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Investigation of creep phenomenon on composite material for bolt

connections

One of the main target in the automotive design is the weight reduction. This
reduction leads to the reduction of the gas emissions. The designers tend to use
innovative materials for the automotive field such as plastics and composites. To
use the right material for the right application, multi material solutions are
increasingly adopted. To join dissimilar materials, solutions like adhesive, bolt
and nuts, riveting are necessary. It is necessary to know the behaviour of the
materials to be joined, under different loading conditions to ensure the joint. In
this work, a bolt connection between composite and aluminium plates has been
considered. The behaviour of a carbon fibre reinforced material under
compression load, taking into account creep is studied. A specific experimental
equipment has been design and built. A series of experimental compressive tests,
in the laminate thickness direction, have been done on carbon fibre reinforced
material specimens. Different set-up in terms of temperature, compression load
and surface roughness have been investigated. The obtained results are presented
and discussed. A mathematical model will be proposed for interpolation of the
obtained results. Finally, a possible strategy for reducing the tight loss in the

initial phase of the joint life is proposed.
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1. Introduction

Nowadays one of the main targets in the automotive design is the weight reduction. This
is a very important aspect because it is one of the key factor for the reduction of both
fuel consumption and pollutant emissions. Indeed, the gas emissions, in particular the
production of the carbon dioxide, are directly proportional to the fuel consumptions that
are directly influenced by the weight of the car. Consequently, the reduction of the
weight leads to the reduction of GHG emissions that are responsible of the present
impressive climate change. On the other side, along the years, the weight of the car has

had a continuous growth. This is due to the tendency to equip vehicles with more



devices and gadgets. In this overview, it is clear as in the design of the new vehicles the
attention is focused on the containment of the structures weight. To this aim, the
designers put their attention on the use of lightweight materials such as reinforced
plastics and composites. The target is to use the right material for the right application.
For this reason, even more often, multi material solutions are adopted in the design. In
these cases, it is also necessary to use different joining technologies. Indeed, the
traditional joining technologies adopted in the car manufacturing, such as'the spot
welding, cannot be used when different types of material have to be joined together.
Consequently, solutions like adhesive, bolt and nuts or riveting aretaken into
consideration. To ensure a correct working of the connection, it is also necessary to
investigate into details and to know the behaviour of the materials to be joined under
different loading conditions.

In this frame, the research activity, whose results are reported in this work, has
been focused on the study of a bolt connection between a part made in aluminium and a
part made in composite material. It is well known as, in this type of connection, the bolt
is tight to give enough compression force between the joined members. However, creep
phenomenon, in particular on the composite part, could cause a loose of tight of the bolt
with consequently malfunction of the joining with also possible problems from a safety
point of view, depending on the considered application. For these reasons, in this work,
the creep effect due to compression load on a carbon fibre material in epoxy resin has
been investigated. In particular, the behaviour in a direction perpendicular to the fibre
has been studied. A specific experimental testing machine has been developed to this
aim. With this machine, a series of experimental creep compression tests have been
carried out. The effect of the temperature, the amount of the load and the surface

roughness have been investigated.



1.1 State of the art

Usually the matrix material of a composite has a viscoelastic behaviour. For this
reason, the composite materials are subjected to creep phenomenon [1]. The creep
effects on material are studied from many years, and different behaviour models have
been proposed, as discussed for example by Findley et al. [2].

In particular, the creep behaviour of the composite is influenced by different
aspects such as the temperature, the stress level, the moisture and so on [1]. Some
different works, where the creep behaviour in the direction of the fibre is considered,
have been published in the past. In this case the behaviour of the material is driven both
by the fibres and by the matrix. Test on creep in composite in the fibre direction has
been carried out by Kim and McMeeking [3]. Maksimov and Plume have investigated
the long term creep behaviour of aramid fibres [4]. Bending and tensile creep testing on
carbon fibre/epoxy matrix composite have been studied by Goertzen and Kessler [5].
Accelerated tests has been done by Raghavan and Meshii [1], by Abdel-Magid et al. [6]
and by Scott et al. [7]. The effect of different types of fibre materials has been
investigated by Maksimov and Plume [8]. Longitudinal compressive load and long term
tests has been performed by Scott and Zureick [9] on beams made in pultruded e-
glass/vinylester composite for civil-engineering construction. Always concerning the
civil applications, similar studies have been carried out by Holmes and Rahman [10], by
Mosallam and Bank [11, 12] and by Wang et al. [13]. Kouadri-Boudjelthia et al. [14]
have studied the effect of the temperature, the load and the crystallinity rate of a
composite material made of unsaturated polyester matrix and reinforced with randomly
oriented type C glass fibres. The creep behaviour of the material has been modelled
using power law formulation. Other prediction models for the creep behaviour have

been proposed by Guedes et al. [15] and by Raghavan and Meshii [1].



The creep behaviour of composite materials in the direction perpendicular to the
fibre is mainly governed by the matrix material as demonstrated by Guedes et al. [16].
This behaviour can contribute to the relaxation phenomenon in bolted connections. Also
in this case some studies have been carried out in the past for example by Weerth and
Ortloff [17], Pang and Wang [18] and by Chen and Kung [19]. Specific works on the
bolt connection of parts made with composite materials have been published by
Shivakumar and Crews [20]. They studied a connection of two plates made of
T300/5208 graphite/epoxy, predicting the relaxation after a long period of time. The
temperature and the moisture effects have been also considered in the study.
Shivakumar and Crews [20] have also proposed a predictive model. A study of E-
glass/vinylester bolted joints has been carried out by Fox [21]. In this study relaxation
and shear tests were carried out. Bolted connections with composite, in particular E-
glass/vinyl-ester have been studied by Weerth and Ortloff [17]. The loss in the tight
load has been measured and the data have been fitted with a power law equation, which
allows the prediction of the relaxation. Similar power law formulation has been used to

predict the loss of load in the bolt by Pelletier et al. [22].

2.  Materials & Methods

2.1 Material

In this work the compression creep behaviour of a carbon fibre/epoxy resin has
been investigated. In particular, a twill carbon 2x2 800 UTS 24K with epoxy resin with
a cure of 90 minutes at 120 °C have been chosen. The stacking sequence has been one
layer of 380 gsm and seven layer of 800 gsm. The 380 gsm layer is on the side of the
mould. The cured ply of 800 gsm is 0.88 mm thick while the one of 380 gsm is 0.45

mm thick. The total thickness of the laminate is 6.6 mm. It has been decided to use



specimens with a cylindrical shape, with a diameter of 20 mm, as shown in Figure 1.

The properties of the material are reported in Table 1.

2.2 Testing machine

To perform the creep compressions tests a dedicated testing machine has been
developed. The testing machine is shown in Figures 2 and 3. It is based on a lever
principle. It is characterized by a frame where the lever is hinged. The compression
stress is created applying a load on one side of the lever, then the lever push on a
column, which applies the compressive stress on the specimens. The machine has been
designed to test at the same time three different specimens. These specimens have been
positioned between rigid metal plates. These plates are positioned between two steel
columns, one above and one below the test area, the upper column applies the load to
the plates. To ensure only load perpendicular to the specimens, the plates are driven by
two additional smaller lateral columns. The lever in the upper part is in contact with the
main column only in a single point, by means of a steel ball positioned on the upper part
of the column. The applied load is measured with a load cell positioned in the lower part
of the column. To'measure the compression displacement, extensometers are fixed
between the steel plates where the specimens are positioned. The testing machine has
been designed to be used with a climatic chamber in order to make experimental tests at
different temperatures. The plates with the specimens can be positioned inside the
climatic chamber while the frame of the machine is positioned outside the chamber as

shown in the Figures 2 and 3.

3. Experimental tests

A series of creep compression tests have been carried out. The tests have been

approached following the general rules suggested by the ASTM D2990, which provides



the standard test methods for compressive creep of plastics. However, our tests have
been more oriented on the considered specific application: the bolted joint. For this
reason, for example, in order to study the behaviour of the material perpendicular to the
fibres, the geometry of the specimen is different from that defined in the ASTM

standard.

It is worth of notice that the applied test procedure is of the constant load type. The
duration of each of the tests has been set in one week. In this way only the first phase of
the creep phenomenon, that includes the most relevant changes in the deformation, can
be evaluated. However, this choice is justified because we are interested to study what
happens in the first period after the tight of the bolt. In this way, it is possible to verify if
some actions can be done in the production process to-improve the durability of the
connection.
The influence of three different parameters on the results have been considered.
In particular they are:
e Temperature: two levels, room temperature and 80 °C
e Pressure: three levels, 30, 40 and 50 MPa
e Roughness of the specimen surface: two levels, rough and smoothed
For what concerns the temperature levels, the joint considered as reference in
this study can work both at room temperature and at higher temperature, this justify the
chosen second level of temperature. It is worth of note that work temperature can also
be lower that 0°C, but, as discussed in the introduction, it is well known that the highest
sensitivity is for temperature greater than room temperature, therefore at the moment
cold environment has not been considered. For what concerns the applied load, the joint
is designed to have a pressure of 40 MPa in the zone of the washer. Thus, to investigate

the influence of the applied load, it has been increased and decreased of 10 MPa with



respect to the design value to define a pressure range. In this first step of analysis, the
joint has been considered under a static point of view, without considering the
fluctuation of the loads, which are applied during normal operation. Also the roughness
of the surface has been examined. As it is possible to see in Figure 1, one side of the
specimen, the one which is in contact with the vacuum bag, shows a roughness higher
than that in the contact with the mold. Preliminary experimental tests show as the entity
of the compression deformation during creep compression tests, can be comparable with
the roughness of the surface. For this reason also this parameter has been taken into
consideration. A measure of the roughness has been also made as described in the
following sections. In the text, the surface named “rough”, refers to specimens in the as-
produced conditions, while for the specimens named “smoothed”, the surface in contact
with the vacuum bag has been subjected to a mechanical process of finishing with

milling machine.

3.1 Experimental results

A set of the compression displacement curves as a function of the time is shown in
Figure 4 for nine different specimens examined under the same testing conditions. For
each considered testing configuration, at least three specimens have been tested. In the
following, for each examined configuration the average curve (continuous line) and the
average curve plus or minus the standard deviation (dotted lines) are presented. The
diagrams show the compression displacements starting from the time when the applied
load reaches its steady state level. The main part of the total compression relaxation is
reached within the first twelve - twenty-four hours. Then the displacement has a more

moderate increase that seems governed by a linear equation.



The influence of the temperature is presented in Figure 5, where the
compression displacement curves at the two different temperatures, for the
configuration with rough specimens and an applied pressure of 40 MPa, are presented.

The influence of the applied pressure is presented in Figure 6, where, for the
specimens with rough surface, the compression displacement curves obtained at 25°C,
are shown.

The influence of the type of the roughness is shown in Figure 7. A further
investigation on this aspect has been made evaluating the roughness Ra on the surface
of the specimen in contact with the vacuum bag. In Figure 8 the results of these
measurements have been summarized. In particular, in the figure the average values
obtained measuring the roughness on two perpendicular diameter are presented. The
roughness has been measured on all the specimens at disposal in this activity. For each
typologies of specimen, the measurements have been replicated three times and then the

average values have been calculated.

4. Discussion

As expected and also discussed in the literature, an increase of the temperature increases
the resulting relaxation of the material as shown in Figure 5. The same trend has been
obtained also considering the other configurations in terms of pressure and surface
roughness, i.e. an increment of the applied pressure or of the surface roughness
increases the resulting relaxation.

Considering the influence of the pressure, Figure 6, the data are more scattered,
but, as expected, the tendency is to have a higher compression displacement with higher

pressure. The trend is not linear, it means that the curves with a pressure of 30 and 40



MPa are closer than those at 40 and 50 MPa. The trend is confirmed also in different
configurations (i.e. different temperature and different roughness surface).

A similar influence on the compression displacement has been obtained also
considering the two different types of roughness surface as shown in Figure 7. In
particular, with the rough specimens, the obtained compression displacement is higher.
It seems that the presence of the surface irregularities increases the compression
relaxation. The measure of the roughness, Figure 8, allows to summarize and to confirm
the effects examined in the different tests. The roughness measured-after the test it is
inversely proportional to the compression relaxation. Consequently, with the highest
temperature the value of the roughness is the lowest. The trend is confirmed in both the
types of examined specimens. Thus, it is possible to affirm that the surface roughness is
a key factor for the correct tight of the bolted joint. Indeed, considering a joint
connection between a plate in aluminium and a plate of composite (average thickness of
each plate equal to 10 mm), with'a M12 bolt, and evaluating the loose of interference in
the joint equal to 0.02 mmy a_tight loose of around 1.5 Nm is obtained.

To further investigate this phenomenon, additional tests have been made on the
specimens with the rough surface. In particular, in these last tests, the specimens are
loaded to the steady state value of pressure, than the load is removed, and subsequently
the load is applied again to the steady state value. The results of these tests are
summarized in Figure 10. In this case the trend of the curves does not present the
dramatic change of the deformation in the initial phase, see the behaviour observed in
the first twelve-twenty four hours in the previous tests. Now the trend is smoother and
the displacement seems to follow a linear equation. These results are of great interest if
a similar procedure is used in the production process. If during the assembly a tight of

the joint is followed by an untight, and then the joint is tighten again, the loss in the



tight during the operative life of the joint will be much lower and it can ensure the
correct working of the connection.

In order to study in depth the behaviour of the relaxation, an interpolation of the
displacement curves has been explored using different formulations. In particular, a

logarithmic (Eq. 1) and a power law equation (Eq. 2) have been considered.

y=aln(x)+b (@9)]
y=ax" ()
y=ax+b 3)

In Table 2 the interpolation parameters for the different examined cases and for
the two considered formulations are reported together with the correlation coefficient
R°. 1t is interesting to observe as, the test at a temperature of 80°C can be interpolated
very well with the logarithmic formulation, while the tests at room temperature are
interpolated better with a power law formulation. However, in this second case, the
difference with a logarithmic interpolation is very small. In Table 3, the interpolation
parameters for the last tests where the load is initially applied and removed are shown.
In this case, as discussed above, also a linear interpolation (Eq. 3) has been considered.
It is possible to see as, a part for the highest pressure, in the other cases the linear

interpolation is the best one in terms of correlation.

5. Conclusions

In the last years, one of the key points for the automotive design is the reduction of
pollutant emissions. For this reason, the attention is toward the reduction of the weight
of the structures and consequently to the use of innovative material for the automotive
sector like the composite. Also the joining technologies has to be reviewed in this

direction. Thus it is necessary to know the behaviour of this material under different



loading conditions. In this work the relaxation effect on composite materials, due to
compression load in a direction perpendicular to the fibre is investigated, with a series
of experimental tests. The attention has been focused on the possible loss of tight due to
this phenomenon in a bolt connection where at least one part is made in composite. It
has been demonstrated as an increase of the temperature of the joint, such as a higher
degree of the surface roughness increases the compression loss of the material

A testing machine has been specifically designed and built in order to make creep
compressive tests of composite material laminate in the laminate thickness direction.
The testing machine and procedure take into accord the existing ASTM D2990 standard
but include some changes that are requested by the finalization to the specific
application.

Three different variables, the most influencing, have been explored: temperature (with
two different values: +80°C and room temperature), the compressive pressure (with
three different values: 30, 40 and 50 MPa) and the surface finishing (two different
status: as produced and after a'supplementary milling of the rougher surface).

Analysis of the obtained results confirms that temperature and pressure are determining
the relaxation trend of the material. Through the interpolation of the experimental
curves, amathematical model of the behaviour of the considered material has been
obtained to be used in numerical analysis in the design phase.

Further this study clearly shows that to reduce the possible loss of tight in the joint, also
the surface quality of the composite part should be carefully controlled.

Finally we have devised a possible manufacturing strategy in order to reduce the tight
loss problem: before to reach the delivery state conditions, the joint and consequently
the material should be subjected to a load and unload phase. In this way, the possible

relaxation effects put in evidence in the initial hours of work conditions, can be



anticipated in the manufacturing phase and avoided (or greatly reduced) in the costumer

use phase.
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Properties Unit Standard Value
Tensile 0° modulus GPa ISO 527-4 61,8
Tensile 90° modulus GPa ISO 527-4 61,1
Compr. 0° modulus GPa | prEN2850B2 | 57,2
Compr. 90° modulus GPa | prEN2850B2 | 55,5
Poisson’s ratio 0° - ISO 527-4 0,07
Poisson’s ratio 90° - ISO 527-4 0,04
In plane shear modulus GPa EN 6031 3,83
Tensile 0° strength MPa ISO 527-4 1034,1
Tensile 90° strength MPa ISO 527-4 930,1
Compr. 0° strength MPa | prEN 2850 B2 | 541,7
Compr. 90° strength MPa | prEN 2850 B2 | 510,8
In plane shear strength MPa EN 6031 86,1
Density kg/dm® - 1,5
Tensile strain 0° % ISO 527-4 1,66
Tensile strain 90° % ISO 527-4 1,5
ILSS 0° MPa ISO 14130/1 52
ILSS 90° MPa ISO 14130/1 51,7

Table 1. Properties of the material examined.




Logarithmic interpolation
Pressure | Temperature Surface u b R
(MPa) (°C) roughness
30 80° rough 0.00477 | 0.01580 | 0.99
40 80° rough 0.00413 | 0.01664 | 0.95
50 80° rough 0.00366 | 0.02830 | 0.91
30 room rough 0.00173 | 0.00613 | 0.86
40 room rough 0.00126 | 0.02243 | 0.89
50 room rough 0.00121 | 0.06110 | 0.89
Power law interpolation
Pressure | Temperature | Surface u b R
(MPa) (°C) roughness
30 80° rough 0.0164 | 0.18570 | 0.80
40 80° rough 0.01600 | 0.17830 | 0.71
50 80° rough 0.02820 | 0.10360 | 0.80
30 room rough 0.00730 | 0.14370 | 0.87
40 room rough 0.02270°| 0.04740 | 0.90
50 room rough 0.06118 | 0.01864 | 0.93

Table 2. Interpolation parameters for the different considered cases.




Pressure Type of

(MPa) | interpolation “ b R
30 logarithmic | 0.00131 | 0.03624 | 0.90
30 power law | 0.03648 | 0.05206 | 0.91
30 linear 0.00003 | 0.03937 | 0.94

40 logarithmic | 0.00093 | 0.04378 | 0.88
40 power law | 0.04387 | 0.01991 | 0.89

40 linear 0.00002 | 0.04580 | 0.91
50 logarithmic | 0.00144 | 0.05543 | 0.90
50 power law | 0.05561 | 0.02375 | 0.91
50 linear 0.00003 | 0.05894 | 0.86

Table 3. Interpolation parameters for the specimens tested after load/unload process at
room temperature.



Figure captions:

Figure 1. Specimens for the creep compression tests.
Figure 2. Rendering view of the testing machine.
Figure 3. Testing machine.

Figure 4. Example of compression curve displacement as a function of the time. The
curves have been obtained at room temperature, with the nominal pressure of 40 MPa

and on the rough specimens.

Figure 5. Influence of the temperature on the compression displacement for rough

specimens with a pressure of 40 MPa.

Figure 6. Influence of the pressure on the compression displacement for rough

specimens at a temperature of 25°C.

Figure 7. Influence of the roughness surface on the compression displacement for

specimens at a temperature of 80°C and with a pressure of 40 MPa.

Figure 8. Measurement of the roughness for the two considered types of specimen,

before and after the compression test.

Figure 9. Compression displacement after a cycle of load and unload, for the considered
different pressure. The considered configuration is at room temperature and with rough

specimens.



Figure 1. Specimens for the creep compression tests.
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Figure 4. Example of compression curve displacement as a function of the time. The
curves have been obtained at room temperature, with the nominal pressure of 40 MPa

and on the rough specimens.
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specimens with a pressure of 40 MPa.



-0.01

-0.02

-0.03

-0.04

-0.05

-0.06

-0.07

T EYT TP PPE PO PR

Pressure=30 MPa

Compression displacement (mm)

-0.08 | Pressure=40 MPa
Pressure=50 MPa
-0.09 :

0 24 48 72 96 120 144 168
Time (h)

Figure 6. Influence of the pressure on the compression displacement for rough

specimens at a temperature of 25°C.



€-0.01 "'0lcoo-.oco.oo-
é —
€
g 0.02 ®%esocee ®00c0cccooe,
§ .......'000.00000
3 -0.03
'g ——
kel
: —
o -0.04
£ "o
o
8 .bcoc.......
-0.05 e
e T=80°C Raw
e T=80°C Smoothed
-0.06 ]

0 24 48 72 96 120 144 168
Time (h)

Figure 7. Influence of the roughness surface on the compression displacement for

specimens at a temperature of 80°C and with a pressure of 40 MPa.
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Figure 8. Measurement of the roughness for the two considered types of specimen,

before and after the compression test.
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Figure 9. Compression displacement after a cycle of load and unload, for the considered
different pressure. The considered configuration is at room temperature and with rough

specimens.



