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Abstract

In this investigation, a low cost, mechanically operated creep testing machine
capable of determining the deformation property of material is developed for providing
an economical means of performing standard creep experiments. Creep tests are
performed to study the nonlinear viscoelastic behavior of epoxy resin and
{unidirectional (9=0°) and woven fabric (§=0°, 90°)) E-glass/epoxy composite materials
under various environmental effects at room temperature and different values of applied
stresses. Tested specimens are immersed in three different solutions {acidic water
(HCL), PH=b), (distilled water (H,O), PH=7}, and {Alkaline water (NaOH), PH=10}.
The experimental creep data can be fitted with general power time function. This
function is modified where the effect of gained moisture content, applied stress and
aged time on the creep strain are suggested as variables in the creep strain equation.
Results show that the creep strain increased with increasing the (pH) level and increased
more with increasing the values of the applied stress. Also, the results show that the
alkaline water “NaOH solution” is more effective than other solutions on the composite
viscoelastic behavior. The concluded degradation rates are 36%, 57% and 62.633% for
epoxy, woven fabric composite (Mat) (6= 0°,90°), and unidirectional composite (0=
0°), respectively. The developed equation gives an appropriate criterion for describing
long time creep strain.
Keywords: creep behavior, environmental effects, polymer composite materials.
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Introduction

A composite material is a material system
composed of a mixture or a combination
of two or more macro constituent
differing in  form and/or material
composition from each other and that are
essentially insoluble in each other.
Composite materials of interest herein are
polymer composites, which consist of
reinforcing fibers embedded in a resin
matrix binder. The fiber carry structure
loads within the composite while the
matrix binds the fibers together and
transfers loads between them M. In recent
years, polymer matrix composites are
widely used as special engineering
materials in applications of aerospace,
automotive and civil  engineering
structure because of their high modulus
and strength @ | so it is very useful to
define explicitly damage mechanisms.
Damage sources are commonly: water
absorption, impact, repeated impact,
creep, bending, tension and mechanical
fatigue 1. Water absorption for many,
but not all polymers causes swelling,
plasticization, and decrease in glass-
transition temperature. Plasticization is
the increase in spacing between
molecules so  molecules  mobility
increases, and is a reversible process.
Fiber-matrix interface damage is only
partially reversible by removal of
moisture. Actually, this transition takes
place not at a specific temperature, but
over a temperature range . Glass fiber
reinforced vinyl-ester resin composites
incorporating varying amounts of fibers
(63.5, 55.75, 48.48, 38.63 and 27.48 wt
%) were characterized for their
mechanical properties both as prepared

and after treatment with boiling water for
2, 4, 6, 8 and 24 h. Weights of the
samples were found to increase to
saturation at about 8 h with boiling water
treatment. The mechanical properties
were relatively inferior when treated with
boiling water for longer hours attributing
to ingress of moisture by capillary action
through the interface between the fiber
and the resin matrix . A three-
dimensional  (3D)  micromechanical
model was constructed to derive the
effective non linear viscoelastic response
of fiber reinforced plastics (FRP)
laminated composites. Different
experimental creep tests were used to
validate the proposed model. The
predicted creep responses were in good
agreement with the experimental results.
The proposed modeling approach was
general and can easily include additional
effects, such as temperature, moisture,
and physical aging . The effects of
storage aging and concentrated HCL on
the mechanical properties of fiber glass
polyester composite were investigated in
order to determine the properties of 15
years stocked GRP sheet specimens. The
storage aging caused 48, 10, 16 and
10.5% reduction in tensile and flexural
strength, modulus of elasticity and
elongation at break of the samples
respectively the storage aged samples
immersed in HCL acid showed even
more decrease in mechanical properties
[ Creep tests under different
temperature ~ were  performed to
distinguish  the nonlinear thermo -
viscoelasticity behavior of polymer
composite materials (random chopped E-
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glass fiber and polyester resin). The
mathematical models predicted from
experimental data were derived. It was
found that the extension increases with
increasing temperature from 30 C° to 60
C° with on approximate rate of (54.3%)
] The present study is designed to
investigate the creep behavior changes of
both epoxy resin and E-glass fiber epoxy
composite resulting from aging these
materials in various aqueous solution as
namely, distilled water (H.O, pH=7),
alkaline water (NaOH , pH=10), and
acidic water (HCL, pH=5) at different
stresses ( pH level is defined as a
negative  logarithm  of  hydrogen
concentration ).  The results of
mechanical property changes, aging
conditions and exposure times are
correlated by mathematical models to
represent the behavior of nonlinear
viscoelastic behavior for composite
materials.

Experimental work

Description of the test apparatus

The creep testing apparatus used in this
study is shown in figure (1). It is used
to measure the variations of the
longitudinal extension with time under
constant load. The test rig consists of the
following parts:-

1. Main frame: the main frame is used of

rugged construction to provide years of
trouble-free and dependable test results
for the system. The principal parts of the
main frame are U-channel for the frame
stands and for the supporting cross
members and the top and bottom plates.

a. Stand/cross U-channels: Is made of
(100*50) mm mild steel U-channel cut
to required sizes, bolted together to give
proper rigidity and easy assembling.

b. Top and bottom plates: Are made of
flat plates of 15mm thick low carbon
steel to withstand stress due to bending.

2. Load application system: This
comprises of load hanger, dead weights
and single strand roller chain with
sprockets.

3. Strain measuring system: The main
mechanism for accurate measurement
and recording of the longitudinal
deformation of the test-piece is a dial
gauge. The dial gauge is calibrated in
steps equivalent to an extension of
(0.001mm) and the maximum amount of
extension, which can be measured is
15mm.

4. Lever (connecting rod): This rod is
used to transform movement from the
clipper that fix the specimen to the dial
gauge. The material of this rod is carbon
steel with diameter (d=6mm). The
weight of this rod is small compared to
the applied load and thus can be
neglected.

5. Test- piece grip: The force applied
from the hanger to the chain is
transmitted to the material through the
upper test piece holder. According to
ASTM-D 2990, the test piece grip is
made of carbon steel (25mm*25mm)
with hole drilled on it to accommodate
(7mm) diameter test piece.

6. Timer: Is wused to record the
subsequence time for a known deflection
from the dial gauge.

The calibration of the test apparatus

which was manufactured in this work
was achieved for the creep tests by using
the standard device shown in figure (2).
Using the same specimen type at the
same temperature creep was measured to
compare the results with those results
obtained from the manufactured device.
The comparison is shown in table (1).
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Materials and samples preparation

Low viscosity epoxy resin system
(Quick mast 105) is presented by mixing
two liquid substances (A&B). The
substance (A) represents the epoxy
material and (B) represents the hardener
with percentage of (25%); the final
solidified material is rigid. Therefore
flexible die is used to prevent the
specimen cracking or fracture which
may occur after removing the specimen
from the die. The time required to
solidify this type of material which
approximates with 24 hour at room
temperature. Hence increasing this
temperature reduces the required time
for solidification. The second material is
the glass fiber which is the most
common material used for commercial
fiber reinforced polymer composite. In
this study, E-glass is used as it enjoys
good mechanical properties. The types
of E-glass fiber are:

1. Unidirectional oriented with (6=0°) as
shown in figure (3.a).

2. Woven fabric oriented with (6=0°,
90°) as shown in figure (3.b).

The specimen of composite epoxy
material is manufactured by the hand
lay-up method. The fiber volume
fraction is (30 - 35) %. The die
manufactured from plastics plate (called
coupon) to give a good surface finish of
the test specimen. The mechanical
properties of materials are listed in table
(2) 10, ll].

Preparation of creep test specimen

There are a number of creep test
specimens which are used to evaluate the
property of viscoelastic materials. The
dimensions of a standard creep  test
specimen which is selected according to

the ASTM - D2990 is shown
in figure (4) ™. The procedure
used to execute the creep test involves
reading the extension of the specimen at
predetermined intervals. After this, the
strain of test specimen is calculated
during time interval by the following
simple strain formula ! :

EM) =O0M)/L oo, (D)

Where:

t: the reading time (minute).

g(t):the instantaneous strain.

L: the gauge length of the specimen
(mm).

Water absorption tests

The effect of water absorption on the
creep behavior of composites was
investigated. The samples for creep tests
of (30 - 35) % fiber volume fractions of
reinforcement were machined to a size
(30cm*25cm*  1.5mm).The specimens
were cut from the above size to its
standard size then dried at room
temperature. The dry specimens were
weighed. Water absorption test were
conducted by immersing the specimens
in the distilled water, acidic water and
alkaline water baths at 25 °C for
different  time  durations.  After
immersing for 24 hr, the specimens were
taken out and all surfaces were dried
with a clean dry cloth. The specimens
were reweighed within 1 min of
removing them from the water. The
specimens were weighed regularly at 24,
48, 120, 168, 336, and 504 up to 1080 hr
exposure. The moisture absorption was
calculated by the weight difference. The
percentage weight gain was measured
using the following equation *!;

m (t) = [(W-Wq) /Wg] *100 ............. 2)

Where:
W:Weight of moist material.
Wy : Weight of dry material.
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Theoretical work

Theory of nonlinear viscoelasticity
Some mathematical models (especially a
power function of time) explain the main
features of creep behavior of viscoelastic
materials with good accuracy both in the
early stage and at wide time span. For
materials whose creep response may be
describped by a separable time-
independent and time- dependent strain,
the following expression has often been
found to yield a good description of

creep of viscoelastic materials at
constant stress levels :
et) =e(@) " o 3)

Where:

¢ (o) : time- independent strain (function
of applied stress).

n: exponent value(may depends on
stress)

The strain functions at any time for
nonlinear functions can be evaluated by
determining the variables of equations
(3).

Rearranging Eq.(3) and taking logarithm
yields:

Log /e(t)] = log[e(o)] + nlogt ......(4)

Thus if {log (e(t))} is plotted versus
{log(t)}for simple experimental creep
test data, a straight line of slope (n) is
predicted. The viscoelastic behavior can
be affected by water absorption and
temperature. This will change the
properties of the viscoelastic material
such as creep compliance and relaxation
modulus.

Then EQq.(3) is modified in this work as
follows:

Where:

€ (t): creep strain function (mm / mm);
which can be evaluated from the
experimental data.

&: creep constant which may be taken as
a function of creep variables.

n: creep exponent : may be considered as
constant or a function of creep variables.
There are some variables affects the
creep test, such as (stress, moisture, and
temperature), the values of (¢, n) can be
suggested in the related functions. To
represent the effect of gained moisture
content on the creep behavior, the values
of (g, n) in equation (5) can be proposed
as a function of (m) and equation (5) will
have the following form:

etm) =e(m) ™., (6)
Where

e(m): kernel function at various values of
gained moisture content assumed

suggest as a polynomial equation from
second or third order depending on the
fitting of the experimental data, such
that:

e(m) :A0+A1m+A2m2... +AWmW .......... (7)

n(m): Exponent value depends on
moisture gain content, which can be as a
polynomial equation from second or
third order depending on the fitting of
the experimental data, such that:

n(m)=Fo+Fm+Fm*. +F,m" ......... (8)

And to analysis the effect of applied
stress, the function e@m) will be
considered as a function of gained
moisture content as well as applied
stress. Thus it can be denoted by &(m,0).
That means the polynomial coefficients
in equation (7) (A, , A1 ,...,Aw) Will be
written as a function of applied stress:

Ao = To(o)

A1:f1(0')
A2:f2(0')
N N R ()
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By plotting the coefficients of equation
(7) with different values of applied stress
yield appropriate equations by fitting the
plotted curves. A suggested second or
third order polynomial equation gives a
good description of functions in equation

9):

A(): fo(a):B0+B]_O'+BZO'2 +BWO'W
A1=f1(0)=Co+C10+Cd.....+Cya"
A= fo(6)=Dy+D16+Dy6> ... +Dyc”

A;N:fw.(a)...................................(10)

Sub equation (10) in equation (7), the
following equation will be obtained:

£(m,6)={Bo + B1o + Byo”..+Byo"}+{Co+
Cio+ Coo*... +Cwo"¥m +{Do+ Do +
Dy6?....+ D"+ fu(a) m"........ (11)

The same procedure can be used to
represent the function of creep exponent
(n), where the coefficients of polynomial
equation (8) (Fo , F1, F2,...Fy) can be
plotted as a function of different values
of applied stress with a polynomial
equation as follows:

Fo=0o(0) =H, +Hy 0+H> 0% ...+ Hy 0"
Fi=01(0) =lb + l10 + I, o, +1y o
F2 = 02(0)=Ko+K1 6+K2 0 ... +Kyo"

Substituting equation (12) in equation
(8) gives the exponent values as a
function of gained moisture content and
the applied stress:

n(m, 0)={Hoy+Hio+Hso" ...+ Hyo"}+{lo+
lo+ho... +IW0W}m+{KO+K10+K202... K
WO M2 A G e, (13)
Furthermore, the creep strain function of
equation (6) can be written as a function
of time and moisture content as well as

the applied stress:

e(tm,e) = e(m,a) "™

Comparison  of
theoretical results
The validate of the general equations
which  has been derived from
experimental data. Epoxy material is
taken as an example when immersed in
different solutions (pH=5, 7 and 10) at
stress equals to (12.74 MPa). The
experimental creep strain data of epoxy
material has been recorded directly from
the experimental tests. However, the
theoretical creep strain data of epoxy
material has been calculated by
substituting  different  environmental
factors in the derived equations. The
comparison of these results is listed in
table (3).

experimental and

Results and Discussion

A number of creep specimens have been
tested at different values of gained
moisture content which depends on the
type of solution and the applied stress.
The results divided into three groups:

1- Epoxy resin material.

2- Epoxy reinforced with E- glass woven
fabric (6=0,90°).

3- Epoxy reinforced with unidirectional
E- glass fiber (6=0°).

Normally increasing the gained moisture
content and applied stress lead to an
increase in the creep strain. Also the
absorbed water content for tested
specimens increased with increasing
immersion time ™! ! Figure (5) shows
the experimental creep data at different
values of gained moisture content (m=
1.35%, 1.8% and 1.98%, pH=5) under
different values of applied stress {o
(MPa) =7.644, 1274 and 19.11}.
Figure (6) shows the effect of gained
moisture content on the creep behavior
of resin (m= 1.24%, 1.9% and 2.3%)
with three applied stresses {o (MPa) =
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7.644, 12.74 and 19.11}, (pH=7). As
compared with that in figure (5), nearly
the same creep behavior is observed for
small moisture content value
(m=1.24%). It can be noticed that at (m=
1.9% and 2.3%), the values of creep
strain for distilled water (pH=7) are
higher than that for acidic water (pH=5)
for the same stress. The values of creep
strain for alkaline water (pH=10) are
higher as compared with solution at
(pH=5, 7), {see figure (7)}. It is known
that the epoxy is more affected by strong
acid solution than the other solutions ™.
In this study, the creep behavior of
epoxy specimens in alkaline water
(pH=10) is affected more than those in
acidic  water because the acid
concentration is not enough to degrade
the epoxy materials. Figures (8-10) show
the experimental creep data of woven
fabric E-glass/epoxy composite with
different values of gained moisture
content, applied stresses and various
types of solutions. It is noticed that the
creep values increased with increasing
the moisture content and the applied
stress at the same time for distilled and
alkaline water (pH=7, 10). According to
a comprehensive review on moisture
absorption behavior by Mei Li ™ and J.
Yao et al. M, the degradation rate for
glass fiber/epoxy composite properties
increased as the immersion time in
distilled water increased. But G.C.
Papanicolaou ™ proved the contrary
state that the aging of E-glass
fabric/epoxy composite immersed in
water path increased with increasing the
aging time for (0-24) hr while the
increasing of the immersion time above
(24 hr) to (504 hr) led to decrease the

aging of composite. Also the results of
the creep tests on the glass fiber
composites obtained by Scott L. Coguill
et al. ™ were concluded that the
composite required a protective coating
to perform well in a high alkaline
environment (pH=10). On the other
hand in acidic water, it is observed that
the creep behavior increased at (m=
1.35% & 1.8%) while on the contrary,
the creep behavior decreased at moisture
content (m= 2%). This is because the
hydrogen bond formation may reach its
maximum state due to the finite number
of accessible active sites available for H*
ion. Furthermore, the formation of
hydrogen bonds in the network structure
caused the material to be less flexible
and more rigid ™. Similar observation
was also given by Salar Baghepour et al.
1 Figures (11-13) show the
experimental creep data of unidirectional
(6=0°) E-glass/epoxy composite
materials at different values of gained
moisture content, applied stresses and
various types of solutions (pH=5,
7&10). It is found that the same creep
behavior is observed for both
unidirectional (9=0°) and woven fabric
composite materials for small stress
(0=7.644 MPa) while large stresses gave
a higher creep strain values for woven
fabric (9=0°, 90°) composites than that
for  unidirectional ~ (0=0°) fiber
composites.  Also, the effect of
plasticization (the increase in spacing
between molecules lead to molecules
mobility increases) was greater in E-
glass/epoxy composite than in epoxy
materials. This probably is due to
exposed edges that allow solution to
diffuse easily into the composite
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compared to the epoxy neat resin.
Similar observation was also given by
Somjai ™ and Rita Roy et al. !. From
the experimental creep data of epoxy
resin, a general equation can be derived
to explain the non linear behavior by
using the fitting method. At first, the
experimental creep results of epoxy
materials are fitted according to eq. (5).
Figures (5-13) have been plotted to
choose the parameters (¢, n), whereas the
parameters have represented as a
function of gained moisture content,
¢ (m) and n (m) as shown in equations (7
& 8). From the creep strain for each state
of stress, the coefficient values of &(m)
and n(m) [(Ao A1 A2 .. Ay ) & (Fo ,F1
F2, ...Fy)] can be plotted to show the
behavior of &(m) and n(m) as a function
of (m%). The stress effect on those
functions can be determined as in egs.
(11 & 13) which leads to final creep
strain, eq.(14). The variation of ¢ (m)
function is plotted in figs. (14-22).
Fitting the curve give a simple general
formula of ¢(m) as a function of gained
moisture content for each stress value
and solution type. A polynomial
equation satisfied the data of ¢(m) with
good fitting. The coefficients of eq. (10)
[Ao A1 A, ..., Ay ] can be plotted to give
those variations as a function of stress.
Fitting those curves is expressed by
polynomial equation to give the
coefficients of eq.(11) [Bw ,Cw ,Dw, ...].
The coefficients of kernel strain function
€ (m,o) are listed in table (4).

On the other hand, The same procedure
can be used to represent the function
of strain exponent n(m,0), eq.(12),
Depending on the experimental data.
Figures (23-31) show the variation of

strain exponent values with moisture
content (m %) at different applied
stresses and types of solutions. The final
resulted coefficients of strain exponent
equation are listed in table (5). Hence,
the coefficients of polynomial functions
of the developed theoretical creep strain
equation are found and listed in the
above tables. This general equation give
the creep strain as a function of time,
moisture content and the applied stress
for epoxy composite materials used in
this work.

Conclusions

The following conclusions can be
derived from the results of experimental
and theoretical works for creep behavior
of epoxy and E-glass fiber reinforced
epoxy composite materials:

1.This work develop a new kernel strain

equation &(m,s) and strain exponent
equation n(m,c) to describe the creep
strain  equation e&(tm,c) by using
polynomial function .

n(m,oc)

e(t,m,c) = e(m,o) t

2-Based on the results, the effect of
plasticization was greater in E-
glass/epoxy composites than in epoxy
materials. This is probably due to
exposed edges that allow solution to
diffuse easily into the composite than the
neat resin.

3- The creep strain of unidirectional
(6=0°) and woven fabric (6=0°,90°) E-
glass/epoxy composites immersed in
(HCL) solution at room temperature
initially increase in increasing moisture
content (m%) then dramatically decrease
because the hydrogen bond formation
may reach its maximum state due to
finite number of accessible active sites
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available for H* ion. Furthermore, the
formation of hydrogen bonds in the
network structure caused the material to
be brittle.

4- The effect of (NaOH) and (H:0)
solutions on epoxy properties are more
than (HCL) solution. The properties
degradation rates of epoxy are about
2.31% and 1.5% for (NaOH) and (H;0)
solutions  respectively compared to
(HCL) solution.

5- The pH had different effects on
woven fabric composite material in
different solutions when the aging time
(specimen immersion time in the
different solution) increases. In the first
week, the creep behavior of woven
fabric composite is affected by (NaOH)
solution more than other solutions
because the degradation properties rate is
approximated by 25.4%. In the second
week, the creep behavior of woven
fabric composite is affected by (HCL)
solution more than other solutions
because the degradation properties rate is
approximated by 43.4%. In the third
week, the creep behavior of woven
fabric composite is affected by (H.0)
solution more than other solutions
because the degradation properties rate is
approximated by 58%.

6- The creep behavior of unidirectional
(0= 0°) composite material, which is
resulted from the effect of different
solutions, are the same in the first two
weeks. In the third week, the creep
behavior is affected by (NaOH) solution
more than other solutions because the
degradation properties rate IS
approximated by 62.633%.

7- The results showed that (NaOH)
solution is more effective than other

solutions on the composite viscoelastic
behavior. The concluded degradation
rates are 36%, 57% and 62.633% for
epoxy, woven fabric composite (Mat)
(6= 0°,90° and unidirectional composite
(6= 0°), respectively.

8- A composite viscoelastic material
showed a higher strength compared to
epoxy material by 2.56% and 2.98% for
woven fabric composite (6=0°90°) and
unidirectional ~ composite (6= 0°),
respectively.

9- All suggested theoretical equations
give a good representation to fit the
experimental creep data and can be used
to describe long time creep strain.
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Figure (14) Kernel creep strain ¢
(m) of epoxy material immersed in
acidic water.
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Figure (16) Kernel creep strain ¢
(m) of epoxy material immersed in
alkaline water.
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Figure (17) Kernel creep strain & (m) of
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Figure (18) Kernel creep strain ¢ (m)
of woven fabric material immersed
in distilled water.
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Figure (19) Kernel creep strain & (m)
of woven fabric material immersed in
alkaline water.

Figure (20) Kernel creep strain & (m)
of unidirectional material immersed
in acidic water.
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Figure (21) Kernel creep strain & (m)
of unidirectional material immersed
in distilled water.

Figure (22) Kernel creep strain ¢ (m)
of unidirectional material immersed
in alkaline water.
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Figure (23) Strain exponent n (m) of
epoxy material in acidic water.

Figure (24) Strain exponent n (m) of
epoxy material in acidic water.
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Figure (25) Strain exponent n (m) of
epoxy material in acidic water.

Figure (26) Strain exponent n (m) of
woven fabric composite material in acidic
water.
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Figure (27) Strain exponent n (m) of
woven fabric composite material in
distilled water.

Figure (28) Strain exponent n (m) of
woven fabric composite material in
alkaline water.
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Figure (29) Strain exponent n (m) of
unidirectional composite material in
acidic water.

Figure (30) Strain exponent n (m) of
unidirectional composite material in
distilled water.
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Figure (31) Strain exponent n (m) of unidirectional composite material in

alkaline water

Table (1) The calibration of manufactured and standard device.

Time (minute) | & (manufactured device) € (standard device) Percentage of disparity%o
0 0.0195 0.0202 3
5 0.0214 0.0217 1.3
15 0.0223 0.0225 0.89
30 0.023 0.0233 1.28
45 0.02354 0.02405 212
60 0.02392 0.02435 1.76
75 0.0243 0.0246 1.22
90 0.02468 0.02485 0.684
The average of different values 1.5

Table (2) The mechanical properties of epoxv and E-alass fiber 1% 1]

Property Epoxy resin E-glass Unit
Diameter | ... 2.56 pum
Density 1.04 2.56 Mg m?
Young' modulus 3-6 76 GNm?
Poisson's ratio 0.38-0.4 0.22
Tensile strength >25 1400-2500 (typical) MN m”
3500(freshly drawn)
Viscosity 1.0 @3k°C | ... poise
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Table (3) The results of experimental and theoretical creep strain.
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Table(5): The coefficients of exponent equation n(m,as), eq.(13).
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