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Abstract 
Unidirectional glass fibre layers have been hybridized with unidirectional self-reinforced 
polypropylene layers. Tensile tests and microCT have been performed to investigate and 
understand the properties of these hybrids. The tensile behavior is a combination of the stiff 
and strong glass fibre layers and the ductile self-reinforced layers. A hybrid effect of +10% 
was observed for the failure strain of the glass fibre layers. Tensile strength and absorbed 
energy showed mainly negative hybrid effects. This is attributed to the glass fibre 
misalignment, which is induced by the shrinkage forces of the self-reinforced layers. MicroCT 
measurements verified this hypothesis. 
 
 
1 Introduction 
Traditional fibre reinforced composites show early damage initiation and a low failure strain 
in tensile loading. Moreover, they easily develop delaminations in impact loading. The first 
reason for this brittleness is the brittle nature of the fibres. All commonly used reinforcing 
fibres have a low failure strain (carbon fibres < 2%, glass fibres < 3%), and even natural 
fibres like flax or hemp do not exceed these values. A second reason is the low transverse and 
shear strength of unidirectional impregnated fibre bundles (in textile composites) or layers (in 
laminates). A commonly applied solution is to use a more ductile matrix, but this has its 
limitations. 
 
 
Another solution is to use ductile fibres. Self-reinforced composites (SRC) are an example of 
this approach. Self-reinforced polypropylene (SRPP) is the most popular SRC, mainly due to 
its low price, low density and very high toughness. The toughest SRPPs are made by hot 
compaction, a process developed by the University of Leeds [1]. Heavily drawn 
polypropylene (PP) tapes are used, with a stiffness of 10-15 GPa, a strength of 500-600 MPa 
and a failure strain of 10-15% (see [1-3]). The tapes are then woven into preforms. Finally, 
the preform is heated and the outer layers of the tapes melt and recrystallize to form the 
matrix phase. This eliminates the impregnation problems, which are often associated with 
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thermoplastic matrix composites, because the matrix is created in situ. SRCs have a stiffness 
and strength of respectively 5 GPa and 180 MPa for a woven composite [1]. This is low 
compared to traditional glass and carbon fibre reinforced composites for the use in structural 
applications.  
 
 
SRCs are tough but compliant, whereas traditional composites are brittle, but stiff and strong. 
To get a better toughness-stiffness balance, both composites can be combined into a hybrid 
composite. This has been shown to give rise to significant hybrid effects [4, 5], which are 
defined as deviations from the rule of mixtures. This means the properties can be better than 
the linear average of the properties of its constituents. A previous study by Taketa et al. [6] 
showed the potential of hybridization of carbon fibre composites with self-reinforced 
composites. The increase in the failure strain of the carbon fibre was proven to lie between +7 
and +18%. 
 
 
This paper will show results for self-reinforced composites hybridized with glass fibre. 
Because the glass fibre/polypropylene tape stiffness ratio is smaller than for carbon 
fibre/polypropylene tape, we believe the failure of the brittle glass fibre may introduce less 
damage into the self-reinforced composite. This may be beneficial for the toughness of the 
hybrid composite. This research focuses on unidirectional hybrid composites only. 
 
 
2 Materials & testing methods 
The hybrid composites described in this paper are made from unidirectional (UD) glass fibre 
polypropylene (GFPP) prepregs and unidirectional polypropylene tapes (SRPP). The GFPP 
prepregs were provided by Baycomp Performance Materials. The fibre content was measured 
according to ASTM D2584 and determined to be 34,1 vol%. The nominal thickness of the 
GFPP prepreg is 270µm. The PP tapes have a stiffness and strength in the range of 5-10 GPa 
and 400-600 MPa respectively. 
 
 
The PP tapes are wound on a frame using an automatic winding machine. One winding cycle 
produces a unidirectional bottom and top layer of about 90µm each. The GFPP prepregs are, 
depending on the stacking sequence, inserted at appropriate locations to create a layer-by-
layer UD hybrid. This hybrid is put in between an aluminum mould and pressed for 5 minutes 
at 180°C and 50 bar. When naming the layups, a letter code is used. The “S” stands for a self-
reinforced layer, while the “G” stands for a GFPP layer. The produced layups are shown in 
table 1, including the theoretical and measured fibre volume fractions. The conversion from 
glass fibre weight fraction to GFPP volume fraction was done using a GF and PP density of 
respectively 2540 kg/m³ and 900 kg/m³. 
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Lay-up Theoretical vol% of GFPP Measured vol% of GFPP 

(S5)s 0 0 
(S6GS3 )s 25 28.6 + 0.3 
(S4GS2 )s 33 35.7 + 0.6 
(S3GS3/2 )s 40 38.8 + 0.9 
(S2GS )s 50 55.1 + 1.2 

(S2GS2G1/2)s 53 52.8 + 5.3 
(S2GSG1/2)s 60 59.6 + 6.6 
(SGSG1/2)s 70 72.0 + 2.6 

(G2)s 100 98.6 + 0.59 

      Table 1. Layups and their volume fractions of GFPP 
 
2.1 MicroCT characterization 
The samples were characterized using X-Ray computed tomography system Phoenix 
Nanotom S. The sample size was 2mm x 2mm x 10mm. The images with voxel size of 1 µm 
were acquired applying a 60 kV voltage and a 240 µA current. Molybdenum was used as a 
target material. The exposure time was set to 500 ms to obtain enough contrast. 
 
 
2.2 Tensile tests 
Tensile tests were performed according to ASTM standard D3039 on a Instron 4505. The load 
cell was 100kN and the strain rate applied was 5%/min. The strains were measured with an 
optical extensometer. An optical strain is calculated every 250 ms. At least 4 samples were 
tested for every layup. 
 
 
A schematic tensile graph is shown in figure 1. When the GFPP layers break, the specimen 
surface is severely damaged. This makes it impossible to use any kind of extensometer to 
measure the sample strain. In the shown tensile data, we have used optical strain measurement 
system up and till the ultimate tensile strength (UTS). The UTS is defined as the highest 
stress, which occurs when the glass fibres break (see figure 1). After the UTS has been 
reached, the tensile stress drops vertically, but not to zero as in traditional glass fibre 
reinforced composites. The SRPP layers are able to withstand the GFPP damage and continue 
to carry stress after the UTS. We used the displacement of the crosshead to calculate the strain 
in this second part. This displacement was corrected for the machine compliance using the 
part before the UTS, where both optical strain and crosshead displacement are available. Four 
important parameters were calculated from the corrected stress-strain data. Due to initial 
settling of the specimens, the tensile modulus was calculated between 0,5 and 1% strain. The 
other three parameters are schematically shown in figure 1. The UTS is the peak stress. The 
strain at which this UTS occurs, is labeled “strain at UTS”. A third parameter is the absorbed 
energy, which is calculated as the area underneath the stress-strain curve. Because the stress 
gradually decreases down to zero, a cut-off criterion is needed. The area was calculated up to 
the strain where the stress drops below 10 MPa. 
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      Figure 1. Schematic tensile graph indicating some of the calculated parameters 
 
Before going into detail on the hybrid composites, we first analyse both its constituents. The 
layup (G2)s contains 4 layers of the GFPP prepreg. This layup was determined to have a 
stiffness of 24 + 4 GPa and a strength of 610 + 67 MPa. The orientation of the glass fibres 
seems to be good, as seen in figure 2. Only a very limited amount of fibres are slightly 
misaligned. 
 

 
      Figure 2. MicroCT image of glass fibre alignment in (G2)s 

 
The layup (S5)s contains 10 unidirectional self-reinforced layers, without any GFPP layers. 
These samples were produced at 180°C, which is actually too low to create enough matrix 
material. We chose this temperature anyhow, because in the hybrid composites the PP in the 
GFPP layers also contributes matrix material. By choosing this low temperature, the PP tapes 
have less opportunity for stress relaxation and better mechanical properties are retained. The 
stiffness and strength are 4.3 + 0.03 GPa and 274 + 28 MPa. The alignment of the SRPP 
layers was not verified. This is very difficult because PP matrix and tape have almost equal 
physical properties. Consequently, microCT does not show any contract between both phases.  
 
 
2.3 Hybrid SRPP/GFPP 
Tensile graphs of some hybrid SRPP/GFPP samples are shown in figure 3. When comparing 
the hybrid graphs with the SRPP and GFPP graphs, it is clear that a mixed behavior is 
obtained. When the GFPP layers fail, a vertical load drop is observed. Afterwards, the SRPP 
is the only load carrying element. 
 



ECCM15 

 

 

 
These te
as a fun
modulu
expecte
 

 
The resu
The hyb
hybrids 
show a 
 

- 15TH EURO

ensile graph
nction of th

us are show
d, most of t

    

ults for UT
brids with 
with a UT

negative hy

OPEAN CONF

      F

hs are analy
he GFPP vo
wn in figure
the data corr

  Figure 4. T

S are shown
less than 4
S of more t

ybrid effect.

FERENCE O

Figure 3. Tens

yzed in dept
ol%, as prev
e 4. The ru
respond rath

The modulus o

n in figure 
0% GFPP 
than 40% G
 

ON COMPOSI

5 

sile diagrams o

th to explor
viously sho

ule of mixtu
her well wi

of hybrid SRP

5. The rule
reasonably 

GFPP clearl

ITE MATERI

of hybrid SRP

re the hybrid
own in table
ures is indi
th the rule o

PP/GFPP at va

-of-mixture
coincide w

y are below

IALS, Venice

PP/GFPP 

d effect. Al
e 1. The res
icated by th
of mixtures.

arious GFPP v

es is in this 
with the rul
w the rule o

e, Italy, 24-28 

 

ll graphs are
sults for th

the dashed 
.  

 
vol%. 

case a bilin
le of mixtu
f mixtures 

June 2012 

e plotted 
e tensile 
line. As 

near line. 
ures. The 
and thus 



ECCM15 

 

 

  

 
The resu
a horizo
predict t
slightly 
smaller 
 

 
Finally,
straight 
than exp
is due to
 

- 15TH EURO

    Figure 5

ults for the 
ontal line. T
that the fail
positive hy
than +10%

      

 the absorb
line in this

pected from
o the GFPP 

OPEAN CONF

5. The ultimate

strain at the
This is bec
lure strain o
ybrid effect
 and not sta

Figure 6. The

bed energy 
s case, see f
m the rule o

layers dam

FERENCE O

e tensile streng

e UTS are s
cause this s
of the GFPP
t can be see
atistically si

e strain at UTS

is also cal
figure 7. Al
f mixtures. 

maging the S

ON COMPOSI

6 

gth (UTS) of h

shown in fig
strain is rel
P does not ch
en for some
ignificant at

S of hybrid SR

lculated for
l hybrids ha
A negative

SRPP layers

ITE MATERI

hybrid SRPP/

gure 6. In th
ated to the 
hange when
e samples. 
t a 5% signi

RPP/GFPP at 

r each hybr
ave a signif
e hybrid effe
s when they 

IALS, Venice

/GFPP at vario

his case, the
GFPP laye

n a second m
This hybrid
ficance inte

various GFPP

rid. The rul
ficantly low
ect is presen
fracture at 

e, Italy, 24-28 

 
ous GFPP vol

e rule of mi
ers. Simple
material is a
d effect is h
erval. 

 
P vol%. 

ule of mixtu
wer absorbed

nt in all cas
about 2,5%

June 2012 

l%. 

xtures is 
e models 
added. A 
however 

ures is a 
d energy 
ses. This 

% strain.  



ECCM15 

 

 

 
In concl
it is mo
may hav
orientat
process 
This hyp
for (S2G
60% an
misalign
hybrid 
microCT
location
 

 
3 Concl
Interlay
hybrid 
tensile s
hybrid e

- 15TH EURO

      F

lusion, the h
ostly negativ
ve occurred
tion of the P

[7]. This c
ypothesis wa
GSG1/2)s and
nd 70%. Thi
ned fibres a
effects wer
T sample m

ns within the

      Fi

lusion 
yer hybrids 
effect of le
strength (U
effects. Thi

OPEAN CONF

igure 7. The a

hybrid effec
ve for UTS

d due to the 
PP tapes, th
can distort th
as tested usi
d (SGSG1/2)
is illustrate
are observe
re observed
might not b
e same plate

igure 8. Micr

of glass fib
ess than 10
TS), strain 
is is most l

(a) 

FERENCE O

absorbed ener

ct for tensile
S and absorb

shrinkage s
ey have a s
he glass fib
ing microC
)s, layups w
s the glass 

ed in (SGSG
d for (SGS
be represen
e are needed

oCT image of

bre and self
% was see
at UTS and
likely due t

(S2GSG

ON COMPOSI

7 

rgy of hybrid S

e modulus i
rbed energy
stresses of t
strong tende
bre alignme

CT on a few 
with theoreti

fibre misal
G1/2)s. This 
G1/2)s. Beca

ntative for 
d to obtain 

 

f hybrid layup

f-reinforced 
en for the f
d absorbed 
to the shrin

G1/2)s 

ITE MATERI

SRPP/GFPP a

is slightly n
y. This indic
the PP tape.
ency to shrin
nt and expl
hybrid layu

ical fibre vo
ignment in 
is surprisin

ause of the
the entire p
more inform

ps (a) (S2GSG

polypropyl
failure strai
energy how

nkage of the

IALS, Venice

at various GFP

negative for 
cates some 
 Because of
nk  during 
lain the neg
ups. Figure 
olume fracti
(S2GSG1/2)

ng, because
e very sma
plate. Samp
mation.  

1/2)s and (b) (S

lene have b
n of the gl

wever, show
e PP tapes,

(b) 

e, Italy, 24-28 

 
PP vol%. 

some layup
fibre misal
f the high d
the hot com

gative hybri
8 shows th

ions of resp
)s, while ha
e the most 
all sample s
ples from 

SGSG1/2)s 

been made. 
lass fibre. U

wed mainly 
, which dis

(SGSG

June 2012 

ps, while 
lignment 
degree of 
mpaction 
id effect.  
he results 
pectively 
ardly any 
negative 
size, the 
different 

 

A small 
Ultimate 
negative 
torts the 

G1/2)s 



ECCM15 - 15TH EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012 

 

 8 

alignment of the glass fibres. The misalignment hypothesis was proven by microCT 
measurements. 
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