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ABSTRACT

Hybrid composite/metal connections are susceptible to bolt load loss due to
viscoelastic creep and/or environmental effects. Accordingly, the focus of this research is
on experimentally quantifying temporal changes in bolt load of composite/metal hybrid
connections. Stress relaxation and creep are major concerns when using bolted
connections in composite materials. Hybrid composite/metal bolted connections tend to
change bolt load with time primarily due to the viscoelactic nature of the matrix material.
This is especially true through the thickness of the material, where the behavior of the
material is dominated by the matrix. It is ultimately desired to use bolted composite/metal
hybrid connections for naval applications, where it is important to maintain as much of the
initial preload as possible to ensure watertight integrity. Stress relaxation in hybrid
composite/metal bolted connections was studied experimentally during this effort at the

sub-component scale. In so doing, EGlass/vinyl ester plates were bolted together to
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aluminum with steel bolts to determine the primary stress relaxation response. Specific test
plans were developed to study stress relaxation under relatively uniformly loading, the
effect of retorquing the bolts, and the effect of tapered head versus protruding head bolts.

A pilot study on effect of the environment was also undertaken to develop parameters and

procedures for study. All tests were run for a period of at least 3-month to estimate the

primary stress relaxation effects. Test results show that the load curves could be fit to a
simple power law equation using the method of least squares. Reloading tests show that
some of the preload in the connections could be maintained with periodic retightening of
the bolts. Also, substantial temperature dependence was observed in the connections that
were reloaded multiple times. Connections that are reloaded can maintain more of their
initial preload, but are more sensitive to temperature shift, even at small changes in
temperature of only 5 degrees Fahrenheit. In general, reloading the connections will help
the connections to maintain their initial preloads, but great care must be taken in cases with
large temperature changes.  Tapered head bolts were tested in some connections and
compared to results obtained from non-tapered head bolts. Little to no difference was seen
when using tapered head bolts over non-tapered head bolts as the connections using tapered
head bolts had roughly the same stress relaxation rate as the connections using non-tapered
head bolts. Environmental testing has recently been started on the hybrid connections, and

only preliminary results are available.
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1. INTRODUCTION

This report summarizes the experimental study of stress relaxation in hybrid
composite/metal bolted connections. It is part of an ongoing effort to investigate the
response of hybrid connections in naval vessels. Bolted connections are used often in hybrid
structures where the ability to easily remove structural components is required. Concern over
the effect of stress relaxation in the hybrid bolted joints was the impetus for this study.
Creep in the through the thickness direction of the composite material is typically
experienced by bolted composite connections. A composite panel bolted in the thickness
direction is highly susceptible to preload loss, due to the viscoelastic nature of the resin,
which dominates the transverse direction.

The work was performed under the Modular Advanced Composite Hull-form (MACH)
project where the focus was to develop and test hybrid metal/composite connections for
naval ship applications. The primary motivation for this project is to provide alternatives to
conventional hull construction techniques and conventional hull forms by using modular
hybrid construction methods. The major effort of the MACH project is to develop a hybrid
structural system that is comprised of polymer matrix composite structural panels connected
to metallic supporting structure. In addition to enabling advanced hull shapes, the hybrid
concept used in MACH is also expected to decrease system weight, which in turn should lead
to faster and more efficient vessels. Also, due to the modularity of the system, access to the
hull interior would be greatly improved. Various connection methods are being examined for
the project, including adhesive bonding, embedded metallic inserts, and bolted connections.
Use of bolted connections is desirable in cases where removable panels are required. Design
of removable panels enables easier access for maintenance and exchanging of equipment for
mission specific tasks.

Bolted connections present a problem, however, in that composites tend to creep over
time, due to the viscoelastic nature of the matrix material. This creep leads to stress
relaxation and potential loss of preload in bolted connections. In order to maintain watertight

integrity in the bolted connections, it is desired to minimize the amount of stress and load

relaxation in the bolts, and to maintain as much of the initial preload as possible. It is the

goal of this effort to quantify the stress relaxation and to study the important parameters that
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govern stress relaxation in bolted composite/metal hybrid connections. In this way, reliable
and cost effective connections can be designed with a high degree of structural and watertight

integrity.

1.1 Objectives

The objective of this effort is to quantify the stress relaxation of transversely
compressed composites in bolted aluminum/Eglass-vinyl ester hybrid connections. The
intent is to study bolted hybrid connections at a sub-component level, to isolate the effects of
viscoelastic creep on the stress relaxation of the bolt. The study is intended to investigate the
effects of the following:

1. Stress distribution through the thickness
Re-applying bolt torque (Reloading)
Varying thickness of the constituents
Varying bolt size
Tapered vs. standard protruding head bolts

Temperature and moisture

1.2 General Creep Response

Creep in a material is defined as a time-dependent continuous deformation of the
material under a constant stress. Creep can be separated into 3 different stages, namely,
primary, secondary and tertiary. These three stages are shown in Figure 1.1. The first stage,

primary creep, is where creep occurs rapidly as the rate decreases over time. The secondary

creep stage proceeds at a nearly constant rate. The third and final stage, called tertiary creep,

occurs at an increasing rate, and typically ends in fracture.

Creep in composites is due primarily to the viscoelastic nature of the resin used in
infusing the composite. While not the sole phenomenon responsible for the creep in
composites, the matrix of the material is the largest contributing factor. Other aspects to
consider when determining the creep in a composite are the composition of the fibers and the
dynamic effects of temperature and humidity.

Shen et al. [1998] made observations of viscoelastic creep at a marred polymer

surface by utilizing a scanning probe microscope. The material studied was an Acrylic
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Polyol/HDI Timer coating deposited on an aluminum substrate. The marring on the surface
was done with a diamond tip, at five different normal force levels, 68, 133, 190, 257, and 325
micro Newtons. Utilizing the scanning probe microscope, they were able to observe the
surface of this material either partially or completely recover due to creep effects. Images of
the surface were taken starting at 15 minutes after the marring, and then taken continuously
at increasing periods of 10 minutes, 20 minutes, and 30 minutes for a time frame of 6 hours.

It was discovered that there was a recoverable and unrecoverable aspect of the surface
marring. The recoverable part was dominated by the viscoelastic creep rate, and was
constant throughout the range of forces used to mar the surface, i.e. the depth of the marring.
This creep rate is determined by several factors such as the components of the polymer,
temperature, and humidity. The unrecoverable plastic deformation was dependent on the
forces used during marring. The surface became more and more permanently deformed as
the marring force was increased. Another interesting find from these tests was that the
viscoelastic creep in this composite is extremely sensitive to water. Immersion in water
greatly accelerated the recovery of the surface due to creep. A test was run where the results
were looked at after 5 minutes, and the marred surface had recovered dramatically vs. a test

that was done out of water.
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Figure 1.1 — Three Stages of Creep [Findley et al., 1976]
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The orthotropic rate independent behavior of polymeric composites was described by Sun
and Chen [1991] using a plasticity model based on a one-parameter potential function. This
is given by:

2f(0,) =05, +2a,0, (1.1)

where the 6’s are stresses, the subscripts 1 and 2 refer to the fiber and transverse directions,
and age is an unknown parameter determined from experimental results [Kim and Sun, 2002].
This lead to the rate dependent non-linear behavior in polymeric composites being modeled
using viscoplasticity models. Zhu and Sun [1998] studied the loading and unloading of
IM7/5260 carbon-epoxy composite under different rates of loading and unloading. It was
discovered that stress decreased with time during the loading cycle when loading was kept at
a constant strain level, while stress increased over time during the unloading cycle at a
constant strain rate. Kim and Sun [2002] used this information to study and model stress-
relaxation and stress recovery in the thermoplastic composite AS4/PEEK. The tests were
performed at room temperature using an MTS machine in displacement control mode
controlled by an Instron 8500 digital controller. Specimens were loaded at a given strain rate
to the desired strain level and held at that level for 1,000 seconds. Stress relaxation data was
recorded during this period. Stress recovery tests during the unloading were performed in a
similar manner at the same strain levels. The strain rates used were 0.00001/s, 0.0001/s, and
0.01/s. Off-axis coupons were used during these tests of 20, 30, and 45 degrees.
Accordingly, they were able to show that the equilibrium stress-strain curves for both loading
and unloading were basically the same. A one-parameter plastic potential function was very
accurate in describing the behavior of the composite during loading and unloading. It was
also found that the relaxation behavior in the composite during the loading and unloading are
similar. At a given strain rate, the relaxation curve during loading was almost identical to the

recovery curve during unloading.

1.2.1 Creep Response in the Fiber Direction

Creep response in the fiber direction of composites is dependent on several factors.

Creep in this direction is primarily dictated by the matrix material, and its viscoelastic
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properties. The type of fiber used, and the volume fraction of the fibers also contribute to the
creep properties of a composite material.
Kim and McMeeking [1994] performed testing on creep in composite materials in the

fiber direction. They found that the matrix followed the following power law creep:
3 — -l @
eij:—e({i} - (1.2)

where g;; is the strain rate, s;; is the deviatoric stress, denoted by:

s; =0, =06,

(1.3)

o is the effective stress, given by:
- B (1.4)
o= Esysij 5

and 0g and € are material constants. Kim and McMeeking [1994] further developed this
model by analyzing the matrix flow field in much greater depth. They showed that when
there is no slip, or interface mass transport, the composite would have high creep resistance
compared to the matrix material alone. The creep stress intensity, S, is defined as the ratio of

the stress in the composite material divided by the stress in the pure matrix at the same strain

O— 8 n
S==f-R] | 1.5
o.(a) 09

Once slipping or interface mass transfer occurs, however, either separately or together, they

rate.

can greatly reduce the creep stress intensity of the composite. If either or both occur rapidly,
it can reduce the effective creep stress intensity to below that of the matrix material alone.
Raghavan and Meshii [1997] performed studies on the long-term deformation and
strength of carbon-composites using short-term test data obtained for accelerated testing
conditions such as higher temperature, stress, and humidity. ~Continuous carbon fiber

reinforced polymer composite (AS4/3501-6) and the epoxy (3501-6) were used to test creep.
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Five different fiber orientations of the composite were tested, 0, 10, 30, 60, and 90 degrees.
The 0, 10, 30, and 60 degree orientations were made with eight plies each, while the 90
degree laminate was made with 16 layers. They found that the creep in the composite and its
epoxy matrix increases with increasing stress, temperature, and time. The composite creep
was discovered to be highly non-linear in behavior, and that this non-linearity increased with
increasing temperature. Results also showed that the slope of the compliance curves changed
with changes in stress and temperature. This indicates that the non-linearity in the composite
may increase with time as well. Their results indicate that the uni-directional composite is a
non-linear material, or is thermo-rheologically complex in behavior.

By comparing the results from the creep test on the epoxy with that of the different
composite lay-ups, it was found that the creep acceleration and magnitude of strain is
reduced by the fibers of the composites. It was also shown, through a comparison of the
tensile and shear creep, that the creep of the composite subjected to in-plane shear loading is
higher than that subjected to tensile loading.

Maksimov and Plume [2001] researched the effects of different fiber materials on the
creep of the composite. This study involved examining the creep in the fiber direction of
both Aramid and glass FRP (fiber-reinforced plastics). In this study the creep response was
studied in the fiber direction and it was influenced more by the fiber properties than would be
in the case stress relaxation in a bolted joint where creep is dominated by the matrix material
in the through the thickness direction. They kept the volume fraction of fibers in the
composite plates the same, 0.5, and then varied the ratio between the aramid and glass fibers.
The following ratios of aramid fibers to glass fibers were used: 0.5/0, 0.4/0.1, 0.29/0.21,
0.18/0.32, 0.1/0.4, and 0/0.5. These tests were run for a period of 5.7 years and all began at a
stress level of 700 MPa. What they discovered was that the pure glass FRP showed very
little creep, while the pure aramid FRP showed a much greater creep over the same time
period. The plates that were made from mixtures of glass and aramid fibers showed
increased creep as the volume fraction of aramid fibers increased. It can thus be concluded
that the partial replacement of aramid fibers with glass fibers makes it possible to reduce the

creep behavior in aramid composites.
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1.2.2 Creep Response in E-glass/Vinyl ester Composites

Scott and Zureick [1998] performed long-term testing on pultruded E-glass/vinyl
ester composites under longitudinal compressive loading. These experiments were
conducted at three different stress levels for a time period of up to 10,000 hours. The three
stress levels used were 65-MPa, 129-MPa, and 194-MPa. These levels corresponded to 20%,
40%, and 60%, respectively, of the average value of ultimate compressive stress of short
term tests performed using ASTM D3410 compression testing.

Scott and Zureick [1998] modeled their experimental results using the power law
developed by Findley et al. [1976]. The simplest form of power law creep is given as:

e(t)=¢g,+mt" (1.6)
where £(1) is the total time-dependent creep strain, €y is the stress-dependent and temperature-
dependent initial elastic strain, m is a stress-dependent and temperature-dependent
coefficient, n is a stress-independent material constant, and ¢ is the time after loading. The
constants, m and n, are found from the experimental data by rearranging equation (1.6) and

taking the natural log of both sides:
log[ £(7) —€,] = log(m) +nlog(?). (1.7)

Plotting the data on a logarithmic scale results in a straight line, where the intercept at ¢ = 1
hour yields the value of m, while the slope of the line is the value of n. From the
experimental data, they were able to develop a design equation for estimating the long-term
longitudinal elastic modulus E.(z) for FRP composite materials manufactured using the
pultrusion process with glass fiber reinforcement, primarily in the longitudinal direction, and

a matrix similar to Dow Derakane 411™. They found E(?) to be as follows:

0
E, (1) =—0E+ (1.8)

1+ —=£(8760¢)"
z ( )

t

where E;” is an initial longitudinal elastic modulus, E; is the time dependent component, and

¢t is time in hours.
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1.3 Stress Relaxation due to Creep in Bolted Connections

Creep response in the direction perpendicular to the fibers is almost entirely dictated
by the matrix material of the composite. In bolted connections, this will cause a phenomenon
called stress relaxation. In bi-directional laminates the matrix is not reinforced in the through
the thickness direction. Accordingly, its creep resistance is not greatly increased by the high
creep resistance of the E-glass fibers.

Creep in the through-the-thickness direction is typically experienced by bolted
composite connections. A composite panel bolted in the thickness direction is highly
susceptible to preload loss, due to the viscoelastic nature of the resin, which dominates the
transverse direction. If there is significant loss of preload due to creep, then the extent of
total preload loss during the life of the joint must be established to determine whether the
connection is adequate for the desired use.

Weerth and Ortloff [1986] performed extensive studies of bolted composite
connections for use in military vehicles. In their tests, they sandwiched an E-glass/Vinyl
ester hollow cylinder composite between 2 washers. Figure 1.2 shows the experimental
setup that they used. The loss in preload over time was monitored through the use of washer
load cells and a computer controlled data acquisition system.

Tests were run for periods of 1 day, 1 month, 1 year, 5 years, and 10 years. Preload
losses for those time periods were 15, 28, 36, 41, and 43 %, respectively. They found that
the resulting load data fit a power law form, and were able to predict the preload loss using a

power law equation as follows:

1.482107" P22% 00497
B =Pt ' h (1.9)

r

where Pj; is the load in the connection at any time, P; is the initial preload, and t is the time in

hours.

Adding stitching through-the-thickness of a composite can be used in bolted

connections to improve its creep resistance. Pang and Wang [1999] studied the effects of
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LOAD CELL

Figure 1.2 — Bolted Composite Connection used by Weerth and Ortloff [1986]

Through-the-thickness stitching on the creep resistance of a carbon/glass fiber/epoxy
composite material. The composite was made up of S layers of bi-directional carbon fiber
cloth sandwiched between two layers of bi-directional E-glass cloth. The matrix used was an
epoxy resin under the designation of EPOCAST 50-A/946. Three types of threads were
tested to determine whether thread strength had any effect The thread used in the tests was a
cotton yarn (Tex = 300), a carbon yarn (Tex = 200), and a thick carbon yarn (Tex = 800). In
addition, two stitch densities were considered. Spacing the stitching rows at 5 mm pitch
produced high density stitching. Low density stitching was achieved using a row pitch of 10
mm. The composite was fabricated using a standard wet lay-up. Pang and Wang [1999]
came to several conclusions based on their results. They found that stitching in the loading
direction was very effective in reducing the creep rate. Out of the three fibers, the 800 Tex
carbon fiber was the most efficient in reducing the creep response, followed by the 200 Tex
carbon, and the 300 Tex cotton. They also found that the density of the stitching affects the

creep rate, with the smaller stitch pitch more effective at reducing the creep response.

1.4 Temperature, Humidity, and Environment Effects on Creep

Chen and Kung [2002] evaluated the hygrothermal sensitivity of bolted composite
joints. They used a numerical method to model a bolted double-lap T300/5205 composite
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joint. The joint consisted of a steel bolt, and a composite lay-up of [45/02]s, with a
thickness of 6.7 mm.. This was compared to experimental results from IM7/8552 specimens.
The bolted connection was studied through the matrix dominated thickness direction. Both
the numerical results and the experimental results showed that the clamp-up torque on the
bolted connection was extremely sensitive to changes in temperature and humidity.

In order to simplify the model, only a single bolted composite joint was considered.
The connection consisted of a plate of composite bolted through the center of the plate.
Washers of varying thickness were used on either side to sandwich the composite and
provide a relatively uniform loading condition. The following 5 assumptions were made in

order to simplify the model.

1. Linear theory is applied to the bolt-axial 1-D case.
Washers enable the stress between them and the laminate to be treated as uniform.
Stress in each composite layer is considered uniform through the thickness.

Stress relaxation/creep is ignored.

. Temperature and humidity effects act independently of each other.

From this analysis, Chen and Kung [2002] concluded that hygrothermal sensitivity
was a large factor when dealing with bolt clamping force. They also found that the washer to
bolt diameter ratio was the major geometric factor when designing a composite joint. They
went on to say that long-term effects such as stress relaxation and creep could be studied to
provide further design guidelines as they pertain to the hygrothermal sensitivity of bolted
composite connections.

Guedes et al. [2000] investigated the long-term behavior of composite materials. The
long-term behavior of composites can be influenced by both physical and chemical aging.
The resin and the interface between the fiber and resin are the elements that influence the
time dependant properties of the composite the most. They performed creep and creep
recovery, relaxation and ramp loading tests on a T300/5208 laminate at room temperatures.
A time period of about 14 months was used in the testing. They also investigated the
environmental factors coupled with the mechanical loading of a composite. They used a
quasi-unidirectional glass/epoxy composite for these groups of tests. The material was tested

at 75 degrees Celsius, at several different humidity levels (0%, 24%, 34%, 73%, and 92%
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relative humidity). Two different exposure times were used, 1600 hours and 3100 hours.
They found that the stress-strain response was completely reversible after the
absorption/desorption cycle, suggesting no micro-structural damage was done. They also

found that the quasi-static mechanical response was very dependent on exposure time.

1.5 Methods of Measuring Creep and Stress Relaxation

ASTM standards contain a few methods of measuring both creep and stress
relaxation. Testing can be performed in tension, compression, bending, and torsion,
depending on which load case is closest to actual application. Of particular note are ASTM
F1276-99 [1999], ASTM D2990-01 [2001], and ASTM E 328-02 [2002].

ASTM F1276-99 describes a method to test the creep relaxation of laminated
composite gasket material. A compressive stress is applied to the material between two
platens. The stress is applied using a nut and bolt. The relaxation is measured using a dial
indicator. The dial indicator is set to zero when no load is applied to the bolt. The bolt is
then tightened to the desired stress level and a reading is taken (Dp). The dial indicator is
then removed, and the specimen fixture is then placed in an oven for 22 hours at 100 + 2 °C.
The fixture is then cooled to room temperature, and the dial indicator is reattached and
zeroed. The nut is loosened and a reading is taken with the dial (Dy. The percent relaxation

is then calculated by:

relaxation,% = [(D, — D)/ D,]x100. (1.10)

ASTM D 2990-01 gives methods for testing tensile, compressive, and flexural creep and
creep-rupture of plastics. The method consists of applying the desired load, and then
measuring the extension or compression of the specimen at specific time intervals of 1, 2, 12,
and 30 minutes, 1, 2, 5, 20, 50, 100, 200, 500, 700, and 1000 hours. Temperature and
relative humidity is also recorded during testing to monitor environmental factors. Strain is
reported for tension or compression tests by dividing the extension or compression, at given
times, by the initial gage length. Maximum strain at the midspan is calculated for flexural
tests.

ASTM E328-02 provides methods of testing stress relaxation in materials under

tension, compression, bending, and torsion loads. The testing requires the specimens to be
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subjected to an increasing load until the desired initial strain is attained. Once the initial
strain is reached, the specimen is constra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>