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Abstract
Applications of short fibre reinforced polymer composites (SFRPCs) have been rapidly increasing and
most of the components made of these materials are subjected to cyclic loading. In automotive
applications, “under the hood” is the harshest environmental condition for plastic-based materials with
temperatures ranging from -40°C to 120°C. Components are subjected to mechanical vibrations
primarily as a result of the periodic excitation and the dynamics of the engine firing. It is important,
therefore, to design and test the components accurately so as to minimise the risk of component
failure during the expected lifetime of the vehicle. Taking this into account, this thesis investigated if
the current test methods being used at Scania ensured a valid fatigue testing of engine components
made of SFRPCs. An extensive literature review was carried out detailing the work published on
SFRPC fatigue to-date and the methods currently used at Scania NMBT were detailed. A series of
sine and random vibration tests were then performed to characterise material behaviour in addition
to Dynamic Mechanical Analysis and Scanning Electron Microscopy of failed specimens. The results
of these, combined with the knowledge gathered in the literature review, resulted in a number of
suggestions to adapt the current test methods with the aim of increasing their validity for SFRPCs.
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1 Introduction
Modern composite materials have found wide use within several engineering disciplines over the last
number of decades, especially in the automotive and aeronautical industries. This is due in large part
to their often-impressive characteristics such as exceptionally high strength to weight ratios and
generally superior mechanical properties. The application and uses of short fibre reinforced polymer
composites (SFRPCs) are becoming widespread as a result of a number of unique properties which
often make them a better choice than long, continuous fibre composites. Such advantages include
the ability to mass produce, to form complex geometries in a single manufacturing step, large
production rates, low cost manufacturing and a relatively excellent strength-to-weight ratio for low
cost. Within the automotive sector, the increased use of SFRPCs, and lightweight components in
general, is driven by a need to improve the fuel economy of vehicles through weight reduction. In
particular, SFRPCs can be found in on-engine, ‘under-the-hood’ applications primarily in the form of
air or oil piping.
Engine mounted components will experience mechanical vibrations primarily as a result of the
periodic excitation and the dynamics of the engine firing. These vibrations will induce stresses and,
over time, can lead to failure of the component due to fatigue. It is important, therefore, to design and
test the components accurately so as to minimise the risk of component failure during the expected
lifetime of the vehicle. Under cyclic loads, reinforced polymers present a number of dependences and
difficulties which negatively impact testing. Self-heating, due to viscoelasticity and frictional heating
between the fibre and matrix, can make failure analysis quite difficult.
Scania CV AB is one the world’s leading truck and bus manufacturers, constantly developing and
implementing new designs and materials to maintain competitiveness. The use of plastics in Scania
trucks has risen dramatically, going from approximately 250 kg plastic by weight for an average truck
in 1995 to over 400 kg in 2010. In more recent years, the level of SFRPCs used in Scania engines
has increased with various pipes and components being constructed of glass fibre reinforced
thermoplastic PA6 and PA66. With new material comes new difficulties in accurately testing on-engine
components. In the past, the vibration fatigue resistance of metal components was evaluated by
performing sine and random tests on an electrodynamic shaker. For polymer-based components, sine
tests have proven difficult to control due to amplitude and frequency drifts. Instead, primarily random
tests have been used but this method uses an acceleration factor which has been developed for
metals and may be over-testing the components. In addition to these difficulties, the engine
environment places the polymer components under harsh temperature conditions (ranging from -40℃
to120℃) as they are much more susceptible to temperature variations than their metal counterparts.
Taking this into account, this thesis aims to investigate if the current test methods being used at
Scania ensure a valid fatigue testing of engine components made of SFRPCs. Suggestions will be
made where changes may be required, and any issues will be investigated and highlighted to the
reader. This will be carried out within the NMBT department in Scania responsible for strength testing
on the base engine of Scania trucks. Suggested changes will aim to fit into the framework of the
existing fatigue testing, regarding testing equipment, timeframes and costs. The following thesis
report starts with a brief review of the theoretical knowledge behind the topic as well as a review of
the relevant literature and testing done in the field to date. Following this, the methods and processes
involved in characterisation and material tests are detailed before presenting and discussing the
results and conclusion obtained.

1

Vibration Testing of Short Fibre Reinforced Polymer Composites

Theory

2 Theory
The following section outlines the theoretical background of the topics dealt with in this thesis project
and serves as a literature review on the subject. Sub-section 2.1 deals with vibration testing in general,
briefly outlining the physics, motivations, common test methods and equipment theory required. Subsection 2.2 gives a brief overview of SFRPCs with focus on the polymeric characteristics. Finally, subsections 2.3 and 2.4 deal with self-heating and accelerated testing of SFRPCs respectively due to the
importance of these topics as the primary drivers of this thesis investigation.

2.1 Vibration Testing Theory
Vibration can be defined as the movement of a body in an oscillating motion about some reference
position. Engine mounted components can be subjected to high levels of this vibration, produced from
the rotating parts, which can lead to fatigue failure and these parts must be tested to ensure
qualification. For the purposes of this thesis, the types of vibration which are of interest are periodic
vibration and random vibration. For periodic vibration, the motion repeats itself exactly after certain
periods of time with the clearest example of such being harmonic vibratory motion where the
displacement plotted as a function of time produces a sine curve. Unlike periodic vibration, random
vibration is non-deterministic and can be described by irregular cycles which do not repeat precisely.

2.1.1

Test Equipment Overview

Before discussing the details of vibration testing, it is advantageous to outline the various terms used,
the general method of testing and the equipment. Vibration testing is most often done using an
electrodynamic vibration exciter (otherwise known as a shaker), which is essentially based on the
principle of a loud speaker. The shaker consists of an exciter table, or a slip-table, which is oscillated
by passing a current through a coil within a magnetic field and the electrical signals are then converted
into a mechanical movement [1].

Figure 2.1 - Electrodynamic shaker schematic.

An excitation is input from a shaker to which the component or device-under-test (DUT) is attached
and the output on the DUT is measured via an accelerometer. Figure 2.1 demonstrates a shaker
vibration control system where a DUT is subject to an excitation as part of a vibration test. The process
works as follows:
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1. The test is defined in terms of amplitude and frequency (specified in Scania through the MIL
STD 810F) which are entered into the control unit and this is output as an initial drive signal.
2. The drive signal is then amplified in the power amplifier which drives the electrodynamic
vibration exciter.
3. The exciter table is fitted with a control accelerometer which sends a signal back to the control
unit indicating the current measured amplitude.
4. The controller then determines the transfer function of the loop and corrects the drive signal
to ensure the table is vibrating at the correct frequency and amplitude.
5. The DUT is mounted on the exciter table directly, or indirectly using a specific fixture, and an
accelerometer sends the response signal to the controller for monitoring/analysis.
As specified above, the transducer used to determine the amplitude is an accelerometer. The generalpurpose accelerometers used in this thesis work on the basis of the piezoelectric effect and produce
an electrical signal proportional to imposed force.

2.1.2

Sine Testing

A vibration signal is sinusoidal when it oscillates (or vibrates) with regular frequency and amplitude.
Figure 2.2 can be used to characterise the signal where 𝑇 is the period in seconds, 𝑓 is the frequency
in hertz (Hz, cycles per second) and 𝐴 is the peak amplitude. The amplitude, describing the severity
of the vibration, can be stated as peak, peak-to-peak or RMS (root mean squared) which takes
account of both the time history of the signal and energy content relating to the damage possible from
vibration.

Figure 2.2 - Example of a sine wave vibration signal.

Figure 2.2 above describes the sinusoidal motion in terms of displacement against time. However, in
vibration testing it is possible to quantify the signal magnitude in terms of displacement, velocity and
acceleration with the latter being most common depending on requirements. Important to note here
is that the shape and period of each measurement is identical but there exists a phase difference with
velocity leading displacement by 90 degrees and acceleration leading displacement by 180 degrees.
All parameters are usually measured with metric units although acceleration is also often stated in
terms of 𝑔 where 1𝑔 = 9.81 m/s2 . Figure 2.2 is within the time domain but sine testing is often
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observed using the frequency domain where the peak amplitude is plotted against frequency on the
x-axis rather than time.
In vibration testing, the sine test has two primary uses of which the first is to identify component
resonances. Resonance can be defined as a state where a system outputs a larger response than is
input when subject to excitation at its natural frequency. The resonances of a component can be
determined by a sine sweep test, where the shaker pans through a specific, set range of frequencies
e.g. starting at 50 Hz and finishing at 5000 Hz. The acceleration on the shaker is compared to that on
the DUT and a graph such as that in Figure 2.3 is produced.

Figure 2.3 - Example of a sine sweep test result.

Figure 2.3 plots the result of a sine sweep test and can aid in explaining the three primary
measurements used to describe a found resonance. These are transmissibility, bandwidth and Qfactor. The transmissibility, shown on the y-axis in the example in Figure 2.3, is simply a ratio of the
input acceleration to the output acceleration. For this example, an input of 5 m/s2 on the shaker table
produced and output of 172 m/s2 i.e. a transmissibility of 34.40 when vibrating at a frequency of 223.60
Hz indicating it is a natural frequency.
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑦 𝐺
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑥 𝐺

2.1

The bandwidth (BW) of the resonance lies between the upper and lower cut-off frequencies, denoted
as 𝑓1 and 𝑓2 in the example above. These are defined as the half-power points where the output has
dropped by 3 dB i.e. 70% of the transmissibility occurs on either side of the resonance at 220.85 Hz
and 226.60 Hz giving a BW of 5.75 Hz [1].
The Q-factor is then the ratio of the centre frequency of resonance and the half-power bandwidth, in
other words it is a measure of how steep the resonance is. A low Q-factor indicates a slowly
increasing, wide resonance while a high Q-factor would be a steep, sharp resonance which is more
difficult to control. In this example, a centre frequency of 223.63 Hz and a BW of 5.75 Hz will result in
a Q-factor of 39.
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2.2

Once the resonances have been established, it is then possible to perform a Resonance Search Track
and Dwell (RSTD) test where a single tone sine signal is applied to the DUT at the determined
resonance frequency. As a component will exhibit maximum output for a given input when tested at
resonance, this will ensure the component is exposed to the highest level of fatigue. As such, this test
is commonly used in the design validation process of components. The test can be one of two variants,
either a frequency-locked or frequency-tracking test. When a DUT is subject to vibrations, its natural
frequency may begin to drift due to structural changes from fatigue damage or heat generation. If
using frequency locked dwelling, any drift which occurs will mean that the test is no longer being run
on the natural frequency and so the output will be lower. However, if using a frequency-tracking dwell,
then the controller will monitor the resonance frequency and adjust the drive if there are any changes.
This is done by monitoring the phase value of the transmissibility function, when the resonance begins
to drift then the phase change will indicate the direction for the controller to move in.
In relation to Q-factor, is the damping ratio (𝜁) which is a parameter describing the rate at which the
input oscillations decay after being excited. A low damping ratio implies a long time to return to rest
after being excited.
𝜁=

2.1.3

1
2 ∙ 𝑄 𝐹𝑎𝑐𝑡𝑜𝑟

2.3

Random Testing

For many applications, sine testing is not an accurate representation of the environment where
vibrations may be aperiodic, meaning they do not follow a predictable, repetitive movement (see
Figure 2.4). In order to reproduce real life events, these unpredictable vibrations must be measured
and simulated in some way. By taking a large sample of real-life data, the random characteristics can
be observed, and statistics used to determine a mean amplitude within a frequency bandwidth [2].

Figure 2.4 - Time history of a random vibration environment [2].

A truly random test will have a frequency content which varies with time but does not repeat. To
represent this on an electrodynamic shaker, a test profile will be defined as an amplitude against
frequency with a limiting upper and lower frequency bound. This is illustrated in Figure 2.5.
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Figure 2.5 - Energy content of a random signal with upper and lower frequency limits.

A rms acceleration value can be obtained, which is the average level over the bandwidth. As this unit
depends on the frequency bandwidth, it cannot be used to fully describe the test profile. Instead the
unit (m/s2)2/Hz describes the average power per 1 Hz frequency band and this is known as the power
spectral density [2]. A test profile can then be plotted as (m/s2)2/Hz against frequency, Hz. This power
spectral density (PSD) plot shows the average intensity of the sine wave components at each
frequency [2].

Figure 2.6 - Example of a PSD [NOTE: ASD or Accelerated Spectral Density is the general term where PSD is used most
often for vibrations].

2.1.4

Alternative Measurement Options

In addition to measuring acceleration with an accelerometer, it is also possible to obtain displacement
and velocity through integration. The question is then, which is the ideal measurement quantity to use
for testing and comparison of intensities? It is important if the signal has components at many different
frequencies, displacement will highlight those on the low frequency the most while acceleration
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favours the higher frequencies. From practice (and as advised by NMBT’s test engineers), velocity is
most often used to compare distinct levels. This is due to the velocity representing a given energy
level, equally weighting upper and lower frequencies. The following set of equations can be used to
convert from acceleration (𝐴) to displacement (𝐷) and velocity (𝑉) where 𝑔 is gravity (9.80665 m/s2),
𝑎 is the acceleration and 𝑓 is the frequency:
𝐷=

𝑔∙𝑎
4𝜋 2 ∙ 𝑓 2

𝑉=

𝑔∙𝑎
2𝜋 ∙ 𝑓

2.4

Eq. 2.5 can be used to convert the acceleration control output and DUT response to velocity rms by
obtaining the area under the PSD plot, finding the mean-square velocity, and squaring the result. The
same process can find displacement rms but that is not of very much interest, instead the peak-topeak displacement is of more value. The issue with this is that since the signal is random, the absolute
maximum or peak-to-peak displacement cannot be predicted at any one time. Instead, it is possible
to determine the magnitudes through probability distributions, getting the probably fraction of the time
that the amplitude will be within a certain range of values. Random vibrations are represented by
gaussian distribution and to protect the vibrator a sigma clipping value of three is used. This clips
levels of acceleration over and outside three standard deviations of the mean. The average peak
displacement is approximately three times the rms value (3𝜎). Since that is one-sided, the result is
doubled for peak-to-peak displacement.

2.1.5

Accelerated Vibration Testing

Exact duplication of the real-life stress experienced by a product would take a considerable amount
of time to produce. At Scania a lifetime of 10,000 hours is taken as representative of the life of an
engine component. Such lifetimes are prohibitively long to test, especially at low levels where fatigue
failure may take months of testing to develop. Instead, the test needs to be accelerated. Accelerated
testing aims to compress the test time by increasing the applied stress and accelerating the failure
mechanisms. This is done by multiplying the PSD by an acceleration factor which usually takes the
form of a power law such as;
𝑏

𝑇𝑈𝑠𝑒
𝑊𝑆𝑡𝑟𝑒𝑠𝑠 2
𝐴=
=(
)
𝑇𝑆𝑡𝑟𝑒𝑠𝑠
𝑊𝑈𝑠𝑒

2.5

where 𝐴 is the acceleration factor, 𝑇𝑈𝑠𝑒 is the lifetime, 𝑇𝑆𝑡𝑟𝑒𝑠𝑠 is the test time, similarly 𝑊 is the PSD
for lifetime and test time with b being the fatigue parameter.

Figure 2.7 - Accelerated Testing Process.
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Increasing the stress leads to an increase in the unreliability of the component as shown in Figure
2.7, however the increased stress can lead to a number of problems which would otherwise not be
experienced. According to [3], such issues can be;
-

Subjecting the component to stresses above the components ultimate stress levels and to
which the component does not experience in its use environment.
Subjecting components to shocks where the small clearances with other components are
reduced due to increased displacements at elevated stresses.
Creation of non-linearities which are not covered by the damage equivalence theories behind
the acceleration factor and are not experienced in real-life.
Magnification of poor assumptions, inaccurate fatigue properties and imprecise boundary
conditions.

With this in mind, it is paramount to ensure any decisions regarding selection and use of an
acceleration factor are founded on sound engineering principles, in so far as possible, and that all
parties involved in the testing procedure are aware of the limitations of accelerated testing. Before
choosing an acceleration factor, an examination of the available literature on the material and
acceleration tests should be performed, a value should be taken that avoids non-linearities and a
review of all failures to determine if anomalous or not [4]. It should also be noted that the result of
these problems may be a conservative life estimate and that uncertainty may be acceptable. However,
depending on the magnitude of those uncertainties, the component could be over tested to an extent
that this could be a cost or time issue.

2.2 Fatigue
Fatigue is a phenomenon which occurs in materials subject to repeated cyclic loadings, below the
ultimate strength of the material, where progressive, local damage occurs during each cycle. The
repeated application of stress to a material leads to the development of microscopic cracks which
over many cycles can lead to failure. This is a cumulative effect and known as fatigue damage, starting
with plastic deformation around material discontinuities such as cracks, voids, fibre ends and
interfaces and then continuing to initiation of a crack before propagation and eventually resulting in
failure.
The fatigue life of a component is characterised by subjecting it to cyclic stress or strain loading until
failure, the results are then plotted on an S-N curve (stress versus number of cycles), otherwise known
as a Wohler curve. This is commonly represented using log-log plots and the curve will also often
appear as a flat line in log plots. An example of this curve is shown in Figure 2.8.

Figure 2.8 - S-N curve showing different types of fatigue life [5].
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Figure 2.8 shows three regions of fatigue life; low cycle, high cycle, and infinite life. Low cycle fatigue
occurs when a DUT is subjected to cycles above the yield limit of the material and is characterised by
high stresses. High cycle is characterised by stress below the yield strength i.e. low stress and a high
number of cycles, and ranges from about 104 cycles to 107 cycles. Beyond the high cycle regime is
the infinite life regime where some materials have been thought to not exhibit any fatigue failure
beyond a certain number of cycles at a low enough stress. This point is known as the endurance limit
or fatigue limit. However, not all materials exhibit an infinite life at low stress and instead the curve
will continue to drop with the number of cycles.
Fatigue is of a statistical nature with S-N curves showing significant levels of scatter. This is related
to the nature of defects and material homogeneity. Therefore, a point on the S-N curve is usually
represented in a statistical manner rather than based on the result of a single fatigue test.
Analytically, the high cycle regime is often represented by Basquin’s relation, see Equation 2.6 [6].
This is a power law representing the HCF curve when the log-log curve is a straight line.
𝑁𝜎 𝑏 = 𝐶

2.6

where N is the number of cycles, 𝜎 is the stress level, 𝑏 is the fatigue exponent or Basquin parameter
and 𝐶 is the stress level to failure at one cycle.
The fatigue exponent is the slope of the log-log curve and tabulated values can be found for a
multitude of materials. However, the value has a high level of uncertainty due to a multitude of factors
which can affect the fatigue slope of a material. Such factors include stress concentrations, material
inhomogeneity, mean stress, notches, surface finish and environmental factors.

2.2.1

Cumulative Damage Theory

Fatigue damage increases with each successive applied load cycle, this has led to a number of
cumulative fatigue damage laws that aim to quantify the damage per cycle that eventually leads to
failure. Each cycle is assigned a value of damage depending on the level of applied stress which
contributes to the total damage that the material or component can be subjected to before failure.
The most popular and well-used cumulative damage model is the Palmgren-Miner linear cumulative
damage law where a linear relationship between cyclic stress and damage is used. This can be given
mathematically by [7]:
𝑘

𝑛𝑖
𝐹𝐷 = ∑ ( )
𝑁𝑖

2.7

𝑖=1

where k is the various stress cycles applied, 𝑛𝑖 is the number of times applied with a stress 𝑆𝑖 , 𝑁𝑖 is
the cycles to failure at 𝑆𝑖 resulting in total fatigue damage 𝐹𝐷.
The Palmgren-Miner has two major drawbacks; it doesn’t take account of the statistical nature of
fatigue failures and it assumes a linear stress-life relationship [7]. Despite this, it is widely used in
industry for measuring fatigue damage.
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2.3 Short Fibre Reinforced Polymer Composites
A composite material can be simply defined as a;
. . . combination of two or more distinct materials, each of which retains its own
distinctive properties, to create a new material with properties that cannot be
achieved by any of the components acting alone [8].
Examples of such composites are steel-reinforced concrete, particle board and even bone. The
constituent materials can be essentially anything which can be combined to create a material with
better properties than the individual components. This thesis is dealing specifically with short fibrereinforced polymer composites (SFRPCs) which consist of short, discontinuous fibres embedded in a
thermoplastic matrix. The application of SFRPCs has been growing rapidly in the automotive sector
due to several properties which make SFRPCS ideal. Generally, automotive part manufacture is
characterised by the following needs which SFRPCs satisfy:
-

Low cost
Short process
cycle times

-

Large series
Semi-structural / secondary
structures

By adding short, discontinuous fibres to the thermoplastic resin the material gains stiffness and
strength while remaining lightweight i.e. high strength-to-weight ratio. Although the mechanical
properties can be significantly less than for continuous, long fibre composites, SFRPCs offer a wider
range of processing abilities and significantly lower costs. They can be manufactured through injection
moulding which facilitates large production series, short cycle times and good quality components [9].
This is ideal for creating various pipes and fittings which are used in automotive applications.

2.3.1

Polymer Matrix

In a simplified explanation, polymers consist of long chains of monomers and in the majority that chain
will consist of a backbone of carbon atoms with other atoms, such as hydrogen, attached along the
way. Polymers can then be specified in terms of their internal packing as ranging from amorphous to
crystalline. Crystalline polymers are ordered, regularly patterned with the polymer chains closely
packed and rigid. Amorphous polymers are the opposite having a random pattern allowing the
polymer chains to move and cross over each other resulting in flexible, elastic properties. Polymers
generally fall somewhere between these two extremes with some percentage of either one being
present.
Predominantly, engine-mounted SFRPCs consist of thermoplastic polymer resins with polyamides
(PA) being the most common to be processed with reinforcements [10]. Polyamides are semicrystalline and characterised by relatively high tensile strength, good impact strength and a relatively
high modulus. In the automotive industry, PA6 and PA6.6 are commonly used as the matrix due to
their suitability for injection moulding and their mechanical properties. The 6 and 6.6 refers to the
number of carbon atoms in the final structure, with six and twelve (in two monomers) respectively. A
disadvantage to polyamides is their susceptibility to moisture absorption, the water acts as a
plasticizer which causes the polymer to swell and become soft [11]. This leads to the describing
polyamide properties as being in either the dry-as-moulded condition (0.2% absorption) or wet (7.2%
absorption). The tensile strength can diminish by as much as 50% in the wet condition compared to
dry for PA66 [12] and so it is an important parameter to account for.
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Viscoelasticity

Polymers exhibit a phenomenon known as viscoelasticity i.e. the combined properties of a linearelastic Hookean solid and a Newtonian liquid (viscous) [13, p. 235]. This results in stress being a
function of both strain and time:
𝜎 = 𝑓(𝜀, 𝑡) 𝑜𝑟 𝜎 = 𝐸𝜀 + 𝜂𝜀̇

2.8

This results in polymers having a set of specific properties which include viscoelastic creep, stress
relaxation and stress-strain hysteresis. Viscoelastic creep occurs when a polymer is subjected to a
constant stress which results in a time-dependent increase in strain values. Similarly, stress relaxation
occurs when the polymer is subjected to constant applied strain which results in a time dependant
stress decrease. For such phenomena, over time the molecules in the polymer can slide past each
other and disentangle via viscous flow which can dissipate strain energy and reduce stress.
If a polymer is loaded by a sinusoidally varying stress, then it is possible to represent the waveform
as:
𝜎 = 𝜎0 𝑠𝑖𝑛𝜔𝑡

2.9

If the material is linearly elastic, then both stress and strain will vary sinusoidally in phase with each
other. Conversely, if the material is a perfect viscous fluid then there will be a phase lag of 90 degrees.
A viscoelastic material will then exhibit a phase lag somewhere between these two values resulting
in:
𝜎 = 𝜎0 sin(𝜔𝑡 + 𝛿)

2.10

This can then be expanded and manipulated to arrive at the following:
𝜎 = 𝜎0 ∙ sin𝜔𝑡 ∙ 𝑐𝑜𝑠𝛿 + 𝜎0 ∙ cos𝜔𝑡 ∙ 𝑠𝑖𝑛𝛿
𝜎 = 𝜎0 ∙ 𝑐𝑜𝑠𝛿 ∙ sin𝜔𝑡 + 𝜎0 ∙ 𝑠𝑖𝑛𝛿 ∙ cos𝜔𝑡

2.11

From Eq. 2.11 above, it can be seen that the stress is composed of two components, 𝜎0 𝑐𝑜𝑠𝛿 and
𝜎0 𝑠𝑖𝑛𝛿, which are in-phase and 90 degrees out of phase respectively. This facilitates the use of two
dynamic moduli to describe the materials properties, 𝐸′ and 𝐸′′.
𝐸′ =

(𝜎0 cos 𝛿)
(𝜎0 sin 𝛿)
, 𝐸 ′′ =
𝜀0
𝜀0

2.12

Eq. 2.12 characterises the storage modulus, 𝐸′, which is the ability of the plastic material to store
energy and the loss modulus, 𝐸′′, which is the ability of the plastic material to dissipate energy.
Representing the elastic and viscous behaviours respectively. These can be shown on a phasor
diagram and then combined as a complex modulus, 𝐸 ∗ , shown in Figure 2.9 and Eq. 2.13.

𝐸∗ =

Figure 2.9 - Phasor diagram showing complex modulus.

11

𝜎
= √𝐸 ′2 + 𝐸 ′′ 2 = 𝐸 ′ + 𝑖𝐸′′
𝜀

2.13

Vibration Testing of Short Fibre Reinforced Polymer Composites

2.3.1.2

Theory

Temperature Dependence

These moduli are sensitive to changes in temperature and such changes can be observed in changes
of the storage modulus or tan 𝛿 curves which are represented as:
tan 𝛿 =

𝐸′′
𝐸′

2.14

The dynamic properties of a plastic, 𝐸′, 𝐸′′ and tan 𝛿, can be determined using Dynamic Mechanical
Analysis (DMA) which subjects a material coupon to a sinusoidally varying stress. The material
response is recorded in terms of load and displacement as functions of temperature and frequency.
An example of the modulus changes with temperature from a DMA is shown in Figure 2.10.

Figure 2.10 - Material transitions and modulus changes of a polymer in DMA.

As previously mentioned, thermoplastics are susceptible to temperature changes due to the weak
secondary bonds holding the chains together. As temperature increases, the polymer response goes
from rigid solid to viscoelastic solid and finally to a viscous fluid flow. It can be characterised by two
primary temperatures, the glass transition temperature, 𝑇𝑔 , and the melting temperature, 𝑇𝑚 . The
glass transition temperature is the point at which the material goes from a brittle glassy state to a
‘rubbery’ or ‘leathery’ state due to increased chain mobility. It is also known as the alpha transition
indicated by point (4) in Figure 2.10 above. It occurs over a range of temperatures rather than at a
precise point and is always lower than the melting temperature, indicated by point (6) where the
polymer enters a low viscosity state and begins to flow as a fluid. Regions (1), (2) and (3) are
secondary transitions which describe small chain movements and are linked to properties of the
polymer in a glassy state [14, p. 340]. Primarily they are associated with acoustic and vibration
damping.
In the glass transition region, the loss modulus reaches a maximum and the storage modulus is
reduced by a large factor. This makes the 𝑇𝑔 an important parameter to characterise and that is done
using DMA, the results of which can be shown in a graph such as in Figure 2.11. The parameter used
to choose the 𝑇𝑔 can be either the storage modulus onset or inflection point, the loss modulus peak
or the damping peak. Most often it is the damping peak in literature. Figure 2.11 shows a 𝑇𝑔 of 38.5°C
for a temperature sweep test performed at 1 Hz taking the loss modulus peak as reference.

12

Vibration Testing of Short Fibre Reinforced Polymer Composites

Theory

Figure 2.11 - DMA results from a temperature sweep showing a 𝑇𝑔 of 38.5°C [15].

2.3.1.3

Frequency Dependence

The glass transition temperature has a kinetic component, and so the rate of deformation, or
frequency, has a significant effect on the material response. An increase in the frequency of testing
results in shifting the relaxation temperature at which the molecules can slide past each other upwards
and in-turn increasing the 𝑇𝑔 . It also shifts the storage modulus upwards. The primary consequence
of increased frequency is self-heating (see section 2.3).

2.3.2

Fibre Reinforcement

The most common reinforcement type used in SFRPCs are glass fibres which make up roughly 95%
of all components [16]. This is primarily due to its low cost while also maintaining a relatively high
strength in addition to good chemical resistance and insulating properties. Although they have a low
stiffness and generally poor fatigue strength in comparison to long fibre composites, the effect may
be minimal as the matrix properties tend to be dominant [10].

2.3.3

Fatigue Factors

The failure mode for thermoplastic materials can be either excessive deformation or fracture. The
fracture type can be brittle, with little to no deformation, or ductile, with visible deformation prior to
fracture. The type of fracture depends on several factors including strain rate, temperature and stress
system. The stress system of interest here is fatigue, where continuous cyclic stress can cause a
crack to initiate and then, over alternating stresses, spread and eventually lead to fracture following
many cycles. Vibration testing of components is predominantly within the high cycle fatigue (HCF)
range which is characterised by relatively low stress and a high number of cycles (> 10^4). The
fatigue of a SFRPC component is subject to numerous effects influencing the fatigue life, such as
[17]:
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Fibre related parameters such as direction, volume fraction, lengths
Loading conditions such as load ratio and mean stress
Geometry parameters such as notches, holes, welds
Environmental conditions such as humidity and temperature.

Under cyclic loading, the loop traced by the repeated loading and unloading of the specimen is called
a hysteresis loop, and this can be directly related to the absorbed plastic strain for metals (Ellyin,
1997). The material response to a particular loading will change depending on the controlled
parameter, deformation (strain) or load (stress) controlled tests. The different responses include cyclic
mean stress relaxation, hardening or softening, cyclic creep (ratcheting) and rate dependency.
Eventually this response will stabilise and the variation from cycle to cycle will become insignificant,
this saturated state is indicative of a stable micro-structure in metals. When loading a SFRPC in cyclic
deformation, as is the case in vibration testing, Wang et al. [18] and numerous other investigations
show that SFRPCs exhibit significant cyclic softening. For metals, cyclic softening occurs due to
changes in the micro-structure under the initial stages of cyclic loading, where the material’s
resistance is decreased after deformation. This will normally stabilise after a certain number of cycles.
For SFRPCs, it has been shown that the development of micro-cracks prohibits the formation of a
stable hysteresis loop, resulting in continuous cyclic softening.
Generally, there are three fibre related properties which affect the fatigue life of an SFRPC
component. These are the fibre orientation distribution (FOD), fibre length distribution (FLD) and fibre
volume fraction. For FOD, it has been shown by various authors that fatigue life is strongly dependent
on fibre orientation [19] [20] [21]. However, a difficulty arises due to the way in which fibres orientate
themselves in the injection moulding process known as shell-core morphology.

Figure 2.12 - Simplified representation of the skin-core effect in injection moulding.

The skin-core effect is used to describe the effect of shear and extensional flow on the fibre direction
in an injection moulded part where fibres align themselves differently due to distances from the mould
wall, see Figure 2.12. This makes correlating fatigue life to direction difficult but usually the higher
number of fibres aligned in a certain direction results in higher strengths in that direction [22].
Within the HCF range, Grove and Kim [23] conducted fatigue studies on PA6 demonstrated that fibre
length had minimal effect on axial fatigue life due to the fact that at low stress levels the fatigue failure
is mainly characterised by the matrix. However, for flexural fatigue an increased fibre length results
in increased fatigue life. The fibre volume fraction was investigated by Janzen et al. [24] showing that
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increased fibre volume resulted in minimal change to the fatigue life within the HCF regime due to
matrix dominant behaviour.
The effects of load ratio or mean stress were investigated by a number of studies, finding similar
results to Sonsino [25] where the axial fatigue strength of PA66 un-notched specimens reduced with
increasing tensile mean stress primarily due to cyclic creep, or ratcheting. Ratcheting occurs under
load-controlled fatigue testing where there is a non-zero mean stress and the plastic strain
accumulates cycle by cycle [26]. It occurs due to a material experiencing different behaviour in tensile
and compressive loading and is represented by an open hysteresis loop. Sonsino also investigated
the effects of mean stress on notched specimens which exhibited a smaller fatigue reduction, due to
the presence of a stress gradient near the notch.
Of primary importance in under-the-hood applications of SFRPCs is the effect of environmental
conditions on the fatigue life of the component. Two of the most important environmental parameters
are then temperature and humidity. As previously mentioned, water content has a plasticizing effect
on polyamides and this can reduce the lifetime of a component significantly. An increase in moisture
can result in decreased stiffness and strength, a reduction in the natural frequency while increasing
damping [27]. For a given stress the fatigue life will be reduced overall, as can be seen in Figure 2.13
where for both longitudinal and transverse loading show reduced life in wet versus dry conditions.

Figure 2.13 - (a) Effects of water content on fatigue life of PA6 and (b) ratio of fatigue strength to ultimate [28].

Barbouchi [28] examined the effect of moisture content on bending fatigue and found that for straincontrolled tests with higher water content, the fatigue life was actually longer for a given strain
amplitude. This is due to the fact that the increased water content resulted in lower stresses due to
the plasticizing effect of the water.
For temperature, multiple studies have shown a decrease in fatigue life for increasing temperature in
stress-controlled tests [29] [30] [20]. The longest fatigue life can be found at −40℃ for engine
components and the lowest at 120℃, with the difference being substantial. Figure 2.14 shows the
results of a series of fatigue tests on longitudinal and transverse orientation PA6 with 30% glass fibre.
The effect of temperature is significant for both orientations and more pronounced between 43°C and
125°C due to being above the 𝑇𝑔 , again highlighting the significance of the 𝑇𝑔 .
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Figure 2.14 -Effect of temperature on the stress-controlled fatigue life of PA6 in longitudinal and transverse directions [10].

However, for strain-controlled tests the situation is different as demonstrated in Figure 2.15, where
there is a less clear relationship between temperature and fatigue life. Higher temperatures results in
higher levels of damping and the effect of strain rate is changed. This results in much lower stress for
the same strain value and an improved fatigue life. However, for tests below room temperature at 40°C there is also an increase in fatigue life, possibly due to a decrease in aging and the escape of
water moisture.

Figure 2.15 - Effect of temperature of the strain-controlled fatigue life of PA6.

As demonstrated above, there are a multitude of factors causing an increase in the variability and
uncertainty of the fatigue properties including the thermal histories of the component, anisotropy,
homogeneity, flow geometry, manufacturing conditions, and polymer rheological properties which
result in the state where neither a complete mapping of the issues nor a fundamental understanding
has been achieved as of yet [31]. Characterising all of these factors on the fatigue of a component
would be an excessively long and expensive process [32]. This has resulted in a situation where
engineering judgement and guesswork are the primary tools in designing and testing SFRPCs todate.

2.3.4

Failure Mechanisms

The most common failure mechanisms in SFRPCs subjected to cyclic loading are matrix rupture, fibre
debonding, fibre pull-out and crazing [10]. The dominant mechanism is determined by a number of
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parameters including stress amplitude, transition temperature, fibre direction and orientation, interface
strength and shell-core make-up. Unlike in metals, where a single crack will nucleate and propagate
to failure, polymer matrixes suffer from continuous degradation. This material degradation of polymer
composites during fatigue has been shown to follow three stages;
Stage 1 – Development and formation of micro-cracks in the polymer matrix
Stage 2 – Monotonically increasing damage from matrix and fibre-matrix interfaces
Stage 3 – Formation of a macroscopic crack leading to failure.
For SFRPCs in particular, fatigue fracture surfaces have been shown to be characterised by two
distinct areas, a micro-ductile and a micro-brittle area. In the initial stages of fatigue, cracks form at
the fibre-tips from failure of the interface bond between matrix and fibres which results in a microvoid. The crack propagates along these micro-voids and the load is transferred from the fibre to the
surrounding matrix. This increase in load can plastically deform the polymer matrix and be visible as
white lines, or crazing. The micro-void formation at the fibre tips has been shown to be the primary
cause of fatigue failure in SFRPCs regardless of testing temperature [33].
The micro-ductile region characterises stable crack formation and growth of the fracture, with matrix
drawing and fibre pull-outs. The micro-brittle area of the fracture surface is characterised by low rates
of deformation and equates to final fracture [34]. The existence of a brittle area indicates unstable
crack growth [35]. An example of these phenomena can be seen in Figure 2.16 below.

Figure 2.16 - Fracture surface of a fatigue test specimen (a) showing the ductile area (b) and the brittle area (c) [35].

A key factor in the failure of SFRPCs is the glass transition temperature which determines the phases
and as such failure mechanism affecting the component. This leads to two separate mechanisms,
above 𝑇𝑔 and below 𝑇𝑔 . Below 𝑇𝑔 , micro-cracks propagated between fibre ends in a brittle manner
while above 𝑇𝑔 the microcracks propagated between fibre ends while coupled with debonding along
the interface sides and the propagation occurs in a ductile bridging manner [33]. Above the 𝑇𝑔 the
fatigue life is significantly reduced while the state is in the rubbery phase.

2.4 Self-heating Phenomenon
The self-heating observed in SFRPCs and is caused by two separate phenomena; hysteric heating
and frictional heating. Hysteric heating is the result of plastic and viscoelastic deformation where the
out-of-phase oscillations dissipate mechanical energy as heat. That heat is then stored in the material
due to the low thermal conductivity of such polymers and there is resulting increase in temperature.
The remainder of generated heat is due to the micro-cracking of the matrix and at the interfaces of
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the fibre-matrix system i.e. frictional heating. The resulting temperature is strongly related to stress,
thus the higher the stress the higher value of a self-heating temperature it is [36].
Depending on the stress levels, the self-heating can develop in one of two different ways. The first
scenario involves the SFRPC component or specimen heating up to a particular value, associated
with a particular stress, and then stabilizing due to thermal equilibrium with the surroundings. This is
known as stationary self-heating, as represented by the dashed line in Figure 2.17. However, it is also
possible for the temperature to rise exponentially at first as-in stationary self-heating (known as stage
I) but instead of stabilizing, the temperature grows until failure and a sudden exponential increase in
temperature again. This is known as non-stationary self-heating, as represented by the solid line in
Figure 2.17. Where temperature stabilises, the fatigue is seen as mechanical in nature and only
mechanical degradation is occurring, however, in non-stationary self-heating it is a mixture of
mechanical and thermal fatigue [37].

Figure 2.17 - Example of the two possible self-heating scenarios [38].

There exist a number of studies and investigations into the fatigue life of SFRPCs and the relationship
between cyclic frequency and self-heating. Zhou et al. [39] investigated the fatigue performance of
injection moulded SFRPCs with a matrix of PA6.6 and concluded fatigue life decreased with
increasing frequency. They found that at testing frequencies above 2Hz the failure mode was a
mixture of thermal and fatigue failure and the heat generated was a function of applied frequency,
maximum stress, loss modulus and storage modulus. Bernasconi et al. [40] performed a series of
load-controlled fatigue test to investigate the effects of frequency on PA6 and found the same trend
with dramatically reduced fatigue life with increased frequency. In addition to this, tests showed after
a quick increase the temperature grew linearly and in longer tests it stabilised.
Katunin [37] investigated the residual strength of long fibre, epoxy matrix dog-bone specimens that
had been subjected fatigue testing and exhibited self-heating. The tests were all run for a set period
of time once the component reached a stabilised self-heating value and then performed tensile
strength tests. The results showed that after 65°C there is a drop in the residual strength of the
specimen indicating that a fracture mechanism has already developed.
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Figure 2.18 - Tensile test results of specimens subjected to self-heating fatigue [37].

Lang and Manson [41] investigated the crack-tip or frictional heating in SFRPCs and concluded that
the frictional heating can be a substantial component of the overall self-heating phenomenon which
highly depends on fibre content, length and orientation.
However, none of these tests dealt with the high frequency fatigue experienced by a component under
vibration and, to the knowledge of this author, there has been no published work on the self-heating
response of SFRPCs subject to vibration testing.
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3 Current Vibration Testing Methodologies
To date, all testing performed at NMBT on SFRPC components has utilised the same methodology
as for metal components. As discussed previously, these tests are primarily either sine or random
tests. The following section will cover the current test methodologies in use at Scania and the
standards followed.

3.1 Sine Testing
For sine tests, between three and ten components are tested in resonance at a constant amplitude
for approximately two million cycles or to failure. The standard Wohler curve method is used to
determine the fatigue limit. Strain gauges can then be used to compare the fatigue limit with the engine
load and to then determine whether the component will fail or not. The procedure for performing a
RSTD (Resonance Search Track and Dwell) test is relatively straight forward and as follows;
1.
2.
3.
4.
5.
6.

Mount accelerometers on component.
Create transmissibility function between response and control channels.
Perform sine sweep with constant amplitude.
Determine the resonances required for testing.
Dwell at desired resonance for 2 million cycles or to failure.
Track resonance via the phase shift.

For metal components, a crack is indicated by a shift of the resonance frequency. As the crack grows,
the structure weakens and the resonance frequency drops. The frequency can start to drift sooner
than the crack is visible, and it is also possible for some drift to occur without a crack.
A number of challenges can arise in RSTD testing such as,
-

-

Sway – If there is a large distance between the response and excitation point then the system
may start to sway with variations in frequency and amplitude.
Magnification (transmissibility) changes – During testing, changes in temperature and the
effects of phenomena such as fretting can make it difficult to maintain constant amplitude. This
can be controlled by utilising notching on the accelerometer channels, which limits the
maximum acceleration to some specified value.
High Q-factor – Resonances with sharp peaks can be hard to track.

For RSTD testing, there are essentially four parameters which can be used to control the test which
include the sweep velocity, compression rate, accelerometer location and the control strategy. The
sweep velocity can be specified in terms of linear or logarithmic rates (log values ensure the number
of cycles at high frequency is kept relative to those at low frequency) and care must be taken that the
rate is not too causing the sweep to skip over frequencies. The compression rate refers to the
maximum rate of the drive correction and is specified in decibels per second (dB/sec) [2]. Too fast a
compression rate and there is a danger the system will over-correct while too slow might mean there
is not a constant amplitude being applied. The control strategy can be to use a single-channel method
with just one accelerometer as response or to use a weighted method where a number of
accelerometers are used, and values averaged. It is important to note that getting the correct
boundary conditions is very important. The component should be subject to similar mass and inertia
levels, the same contact surface with a mounting similar to that of the engine and representative
screws/ bolts and torque should be used.
The sine test is ideal for simpler components where one resonance frequency dominates such as
brackets and pipes. The movement is sinusoidal regardless of excitation method and can be
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performed relatively quickly. Currently the majority of SFRPC components in Scania engines are
pipes and brackets, so this is the ideal test method. However, difficulties in controlling the test due to
frequency drift and self-heating have resulted in SFRPCs being tested using random testing instead.
Random test methods are usually used for more complex components, such as electronics, pumps
and where many resonances interact.

3.2 Random Testing
Random tests are run in three directions for a period of 70 hours each, if the component survives
testing then it is validated and suitable for use on the engine. The random vibration method uses an
accelerated PSD from an engine vibration measurement on a test cell or truck. The engine is run from
idle to maximum rpm at maximum power, a range of 600-2400 rpm, and the excitation vibration levels
are then measured at the component-engine interfaces. The response vibrations in the component
are also measured to facilitate comparison between the real and test scenarios.
According to MIL-STD-810F [42, pp. 514.5B-3], the PSD is accelerated using a form of Eq. 2.5 which
is based on the Palmgren-Miner law. The form used at NMBT is;
𝑇𝐿𝑖𝑓𝑒 0,25
𝐴 = 1.5 (
)
𝑇𝑇𝑒𝑠𝑡
2

3.1

The current form of this equation has been developed for the testing of metals and of primary concern
for this thesis is whether it is applicable to SFRPCs. A number of investigations have studied the
reliability and precision of Miner’s rule with SFRPCs and have come to differing conclusions. The
application of Miner’s rule means making a number of assumptions, as outlined in the theory section
of this report. Such assumptions conflict with the known properties of SFRPCs, such as:
-

Palmgren-Miner assigns the same damage regardless of time in test, for composites high or
low loads at the start can result in different fatigue life.
The factor assumes a linear response which is usually not the case for composites materials.
The fatigue properties required for the model are not well-known.

Many non-linear cumulative damage models have been proposed over the years, for both metals and
SFRPCs, with the aim of improving on the deficiencies of the Palmgren-Miner law. For metals, these
have not seen the wide acceptance seen with the Palmgren-Miner law as they lack its simplicity and
ease of use. Similarly, some methods have been proposed for SFRPCs, but these are often
substantially more complicated and require parameters which are not readily available.
One of the primary aims of this thesis is to understand how the tests of PA material can be accelerated
and maintain validity while fitting into the current framework of equipment, timeframes and costs. A
first step in this direction is to then determine the applicability of Eq. 3.1 and what adaptions, if any,
can be made to increase its suitability for PA materials.

3.3 Equipment
All vibration tests were carried out on electrodynamic shakers in the NMBT and EPVA department
labs at Scania CV AB, Sodertalje. The exact type and specifications of the shaker varied depending
on availability, but all were Brüel & Kjær manufactured, see Figure 3.1. The average maximum
frequency attainable was 2000 Hz with a maximum displacement of approximately 50.8 mm. A slip
table was used to facilitate excitation in the horizontal plane, reducing the maximum attainable
acceleration and displacement.
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Figure 3.1 - B&K type electrodynamic shaker, showing slip table and amplifier (left) and temperature chamber mounted on
slip table set-up (right).

For tests at elevated temperature, a temperature chamber mounted above a slip table was used at
the EPVA department. This allowed the control of temperature but not humidity.
For room temperature testing, temperature profiles of the test components were monitored using a
Flir branded infrared camera connected to the control computer with data-logging software. This
facilitated real time monitoring of the temperature and its evolution. For elevated temperature tests,
use of the infrared camera was not feasible and so thermocouples connected to LMS data-logging
software were used to monitor temperature rises in the component.
A control accelerometer was mounted to the slip table for closed-loop feedback and control of the
shaker parameters. The DUT response was monitored using either piezo-electric accelerometers or
single direction strain gauges. For PA material, mounting of both accelerometers and strain gauges
needs careful attention. For mounting accelerometers, either cementing stud, using a two-part glue
for the stud, or direct stud mounting were used (illustrated in Figure 3.2). Accelerometer cables were
then secured to ensure no triboelectric noise.

Figure 3.2 - Accelerometer mounting alternatives.

A fixture was required to attach each component to the base plate of the slip table and was designed
according to the needs of the component to be tested. The principal aim was to approximate the
engine mounting conditions, ensure sufficient clearance to avoid contact during excitation and prevent
the influence of fixture eigen modes on the test results. Frequency tracking was performed on the
fixtures and no resonance behaviour was found within test ranges. All fixtures and attachments were
tightened according to standard specification, as given in Table 3.1 to ensure correct torque levels
and to avoid negative impacts on test results.
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Table 3.1 - Torque Values

Object
Brackets (M8 Bolts)

Specification
10 Nm

Fixtures (M10 Bolts)

25 Nm

3.4 Components and Material
Initially, tests were performed on rectangular test coupons in order to characterise material behaviour
and due to the availability of injection molded test plates. The initial test coupons were 10 mm wide
and 70 mm long, but additional samples were cut from larger test plates to allow adjusting the length
and thereby change the resonant frequency. A fixture was then created to hold the specimens using
a simple clamping mechanism with PA66 material attached to the clamp area to limit heat conducting
into the aluminium. In addition to this, another fixture was created for an alternative test method using
a stinger (rod transmitting force in axial direction) for excitation of the coupon. The marked plates,
clamp fixture and test set-up are shown in Figure 3.3.

Figure 3.3 - Injection molded plates used to create specimens (top left), initial clamp fixture for holding specimens (top
right), coupon test set-up (bottom left) and alternative fixture and testing method for coupon (bottom right).
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Three different components were also tested throughout this thesis, an oil suction pipe (component
type 1), an oil dipstick assembly (component type 2) and an oil filler pipe (component type 3). Figure
3.4 shows component type 1, 2 and 3.

Figure 3.4 - Test Component type 1 and fixture (top left), component type 2 and fixture (top right) and test setup for fatigue
tests on component type 3 including thermal camera (bottom).

Component type 1 was an oil suction pipe made from PA 66 with 35% glass fibres by volume. It’s
location on the bottom of the engine results in its exposure to high temperature, acidic oil and
vibrations. Random vibration tests have been performed according to the standard outlined previously
and the result was no visible damage. The components were aged in oil prior to testing.
Component type 2 was an oil dip assembly / bracket made from PA 66 with 35% glass fibres by
volume. Its location on the gearbox subjects the part to elevated temperatures and vibrations. Figure
3.5 shows the mounting location of the component.
Component type 3 was an oil filler pipe also made from PA66 with 35% glass fibres by volume. Its
location on the top of the gearbox subjects the part to elevated temperatures and vibrations. Figure
3.5 shows the mounting location of the component.
Different components were used for different tests, this was necessary due to a limited number of
tests parts of each type and the time at which they became available.
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Figure 3.5 - Component type 2 and 3 shown in mounted positions with boundary conditions.

As a reference of material properties, Scania Materials Department advised that the exact grade of
injection-moulding pellet used is DuPont™ Zytel® 70G35. Table 3.2 outlines the material properties
of the nylon resin with the 𝑇𝑔 listed as 80 °𝐶.
Table 3.2 - Material Properties of Zytel® 70G35 [43]
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4 Material Behaviour and Test Methodology Investigation
The following section outlines the process and results of characterising the material characteristics
under test conditions for both sine and random testing. These tests and results are then discussed
and expanded on towards the goal of defining a satisfactory test method for SFRPCs in the Discussion
section.

4.1 Sine Testing
The first step in characterising the material properties under vibration testing, and examining the
issues which arise due to testing, was to perform a series of sinus tests at room temperature. At this
point it was decided to perform tests on a number of PA66-GF35 specimens, cut from an injection
molded plate.
A low acceleration level of 30 m/s2 was applied to a 10 mm wide, 70 mm long specimen with a
resonant frequency of 57.5 Hz, resulting in a tip excitation of 1500 m/s2. The results of a RSTD test
are shown in Figure 4.1 below.

Figure 4.1 - Example of the frequency drift phenomena (left) and the corresponding temperature profile of a specimen
during testing.

Figure 4.1 shows the frequency drift which occurs in the specimen during testing and the temperature
gradient due to self-heating which develops. For most metal components, the frequency stays
constant during the test until crack propagation. This is not the case for SFRPCs, as shown above.
The frequency begins to drift immediately downwards, and the self-heating begins to radiate outwards
from the area of highest stress and displacement – the location closest to the clamp. The frequency
is not a linear downward trend but contains erratic movements up and down as well as decreasing in
stepwise movements. The stepped nature of the graph is due to the speed and sensitivity of the
vibrator software in detecting changes in transmissibility and adjusting frequency. The jumps in
frequency are the results of losing the resonant frequency, while searching for the resonant frequency
the material is given time to cool and the frequency rises. This issue can be examined by looking at
a plot of maximum temperature versus test time, shown in Figure 4.2 .
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Figure 4.2 - Example of the temperature variance in testing of specimen samples.

Figure 4.2 shows the temperature profile during testing of another specimen under RSTD testing at a
control acceleration input of 100 m/s2 and a DUT tip response of 3000 m/s2. The same erratic
temperature movements are present, exponential increases in temperature followed by both slow and
sudden decreases. The temperature rises quickly, the tracking software loses the resonance of the
specimen, temperature drops, the software finds the resonance frequency and the temperature
begins to rise again. The control issue is difficult to pinpoint. It seems apparent that the faster the
temperature increases the more likely the software is to lose the resonance frequency due to a fast
drop in frequency from self-heating and an already low frequency.
Due to these complications in control, and the fact that composite specimens are unrealistic due to
over-simplification, it was best to move towards component level testing. A few test articles of
Component type 1 became available and RSTD testing was performed. The result of one test is
shown in Figure 4.3.
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Figure 4.3 - Comparison of the frequency drift and temperature profiles of Component 1 during RSTD testing.

Figure 4.3 shows the relationship between the frequency drift and self-heating temperature. A clear
relationship is exhibited with increasing temperature resulting in decreased resonance frequency.
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Some erratic behaviour is still seen in the frequency, but the trend is clear, a quick drop followed by
a slower decrease in resonant frequency as the temperature slowly increases.
Several references in the Theory section mention stationary and non-stationary self-heating
mechanisms, this was investigated using component type 2 and 12 test articles. The results of which
are shown in Figure 4.4 which shows the temperature profiles for a number of different acceleration
levels (mm/s2).
1000

1100

1200

1300

1400

1500

1600

1700

1800

2000

2100

2200

[mm/s2]

250

Temperature (C)

200
150
100
50
0
0

100

200

300

400

500

600

700

Test Time (s)
Figure 4.4 - Stationary and non-stationary temperature profiles of Component 2 under sine testing.

Figure 4.4 shows that the same stationary and non-stationary mechanism applies to PA66GF35
SFRPCs and component type 2. For low excitation, the temperature increases and then stabilises
quickly. At medium levels, the temperature increase is more gradual as the heat dissipates further
into the material. At higher excitation, the temperature increases and then gradually stabilises,
reducing temperature marginally as some of the heat is dissipated. At an excitation of 2200 mm/s2,
the component temperature does not stabilise, instead undergoing a runaway effect which is
indicative of a thermal failure.
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Figure 4.5 – Linear temperature growth under sine testing dwell.
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Figure 4.5 shows a slow increase following the initial, fast temperature increase which could be
indicative of damage. However, during testing the resonant frequency was seen to be unchanged
indicating otherwise.
The previous tests show it possible to perform a test but do not point to whether it is a valid method
of testing. The following tests were performed at elevated temperature to get the most accurate
approximation of the real component environment.
As seen previously, increased temperature results in increased damping. The level of damping is
coupled to self-heating and so it is even greater for elevated temperature tests. The increase in
damping makes it impossible to achieve high levels of displacement within the temperature chamber
and it was not possible to test any component to failure due to this. However, it does allow the
examination of certain material properties and their dependence on temperature. Figure 4.6 shows
the variation of resonant frequency and transmissibility for various testing temperatures.
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Figure 4.6 - Frequency response for component type 1 (top) and component type 2 (bottom) under various temperatures.

Figure 4.6 shows that the relationship between temperature and the frequency response function is
similar for both components. Higher temperatures cause resonance to decrease as expected and it
also has a varying effect on transmissibility and damping/Q-factor. As test temperature increased, the
transmissibility increased up to 0°C for component one and up to 20°C for component two. After this
it begins to decrease until reaching 60°C where it begins to rise again slightly. In addition to shifting
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resonance and transmissibility, the sharpness of the peaks is also changing. This can be further
examined by looking at a plot of the damping in Figure 4.7.
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Figure 4.7 - Effect of temperature of Q-Factor and damping for component 1 and 2.

Figure 4.7 shows that the pattern of damping for the components is similar with component 1 shifted
to the left of component 2. This relationship is related to the changes occurring in the material structure
and the associated loss and storage modulus properties. To investigate the response of the material,
a DMA was carried out on the same material as the specimens tested above, DuPont
Zytel70G35HSLX. In cooperation with the materials department, DMA was carried out on 14 samples
cut along and transverse to the injection molding fill direction. Each sample is approximately 57mm
long, 10mm wide and 3.1mm thick. The specimens were tested on the Netzsch DMA 242 E Artemis
machine, using bending mode with a span of 50 mm. The frequencies 1, 10, 50 and 100Hz, and a
bending amplitude of 40 µm are used. The results for one specimen are shown in Figure 4.8

Figure 4.8 - DMA of PA66 specimen.

For both fill directions, E’ is within expected values provided via data sheets. Visually, the curves are
as expected based on Figure 2.11. There is a slight variation between samples, but this is as expected
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considering slight variation in length and width from machining and due to natural variations in fibre
orientation and density. The 𝑇𝑔 values are all within a range with the average value being 61°C.
As shown in Figure 4.9 the shift of resonance frequency follows the same pattern for both
components, but the magnitude of the drop is larger for component 1. This variation could be due to
other influencing factors such as material content, shape, boundary conditions etc.
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Figure 4.9 - Effect of temperature on resonant frequency of component 1 and 2.

The implications of the results of sinus testing SFRPCs are detailed in the Discussion section.

4.2 Random Testing
As previously stated, currently all testing on plastics at NMBT uses random testing combined with
acceleration factors. Unlike sine testing, the random testing method has worked successfully on
SFRPC parts, meaning it was possible to run and control the tests. However, it is not known how valid
this method is and whether it is accurately testing the component or over-testing it. The presence of
self-heating during random testing has also not been investigated. Due to limited components, timeframe and machine availability, only one series of random vibration fatigue tests were run at room
temperature. The primary aim of which was to determine the slope of the S-N curve which is used for
calculation of the acceleration factor, and to also evaluate self-heating while document issues arising
in testing of SFRPCs in general.
A total of 14 specimens were tested of component type 3 using the PSD shown in Figure 4.10 with
an acceleration rms of 120 m/s2. The test spectrum is a standard, template type spectrum used at
Scania and the frequency limits have been adjusted to focus on the first resonance frequency of the
component. The level was then adjusted to a percentage of total control acceleration rms and tests
run until failure. Tests were run with a test spectrum at 70, 75, 80, 90 and 100% control acceleration
rms. Between two and three test specimens were used at each level, limited by the number of
available components. Response measurements were obtained using an accelerometer. It should
also be noted that to ensure a large displacement, the boundary conditions of the component had to
be altered in comparison to the actual mounted conditions, as can be seen in Figure 3.4 compared to
Figure 3.5.
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Figure 4.10 - Test spectrum PSD with measured spectrum and component response.

The results of the random vibration fatigue testing are presented numerically in Table 4.1. Several
issues arose during the testing which can be seen in the results listed below. The tests are grouped
according to test level in percentage.
Table 4.1 - Results of random vibration fatigue tests.

Test Series (Level %)

1 (100%)

Test Specimen Number

1

Resonant Frequency, fn (Hz)
Transmissibility

2 (90%)

3 (80%)

4 (75%)

5 (70%)

2

3

4

5

6

7

8

9

10

11

12

13

78

78

73

79

78

80

81

74

75

78

90

100

130

9

10

11

10

13

11

9

11

11

11

9

9

10

PSD Acc. Rms

(m/s2)2/Hz

120

120

109

109

109

96

96

91

91

91

82

82

82

Resp. Acc. Rms

(m/s2)2/Hz

216

276

232

271

242

205

-

184

185

175

181

180

233

Velocity RMS (m/sec)

4.6

5.4

5

5.3

4.9

3.9

-

4

4

3.7

3

3.4

2.7

Displacement (3σ)(mm)

39

39

40

39

39

20

-

32

31

29

22

27

20

Time to failure, Tf (hrs)

4.5

1.9

4.3

9.3

8.2

32

35.8

17

18

19.4

120+

10.4

120+

Table 4.1 shows that there is not an immediately apparent, direct correlation between test level and
time to failure. This also shows the inherent difficulties in testing SFRPCs with several factors
influencing the failure time. Firstly, a large spread in the first resonant frequency was present with
most test series components ranging from 73 to 81 Hz. These differences could be down to variations
in the component’s structures with fibre orientation, density and discontinuities contributing to shift. In
addition to this, resonant frequency can change with changing excitation levels although the variations
here are also seen with test components being tested at the same levels. Test series 5 resulted in
two run-outs after 120 hours however, all three of these had especially high resonant frequencies due
to an issue with the boundary conditions and variations in the injection molding process.
A single bolt secured the components to the fixture which passed through a metal collar embedded
in the component. For most parts, this collar was not rigidly fixed, and the part had the ability to rotate
about it. For others, the collar was immobile, either an interference fit prohibited rotation, or the collar
has bonded with the plastic material. The higher frequency resulted in significantly lower displacement
and no failure occurred. Specimen number 12 from the same series did fail, even with low
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displacement and there may have already been a crack present in the material as it failed with minimal
frequency drift. The frequency drift of several tests is shown in Figure 4.11.
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Figure 4.11 - Frequency drift during fatigue testing of component type 3.

Figure 4.11 shows that regardless of the load level, there is a progressive decrease in frequency
throughout the tests and this was the reason that failure was considered to be a drop of 10 Hz or
more. The 10 Hz limit was decided on based on examination of a part which was tested until the
resonant frequency had dropped by 10Hz and the change in stiffness of the structure was considered
large based on physical examination. Most tests showed an initial period of drift within the first 1/2
hours, followed by a period of constant frequency and then a sudden decrease to failure.
As with all fatigue testing, numerous tests are required for a statistically valid result and this is even
more important for composite materials considering their material make-up. Test component supply
was limited to 14 components for these tests. The results are also presented in Figure 4.12, a plot of
response acceleration against time to failure.
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Figure 4.12 - Acceleration-Time plot of fatigue failure.

In Figure 4.12, response acceleration was used rather than the control acceleration due to the
variation in response between each component. A value of 𝑚 for the acceleration factor can now be
determined directly from the figure. An exponential curve fit of the data leads to an 𝑚 value of 8.5
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1
𝑏

(where 𝑚 = − ). The curve fit is exponential and therefore there is no need to scale the acceleration
and time to stress and cycles. Although scatter is not excessive, variation between test levels is and
further emphasises the issues faced when testing composites. The primary aim while testing was to
ensure as close a match as possible between component responses, but exact matches proved
difficult due to variations in frequency, Q-factor and transmissibility. The changes can be seen in
Figure 4.13 (note the y-axis being logarithmic).
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Figure 4.13 - PSD response of three components under the same control level.

As with the sinus tests, the temperature of the fatigue tests was monitored. The thermal imagining
camera was triggered once the temperature rose above a certain stabilised value, therefore test times
between the temperature graphs and time to failure may not corelate. The failure time was also
selected based on frequency drift rather than complete crack propagation. For test series two, the
temperature profiles are shown in Figure 4.14.
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Figure 4.14 – Temperature profiles for test series two.

Figure 4.14 shows an unusual temperature profile for specimen 3 which may indicate a crack resulting
in premature failure compared to the other two tests specimens. This specimen also had the lowest
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frequency of all tested components, meaning it is likely that a crack or defect was present in this test
specimen. In contrast, test series four exhibited some scatter but showed a stable temperature until
the onset of crack propagation shown in Figure 4.15.
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Figure 4.15 - Temperature profiles for test series four.

Figure 4.15 shows that, as exhibited in the sinus testing, the temperature stabilises for the majority of
the test before rising exponentially as the crack begins to open and propogate. This coincides with
the decrease in frequency. There may also be some linear growth that has not been captured, the
camera was trigered by a rise in temperature and does not capture approximately four hours of testing
prior to reaching 27 °C. Figure 4.14 shows some linear growth also, indicative of increasing damage
in line with the small frequency drift slope prior to cracking. The temperature gradient during testing
is shown in Figure 4.16.

Figure 4.16 - Temperature gradient in component type 3 parts during fatigue testing.

Figure 4.16 shows the point of the crack tip on a few component type 3 parts, indicated by the high
temperature around the high stress of the crack tip. The two components on the left show the point
of initiation, which was the same for all tested parts. The crack started within a recessed portion of
the components flange. The part on the right is close to failure, with the crack tip extending towards
the outside of the flange.
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Following fracture, the failure surface of the fractured parts were examined under SEM and a selection
of images are presented in Figure 4.17.

Figure 4.17 - SEM image of the fracture surface of test article 1 (left) and 9 (right) with the crack iniation surface (top) and
outer edge (bottom).

Figure 4.17 shows fracture surfaces from tests at two different load levels, high on the left (100%) and
low on the right (75%). The low conductivity of the part leads to charged particles developing on the
specimen and this leads to low quality images and the need to use a low vacuum which also leads to
low quality. However, a few aspects can be observed. The top images show the surfaces in the area
where the crack was observed to initiate, and it would be expected that some ductile behaviour would
be seen here. For high load, the top image shows a large amount of fibre pull-out with matrix plasticity,
indicative of a more ductile failure compared to the lower image showing flat cleavages. The lower
image appears flatter with less matrix drawing and a prominent level of fibre pull-out. As would be
expected, the higher load test appears to be significantly more brittle than the low level shown on the
right. For the low load level, the top surface shows a more uneven surface due to greater levels of
matrix drawing with less fibre pull-outs. The bottom image shows a larger number of fibre pull outs.
In total four specimens were examined from different test levels, however only one specimen showed
clear signs of ductility, the low load specimen, shown in Figure 4.18.
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Figure 4.18 - Test article 12 fracture surface at 500x and 1000x magnification.

Figure 4.18 shows fibre-matrix adhesion with material clearly seen along the fibres. This is a clearer
indication of ductile behaviour and it is interesting that it only occurred on the lowest level test. The
other tests showed pulled fibres which had low levels of adhesion to the matrix due to either poor
surface treatment or from very high loads.
The implications of these tests and images are discussed further in the next section.
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5 Discussion
The principal aim of this thesis was to investigate whether the current testing methods at NMBT
Scania are ensuring a valid fatigue testing of on-engine components. If this is not the case the aim is
to make suggestions on changes which should be implemented and any further work which could be
performed. Currently all SFRPC components are tested using random testing methods, however as
most of these components are pipes and simple parts it would be preferable to the department to
carry out sinus tests. This is what is usually done for parts dominated by a single resonance, made
of the same material, and affixed to the engine where sine vibration is most appropriate. This thesis
investigated the issues which are preventing sinus testing, if it was possible to circumvent these
issues and to investigate the validity of the current random test being used, which is designed for
metals.
The initial tests performed on rectangular coupons presented a number of issues, both in terms of
testing SFRPCs and issues specific to coupon testing using the available equipment. The size of the
coupons meant an extremely low resonance frequency when accounting for the frequency drift that
was exhibited, values of 35 Hz for low excitation input. This was combined with sharp resonances
where a high Q-Factor caused difficulty in tracking the changing resonance, see Figure 4.1 and Figure
4.2. The software was not able to maintain excitation at the correct frequency leading to sudden
increases in tip displacement when passing over the resonance but not finding it. This in turn led to
wide temperature fluctuations from changing displacements and to wasted test time. At first it was not
known whether this was solely an issue due to the frequency drift, elevated temperature and
fluctuating damping due to the self-heating. Adjustments to the settings to compensate for this proved
partially successful, with a fast compression rate utilised. A fast compression rate can lead to
instability in the control system and if the rate is too slow then the result can be an inability to maintain
a constant amplitude. On recommendation from the vibration shaker manual, a fast-adaptive method
was used to control for the sharp resonances being found. This showed improvements at low
excitation, but at higher excitation there was still minor difficulty in tracking resonance. Based on the
recommendation of the test engineers at NMBT, it was then decided to change the response control
method from accelerometer to strain gauge, allowing the ability to directly control strain and therefore
displacement in the hope of maintaining consistent levels. This was ultimately unsuccessful as,
following the test of three specimens mounted with strain gauges, it was not possible to locate the
strain gauge sufficiently far away from the area of maximum displacement. This resulted in strain
levels beyond the ability of the strain gauges.
A series of tests were run at various input acceleration levels, with the aim of monitoring the selfheating temperature rise and performing tensile tests to determine residual strength. However, the
erratic behaviour above led to numerous issues, including sudden increases in DUT response which
lead to exceeding the accelerometer limits and causing tests to stop. Repeatability during testing was
low, with the same test on the same component resulting in different temperature profiles. This could
indicate possible continuous damage mechanisms which have created micro-cracks and changed
material behaviour. Neither accelerometers or strain gauges allowed sufficient control due to the small
specimen’s sensitivity to temperature and the inability to track the changes quickly.
Moving forward with testing, a new method was proposed using a newly designed fixture. The aim of
this was to fix the component in a clamping fixture next to the vibrator and, using a stinger attached
to the vibrator to then excite the specimen at a low frequency and a high-level of displacement. This
was successful in producing a prominent self-heating effect but posed another control issue. The
control input and response output where both difficult to monitor as the period of the sine wave was
below that which the machine could measure, resulting in the software displaying segments of lines
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and not full sine waves in the oscilloscope display. After consultation with the B&K customer service,
this was discovered to have no solution.
The coupons were also of poor surface quality, where they were cut from the larger plate. This was
due to the small width being cut and difficulties in finding a machine which could hold them while
cutting. This would have also adversely affected any fatigue tests due to the introduction of cracks
and voids. Although a large series of tests were performed on the test coupons, a feasible testing
method could not be performed. It is thought that with a smaller machine, such as a desktop model,
the stinger methods could have been more successful if combined with better coupons.
Following this period, a number of additional oil suction pipes were ordered and obtained to facilitate
testing. The most important results of these presented in Figure 4.3 demonstrate a clear relationship
between frequency drift and self-heating temperature. In addition, it also shows a linear increase of
temperature over time indicating possible linear damage accumulation. The test times for this
component exceeded 70 hours but the gradual increase in temperature over this time did not appear
to have a permanent effect on resonance. This contradicts the prediction of linear damage
accumulation. This may not rule out damage, it may be confined to a small area and thus negligible
to the overall resonance frequency or at room temperature it may be sufficiently stiff to not affect
resonance. Extensive testing failed to damage the component. Using the maximum acceleration
possible, the component was subjected to extreme vibration levels for 140+ hours with no visible or
measurable damage.
Only a couple of component type one (the oil suction pipe) were available, but several tests were
carried out on these to characterise the problems experienced by the department in sinus testing
SFRPC components. There was, as shown above, significant self-heating and frequency drift. This
was also coupled with a difficulty to maintain a constant amplitude. The damping of the part increases
with temperature and this causes the response of the component to decrease for a set control
amplitude. To maintain a constant response amplitude, a notching limit was applied. This set a
maximum value of response amplitude and permitted setting a control input much higher than
necessary. As damping increases, the notch limit maintained the response amplitude by allowing the
control amplitude to increase. This can be done for acceleration, velocity, or displacement.
It was decided that further investigation of the temperature profiles and linear damage mechanisms
should be investigated. The literature references the existence of stationary and non-stationary
temperature gradients which can be indicative of the damage mechanisms occurring. A series of tests
were run on component type two to establish whether this phenomenon could be observed in SFRPC
PA components. Figure 4.4 shows a series of these results over a short period of time and illustrates
stabilisation, non-stationary with some linear growth and runaway temperature growth. These tests
confirm that at low levels, the self-heating reaches an equilibrium and the damage mechanism is
mechanical in nature. The linear growth over time could then be attributed to increasing damage and
an increase in frictional heating as fibres begin to de-bond from the matrix rather than thermal failure
mechanisms. As micro cracks form, fibres de-bond and begin the create friction between themselves
and the matrix. Attention would therefore be required to ensure a relatively low level of linear growth
to ensure thermal failure does not contribute significantly to the damage and to avoid a runaway
thermal failure occurring.
The control is much more stable for components type 1 and 2, presumably due to the higher
frequency, less sharp resonance and greater ability to absorb and distribute the temperature. This
stability, combined with the monitoring of temperature as damage indication, would open up the
possibility of performing sinus tests. However, in the engine environment the components are
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subjected to much higher temperatures and different humidity levels which requires further
investigation. Figure 4.6, showing the transmissibility of components type 1 and 2 at different
temperatures, demonstrates the change of response due to temperature. At low temperatures ranging
from -40°C to 20°C, both components exhibit sharp resonance behaviours, high transmissibility and
lower levels of frequency drift. Once temperatures begin to increase, we see a progression towards
lower Q-factor, lower transmissibility and larger frequency drift. The changes in damping can be
plotted to demonstrate these effects and is done so in Figure 4.7. This shows maximum damping
occurs in the region of 40°C to 80°C and the reason for this can be attributed to being within the glass
transition regime, determined to be approximately 60°C from DMA measurements shown in Figure
4.8. The DMA also shows that for increasing frequency, the glass transition temperature shifts to the
right and increases in magnitude. Self-heating temperatures were monitored during elevated
temperature testing, but no significant self-heating was seen due to increased damping and lower
levels of deflection. It was also not possible to fracture specimens above 40°C.
The primary aim of testing is to test the component within an environment as close as possible to the
real-life environment. The components mounted on the engine experience temperatures from -40°C
to 120°C but consulting with the materials department, the majority of the time is spent at 80°C. From
a number of sources listed in the literature review, the fatigue life of SFRPC components is extended
at high temperatures when stress is not controlled. Sine testing at NMBT is carried out by determining
the fatigue limit, but there is difficulty in testing the components to failure at elevated temperature due
to the damping increase. In addition to this, with increased damping at higher temperatures, the worstcase scenario would be to test at room temperature or lower. However, the difference between -40°C
and 20°C is minimal in comparison to the difference at high temperatures. It would therefore be
reasonable to perform tests at a room temperature.
The question then returns to the feasibility of performing valid room temperature sine tests.
Determining a fatigue limit requires testing at different levels. As discussed previously, once the
temperature has stabilised it is possible to maintain a constant amplitude with good levels of control,
but the issue then arises of different levels causing different self-heating temperature gradients. This
causes changes in the damping and resonance characteristics which may have falsifying effects in
the fatigue results and slope of the S-N curve as they may not be encountered during service. The
values of damping will be higher in the real-life condition due to engine temperature but the correlation
between this and the changes due to self-heating in a test would be difficult. At higher levels, the
increased damping from self-heating will also prohibit failure. During testing, component temperature
reached in excess of 140°C for both components when high levels of acceleration were imposed. This
is a temperature limit beyond what would be seen in the engine compartment and thus may result in
fatigue slopes which are non-conservative due to thermal degradation. This complicated interaction
between temperature is one of the fundamental problems with fatigue testing of SFRPCs and to-date
the only solution has been for low frequency (~2 Hz) and involved cooling the specimen with a forced
air-stream. This should be investigated further, it may be possible to get significant cooling with a
more intense air current or heat exchanger.
Combining the knowledge above, with the information gathered in the literature review, it is feasible
that sine testing could be carried out at NMBT. If the temperature is controlled by monitoring via
thermal imaging, kept to a value below the 𝑇𝑔 and the control settings are refined for the changing Qfactor, then it may be possible. This has been achieved but with the tested components there was
insufficient displacement to cause failure.
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Random testing is currently the defacto method of testing at NMBT. The option is again between room
temperature and elevated temperature testing. However, if elevated testing was performed, the
increased damping would increase fatigue life and the higher stresses occurring in real life during
lower temperatures (such as engine start up) would be ignored. This could lead to under testing of
the component. Testing at room temperature would be more conservative based on the changes seen
in the results section at high temperatures. From this, an investigation into the current random test
method is needed to determine validity with SFRPCs.
The acceleration factor used by NMBT is widely used in many industries but its validity, not just for
SFRPCs but for any material, is questionable. It makes many assumptions, listed in the literature
section, that create an even bigger issue when testing a relatively new material such as PA66.
However, its ease of use and practical applications have led to widespread use combined with
engineering judgement helps to ensure products are correctly tested. However, as more and more
SFRPCs enter into the test lab for analysis, the durability testing procedure must be adapted by
characterising the material behaviours, determining the fatigue properties correctly and incorporating
new failure modes. Currently, following extensive literature research, no practical alternative has seen
wide acceptance for accelerating SFRPC tests. A number of academic papers have put forward
possible alternatives, but usually numerous test parameters are required which are not easily
accessible nor attainable outside of academia. As such, awaiting further developments within the field,
the focus should be to adapt the current method as well as possible by minimising the uncertainties.
To facilitate this, the formula used for accelerating the random vibration durability tests is presented
again below [42, pp. 514.5B-3];
𝑇𝐿𝑖𝑓𝑒 0,25
𝐴 = 1.5 (
)
𝑇𝑇𝑒𝑠𝑡
2

5.1

Looking first at the exponent of 0.25. This value is based on the recommendations of the MIL-STD2
𝑏

810F handbook, recommending a b value of 8 for random vibrations (where the exponent is ). This
value has been determined experimentally based on metallic materials and the Mil-STD advises
caution if applying it to other materials. The newest version, 810G (2008), recommends it not be used
with composites due to the failure of Miner’s rule to account for the properties of composites. The
reference supplied by the recommendation however is dealing with laminate composites and not short
fibre where fatigue is matrix dominated [44]. For SFRPCs, some sources have claimed a relatively
successful level of accuracy when using Miner’s rule for damage predictions [10] while others found
it non-conservative, but these are for standard fatigue testing rather than vibration testing. At the very
least, it is warranted to determine an accurate b value for the material to ensure the correct exponent.
As previously explained, the influencing factors of the fatigue slope are numerous and thus finding a
single b value for one material type is unlikely.
If random tests are to be performed, it is recommended that each components b value be determined
to allow tailoring of the acceleration factor. The test components are not always available for such
long series tests, but eventually an upper value of b may be established, and engineering judgement
can then be used to adapt the acceleration factor without necessarily needing large series fatigue
tests.
As shown in Figure 4.12, a series of random fatigue tests were carried out on components at NMBT
with the aim of determining a fatigue slope b value and evaluate temperature gradients in tested
material. The tests also serve to demonstrate the issues involved with testing so that future tests will
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be more accurate and less time consuming. The following points are of note for random vibration tests
of SFRPCs:
-

-

-

-

-

A tolerance of acceptable resonant starting frequencies should be established to ensure no
part is already damaged e.g. +/- 5 Hz.
Response will still vary, particularly towards any secondary or high resonant frequency. As
such, the results should plot response acceleration rms against time not control rms.
Velocity is the best method of comparison for a good test set-up in the range of 100 Hz to
1000Hz and when testing multiple components, it is essential to ensure as close a match as
possible.
Boundary conditions are especially important for composites with inset sleeves or metal
collars. Care should be made to ensure each part is identical and boundary conditions
repeatable. Any inconsistencies in the boundary conditions could have a large result on the
fatigue slope.
Thermal measurements can be monitored to ensure components are free of any pre-existing
cracks or voids. Sudden spikes in temperature, different temperature gradients and hotspot
locations can indicate problems as in Figure 4.14/Figure 4.15.
The drift experienced during testing from continuous damage mechanisms and temperature
growth leads to changing material response. The software should be set to save the input and
response values at set intervals in addition to the standard of saving the frequency change.
Results should take account of this drift and adjust the acceleration and velocity rms values to
those during any period of stabilisation.

For the tests performed a b value of 8.5 was obtained, but the accuracy of this is most likely low due
to the issues encountered during testing with boundary conditions and frequency variations. This
value is possibly conservative, taking only those tests which are deemed more accurate (based on
judgement) results in an 𝑚 of 6.5 which would result in a longer life for a given stress. This indicates
the 8 currently being used may not be accurate, further emphasizing the need for a component-bycomponent set of b values rather than one value for all parts. Where the data is assumed to be of
poor quality, then a higher value should be chosen.
𝑇

The exaggeration term in Eq. 5.1, (𝑇𝐿𝑖𝑓𝑒 ), should be kept to a minimum to avoid introducing non-linear
𝑇𝑒𝑠𝑡

effects and changing the failure mechanism. In particular for SFRPCs, a higher acceleration results
in increased self-heating and too high a value can result in thermal failure. To minimise this, one
option is to remove periods of very low load during the products lifetime. Figures of both 45,000 and
10,000 hours are mentioned in Scania’s and NMBT’s standards. Possibly the 10,000 hours which
NMBT use for the acceleration factor has already been reduced by removing less severe time periods.
NMBT standards also explain that the 70 hours is mostly based on engineering judgement rather than
theory, so it may be that a longer time could be utilised for composites to ensure valid testing.
The dispersion factor in Eq. 5.1 is 1.5 but the theoretical backing for this is not provided in the
standards. It is most likely a standard safety factor to account for natural variations in material strength
and would perhaps be too low for composite materials where a value of 3 is often recommended due
to less confidence in the material properties. Increasing this value however would dramatically
increase the acceleration factor.
To help increase the confidence in the test method, it is recommended to examine parts which have
failed in the field and determine the mechanisms which led to the failure as well as the time frame and
acceleration levels. This will then act as a comparison for the failure observed during testing. SEM
can be used to investigate the failure mechanisms and the levels of brittle and ductile areas. The SEM
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work carried out as part of this thesis found that only the lowest level of examined test articles showed
ductile failure mechanisms including matrix drawing and evidence of fibre-matrix bond residue on
fibres. It is difficult to draw clear conclusions on the amount of ductile and brittle areas on the fracture
surface due to the low quality of the image, but it may indicate that accelerating above this level may
be changing the type of failure. To date, NMBT do not have access to any parts which have suffered
field quality issues.
Unfortunately, it seems that the validity of using this method, even when adjusted with a new fatigue
slope b, is questionable at best. There are no current alternatives which suggest a more appropriate
method and neither has there been much concentrated effort within industry to find any. Keeping this
in mind the following suggestions towards adjusting the random test method are;
-

-

Determine a specific b value for each component where sufficient components are available
for testing.
If possible, reduce the exaggeration factor by increasing test time. The larger the exaggeration
factor, the larger the uncertainty with the test validity.
To account for aging and water content, ensure components are aged and conditioned prior
to testing as this may have a significant effect on fatigue life.
To account for scatter a larger number of specimens should be tested, test result confidence
increases with sample size. It has been shown that 5/6 specimens can return a high level of
confidence [45] and, with SFRPC components, the cost should be relatively low. However, it
is up to the test engineer and department to balance the cost against accuracy.
Variations between batches can result in different fatigue life due to material inhomogeneity,
production processes etc. and so tests involving different batches should be noted in analysis.
Usage of a thermal camera can evaluate the temperature profile and can help with determining
the location of failure and any irregularities which may trigger early failure.

After substantial trial and error in testing with both methods it is clear that there is a large amount of
research and work required in developing test methods for SFRPCs. Both sine and random testing
have problems with establishing a valid test method and as such it is hard to suggest a definitive
solution. However, with further investigation and more testing it is possible that a sine test could be
feasible. The primary reason sine testing would be preferred is that it is more theoretically relevant for
these simple parts and a more efficient test. A random test involves long periods at low levels, which
may not contribute to failure and thus contributing to the lack of self-heating. The issues of control
can be limited using the correct compression rate, a notching factor to maintain amplitude, and slow
increases in stress to ensure adequate tracking and a slower temperature rise. The primary issue is
then whether or not self-heating can be controlled. It may be possible to limit self-heating, the amount
of temperature reduction needs to be further investigated. Previous tests showed a reduction a few
degrees for random testing, but it was not developed further. If it is not reduced, then the temperature
should be controlled by limiting stress to avoid thermal failure and to maintain a worst-case scenario
by avoiding an increase in damping. Preliminarily, a limit of 𝑇𝑔 could be used but an exact value should
be investigated.
For random testing, if the method is to be continued, the suggestions presented earlier should be
followed but they present a number of issues. The primary of which is a limited supply of components,
preventing large series fatigue tests. This is further compounded by the need for a larger dispersion
factor, which to avoid a high acceleration value would need to be offset by more components. This
testing would also increase cost due to longer testing times and as previously stated, it is theoretically
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inappropriate for engine components. The aim for NMBT should then be further testing and
investigation into running sine tests which show significant promise if backed by further research.
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6 Conclusion and Recommendations
As the use of SFRPCs is increasing in the automotive industry, with more and more products arriving
at NMBT for testing, it is hoped that this thesis will serve to further the knowledge of the department
when testing components. Although a clear test method has not been established, the information
gathered from testing should be valuable going forward and assist towards developing the expertise
required for making ‘engineering judgement’ calls in short fibre polymer testing.
As previously mentioned above, there are a multitude of factors causing an increase in the variability
and uncertainty of the fatigue properties of SFRPCs which result in the state where neither a complete
mapping of the issues nor a fundamental understanding has been achieved as of yet. Characterising
all of these factors on the fatigue of a component would be an excessively long and expensive
process. This has resulted in a situation where engineering judgement and guesswork are the primary
tools in designing and testing SFRPCs to-date. Large amounts of time were spent in the testing lab
of NMBT attempting to test materials subject to various confounding factors resulting in much wasted
time but with much knowledge gained. As such, it is not possible to recommend an entirely new test
method which would test SFRPCs in some perfect, ideal way. However, through the suggestions
listed in the Discussion section, the sine testing method shows that it can be adapted towards a
version of best practice until further developments in the field of SFRPC testing have been developed.
These include paying attention to the many factors affecting SFRPCs and to ensuring correct, careful
monitoring of the temperature and failure. Throughout the work of this thesis, a number of
investigations have highlighted the difficulties that can be encountered when testing SFRPCs and can
serve as guidance to future work and a possible spring board for full test methodology development
down the road. The following list proposes a possible way to begin the use of sine testing:
-

Monitor temperature via thermal imaging, ensuring minimum linear growth to avoid thermal
failure.
Set a preliminary temperature limit for each component based on 𝑇𝑔 , pending further research.
Use notching limits and refine the compression rate settings to allow sufficient control.
Carry out failure analysis to monitor failure mechanisms.
Note any deviations in frequency between components, as well as batch numbers.
Ensure appropriate boundary conditions which will have a significant effect on resonant
behaviour and self-heating.

A number of areas which could not or were not investigated may serve as possible routes for further
investigation:
-

-

Investigate methods to reduce the self-heating temperature by forced cooling, some
preliminary work has been done on this, but it needs further evaluation.
A more detailed failure analysis could be carried out using SEM with higher quality imagery
from sufficient specimen coating. This will help evaluate failure mechanism and changes
occurring at different temperatures and different stress levels.
Analysis of specimens which exhibited self-heating phenomena and linear damage
accumulation, but did not fail, by DMA to examine possible microstructural changes.
An investigation into swept sine testing as a possible test method, where control of the
amplitude and frequency could help maintain a lower temperature.
A series of qualification tests should be performed which look at various levels of acceleration
factors and examine the failures with the aim of quantifying an upper limit. Such qualification
tests can also investigate the safety factors and help generate test data for deciding on an
appropriate test time reduction.
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