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Abstract

The response of hybrid glass/carbon polymer ma-
trix composites was studied under compression. Ex-
periments were performed under both static and dy-
namic loading conditions. A overall fiber volume
fraction of 30% was chosen for the composite. The
ratio of glass fibers to carbon fibers were varied to
get a range of hybrid ratios starting from pure glass
to a mixture of glass and carbon and pure carbon.
The composite specimens were cylindrical in shape,
approximately 6.77 mm in diameter, with a gage
length of approximately 12.5 mm. Under static con-
ditions, it was observed that the failure strength de-
creased as the hybrid ratio increased, with the min-
imum decrease coinciding with a ratio of 50% glass
and 50% carbon. The elastic modulus was found
to be well approximated by a rule of mixtures for-
mulation. The failure mechanism was observed to
change from splitting for glass dominated compos-
ites to kinking in carbon dominated composites. Dy-
namic experiments were performed on a Split Hop-
kinson Pressure Bar (SHPB) test setup. The SHPB
allows for strain rates upto 2500 €/s. The effect of
strain rate on failure mode and failure strength was
investigated.

1 Introduction

Fiber composites allow tailoring of properties ac-
cording to requirements through a choice of the con-
stituents (fiber and matrix) in an optimum man-
ner. Hybridization of fiber composites enhances
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this property of fiber reinforced composite materi-
als. Hybridization can be done in both architecture
(e.g. plain weave woven fabrics with stitching in
the transverse direction) or materials (by using two
or more types of reinforcing fibers). Hybridization
in composites can lead to benefits in cost and en-
hancement of mechanical properties. Previous stud-
ies on the mechanical behavior of hybrid composites
have focussed mainly on tensile and impact behav-
ior, Aveston and Sillwood [1976], Dorey et al. [1978].
An exception to this are the works of Piggott and
Harris [1981], Yao and Chou [1989], and Martinez
et al. [1981], who studied the static compressive re-
sponse of hybrid glass/carbon composites. Investi-
gations on the dynamic compressive stress response
and strain rate effects on compressive strength of
hybrid (glass/carbon) composites has not been re-
ported in the open literature. Waas et al. [1997], Lee
[1998], and Yuan and Takeda [2000] studied the com-
pressive behavior of unidirectional glass and unidi-
rectional carbon composites under high strain rates.
Waas et al. [1997] and Yuan and Takeda [2000] con-
ducted high strain rate tests on glass fiber compos-
ites at strain rates of ¢ = 1000s~!. They observed
the failure stress to increase with increasing strain
rate. Tests were also conducted by varying the spec-
imen temperature. It was observed that the failure
strength of the specimen was a decreasing function of
increasing temperature. This was due to the degra-
dation of the matrix mechanical properties. The fail-
ure mechanism was observed to be splitting in case
of glass fiber composites and kinking in the case of
carbon fiber composites.

Results presented in the literature have
shown that the failure strength and failure mech-
anism of fiber reinforced composites are influenced
by a number of different parameters(Yerramalli and
Waas [2001]). Thus, hybridization of composites by
mixing carbon and glass fibers will lead to results
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that reinforce and delineate conclusions regarding
the failure mechanism, failure strength prediction
and the dependancy of failure mechanism on param-
eters such as fiber type, interfacial fracture energy
and matrix mechanical properties. Based on the re-
sults presented by Fleck [1997], Lee and Waas [1999],
Vogler and Kyriakides [1999], and Vogler et al.
[2000], it is known that the compression strength of
polymer composites depends on the fiber type, ma-
trix shear properties, fiber/matrix interface tough-
ness and misalignment of the fibers. In case of pure
carbon composites, kinking is the dominant failure
mechanism whereas for glass composites, splitting is
found to be the dominant failure mechanism.

In their paper, Piggott and Harris [1981]
studied the effect of hybridization of glass/carbon
composites experimentally. They also conducted ex-
periments on hybrid(carbon/kevlar) composites un-
der pure compression. They observed that the ef-
fect of hybridization(glass/carbon) was to reduce
the compressive strength of the composite. How-
ever, in the case of carbon/kevlar hybridization,
they observed an increase in strength with hybridiza-
tion. In the prese, results obtained from studying
glass/carbon fiber hybrid polymer matrix compos-
ites under static and dynamic compressive loading
are presented. For this purpose, an overall fiber vol-
ume fraction, V; = 0.3 was chosen. The fiber con-
tent of individual constituents were varied from pure
glass to pure carbon, while keeping the overall fiber
volume fraction fixed at 0.3. Results presented in
Lee and Waas [1999], showed that the failure mode
underwent a transition from pure splitting to split-
ting/kinking around V; ~ 0.3. Thus, it was felt
that an overall V; ~ 0.3 was ideal for studying the
influence of different constituents on the failue mech-
anisms.

2 Experiments

Pure compression tests were performed on cylin-
drical composite specimens. The specimen diameter
was approximately 6.8mm and the gage length of
the specimen was 12.7mm. Two back to back strain
gages were attached to record the strain in the gage
section and also to check the loading alignment. The
specimens were manufactured with a range of hybrid
ratios of glass/carbon. The specimens were com-
pressed in a MTS hydraulically actuated machine
for static loading and in a split Hopkinson pres-
sure bar (SHPB) setup for dynamic loading. De-
tails of the specimen manufacturing process and the
SHPB setup are included in Yerramalli [2003]. The
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total volume fraction of fibers, Vy, was kept con-
stant at 0.3. The ratio of glass to carbon fibers
was varied from the case of pure glass, Vo = 1
to pure carbon, V.. = 1, with the following con-
straint; Ve + Vo = 1. The individual fiber vol-
ume fraction at any ratio is obtained by the follow-
ing relations for glass, Vy, = rg,/r2 and for carbon,
Vie =13,/r2. Here, ro. and ro, are the carbon fiber
and glass fiber radius, respectively. 7. is the com-
posite cylinder radius. In the experiments (for both
static and dynamic), the values of V. chosen were
{1,0.9,0.7,0.5,0.3,0.1,0} and the value for V., was
obtained from the constraint relation. These new
terms for the individual fiber volume fractions are
defined below in terms of the fiber radius.
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2.1 Static Compression

The hybrid composites were tested to failure in a
quasi-static manner. Typical stress vs strain re-
sponses obtained from the experiments during the
testing of hybrid composites are plotted in figure 1.
It can be observed that as the carbon fiber volume
fraction, V., increases, the failure strain decreases.
The minimum strain to failure does not correspond
to that of pure carbon but to a hybrid ratio with a
very low percentage of glass fibers. The static re-
sults on hybrid composites show that the effect of
mixing carbon to glass fibers is to reduce the com-
pressive strength as shown in figure 2. The failure
mechanism changed from splitting in pure glass com-
posites (Vg = 1) to kinking failure in carbon com-
posites (V.. = 1) as the percentage of carbon fibers
increased in the hybrid composite. The change in
failure mechanism was found to occur around a hy-
brid ratio of 0.5. The measured elastic modulus
of the hybrid composite was plotted as a function
of the hybrid ratio and, analytically, the composite
rule of mixtures was found to adequately approx-
imate the experimental data as can be seen in fig-
ure 3. Similarly, it was observed that as the percent-
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age of carbon fibers increased in the composite, the
strain to failure decreased. Thus, the use of hybrid
glass/carbon composites did not lead to an increase
in static compressive strength.

2.2 Dynamic Compression

The hybrid composite specimens were also stud-
ied under high strain rate loading using a split Hop-
kinson pressure bar (SHPB) test setup. Details of
the UM Aerospace department SHPB and the tech-
nique of establishing stress-strain data and strength
data under dynamic loading are given in Yerramalli
[2003].

The SHPB setup consists of an impactor bar,
incident bar and a transmission bar. TUsually a
fourth bar called the throw-off bar acts like a mo-
mentum trap. In the present SHPB setup, the
four bars were made of 440C case hardened stain-
less steel. The specimen is sandwiched between the
incident bar and the transmission bar. The speci-
men /bar interfaces are greased so as to reduce fric-
tion. The specimen length and diameter are kept
very small compared to the length of the SHPB bars.
This ensures that the one dimensional wave propaga-
tion assumptions are met and also that the specimen
attains a uniform state of strain in a short time as
compared to the duration of the loading pulse. The
SHPB setup was first used to test aluminum6060
alloy specimens to validate the experimental setup
and the computer programs that are subsequently
used to extract the specimen stress and strain data
from the strain gage signals. This particular alloy of
aluminum is strain rate independent and can be use-
ful in validating the SHPB test setup. As shown in
figure 4 and figure 5 the compressive stress response
of both specimens under varying strain rates is ap-
proximately same. Once the setup and the computer
programs were validated, the hybrid composite spec-
imens were examined under high strain rate loading
conditions. Figure 6 shows the variation of stress
with strain rate. It can be seen that initially the
strain rate is varying and it is only in a short period
before failure that the strain rate achieves a nearly
constant value. In case of high strain rate tests on
hybrid composites, the failure strength was observed
to increase at each hybrid ratio (glass/carbon) as
shown in figure 7. There is wide scatter in the
data due to which definite conclusions on the de-
pendancy of failure strength on strain rate cannot
be drawn. However, in general, it can be seen that
the failure strength increases with increasing strain
rate for all hybrid ratios. Typical stress response
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curves obtained for a composite with hybrid ratio
of Vgc = 0.5 is shown in figure 8. A typical oscillo-
scope trace of the strain gage signals obtained from
the strain gages on the incident bar and the trans-
mission bar are shown in figure 9. The specimens
used in the high strain rate tests were completely
destroyed. The hybrid composites with greater per-
centage of glass fibers exhibited brooming type of
failure surfaces. In case of hybrid composites with
higher percentage of carbon fibers, the failure sur-
faces did not show brooming. For all hybrid ratios,
glass fiber composites show characteristics of split-
ting failure like brooming and disintegration of ma-
trix. The exact failure mechanism could not be es-
tablished in these tests since the specimen undergoes
repeated loading under a series of compressive stress
pulses. This leads to complete disintegration of the
specimens.

3 Analysis

A model similar in concept to the concentric cylin-
der model is utilized for analysing the hybrid com-
posites. The hybrid composite is assumed to consist
of an assemblage of space filling concentric cylin-
ders of carbon/matrix and glass/matrix distributed
uniformly and mixed according to their respective
constituent volume fractions and with an overall
fiber volume fraction, Vy = 0.3, as shown in fig-
ure 7. Thus, for example, for a hybrid ratio of
0.3, ie. V. = 0.3, the glass cylinder radius will be
Tmg = (Vye/Viq) 12, and the carbon cylinder radius
will be 7, = (Vee/Vie) X 72,. In the experiments, a
failure mode transition was observed as the percent-
age of glass fibers reduced from 100% to 0% by the
replacement of glass fibers by carbon fibers. Hence,
both kinking and splitting failure mechanisms are
modeled at the individual concentric cylinder level
and next assembled to obtain the composite behav-
ior.

3.1 Splitting and Kinking

In case of splitting analysis, the expressions for
stresses, strains and the expression for compliance
remain the same as those of the splitting model pre-
sented in Yerramalli and Waas [2002a]. The only
difference being that these expressions are now cal-
culated for the individual components of the hybrid
composites. Thus, in case of a glass/carbon hybrid
composite, the expressions for critical compressive
stress (from Yerramalli and Waas [2002a])) can be
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written as follows.
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Here, the subscripts g and c stand for glass and car-
bon respectively and the superscripts sp and k are
for splitting and kinking failure mechanisms. Sim-
ilarly, for kinking, the critical kinking stresses for
both glass and carbon composite cylinder, from Yer-
ramalli and Waas [2002b], are
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In the above equations, (2)-(4), vy is the frac-
ture energy, 6 and (3 are related to the elastic con-
stants of the constituents, 7(7y) is the shear response
of the composite (either glass or carbon based on
the subscript). ¥rmg and yrme are the shear strains
at the glass and carbon composite cylinder outer ra-
dius, respectively, as indicated in figure 10. ¢ is the
fiber misalignment angle with a subscript denoting
glass or carbon as the case may be.

First, an iso-strain assumption to assemble
the individual concentric cylinder level results and
extract composite level properties is adopted. To
ensure compatibility between the glass concentric
cylinder and the carbon concentric cylinder, the ax-
ial strains in both composite cylinders are equated.
From, the 3D stress analysis results in Yerramalli
and Waas [2002a], expressions for strains are ob-
tained. Then,

3D _ 3D
€fg = Cfec
2B9P, _ 2(3°P,
wrgg - 2,
B9 2
P.=P,—-2 (6)
c 9 ch ng

Using the expressions for fiber volume fractions

given in equation (1), equation (6) can be written

as

p, B Ve
IBC Vgc

Equation (7), gives a relation between the load car-

ried by a carbon composite cylinder, P, in terms of

P, = (7)
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the load carried by a glass composite cylinder, Py,
at a given hybrid ratio as determined by V.. and
Vgc- To obtain an expression for the total load car-
ried by the complete composite, we need to rely on
stress equilibrium along the axial direction to obtain
a relation between the loads carried by individual
constituents and the total load, P;ote;. Thus,

P, +P,
Py[1+ (B9/B°) (Vee/Vge)]  (8)

Equation (8), provides an expression to calculate the
total load carried by the hybrid composite when a
critical condition is reached for any of the individual
constituent composite cylinders (either splitting or
kinking). Defining, (89/8°)(Vee/Vye) = %, we can
write

Ptotal

_ Ptotal
B= ) ©)
. Ptotald"
) .

The stress in a glass concentric cylinder can be ob-
tained by referring to figure 10 and noting that r,,,
is the radius of the glass composite cylinder. Then,
using equations (9), it follows that

Py

2
’/T’l"mg
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Ototal
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Therefore, the total stress expression can be written
as

(11)

Ototal Og (1 + zp)Vgc (12)
Similarly, the total stress, oiotqi, in terms of the
stress in carbon concentric cylinder, o, is obtained

by following the above procedure. This results in,

UC(l + 1/¢)Vcc

Ototal (13)
In equation (12) and equation (13), o, and o, are the
values calculated by equations (2-4). This completes
the iso-strain failure model in the hybrid composite.

Next, an iso-stress assumption to model fail-
ure is considered. Previous work on compressive
failure by Yao and Chou [1989] and Martinez et al.
[1981], showed that unidirectional hybrid composites
display a wide disparity in strain between the glass

American Institute of Aeronautics and Astronuatics



and carbon fibers. That is, when a hybrid com-
posite containing a mixture of a flexible fiber and
relatively stiff fiber are loaded in compression, the
stiffer fiber reaches a critical stress state earlier than
the compliant fiber. Thus, an iso-strain assumption
will lead to a prediction of increase in strength for
the case of addition of stiffer fibers (carbon) to a
less stiff fiber (glass) reinforced composite. How-
ever, in the complementary iso-stress approach, it is
assumed that the composite carries a stress, o which
is transmitted to both glass concentric cylinder and
a carbon concentric cylinder as schematically shown
in figure 10. Thus, the critical composite stress is
calculated when either of the constituent cylinders
first reaches a critical stress state. For instance, if
the glass concentric cylinder reaches the condition
of splitting, then the critical failure stress is calcu-
lated in glass composite using equation (2). As the
volume fraction of glass decreases, the compressive
strength will now decrease.

In essence, the iso-strain approach and iso-
stress approach provide bounds for the predictions
of hybrid composite compressive strength. However,
previous experimental results reported in Martinez
et al. [1981] and the present experimental results
suggest that an iso-stress approach is appropriate for
the study of hybrid composites that contain fibers
of disparate axial stiffness, and are dominated by
the more compliant fiber. Results as predicted by
the iso-strain model (carbon kinking) and the iso-
stress model (glass splitting) are shown in figure 11,
where, experimental results are also presented. It
can be seen that, for small values of Vg, the iso-
strain kinking model captures the experimental data
very well. Beyond V. = 0.15, the iso-strain kink-
ing model underestimates the compressive strength.
This is because, as V. increases, the expressions for
kinking (equation (4) based on the assumptions of
pure kinking ceases to be valid. In a hybrid compos-
ite, the surrounding glass fibers offer more constraint
to kinking (confinement) and thus, the kinking ex-
pression of equation (4) will underestimate the com-
pressive strength. On the other hand, in this region,
0.5 < Ve < 1, the iso-stress model adequately cap-
ture the experimental data for compressive strength.
Thus, when the compliant fiber dominates the hy-
brid composite, the iso-stress model predictions cap-
ture the experimental data, while for hybrid com-
posites dominated by the stiffer fiber, the iso-strain
model appears to capture the experimental strength
data. It is to be noted that both models must be
used with the appropriate failure mechanism as ob-
served in the experiment. A mechanism based fail-
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ure modeling approach as presented here appear to
adequately explain the static compressive strength
data for hybrid composites.

4 Conclusions

The reported experimental results on glass/carbon
hybrid composites suggest that, mixing of glass and
carbon fibers in a single composite leads to a dete-
rioration in the measured strength of the compos-
ite. The splitting and kinking models of failure for
pure composites were modified to account for the
presence of another type of fiber in the compos-
ite. Using equation (12) and equation (13), the total
stress on the composite when either of the individ-
ual composite cylinder reaches the critical stress in
splitting or kinking was obtained. The total stress
values obtained by using glass and carbon compos-
ite cylinder stresses are plotted in figure 11. Here,
the total stress predicted by the splitting of glass is
consistently increasing with the addition of carbon
fibers. This is due to the fact that the addition of
carbon fibers increases the value of 1, which leads
to an increase in the total stress, oiotq; from equa-
tion (12). Also, the total stress predicted by the
splitting of carbon composite cylinders consistently
decreases with increasing glass fiber volume fraction
or decreasing carbon fiber volume fraction. The to-
tal stress predicted by the iso-strain model (carbon
kinking) for ¢ = 3° is seen to match with the experi-
mental data upto Vy, = 0.15. Beyond this glass vol-
ume fraction, the prediction provides a lower bound
for the predicted values. However, it should be noted
that the failure mechanism was not pure kinking be-
yond glass volume fraction of 0.15. Explaining the
decrease in failure stress due to the addition of car-
bon fibers to a glass composite is not possible based
on an iso-strain model. However, the decrease can
be explained by using a iso-stress model as shown in
figure 11.

In case of high strain rate compressive
strength of the hybrid composites, it can be seen
that the failure strength does show a definite in-
crease at each hybrid ratio but the scatter in data
makes it difficult to find a specific relation between
the strain rate and the strength. However, as can
be seen from figure 12, the failure strength shows an
increase across all hybrid ratios as compared to the
static test data.
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Vg Strength (MPa) Ave.Strength(M Pa)
0 425 - - 425
3 320 250 340 303.3
9 385 345 320 350
15 300 265 235 296.7
21 345 340 320 335
27 430 405 385 406.7
30 484 520 480 494.7

Table 1: Compressive strength of hybrid composites
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Figure 11: Failure model predictions for hybrid com-
posites (static loading)
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Figure 12: Variation of failure strength with strain
rate, for different hybrid ratios
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