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STRAIN RATE EFFECTS ON SELECTED MECHANICAL PROPERTIES
OF GLASS-POLYESTER LAMINATES

The study presents the results of experimental testing of a layered cross-ply [0/90], E-glass/polyester composite in the
range of the selected compression properties at high strain rates = 2300+4600 s—' and a quasi-static strain rate = 0.0067 s
The composite was manufactured using contact technology using Owens Corning CD-600 E-glass stitched fabric and Polimal
104 polyester resin. The circular cross-section specimens of three sizes 2.5, 5 and 7.5 mm in height and 15 mm in diameter
were tested in the above described experiments. To determine the static properties, quasi-static experimental tests were con-
ducted using an Instron 8802 machine in the displacement control mode at a constant crosshead speed of 1, 2 and 3 mm/min
respectively for the 2.5, 5.0 and 7.5 mm specimen types. The compression loading was monitored with a load cell Instron
+250 kN, whereas the axial strain with an Instron 2620-604 extensometer using additional fixing discs. The measuring base of
the extensometer was equal to the specimen height. Identification included the stress-strain curve, strength, Young’s modulus
and failure strain. For the high strain rates testing, a modified Split Hopkinson Pressure Bar test system was used, containing
an LTT 500 Amplifier made by Tasler, Germany and an NI USB-6366 data acquisition device made by National Instruments,
USA. The failure modes observed under high strain rate loading were similar to those observed under quasi static loading.
The samples predominantly failed by shear fracture. Reduction of the specimen height implies an increase in the nonlinear ef-
fects in the initial part of the stress-strain diagrams (increasing strain at same stress), probably caused by the boundary
effect. The main parts of the stress-strain plots are approximately linear, thus the linear elastic-brittle material model can be
assumed. It was generally observed that the compressive strength and Young’s modulus along the thickness direction are
higher at high strain rate loading compared to the results at quasi-static loading.
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WPLYW PREDKOSCI ODKSZTALCEN NA WYBRANE WLASCIWOSCI MECHANICZNE
LAMINATU POLIESTROWO-SZKLANEGO

W pracy przedstawiono wyniki badan eksperymentalnych laminatu krzyzowego [0/90], szklo-E/poliester w zakresie
wyznaczenia wlasciwosci mechanicznych podczas Sciskania z predko$cia =2300+-4600 s w badaniach dynamicznych oraz
=0,0067 s w badaniach quasi-statycznych. Badany kompozyt wytworzono metoda kontaktowa z uzyciem tkaniny zszywanej
Owens Corning CD-600 oraz zywicy poliestrowej Polimal 104. Do badan przyjeto trzy typy prébek walcowych o wysokoSci
2,5; 51 7,5 mm oraz Srednicy 15 mm. W celu wyznaczenia wlasciwosci mechanicznych statycznych przeprowadzono badania
eksperymentalne z wykorzystaniem maszyny wytrzymaloSciowej Instron 8802 w trybie sterowania przemieszczeniem,
z predkoscia przemieszezenia 1, 2 and 3 mm/min, odpowiednio dla prébek typu 2,5, 5,0 i 7,5 mm. ObciaZenie rejestrowano
przy uzyciu glowicy pomiarowej Instron 250 kN. Pomiar odksztalcenia realizowano z uzyciem ekstensometru Instron
2620-604 z dodatkowym oprzyrzadowaniem w postaci dyskow. Baza pomiarowa ekstensometru byla réwna wysokosci prébki.
Badania identyfikacyjne obejmowaly wyznaczenie zalezno$ci naprezenie-odksztalcenie, wytrzymalo$ci, modutu sprezystosci
oraz odksztalcen niszczacych. Badania przy duzej predkosci odksztalcen przeprowadzono na stanowisku Zmodyfikowany
Pret Hopkinsona (SHPB - Split Hopkinson Pressure Bar), stosujac wzmacniacz LTT 500 firmy Tasler, Niemcy oraz karte
pomiarowa NI USB-6366 firmy National Instruments, USA. Zaobserwowano podobny mechanizm niszczenia probek
w badaniach quasi-statycznych oraz dynamicznych. Probki niszczyly si¢ przez $cinanie. Zmniejszenie wysoko$ci probki
powoduje ujawnienie si¢ efektow nieliniowych w poczatkowej czeSci wykreséw (zwigkszenie odksztalcenia przy tym samym
naprezeniu). Jest to zwigzane z efektem brzegowym. Srodkowa cze$¢ zaleznoSci naprezenie-odksztalcenie jest w przyblizeniu
liniowa, co odpowiada materialowi liniowo-spre¢zysto-kruchemu. W wyniku badan zaobserwowano wzrost wytrzymalosci na
Sciskanie oraz modulu sprezystosci w kierunku prostopadlym do powierzchni warstwy laminatu wraz ze wzrostem predkosSci
odksztalcen.

Stowa kluczowe: kompozyty warstwowe, kompozyt poliestrowo szklany, duza predkos¢ odksztalcen, pret Hopkinsona

INTRODUCTION

Fibre reinforced composites have material properties  plications. High specific stiffness and strength under
which are attractive for use in various engineering ap-  static and especially under dynamic loading conditions
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make these materials very useful for military applica-
tions. Understanding of material response to dynamic
loadings is achieved through experimental and theoreti-
cal analyses and requires the development of constitu-
tive equations which could be used to explain the varia-
tion in material strength, stress and strain versus strain
rates. The most extensively used apparatus for high
strain rate material characterization is the Split Hopkin-
son Pressure Bar (SHPB). The split bar technique for
the dynamic testing of materials was introduced by
Kolsky [1]. The working rule of the SHPB apparatus is
based on the one-dimensional wave propagation theory
in elastic bars. To determine the behaviour of compos-
ites under high strain rate loading, the SHPB apparatus
is used widely. So far, various experimental studies
were carried out on the high strain rate behaviour of
composites under compressive loading. Available stu-
dies on cross-ply composites made of glass fibres were
presented in [2-5] and on carbon fibres in [6-9]. Infor-
mation about the properties at high strain rates com-
pared to those at the quasi-static strain rate and the
property change factor is given in Table 1. Glass and
carbon materials, resin and fibre volume fractions are
different for particular studies. The property change
factor is generally more than one for compressive
strength and Young’s modulus. The property change
factor varies in a wide interval in the analysed contribu-
tions. Note that the property change factor is defined as
the ratio of the property at high strain rate (HSR) loading
to the property at low strain rate (LSR) loading.

EXPERIMENTAL PROCEDURES

This study concerns the glass polyester cross-ply
laminate, i.e. Polimal 104 polyester resin reinforced
with CD-600 E-glass non-woven fabric made by Owens
Corning, USA (Biaxial, orthogonal [0/90], 610 g/m’,
stitched 283/317/10 tex). The composites and speci-
mens were manufactured in the Department of Mecha-
nics and Applied Computer Science, at the Military
University of Technology. Figure 1 presents the prin-
cipal directions of the laminate. The prefabricated
elements used to manufacture the specimens for com-
pression tests were cut using water jet technology ac-
cording the scheme in Figure 2. After the cutting proc-
ess, the specimens were lathed to obtain nominal
diameter d = 15 mm.
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Fig. 1. Principal directions of laminate (1-2 - laminate plane; 3 - thick-
ness direction)

Rys. 1. Kierunki wzmocnienia laminatu (1-2 - plaszczyzna laminatu;
3 - kierunek grubosci)

TABLE 1. Mechanical properties and property change factor of composites under compressive loading; 1 - warp direction, 2 - weft

direction, 3 - thickness direction [10]

TABELA 1. Wlasciwosci mechaniczne oraz wspélczynnik zmiany wlasciwosci dla kompozytu w probie $ciskania; 1 - kierunek

osnowy, 2 - kierunek watku, 3 - kierunek grubosci [10]

strain LSR properties Propel‘gsclil/flsglg factor
Composite Dir. rate v v Ref.
[s] o' E e c E €
[MPa] [GPa] [%]
plain weave
$2-glass/vinylester 2 1149 180 5.00 3.60 1.75 3.30 0.61 [2]
plain weave 1 860 410 20.8 223 1.40 1.39 1.26 [3]
glass/epoxy
plain weave 2 705 292 - 1.20 1.41 - 221 4]
S2-glass/vinylester 3 675 690 - 5.20 1.35 - 1.36
woven 1 840 265 - 2.40 1.92 - 1.13 [5]
S2-glass 3 800 600 - 4.55 1.16 - 1.57
woven 2 600 507 - 0.93 1.80 - 1.83 [6]
carbon/epoxy
plain weave 1 1039 196 8.3 3.90 227 424 0.38 (7]
carbon/epoxy
satin weave 1 1092 227 11.1 3.40 2.31 4.05 0.44 (7]
carbon/epoxy 2 1079 237 11.7 3.00 2.36 3.90 0.53
plain weave 1 930 196 8.3 3.90 2.50 4.90 0.38 [8]
graphite/epoxy
satin weave 1 945 227 11.0 3.40 2.40 3.90 0.51 (8]
graphite/epoxy 2 977 237 11.0 3.00 243 3.90 0.54
satin weave 1 1092 312 4,70 94 1.33 4.63 0.27 [9]
carbon/epoxy 2 1390 358 4,87 10.7 1.46 5.62 0.23
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Fig. 2. Prefabricated elements for compression specimens manufacturing
process scheme

Rys. 2. Sposob przygotowania potfabrykatow do wykonania probek na
$ciskanie

For the study aims, three types of specimens were
used, indicated with symbols reflecting the specimen
height, i.e. 7.5, 5.0 and 2.5 - Figure 3.

Fig. 3. Specimens before testing

Rys. 3. Widok probek przed proba

In the static experimental study, the specimens were
subjected to uniaxial compressive loading with a con-
stant crosshead speed of 1, 2 and 3 mm/min for 2.5, 5.0
and 7.5 specimen types, respectively, with the same
strain rate for all specimens i.e. = 0.0067. The experi-
ments were conducted using a servohydraulic, universal
testing machine, Instron 8802. The compression loading
was monitored with the load cell, whereas the axial
strain with an Instron 2620-604 extensometer using
additional fixing discs. The measuring base was equal
to the sample height. The circular cross-section speci-
mens of three sizes were tested in the above described
experiments. Identification included the stress-strain
curve, strength, Young’s modulus and failure strain.

For high strain rates testing, a modified Split Hop-
kinson Pressure Bar test system was used (Fig. 4), con-
taining an LTT 500 Amplifier made by Tasler, Ger-
many and an NI USB-6366 data acquisition device
made by National Instruments, USA.

Basically, the test system consists of a gas gun,
a striker (20 mm diameter, 150 mm long), an incident
bar, a transmission bar (both 20 mm diameter and
2000 mm long), an energy absorption element and a data
acquisition system. The striker is launched using highly
compressed gas and impacts the incident bar. This gen-
erates the elastic wave (the incident wave) which
travels through the bar and then, due to the difference
between the mechanical impedance of the bar and
specimen materials, part of the pulse comes back (the
reflected wave), whereas the residual part is transmitted
through the tested specimen. Consequently, it com-
presses it and the wave travels to the transmission bar
and generates the so called transmitted wave. All three
signals were registered by the strain gauges which are
placed in the middle of the bars, as shown in Figure 5.
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Fig. 4. Compressive Split Hopkinson Pressure Bar test system

Rys. 4. Stanowisko Zmodyfikowany Pret Hopkinsona do pomiarow
wilasciwos$ci wytrzymatosciowych materialéw przy $ciskaniu

voltage [V]

T T T T T T
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time [ms]

Fig. 5. Signals registered using strain gauges placed in middle of bars

Rys. 5. Sygnaty zarejestrowane z wykorzystaniem tensometrow naklejo-
nych w potowie dtugosci pretow

RESULTS

During the static tests, the stresses and strains were
calculated using the formulas:

F 4.F
O=—=—— 1
As - d2 ( )
where:
o - engineering stress [MPa]
F-force [N]

. . 2
A - cross-section area of specimen [mm”]
d - specimen diameter [mm]
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AL
L 2)
where:
& - engineering strain [-],
L - length of specimen (extensometer measuring

base) [mm]
ALy - length change [mm].

Based on the recorded signals the strains, stresses
and strain rates were calculated using formulas [1]:

£(t) = % 2 i j;gR ()t 3)
EA
o(1) :A_SbgT ®) “4)
. C
8= 22, (1) (5)

where:

C, -wave velocity in bars,

E - Young’s modulus of bars,
A, - cross-sectional area of bars,
er(?) - reflected strain pulse,

e7(?) - transmitted strain pulse,
&(f) - strain rate in the specimen.

The experimentally obtained compressive stress—
strain curves for the laminate along thickness (3) the
direction at strain rates up to 4600 s~ are presented in
Figures 6-10. The stress-strain plots for the 7.5, 5.0 and
2.5 specimen types with respect to the specimen height,
obtained from the static and high strain rate tests, are
compared in Figures 6 and 7, respectively.
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Fig. 6. Static stress-strain response of 7.5, 5.0 and 2.5 specimen types
(£ =0.0067 s
Rys. 6. Zalezno$¢ c-¢ dla probek typu 7,5, 5,0 i 2,5 przy matych predko-
$ciach odksztatcen (& = 0.0067 s™)

Fig. 7. High strain rates stress-strain response of 2.5, 5.0 and 7.5 speci-
men types (£ =4600 s, £ =2400s", £=2300s")

Rys. 7. Zalezno$¢ o-¢ dla probek typu 2,5, 5,0 1 7,5 przy duzych predko-
$ciach odksztatcen (odpowiednio &=4600 s, & =2400 s,
£=2300s")

The stress-strain plots with respect to the strain
rates, obtained for the static and high strain rate tests for
the 7.5, 5.0 and 2.5 specimen types are compared in
Figures 8, 9 and 10 respectively.
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Fig. 8. Stress-strain plots for strain rates & = 0.0067 s 'and & = 4600 s
for 2.5 specimen type

Rys. 8. Zalezno$¢ o-¢ dla probek typu 2,5 dla predkosci odksztatcen
£=0.0067 s oraz £ =4600s"

Fig. 9. Stress-strain plots for strain rates and for 5.0 specimen type

£=0.0067 s and £=24005s"

Rys. 9. Zalezno$¢ o-¢ dla probek typu 5,0 dla predkosci odksztatcen
oraz & =0.0067 s oraz £ =2400s"

Fig. 10. Stress-strain plots for strain rates & =0.0067 s'and &=2300s"'
for 7.5 specimen type

Rys. 10. Zalezno$¢ o-¢ dla probek typu 7,5 dla predkosci odksztatcen
£=0.0067 s oraz & =2300s"'

Young’s modulus E; was determined using linear
regression due to the measurement fluctuations, based
on the interval of the highest tangent.

The mechanical properties at high strain rates com-
pared to those at the quasi-static strain rate, i.e. Young’s
modulus, compressive strength and failure strain, are
collected in Table 2. Failure of the specimen under
quasi static loading and under dynamic loading is pre-
sented in Figure 11.
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TABLE 2. Dimensions, mechanical properties and property change factor of composite specimens: x - mean value, s - standard

deviation, [x1, X,] - 95% probability confidence interval

TABELA 2. Wymiary, wlasciwosci mechaniczne oraz wspoélczynnik zmiany wlasciwosci dla probek kompozytowych: X - wartosé
Srednia, s - odchylenie standardowe, [X;, X,] - 95% przedzial ufnosci

Spec. Dimension LSR properties HSR/LSR
h d ot E gt c E €
mm mm MPa GPa m/m
2.55 15.00 411 3.71 0.118
2.54 14.99 440 3.92 0.128
3 2.54 14.97 442 3.88 0.121
- - 431 3.84 0.122 1.06 1.65 124
s - - 17 0.11 0.005
Xy - - 388 3.57 0.110
X - - 474 4.11 0.135
1 5.14 14.98 440 5.52 0.099
2 5.11 14.96 451 6.34 0.099
3 5.14 14.98 443 5.85 0.097
- - 445 5.90 0.098 1.20 3.85 0.55
s - - 6 0.41 0.001
Xi - - 431 4.88 0.095
X - - 459 6.93 0.101
1 773 14.96 460 5.54 0.093
2 7.67 15.00 458 5.94 0.092
3 7.68 14.99 460 5.46 0.091
- - 459 5.65 0.092 115 4.34 0.46
s - - 1 0.26 0.001
Xy - - 456 5.00 0.090
X - - 462 6.30 0.094
a)

CONCLUSIONS

e The experiments were conducted in the strain rate
interval range from 0.0067 to 4600 s™' for a typical
stitched E-glass fabric/epoxy laminate along the
thickness direction under compressive loading.

e Compared to the static properties, the dynamic

b) peak stresses were by 1.06, 1.2, 1.15 times higher.
The dynamic modulus was 1.65, 3.85, 4.34 times
higher. However, the ultimate strains under dy-
namic loading was equal to 1.24, 0.55, 0.46 quasi-
-static ultimate strains for the 2.5, 5.0 and 7.5
specimen types, respectively.

e The failure modes observed under high strain rate
loading were similar to those observed under
quasi-static loading. The samples predominantly
failed by shear fracture.

e Reduction of the specimen height implies an in-
crease in nonlinear effects in the initial part of the
stress—strain diagrams (increasing strain at same
stress), probably caused by the boundary effect.

e The main parts of the stress-strain plots are ap-
proximately linear, thus the linear elastic-brittle
material model can be assumed.

e In the quasi-static tests, Young’s modulus deter-
mined from interval € = 0.04+0.10, does not de-

Rys. 11. g;ﬂ:;ficoli ;gf;;mens: a) under quasi-static loading b) under pend on the sample height. The strength slightly in-

Rys. 11. Probki zniszczone podczas badan: a) quasi-statycznych creases when the specimen height increases. It is

b) dynamicznych
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