely affected, especially at elevated temperatures,
and also at room temperature.

In order to clarify the picture, a number of activities should
be pursued. First, more data are needed on the effects of high-
humidity and high-temperature environments on multidirec-
tional laminates common to aircraft use. Loading conditions
other than uniaxial tension should be employed so that one
can establish whether or not moisture -related strength reduc-
tion observed in unidirectional laminates continues to be ob-
served, and to what degree it exists, in multidirectional
laminates. Also, the influence of temperature/humidity com-
binations on behavior of laminates in structural applications
should be studied in detail. Possible strength reduction due to
decreased interlaminar properties should be investigated and

possible decreases in the strength of bonded assemblies by vir-
tue of moisture should be quantified. Second, the question of
whether alterations in processing, e.g., employing postcures
of various temperatures and durations are beneficial or
detrimental in increasing saturated strength should be
resolved. The advantages to postcuring may be real or
illusory. Third, emerging material systems, some of which
have had high moisture resistance as one of the key
requirements in their formulations, should be surveyed and
tested to establish high-confidence data for future use.
Fourth, basic material studies should be encouraged, aimed at
developing new, higher wet strength composites. Finally,
work on sealants and moisture-inhibiting agents should be
continued. Although the basic thrust of this paper has been on
the influence of temperature and humidity on static strength,
the influence of these environments on residual strength after
fatigue exposure is also of obvious interest and should be in-
vestigated.
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