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Space Environment Effects on Damping of Polymer
Matrix Carbon Fiber Composites

Thomas F. Klein III ¤ and George A. Lesieutre†

Pennsylvania State University, University Park, Pennsylvania 16802

The effects of the low-Earth-orbit environmenton the mechanical properties of some carbon-reinforced polymer
matrix composites are reported. Material damping loss factors and glass transition temperatures of control and
� ight specimens were measured. Flight specimens were attached to the leading edge of the Long Duration Exposure
Facility, and control specimens were maintained at the NASA Marshall Space Flight Center. Changes in the glass
transition temperatures and dampingwere due to combined exposure to 1) atomic oxygen, 2) UV radiation, and 3)
thermal cycling. High atomic oxygen exposure during the � nal year of the Long Duration Exposure Facility � ight,
however, eroded away much of the material that would have been affected by UV radiation. The glass transition
temperatures of the � ight samples were slightly greater than those of the controls, whereas the material loss
factors were nearly the same. From a practical point of view, these changes were not very signi� cant. However, the
relaxation data presented herein may be useful for understandingthe details of the effects of the space environment
on composite materials and may aid researchers in developing composites that maintain their properties for
extended periods in the harsh environment of low Earth orbit.

Nomenclature
ci = peak value of distribution function for i th process
c0 = peak value of distribution function
ER = relaxed (low-frequency, high-temperature) storage

modulus, Pa, psi
EU = unrelaxed (high-frequency,low-temperature)

storage modulus, Pa, psi
E ¤ = complex modulus, Pa, psi
E 0 = storage modulus, Pa, psi
E 0 0 = loss modulus, Pa, psi
F(z) = Fuoss–Kirkwood distribution
R = universal gas constant
T = temperature, ±C
TE 0 0 = glass transition temperature (loss modulus

peak), ±C
T f = glass transition temperature (storage modulus

dropoff), ±C
Tm = glass transition temperature (storage modulus

midpoint), ±C
Tp = temperature at a peak
Tg = glass transition temperature (loss factor peak), ±C
w = frequency, rad/s
z = inverse temperature, 1/ T
zi = inverse peak temperature for i th process
z0 = inverse temperature at which distribution is

centered
a = inverse of peak width
a i = inverse of peak width for i th process
D = relaxation strength
D H = activation energy of a relaxation process,

kcal/mol
g = loss factor
g max = peak loss factor
s = relaxation time
s e = relaxation time at constant strain
s 0 = characteristic jump time
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Introduction

I N 1990,NASA astronautsretrieved the Long DurationExposure
Facility (LDEF) from low Earth orbit (LEO) after the LDEF had

spent 69 months in space. This satellite was a large platform on
which various materials having possible future spacecraft applica-
tionswere exposedto the environmentof space. In particular,several
experiments on the spacecraft investigated the effects of 1) atomic
oxygen, 2) UV radiation, 3) thermal cycling, and 4) vacuum on
polymer matrix composites.

Preliminary � ndings1 showed that atomic oxygen (AO) exposure
erodedboth thepolymermatrix and � ber reinforcingmaterialsalong
the leading face of the spacecraft (normal to the velocity vector),
which lead to a reduction in mechanical properties. Microcracking
was also observed in multidirectional carbon � ber reinforced com-
posites,possiblydue to thermal cycling.2 UV radiationaffectedonly
a thin outer layer of the matrix materials on the trailing face com-
posites, resulting in discoloration.1 No UV effect was detected on
the leading face specimens, probably because of the signi� cant AO
erosion.

Some analyseswere performedto quantifythe effectsof the space
environment on the glass transition temperatures of some of the
polymer matrix composites. George3 observed little or no change
between the glass transition temperatures of control and � ight car-
bon reinforced composites. Similarly, Young et al.4 found only a
slight increase in the glass transition temperatures of the LDEF
samples compared to those of the control samples. However, there
was no direct analysis of material loss factors to determine changes
in the damping characteristicsof the composite specimens.

The present research addressed the combined effects of AO, UV
radiation, and thermal cycling in LEO on the glass transition tem-
peraturesand loss factors of carbon � ber reinforcedpolymer matrix
composites. The objectives of this study were to verify the results
of previous studies of glass transition temperatures and to provide
additional data on loss factors that will enable researchers to de-
velop composites that can better withstand long term exposure to
the space environment.

Theory
Glass Transition Temperature

In AmericanSociety for Testingand MaterialsStandardE 1142, a
glass transition is de� ned as the reversible change in an amorphous
material from a hard and relatively brittle condition to a viscous or
rubberyone.5 There is some ambiguity,however, in the de� nitionof
the temperature at which this glass transition occurs in polymers. In
some cases, the temperature at which the magnitude of the storage
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Fig. 1 Storage modulus, loss modulus, and loss factor as functions of
temperature.

modulus begins to drop off signi� cantly, T f , is de� ned as the glass
transition temperature. In other cases, the midpoint of the glass
transition Tm is selected as the glass transition temperature.

With the use of data recorded by a dynamic mechanical analyzer
(DMA), the glass transition temperature is often also selected at
either the peak value of the loss modulus or at the peak in the loss
factor, as illustrated in Fig. 1. The peak value of the loss modulus
TE 0 0 is more closely associatedwith the onset of the glass transition
T f . Similarly, the peak value of the loss factor Tg more closely
corresponds to the midpoint of the glass transition Tm (Ref. 6).
Because many polymer matrix composites are used as structural
members, it is more practical to de� ne the glass transition as the
temperature at which the storage modulus begins to drop off rather
than at the midpoint of the transition.

Material Loss Factor
Material loss factor was the other characteristic of the compos-

ite specimens studied. The loss factor is a property of anelastic
solids, materials that exhibit time dependence,or damping, in their
stress–strain relationship.In dynamic testing of anelastic materials,
a sinusoidal stress is often applied to the specimen. The complex
modulus of a linear material E ¤ can be determined from the forced
harmonic stress–strain behavior and can be expressed in terms of a
real and an imaginary part:

E ¤ = E 0 + i E 0 0 (1)

The material loss factor g is a parameter that relates the loss modulus
to the storage modulus as shown in Eq. (2). This loss factor is one
measure of the inherent damping of the material and is directly
related to the phase difference between stress and strain in forced
harmonic reponse:

g = E 0 0 / E 0 (2)

The storage and loss moduli for a standard anelastic solid are
frequency- and temperature-dependent, and are sometimes ex-
pressed in terms of a relaxation strength D and a characteristic
relaxation time at constant strain s e . The quantity s e determines the
time to 1/ e of completion of a stress relaxationprocess.7 The relax-
ation strength is a dimensionless quantity that relates the unrelaxed
(short-time, high-frequency, low-temperature) modulus EU and its
relaxed (long-time, low-frequency, high-temperature) modulus ER

as shown in Eq. (3):

EU = ER (1 + D ) (3)

The frequency-dependent relations for the storage and loss moduli
of a material having a single relaxation process may be expressed
as follows:

E 0 ( x ) = ER

³
1 + D

x 2 s 2
e

1 + x 2 s 2
e

´
(4)

E 0 0 ( x ) = E R D

³
x s e

1 + x 2 s 2
e

´
(5)

a) b)

Fig. 2 Time–temperature superposition.

Note that the storage modulus has asymptotic values at low and
high frequencies(highestat high frequencies) and that the loss mod-
ulus peaks at intermediate frequency corresponding to the charac-
teristic time of the relaxation process (and approaches zero at the
extremes). The material loss factor also exhibits a peak at an inter-
mediate frequency, as shown in Eq. (6):

g ( x ) =
D x s e

1 + (1 + D ) x 2 s 2
e

(6)

Time–Temperature Superposition
The preceding relations are expressed as functions of frequency.

However, when performing DMA testing, the complex modulus
and loss factor is often measured over a range of temperatures
at just a few frequencies. Such data can be related to frequency-
dependent behavior through the time–temperature superposition
principle. This principle states that the mechanical properties of
an anelastic material at one temperature can be related to those at
anothertemperatureby a changein the time scaleonly.8 In effect, the
time constant associatedwith a relaxation process depends on tem-
perature. In dynamic mechanical analyses, this principle explains
shifts in the storage modulus and loss factor, as shown in Figs. 2a
and 2b. In Figs. 2a and 2b, the curves are shifted by a time factor a t

only.
One possible relationshipbetween time and temperature is given

by the classical Arrhenius equation

s = s 0e
D H / RT (7)

In Eq. (7), s is a relaxation time, D H is the activation energy of
a relaxation process, and R is the universal gas constant. In DMA
testing, the material loss factor often exhibits peaks associatedwith
different physical relaxationprocesses;an individualpeak might be
centered at a temperature Tp . (For a standard anelastic solid, the
temperature at the peak Tp is the same as Tg .) The frequency and
time constantat a peak are related throughthe relationship x s =0
(Ref. 7). If the Arrhenius equation is multiplied by x , it indicates
a linear relationship between x s and the inverse of the absolute
temperature:

x s = x s 0 + ( D H / R)(1/ T ) (8)

Now, when we substitute the conditions at the peak ( x s =0 and
T =Tp ), Eq. (8) becomes

x = ¡ s 0 ¡ ( D H / R)(1/ Tp) (9)

If a DMA test is carried out at multiple frequencies, a plot of
x vs 1/ Tp can be constructed. The slope of a linear regression

� t to this data then provides an estimate of D H / R, from which the
activation energy of the relaxation process D H can be determined.
Along with the activation energy, the constant s 0 can be calculated
from the y intercept of the line � t.

Experimental Procedure
Specimens and Space Environment

Two groupsof specimenswere characterized,a set of controlsam-
ples and a set of � ight samples. The control samples were stored at
the NASA MarshallSpace Flight Center, whereas the � ight samples
were a part of the LDEF experiment AO171, Solar Array Materi-
als Passive LDEF Experiment (SAMPLE). The � ight samples were



KLEIN AND LESIEUTRE 521

Table 1 Composite samples � own on experiment A0171

Composite materialsa Weave, deg Nominal size, mm Sample no.

HMF 322/P1700b,c §45 267 £ 25 £ 1.47 C-4, F-18
HMS/934d,e 0 267 £ 13 £ 1.18 C-1, F-29
HMS/934d,e 90 203 £ 25 £ 1.07 C-5, F-9
P75S/934e,f 90 203 £ 25 £ 1.04 C-4, F-15
P75S/934e,f 0 267 £ 25 £ 1.04 C-4, F-23
aAll prepregs by Fiberite.
bHMF 322 carbon � ber, Toray Industries, Inc., Tokyo, Japan.
cUdel P-1700 polysulfone,Union Carbide Corp., Danbury, CT.
dHMS carbon � ber, Courtaulds Advanced Materials, Sacramento, CA.
e934 epoxy, Composites Div., Fiberite Corp., Winona, WI.
fP75S carbon � ber, Amoco Performance Products, Inc., Greenville, SC.

Fig. 3 On-orbit image of panel 8A showing experiment AO171.

mounted onto row 8, position A, at the end of the spacecraft facing
outward into space. Figure 3 shows an on-orbit image of the panel
onto which the group of � ight composite samples was attached at
the center left.

Table 1 lists the carbon reinforced polymer matrix composites
that were � own as part of SAMPLE. Specimen data include the
constituentmaterials and their manufacturers, � ber orientation, and
nominal size. Three kinds of carbon � bers were used: HMF 322,
HMS, and P75S, and two matrix materials were used: P1700 (a
thermoplastic) and 934 (a thermoset). Before the launch of LDEF,
all specimens were vacuum baked at 100±C and 10 ¡ 6 torr for 3 h.
This treatmentminimized the amount of volatilematerial that would
be outgassed in the high vacuum of space.

LDEF was placed into a near-circular orbit by the Challenger
Shuttle on 7 April 1984, at an altitude of approximately 257 n mile
and an inclination of 28.5 deg. Over time, the LDEF’s altitude had
decayed to 179 n mile, when it was retrieved on 12 January 1990.
The � ight samples on the 8A panel were oriented at approximately
38 deg to the incident AO exposure, resulting in the total space
environmental exposure conditions listed in Table 2. About 54%
of the total AO exposure occurred during the last six months of the
LDEF � ight, and approximately77% during the � nal year in � ight.9

Specimen Dynamic Properties
Researchers at the NASA Marshall Space Flight Center per-

formed some initial analysis on the specimens after their retrieval
fromspace.They used a pro� lometer to determinethe thicknessloss
of the � ight samples. Afterwards, they axially loaded the specimens
in tension to failure and compared the results to those measured for
the control samples. These specimens were characterizedfurther in
the present research.

Table 2 Experiment A0171 exposure conditions

Parameter Value

Flight time Approximately 69 months
High vacuum 10 ¡ 6–10 ¡ 7 torr (estimated)
UV radiation 10,471 equivalent sun hours (ESH)
Proton � uence 109 p+ /cm2 (0.5–200 MeV)
Electron � uence 1012 –1018e ¡ /cm2 (0.05–3.0 MeV)
AO 6.93 £ 1021 atoms/cm2

Micrometeroids/space debris 2–5 impacts per 25 cm2, <1 mm diameter
(2–7 impacts per composite)

Thermal cycles ¼ 32,000 cycles (temperature unknown)

Table 3 Dimensions of DMA samplesa

Specimen Thickness, mm Width, mm

HMF 322/P1700
Control 1.52 11.73
Flight 1.47 11.15

HMS/934 0 deg
Control 1.12 7.04
Flight 0.89 5.87

HMS/934 90 deg
Control 1.09 11.32
Flight 0.99 11.26

P75S/934 0 deg
Control 1.09 6.79
Flight 0.94 5.18

P75S/934 90 deg
Flight 0.99 11.53

aLength is 20.00 mm.

Before running the DMA as part of the present research, all of the
LDEF specimens were sized to � t into the sample holder. Table 3
lists the dimensions of the samples used for these measurements.
The erosive effect of AO on the epoxy resin composites is readily
seen by comparing the thicknessesof the control and � ight samples.
In the case of the HMS/934 0-deg specimens, there was a 0.23-mm
(approximately20%) reduction,whereas for the polysulfonematrix
composites there was only a loss of 0.05 mm (approximately 3%).

Onceeachsamplewas prepared,bothendswere clampedin a dou-
ble cantilever condition within a Seiko DMS110 bending module.
The temperature pro� le was set in a ramp mode with a low heat-
ing rate of 2.0±C/min with a maximum oven temperature of 350±C.
Next, a set of � ve test frequencieswas selected.A frequencysetting
of 1 Hz was selectedso that the resultingdata could be used to deter-
mine the glass transition temperatures, as recommended in Ref. 5.
The other four frequencies selected were 0.2, 5, 10, and 20 Hz. The
data collectedat these � ve test frequencieswere used to establishthe
material loss factors and time–temperature shifts. After the desired
program was set up and executed, the same experimentalprocedure
was followed for all nine test specimens.

Glass transition temperatureswere determined from plots of loss
modulus, loss factor, or storage modulus vs temperature, at a � xed
frequency(nominally1 Hz). The temperatureat which the peak loss
modulus is observed de� nes TE 0 0 , the temperature at which the peak
loss factor is observed de� nes Tg , and the temperature at which the
storage modulus begins to drop off de� nes T f .

In studies of material loss factor, loss data were plotted vs in-
verse temperature.After satisfactoryagreementwith previousdata1

was veri� ed, the in� uence of � ber orientationwas considered.This
comparison illuminates the relative effects of the matrix and � ber
materials.

The compositeloss factordatagenerallyexhibitbroadand/ormul-
tiple peaks when plotted vs inverse temperature and, furthermore,
the locations of these peaks shift with frequency. The experimen-
tal loss factor data were curve � t with a series of Fuoss–Kirkwood
distribution functions, using the IgorTM software package.10 The
Fuoss–Kirkwood distribution is a hyperbolic secant function, as
shown in Eq. (10):

F (z) = c0 sech[a (z ¡ z0)] (10)
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In Eq. (10), the coef� cient c0 is the peak value of the distribution
function centeredat z0 , and the inverse of a de� nes the width of the
peak. Because the composite specimens studied herein exhibited
multiple peaks in loss factor, Eq. (10) was modi� ed to be a sum of
three distribution functions as follows, with each peak assumed to
be associated with a different relaxation process:

F(z) =
3X

i =1

ci sech[a i (z ¡ zi )] (11)

From the curve � ts, the peak magnitudes ci , the widths (1/ a i ), and
the temperatures of the peak centers Tpi =1/ zi were determined.
With theseparameters in hand, the test frequencywas plottedagainst
the inverse temperature of the peak temperatures for the second and
third peaks, and Eq. (9) was used to determine the activation ener-
gies of the associated relaxation processes.Changes in a polymeric
material due to exposureto the spaceenvironmentmightbe detected
as changes in the activation energy of a particular microstructural
loss mechanism.

Results
Glass Transition Temperatures

Table 4 summarizes the results from the 1-Hz dynamic mechan-
ical analyses of the glass transition temperature. The TE 0 0 and Tg

transition temperatures listed in Table 4 are the temperatures at the
overall peaks in the loss modulus and loss factor, respectively.The
dropoffglass transitiontemperaturesT f haveanuncertaintyof about
§3.0±C, whereas TE 0 0 and Tg have uncertainties of approximately
§1.0±C.

When only the dropoffglass transitiontemperaturesin Table 4 are
considered, the differencebetween the control and � ight specimens
of the samematrix typeand � berorientationis on theorderof 2–6±C.
For example, the transition temperature of the HMS/934 0-deg con-
trol sample is 190.5±C, whereas the corresponding temperature for
the � ight sample is 196.5±C. The other 934 matrix specimens ex-
hibited similar small increases in the transition temperature from
the control sample to the � ight. On the other hand, the glass tran-
sition temperaturesmeasured for the polysulfonematrix specimens
decreased by about 1.0±C.

Overall, there was about a 3% change in the transition tempera-
tures between the control and � ight specimens, a value that is not
much larger than the associatedexperimentaluncertainties.In addi-
tion, from the standpoint of thermally stable material stiffness, this
change in the transition temperatureis minimal. The exposure to the
LEO space environmentdid not signi� cantly change the glass tran-
sition temperaturesof these carbon reinforcedpolymer composites.

Other compositespecimens� own elsewhereon the LDEF had the
same epoxy and polysulfone matrix systems. Young et al.4 exam-
ined P1700/C6000 polysulfone/carbon composites and found that
the glass transition temperature of the control samples was 167±C,
whereas that of the exposed � ight specimens was 170±C. This re-
inforces the conclusion that there was at most a small change in
the transition temperature of composites on the leading face of the
LDEF. In addition, George3 studied specimens that contained ei-
ther the 934 epoxy or the P1700 polysulfone matrix systems. Both

Table 4 Glass transition temperatures from 1-Hz test

Specimen T f , ±C § 3.0±C TE 0 0 , ±C § 1.0±C Tg , ±C § 1.0±C

HMF 322/P1700
Control 177.5 183.7 191.2
Flight 176.5 181.2 193.3

HMS/934 0 deg
Control 190.5 214.4 239.3
Flight 196.5 222.7 228.7

HMS/934 90 deg
Control 185.5 195.7 224.9
Flight 189.0 197.8 227.1

P75S/934 0 deg
Control 176.0 190.3 224.0
Flight 177.5 194.1 218.5

P75S/934 90 deg
Flight 197.0 217.3 231.2

composite types were reinforcedby T300 carbon � bers. The transi-
tion temperature of the 934 matrix control sample was 191±C, and
for the � ight sample it was 189±C. For the polysulfonecomposites,
the Tg of the � ight sample was 190±C. For the control specimen,
however, George believes that he recorded an inaccurate transition
temperature of 167±C. George generally found only a small change
in transition temperatures.The differencesbetween the glass transi-
tion temperaturesof the compositespecimenstested in this research
and those examined by Young et al.4 and George3 are perhaps due
to different fabricationconditionsof the compositesand to different
types of carbon reinforcement.

Before testing, it was expected that the glass transition tempera-
tures of the three934 epoxycontrolspecimenswould be very similar
because the glass transition process in polymer matrix composites
is a matrix-dominatedphenomenon.However, as shown in Table 4,
the transition temperatures of the HMS carbon reinforced compos-
ites are nearly 15±C higher than those of the P75S 0-deg carbon
reinforced samples. These changescould be a result of the different
typesof � ber reinforcementor, more likely, the result of slightlydif-
ferent cure cycles. If Fiberite used the same cure process for all of
the 934 epoxy matrix composites, the glass transition temperatures
should have been nearly the same regardless of the reinforcement
type.

Material Loss Factors
Figures 4–9 show the material loss factor data for the four HMS/

934 and the two P75S/934 0-deg specimens. In Figs. 4–9, the loss
factors for the � ve test frequenciesare plottedas functionsof inverse
temperature.

As mentioned earlier, the SAMPLE specimens were loaded in
tension to failure. It was not known if this damage would affect the
resultsof subsequentdynamic mechanicalanalysisof the remaining
parts. Thus, the � rst comparisonof the material loss factor was with
sample data from George and Hill.1 Reference 1 includes a sample
plot of the loss factor as a function of temperature for a T300/934
carbon/epoxy specimen that was attached to the LDEF. The overall

Fig. 4 Material loss factor data for HMS/934 0-deg control specimen.

Fig. 5 Material loss factor data for HMS/934 0-deg � ight specimen.
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Fig. 6 Material loss factor data for HMS/934 90-deg control specimen.

Fig. 7 Material loss factor data for HMS/934 90-deg � ight specimen.

Fig. 8 Material loss factor data for P75S/934 0-deg control specimen.

Fig. 9 Material loss factor data for P75S/934 0-deg � ight specimen.

Table 5 Overall loss factor peak
data for 934 epoxy specimens

Specimen Tg , ±C g max

HMS/934 0 deg
Control 239.3 0.279
Flight 228.7 0.266

HMS/934 90 deg
Control 224.9 0.214
Flight 227.1 0.208

P75S/934 0 deg
Control 224.0 0.231
Flight 218.5 0.245

P75S/934 90 deg
Flight 231.2 0.326

peak value g max was approximately 0.25 at a temperature of about
220±C. These values compare favorably with data from the present
study. As shown in Table 5, the temperatures at the overall loss
factor peak of the SAMPLE specimenshaving the same epoxy resin
as studied in Ref. 1 are in the same temperature range. In addition,
the peak values at these temperatures are close to 0.25. From this
comparison, the present DMA results are assumed acceptable.

The nextgeneralcomparisonmadewas basedon � berorientation.
There is a clear difference between the data for the 0-deg � ber ori-
entation samples and those for the 90-deg samples. Figure 5 shows
the material loss factordata for the HMS/934 0-deg � ight specimen.
When thesedata are comparedwith those in Fig. 7 (for the HMS/934
90-deg � ight sample), the pronouncedpeak on the left-hand side of
the 0-deg specimen plot is not as well de� ned for the 90-deg spec-
imen. As is generally known for continuous � ber reinforced com-
posites, the � bers have a signi� cant effect on the overall stiffness
in the longitudinal direction, whereas they have a minor effect in
the transversedirection.Similarly, any overall loss factor associated
primarily with relaxationprocesses in the � bers would be more evi-
dent in the data from the 0-deg (longitudinal) specimens than in the
data from the 90-deg (transverse) specimens, as seen here.

The peak on the left-hand side of the loss factor plots may be as-
sociated with a relaxation process within the carbon � bers. This ef-
fect is observedat temperaturesabove 300±C, approximately100±C
higher than the (matrix-dominated) glass transition temperature T f .
On the other hand, this peak could be related to transverse shear of
the matrix accentuatedby the high longitudinalcompositemodulus.

When we compare the data between thecontroland � ight samples
for a given set of constituents and � ber orientations, some differ-
ences may be noted. In the case of the P75S/934 0-deg control and
� ight specimens, a discerniblechange is observed in the loss factor.
Figures 8 and 9 show the material loss factor vs inverse temperature
for the P75S/934 control and � ight specimens, respectively.For the
lowest two test frequencies,there is a substantialchangein theheight
of the right-handside peak, centeredbetween 2.1 and 2.2 on the hor-
izontal axis. For the 0.2-Hz test frequency, the right-hand peak is
higher than the center peak for the � ight sample when compared
with the peaks for the control sample. This suggests that extended
exposure to the LEO environment resulted in a detectable change
in material damping characteristics.Also, for the HMS/934 speci-
mens, the right-hand peaks of the � ight specimens (Figs. 5 and 7)
are slightly more pronounced than those of the control specimens
(Figs. 4 and 6). This again suggests that extended exposure to the
LEO environment affected the material damping properties.

Activation Energies
The effectsof different test frequencieson the material loss factor

are apparent in the data. For example, in Fig. 9 the center of the
overall peak is shifted to the left for increasing frequencies. This
corresponds to an increase in the glass transition temperature Tg

as the test frequency increases. Along with this shift, the height
of the overall peak also increases with frequency. The small hump
peak seems to decrease in height with an increase in frequencyeven
thoughits centeralsoappearsto shift to the left at higherfrequencies.
(The shapes and sizes of individual peaks are discussed further in
the following section on the curve � t results.) With regard to the
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Fig. 10 Loss factor data and curve � t for HMS/934 0-deg � ight speci-
men at 0.2 Hz.

peak on the left-hand side of the loss factor plots, no conclusions
can be drawn about changes in the height nor in the position of its
center because there are not enough data to complete the peak for
any of the samples at temperatures over 330±C.

Figure 10 shows an example of the curve � t to the 0.2-Hz data for
HMS/934 0-deg � ight specimen. There is excellent agreement be-
tween the three-term Fuoss–Kirkwood � t and the data, with the
maximum difference being less than 4.0%. Also shown are the
three individual peak functions that correspond to different damp-
ing mechanisms. The curve � t procedure resolved the predominant
peak and the hump into two distinct peaks that overlap each other
in the region between 1.9 and 2.2 of the horizontal axis.

The temperatures at the centers of the second (dominant) peaks
increasedwith frequencyfor all specimens.The heightand thewidth
of these peaks also generally increasewith test frequency.However,
the HMS/934 0-deg control specimen is the exception to this rule.
For this specimen, the height and width decrease with increasing
frequency. The hump peaks of both of the HMS/934 90-deg speci-
mens followed the same trendsas the HMS/934 0-deg � ight sample.
On the other hand, these tendencieswere not found in the HMS/934
0-deg control and either of the P75S/934 samples.

There is no consistent change with frequencybetween the speci-
mens in the temperatureat thecenterof the � rst peak.The sameholds
true for the widths of the � rst peaks. In the case of the � rst peak, sev-
eral of the temperaturesdeterminedby the curve � ts are greater than
the highest experimental temperature and also have high uncertain-
ties. This is especiallytrue of the two P75S/934 0-deg specimensfor
which the peak temperatures, between 345 and 475±C, have uncer-
tainties between 10 and 25±C. The explanation for these extremely
high temperatures and for the inconsistent trends in the curve � t
parameters for the � rst peak is the lack of data for temperatures
above 330±C. Without these data, the shape and size of this peak
can not be accurately de� ned, nor can the correspondingactivation
energiesbe accurately calculated.Thus, the only statement that can
be con� dently made about the � rst peak is that it may be associated
with a relaxation process within the carbon � bers.

The parameters from the curve � ts for the third peak did not
exhibit an obvious trend. The lack of a trend is most likely due to
the lack of uniqueness in the curve � ts. The curve � tting software
assignsparameters to peaks that are extremely close together.Thus,
insteadof onepeakmatchingthe majorityof theoverallcentralpeak,
the curve� ttingsoftwareassignedmore balancedparametersto both
the second and third peaks. If a different set of initial guesses was
chosen, the resulting curve � t parameters may have been different.
An attempt was made to constrain the magnitudes of either the
heights or the widths for the peaks to see if the resulting curve � t
parameters could be encouraged to follow a more consistent trend.
However, this did not happen: the accuracy of the � ts decreased.

With parameters obtained from the curve � ts, activation energies
were determined for the second and third peaks of each specimen.
Figures 11 and 12 are for the HMS/934 0 and 90-deg samples,
respectively,whereas Fig. 13 is for the P75S/934 0-deg specimens.
In Figs. 11–13, the effect of the space environment on material
propertiesis apparent.For the HMS/934 90-degand P75S/9340-deg
specimens,there is almost no shift in the line � t for the secondpeaks,

Fig. 11 Test frequency vs inverse peak temperature for the HMS/934
0-deg specimens.

Fig. 12 Test frequency vs inverse peak temperature for the HMS/934
90-deg specimens.

Fig. 13 Test frequency vs inverse peak temperature for the P75S/934
0-deg specimens.

unlike the HMS/934 0-deg data. For the third peaksof the HMS/934
samples, the slopes of the line � ts are greater for the � ight samples.
Again, this may possibly be a result of the nonuniqueness of the
curve � t parameters in light of experimental uncertainties.

Table 6 lists the activation energies estimated from the plots of
test frequency vs inverse peak temperature for the second and third
loss factor peaks of the 934 epoxy specimens. There is an increase
of about 7% in the activation energies of the second peaks of the
� ight specimens relative to those of the control specimens. This
increase in activation energy may be a result of greater crosslink
density because of 1) UV radiation exposure, 2) thermal cycling, or
3) some combination of the two effects.

For the third peaks, the activation energies of the specimens var-
ied greatly. It seems unlikely that these variations are the result of
a space environmental effect. The variations are most likely due to
the assignment of curve � t parameters to a pair of peaks that are in
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Table 6 Activation energies for 934 epoxy specimens

Activation energy for Activation energy for
Specimen peak 2, kcal/mol peak 3, kcal/mol

HMS/934 0 deg
Control 151 58
Flight 160 161

HMS/934 90 deg
Control 151 113
Flight 172 190

P75S/934 0 deg
Control 146 109
Flight 153 105

P75S/934 90 deg
Flight 153 64

close proximity. Also note that, whereas the parameters of the sec-
ond peak affect the parameters of the third peak, the reverse is also
true. The observed changes in activation energies between the con-
trol and � ight specimens are affected by the accuracies of the line
� t slopes. If more frequencieshad been used during the DMA tests,
the uncertainties in the activation energies would likely be lower.

Conclusions
The effects of the LEO environment on the glass transition tem-

peratures and loss factors of carbon reinforced polymer composites
were studied. Composite specimens were attached to the leading
face of the LDEF where they were continuously exposed to a high
� uence of incident AO. Using a dynamic mechanical analyzer, the
complex moduli of the specimens were experimentally determined
as a functionof temperatureand frequency.The glass transitiontem-
peratures of the � ight specimens were slightly higher than those of
the control specimens. From a practical point of view, this change
was not signi� cant.

The material loss factor data were analyzed to determine the ef-
fects of the environmenton the damping characteristicsof the com-
posites.The data were curve � tted with a series of Fuoss–Kirkwood
distribution functions. These � ts matched the overall data for dif-
ferent specimens and frequenciesvery accurately.The predominant
second peak followed the expected trends associatedwith the time–

temperaturesuperpositionprinciple.The parametersof theother two
peaks,however,didnot followthe same trends.In the case of the � rst
peak, inconsistenttrends were believed to be the result of data insuf-
� cient to de� ne fully the peak associated with a relaxation process
within the carbon � bers. For the third peak, the inconsistent trends
were believed to be the result of nonuniquecurve � ts. For the dom-
inant second peak, the activation energiesof relaxationprocesses in
the � ight specimens were slightly greater than the activation ener-
gies for the correspondingprocesses in the control specimens.

The smallchangesin thedampingcharacteristicsof the � ight sam-
ples are similar to the changes in the glass transition temperatures:
there were negligible changes in the properties of the leading-edge
� ight composites due to environmental effects other than AO ero-
sion. Because UV radiation only affects a thin layer of the surfaces
of the composites, it is believed that the incident AO eroded away
most of the UV-damaged surface as the damagewas occurring.This
is especially true for the last six months of exposure, during which

time over half of the total amount of AO exposure occurred. Thus,
at these altitudes, AO is the dominant space environment effect on
the mechanical properties of composite specimens attached to the
leading edge of the LDEF. Other researchers have found that it is
possible to signi� cantly reduce the erosion of leading-edge com-
posites by adding thin coatings of oxygen-resistant materials like
aluminum or by using advanced resin systems that themselves are
highly resistant to AO.

In conclusion, the objective of this research was to determine
the effect of the space environment on the glass transition temper-
atures and material loss factors of some carbon reinforced polymer
composites. Although the results suggest that there were only small
changes in the material properties themselves, the information pro-
vided here may enable other researchers to develop polymer com-
posites that can better withstand the environmental effects of LEO
for long periods of time.
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