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ABSTRACT

One of the most efficient implementations of lightweight design is the use of carbon fibre reinforced plastics due
to their outstanding specific mechanical properties. With respect to multi-material-design, carbon fibre re-
inforced plastic parts have to be joined to other components such as load frames or functional elements. The use
of embedded metal elements, so called inserts, is favoured to avoid drilling of composites. The fibre continuity is
ensured and no local bearing stresses occur. In the work at hand the influence of impact damage on the quasi-
static and cyclic strength was evaluated by pre-damaging the components by various impact energies. The
components show only a minor reduction of the mechanical properties for impact energies up to 12 J. For impact
energies between 12 J and 16 J, a loss in the mechanical properties is evident but final failure only occurred for
impact energies above 16 J.

Another aim of this study was to derive service-life-prognosis using multiple step tests and to validate these
with experimentally determined S-N curves. Due to different damage mechanisms occurring under quasi-static
and cyclic loads, a service-life-prognosis based on the multiple step tests was not feasible, however, a service-life-

prognosis based on the experimental data is given.

1. Introduction

Lightweight structures are mainly used in the transport industry,
where their outstanding specific mechanical properties help to save
resources. Especially continuous fibre-reinforced, thin-walled CFRP
structures have a high potential. With regard to multi-material design,
the problem of the detachable connection of metallic and thin-walled
fibre composites in supporting structures can be solved cost-effectively
by using so-called inserts. These inserts used within the work at hand
consist of a base plate with a welded-on threaded bush. With the help of
inserts, it is possible to maintain fibre continuity because the drilling of
the components to be connected — and thus the cutting of the sup-
porting fibres — as is necessary with screws or rivets — can be avoided
[1]. The decrease in the load-bearing capacity of the component com-
pared to a non-drilled component is due to the stress concentration
occurring at the bore [2-4].

In previous investigations, only the maximum torques and forces
under quasi-static conditions have been investigated. Ferret et al. [5]
dealt, for example, with two variants of a bigHead® insert under
bending, tensile and compressive loads. This showed that a smaller base
plate leads to an increase in tensile strength. The reason for this is the
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premature failure of the insert base plate.

Hopmann et al. [6] carried out pull-out tests on inserts as well as on
adhesive bonded fasteners. The result of this comparison was that when
using inserts, the maximum forces are about 37% higher than when
using the bonded reference. The influence of manufacturing and geo-
metry parameters on mechanical properties was investigated by
Schwarz et al. [7]. Also the surface treatment of the inserts, investigated
by Fleischer et al. [8], plays a decisive role. The performance of the
component could be increased by up to 42% by additively applied pins
on the underside of the base plate. The identification of the most critical
load case for components of the type examined in this paper was de-
termined in a separate preliminary paper [9] when considering torsion,
compression, bending, tensile and shear loads. As could be shown,
tensile loads are the most critical for this type of component, since it has
the largest performance difference to the reference component, a bolt
welded to a sheet metal. Subsequent pull-out tests showed that an in-
crease in the base plate and/or laminate thickness results in an increase
in the load bearing capacity. Another work published by the authors
[10] showed by means of in-situ CT investigations that the decrease of
the quasi-static forces in the pull-out test can be correlated with the
detachment of the insert base plate from the lower laminate layers.
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As can be seen in the literature shown up to now, so far only in-
vestigations on the load bearing capacity of insert connections under
quasi-static loads have been carried out. Therefore, in the following the
relevant basics on the behaviour of fibre composites, especially CFRP,
under cyclic, dynamic and thermal loads will be presented. By Solimen
et al. [11] and Ferguson et al. [12], CFRP was investigated for the
failure mechanisms under load in thickness direction. According to
[11,12], the causes of component failure can be traced back to de-
bonding, delamination and fibre/matrix cracks. In investigations by
Jain et al. [13] on the fatigue strength of CFRP laminates under cyclic
loading, the influence of the matrix and fibres used was considered. In
addition, various influences such as previous damage, manufacturing
process and type of loading have also been under investigation. Ac-
cording to Jain et al., damage first occurs on the micro level, which
causes that stresses are redirected to undamaged areas. As a result,
stiffness and strength are not influenced at first. If the load is further
increased or the duration of the test continues, it is no longer possible to
redirect the loads and the component fails. Helmy and Hoa [14] name
matrix pockets as the starting point for delamination under cyclic
loading. Matrix pockets occur, for example, when additional fibre
layers or metal inserts — as in the work at hand - are inserted into
simple laminates. Fong [15] describes the possibility of estimating the
service life using S-N curves. What has not yet been investigated is the
influence of a metallic insert embedded in the CFRP as in this paper on
the cyclic properties of such hybrid components. Also, there is a lack of
knowledge on the effects of impact loads introduced in advance, al-
though these represent an important loading scenario in the later use of
such a component in combination with cyclic loads. In order to de-
termine these properties, multiple-step tests are first carried out to
determine a cyclic force-displacement curve, which in turn makes it
possible to make a service life prognosis [16].

A further point to be dealt with in this paper is the influence of
thermal and dynamic loads as well as the mechanical pre-damage of the
described components. In addition to quasi-static residual strength
measurements on components pre-damaged with different energies,
multiple step tests are also carried out on such components to de-
termine the influence of mechanical damage on the cyclic properties.
Such a residual strength measurement was previously performed on
CFRP laminates [17,18] and sandwich panels [19,20]. Measurements
by Caprino [21] showed that CFRP laminates with a pre-damage of up
to 4.3 J only have a residual strength of up to 40% compared to un-
damaged components. By Sanchez-Saez et al. [22] various CFRP layups
were tested for their residual compressive strength after damage with a
maximum of 13 J. The result was that the residual compressive strength
dropped to a minimum but remained constant with a further increase of
the impact energy. A 0°/90° laminate showed the worst damage toler-
ance. How it is also used in this work.

Since dynamic loads in the form of crash loads can also occur in the
later use of such a component, such tests are also necessary in order to
be able to estimate the behaviour of such a component type. The be-
haviour of unidirectional CFRP laminates at high strain rates was in-
vestigated by Taniguchi et al. [23]. Neither the tensile modulus nor the
strength showed a longitudinal strain rate dependence. If, however, the
same properties were investigated under transverse loading, both the
tensile modulus and the strength increased. This behaviour can be
confirmed by Harding and Welsh [24].

In addition to the tests under quasi-static and cyclic conditions and
the influence of mechanical pre-damage, thermal loading of fibre
composite components is also critical. Likewise, no components con-
taining metallic load introduction elements have yet been investigated.
The influence of thermal loads on the properties of CFRP was in-
vestigated by Shimokawa et al. [25], for example, and it was found that
microcracks formed in the CFRP as early as 10 thermal cycles (—54 °C
to 177 °C for a cycle duration of 15 min). Although the number of
microcracks increased by up to 10,000 cycles, a negative influence on
the residual compressive strength could not be determined.

Fig. 1. Exemplary picture and dimensions of the specimen (c.f. [1]).

2. Experimental
2.1. Materials and specimen geometry

In this work the same sample geometry as in [1,8,9,26,27] was
chosen to allow a comparison with previously published literature. For
the component type used in this paper, the insert used, see Fig. 2, is also
placed in the middle between the upper and lower CFRP layers in the
middle of a CFRP plate with a thickness of 2 mm, see Fig. 1. In order to
prevent the fibres from being cut during preforming, the fibres are
guided around the insert bushing with the aid of a screwed-on tip. The
material selected for the inserts is ANSI 304 stainless steel. The inserts
consist of a round base plate and a welded on threaded bushing (Fig. 2).

The CFRP base plate of the components is impregnated with an
epoxy resin (Biresin® CR170/CH150-3) from eight layers of biaxial
carbon fibre pre-finished product (Hexcel NLTOO series, 0°/90°, 200 g/
m?) in the resin transfer moulding process at the Institute of Production
Science (wbk) at KIT. The resulting fibre volume fraction is 44%.
During infiltration, a flowmeter and mixing machine (Tartler Nodopur
VS-2K) was used for mixing and dosing the resin components. The
curing of the component for 60 min at 70 °C under 9 bar infiltration
pressure was carried out on a hydraulic press (Lauffer type RP 400).

2.2. Test setup and procedure for quasi-static and dynamic tensile tests

The quasi-static and dynamic pull-out tests were carried out on two
different testing machines depending on the test speeds to be in-
vestigated. For the test speeds of 1.5 mm/min (quasi-static test speed)
and 150 mm/min, a Zwick universal testing machine was used. The test
setup can be seen in Fig. 3. The load is applied via a screw that is
screwed into the thread of the insert.

The clamping frame used for all tests carried out in this work, with
the exception of the previous applied mechanical damage, is shown in
Fig. 3. In addition, an inductive strain gauge (ISG) is installed below the
specimen to measure the displacement of the laminate. For testing at
higher speeds (250 mm/s and 15 m/s) a Zwick HTM5020 testing ma-
chine has been used. Here, as mentioned above, the same clamping

Fig. 2. Exemplary picture and dimensions of the metal insert used (c.f.
[1,9,26]).



Fig. 3. Experimental fixture (c.f. [1]).

frame was used as in all other tests. The forces and displacements were
measured and evaluated. The load-bearing capacity is defined as the
maximum force occurring during the test. At least five specimens of
each load condition were tested.

The test speed of the quasi-static tests on a Zwick universal testing
machine was 1.5 mm/min. The load was introduced via a screw
screwed into the insert thread. The failure criterion for the quasi-static
and dynamic pull-out tests was a load drop of at least 60% of the
maximum force applied.

2.3. Test setup and procedure for experiments with cyclic loading

A servo-hydraulic testing machine from Schenck was used to carry
out the cyclic tests. Instead of a screw, a cylindrical shaft is clamped in
the machine and screwed into the thread of the insert to introduce the
load.

Since the cyclic tests are to be carried out under pure tensile load on
the component, a load ratio (R) of 0.1 at a frequency of 1 Hz and a
sinusoidal oscillation was selected. For the multiple-step tests, 25% of
the quasi-static strength of the components was specified as the starting
value. Further on, the applied maximum force was increased by 500 N
after each 1500 load cycles with a constant load ratio. By analysing the
force-displacement curves, cyclic force-displacement diagrams can be
generated from the multiple-step tests.

In order to determine the S-N curve, 50% of the quasi-static strength
as selected as initial value on the basis of these results further load
levels according to ISO 13003 [29] have been chosen. The components
were tested at constant force and constant load ratio until final failure.

2.4. Test setup and procedure for the pre-damaging experiments

2.4.1. Mechanical pre-damage by impact

The pre-damage of the samples for the following quasi-static and
cyclic tests was performed by high speed indentations with a Instron
Dynatup drop tower. The test setup is shown in Fig. 4. Following DIN
EN 6038 [28], damage energies of 6, 9, 12 and 16 J were applied by
varying the drop height of the impacting weight. Following the pre-
damage, the residual strength under quasi-static load was determined
as in Chapter 2.2.

2.4.2. Thermal pre-damage by thermal cycling

In addition to the mechanical pre-damage, thermal loads were also
applied in the form of thermal cycling. The components were subjected
to the temperature cycle shown in Fig. 5 for 10, 100 and 1000 times.
Here, too, the residual strength was measured under quasi-static con-
ditions as shown in Section 2.2.

3. Results
3.1. Quasi-static pull-out tests
Fig. 6 shows the force-displacement curve of a quasi-static (1.5 mm/

min) tested example component (black). Simultaneously the deflection
of the CFRP underside is shown. Up to a deflection of 4.5 mm, a linear

Force in N

Fig. 6.

Fig. 4. Test setup for the pre-damage by impact.

Fig. 5. temperature during one cycle.
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Fig. 7. Failure modes of the specimen types after the quasi-static tests.

increase of the deflection can be seen, which corresponds exactly to the
displacement of the testing machine. From 4.5 mm or a force of 3800 N,
however, the deflection increases less than the crosshead displacement
dose. Similarly, a small plateau in the deflection can also be seen in the
first significant drop in force at approx. 4000 N. This behaviour con-
tinues with the following force drops up to the final failure.

Fig. 7 shows the image of a failed component with the typical cross-
shaped cracks [9] around the inserts bushing.

Table 1 summarises the results of the individual tests.

3.2. Dynamic pull-out test

As already shown in Fig. 6, Fig. 8 shows the force-displacement
curve of an example component at a test speed of 150 mm/min and the
deflection against the displacement of the crosshead. The deflection and
also the force at approx. 5.5 mm crosshead displacement show a clear
decrease which is to be regarded as the actual failure point of the
component. What clearly noticeable is that until the complete failure at
5.5 mm crosshead displacement no single small drops in the deflection
or force can be seen.

Fig. 9 shows the picture of a component after its failure. Instead of
single fibre breaks, failure of fibre bundles can be seen.

The tests shown so far were carried out on a universal testing ma-
chine with a maximum test speed which is too low for the higher speeds
to be tested. Therefore, the tests were carried out with higher test
speeds of 250 mm/s and 15 m/s on a machine with a different machine
stiffness and no possibility to measure the deflection directly on the
component. Thus a direct comparison of the component stiffness is not
possible. In all tests with traverse displacements of 250 mm/s or higher,
the insert was pulled out of the laminate, leading to complete failure of
the components. An exemplary curve shape of the recorded force-dis-
placement curves of a test with a test speed of 250 mm/s is shown in
Fig. 10. As can be seen, the vibrations in the test setup generated during
the test at high speeds interfere with the force actually measured by the
load cell, which in turn hinders a statement from being made about the
total energy absorbed. The final failure occurs at approximately 5000 N
and a displacement of 6 mm.

The highest possible test speed was 15 m/s, which therefore also
represents the highest test speed examined in this paper. Fig. 11 shows

Table 1
Quasi-static pull-out test results (spax maximum displacement, a. v. average
value, st. dev. standard deviation).

Specimen no. Smax il MM Frax in N

1 6.37 4162

2 6.24 4426

3 7.12 4868

4 6.92 4333

5 6.91 4502
Average 6.71 + 0.39 4458 + 262

Fig. 8. Force-/displacement-diagram of a specimen tested at 150 mm/min.

Fig. 9. Post-mortem picture of a specimen tested with 150 mm/min.

Fig. 10. Force-/displacement-diagram of a specimen tested with 250 mm/s.

an example of the recorded force-displacement curves. The oscillations
in the test setup that occurred during the tests with a lower test speed
and lead to an incorrect measurement of the load cell did not occur
during these tests.

Failure of the components at test speeds above 250 mm/s occurs by
delaminating the CFRP plate and pulling the insert completely out of
the CFRP. Which differs is the degree of deformation of the insert base
plate, as shown in Fig. 12.

As can be seen in Fig. 13, up to a test speed of 250 mm/s the
maximum force absorbed in the test increases only slightly. Only at the
highest possible test speed of 15 m/s there is a significant increase in
the force, which is also accompanied by an increase in the standard
deviation of the results.



Fig. 11. Force-/displacement-diagram of a specimen tested with 15 m/s.

Fig. 12. Post-mortem picture of the deformed inserts with a) 250 mm/s and b)
15 m/s.

Fig. 13. Load bearing capacities of all deformation rates.

3.3. Residual strength of mechanical pre-damaged specimens

The mechanical pre-damage of the components caused the damages
shown in Fig. 14, which depends on the impact energy applied. If the
components were pre-damaged with 6 J, there was no damage to the
laminate at the point of impact. Another picture can be seen on the
actual upper side of the laminate, where the typical cross-shaped cracks
around the insert bushing described in [27] occurred. When looking at
the x-ray computed tomographs (CT) images (cf. Fig. 14a) of the
component, cracks in the laminate directly in the area of the impact
point and a deformation of the insert base plate were also visible. From
an impact energy of 9 J, in addition to the damage described above,
external cracks also occurred in the laminate in the area of the impact

Fig. 14. CT-scans of the pre-damaged specimens with marked cracks at the
edge of the base plate (white arrows) and defects at the interface between the
insert and the CFRP laminate (in the marked areas) a) 6 J impact energy b) 9 J
impact energy c¢) 12 J impact energy d) 16 J impact energy (c.f. [27]).

point and CT images (cf. Fig. 14b) showed that the insert base plate is
not only deformed more, but also detached from the laminate. In the
laminate, in addition to the delamination under the insert, delamina-
tion also occurred in the edge area of the insert base plate. With a
further increase of the impact energy (12 J and 16 J) no further damage
type appeared, only the degree of damage increased further (Fig. 14c
and d).

In addition to the damage in the laminate, the impact at increased
impact energies also leads to defects on the surface of the laminate (cf.
Fig. 15). In addition to the cross-shaped cracks described in [27] on the
upper side of the component, increasing impact energy also leads to
damage of the underside of the component by the indentor.

The residual strength of the components after mechanical pre-da-
mage by impact was determined under quasi-static conditions. Fig. 16
shows the results of the tests. As can be seen there, the influence of the
previous damage on quasi-static properties of the components up to an
impact energy of 12 J is only slight. The determined mean values of the
component strength remain in the range of the undamaged compo-
nents, whereas the variance of the strength tends to increase towards
higher energies. Only from an impact energy of 16 J is a reduction of
the average component strength by approx. 50% to be observed. The
failure mode of the components does not differ in any of the cases from
that of an undamaged component (cf. Fig. 7).

3.4. Residual strength of thermal loaded specimens

As described in chapter 2.4, the components were exposed to 10,
100 or 1000 temperature cycles (see Fig. 5) before measuring the re-
sidual strength. The residual strength was then tested under quasi-static
conditions. The principal shape of the recorded force-displacement
curves (cf. Fig. 6) and the damage pattern (cf. Fig. 7) after completion
of the test do not differ from that of non-cycled components. The load

Fig. 15. a) Failure at the upper side of a specimen pre-damaged by 6 J b) failure
at the lower side of a specimen pre-damaged by 6 J c) failure at the upper side
of a specimen pre-damaged by 16 J (crack is marked) d) failure at the lower side
of a specimen pre-damaged by 9 J (marked surface damages).



Fig. 16. Load bearing capacities related on the impact energy.

Fig. 17. Load bearing capacities of all performed number of thermal.

bearing capacity as a function of the number of temperature cycles is
shown in Fig. 17. As can be seen, the load bearing capacity of the
components decreases significantly after only 10 temperature cycles,
but remains constant with a further increase in the number of cycles.

3.5. Multiple step tests

An exemplary force-displacement curve is shown in Fig. 18. The
tests were started at a maximum force of 1115 N and after each 1500
load cycles, the load was increased by 500 N. Within the first two load
stages no increase of the displacement difference between the upper
and lower dead centre of the applied sinusoidal oscillation can be seen.
From the third load stage onwards, the displacement at the two dead
centres increases slightly and significantly from the fourth load stage
onwards. In the test shown, failure occurred within the fifth load stage,
which can also be seen from the displacements increasing significantly
more strongly than before at the beginning of the load stage. The basic
behaviour of the tested components with and without mechanical pre-
damage does not differ.

A clear difference to the failure of the components can be seen in the
type of failure. The components fail under cyclic conditions not due to
delamination but due to a fracture of the insert base plate around the
bushing socket. Fig. 19 shows CT scans of a failed component without
prior mechanical damage directly in the area of the failed baseplate. It

Fig. 18. Characteristic displacement-number of cycle pattern for the compo-
nents tested.

Fig. 19. CT-scan of a failed specimen) cross-section in the middle of the inserts
base plate b) cross-section at the position marked in a).

can be clearly seen that the remains of the insert base plate are still in
the laminate and only minimal delamination can be detected (Fig. 19b).
If one now considers not only the failure of the components that
have not been pre-damaged but also the influences of the mechanical
pre-damage on the cyclic properties in the multiple-step test, the failure
pattern of the components changes with increasing damage. At 6 J pre-
damage energy, there is no change in the type of failure. Only after 9 J
impact energy does the failure of the components partly occur by
pulling the insert out of the laminate, but there are also components
that fail according to the previously observed failure mode. A mixture
of the two types of failure also occurred, as can be seen in Fig. 20.
From an impact energy of 12 J, only mixed failure or failure due to
an insert pulled out of the laminate occurred, as in the quasi-static and
dynamic tests. With a further increase in the pre-damage energy to 16 J,
only failure due to an insert pulled out of the laminate could be ob-
served in the multiple-step tests. As can be seen in Table 2, the



Fig. 20. Example of a mixed mode failure of specimens pre-damaged at 9 J.

Table 2

Summarized multiple step test results.
Specimen Cycles to failure Frax in N
0J 6216 = 300 3091 = 57
6J 6078 *= 134 3148 + 58
9J 6229 *+ 392 2910 + 267
12J 6430 = 1402 3148 *= 479
16J 5356 + 1252 2880 * 346

maximum applied load changes only slightly with increasing pre-da-
mage energy, whereas the standard deviation of the results increases
significantly.

3.6. S-N curves

In order to determine S-N curves, in addition to the multiple-step
tests, cyclic tests were also carried out at constant maximum force. The
initial value for the first cyclic tests was 50% of the quasi-static strength
and the following load levels were defined on the basis of these results.
The test parameters resulting from this procedure are shown in Table 3.
From a cycle number of 1¥10° cycles on, the tested components were
defined as run-throughs.

Fig. 21 shows the S-N curve determined in this way. This curve has a
special feature, because not as usual the induced stresses, but the in-
duced forces were plotted against the maximum number of load cycles
of the individual tests. The reason for this is that no stress or strain
could be defined as in coupon tests. As can be seen in Fig. 21, the ex-
pected linear relationship between the force and the logarithmic
number of load cycles results for the tested components.

Fig. 22 shows a CT scan of a run-trough component. It can be seen
that neither the insert nor the laminate has been damaged in this
component. The components which were tested at higher loads fail
again in the same way as the undamaged components in the multiple-
step test.

4. Discussion
4.1. Dynamic pull-out test

In the case of components tested at 1.5 mm/min and 150 mm/min,
it is possible to compare the deflection of the underside of the com-
ponent due to the inductive strain gauge used (see Fig. 6 (1.5 mm/min)

Table 3
Load levels and test results of the single-step tests (% quasist. means percent of
the quasi-static strength).

Load level % Quasist. Fexperiment in N
1 10 446

2 25 1115

3 35 1560

4 50 2230

Fig. 21. S-N curve for the tested specimens.

Fig. 22. CT-scan of an endured specimens after single-step test (Fnax = 446 N).

and Fig. 8 (150 mm/min)). At a test speed of 1.5 mm/min, the curve of
the ISG initially flattens out at a deflection of more than 4.5 mm, in-
dicating a relative movement between the insert underside and the
laminate underside. From this it can be seen that the insert underside
first detaches from the laminate before the total failure of the compo-
nent occurs. The components tested at 150 mm/min, on the other hand,
only show an abrupt collapse during deflection when the component
fails, which in turn suggests that the insert underside has only abruptly
detached itself from the laminate prior to total failure. The assumptions
described also allow the conclusion that the strength of the insert/la-
minate interface depends strongly on the test speed.

A difference in the failure of the components can also be seen in the
fact that at higher test speeds fibre bundle failures are observed instead
of single fibre failure occurring under quasi-static conditions (cf. Fig. 7).
The abrupt failure of the insert/laminate interface towards higher test
speeds is also responsible for this behaviour. This can also be seen in
Fig. 12. Here it becomes clear that the plastic deformation of the insert
decreases steadily at higher test speeds. Here, too, the increasing
strength of the insert/laminate interface at higher test speeds is to be
regarded as the cause.

In contrast to CFRP, the pure matrix strength depends on the strain
rate [23,24,30]. Taniguchi et al. [23] investigated the properties,
especially the tensile strength, transverse to the loading direction.
Strain rates from 1.04*10* 1/s to 100 1/s corresponding to a test
speed of 0.156 mm/min and 2.5 m/s were investigated. Between these
test speeds, the authors were able to determine a linear increase of the
tensile strength by approx. 18%, which in turn confirms the strain rate
dependence of the matrix strength. In Fig. 13 it can be seen that the
load-bearing capacity increases linearly by approx. 14% at test speeds
of up to 250 mm/s. This is confirmed by the strain rate dependence of
the matrix strength. In the present study an epoxy resin was used as
matrix and the determined value shows a good quantitative agreement
with the literature values. Only at a test speed of 15 m/s does the



strength increase abruptly by approx. 100% compared to the quasi-
static speed of 1.5 mm/min and cannot be confirmed with literature
values.

4.2. Residual strength of thermal and mechanical pre-damaged specimens

Fig. 17 summarizes the results of the quasi-static residual strength
measurements for the thermally cycled components. Looking at the
results, it becomes clear that 10 temperature cycles are sufficient to
reduce the residual strength of the components by approx. 20%.
However, it is also noticeable that the residual strength does not de-
crease further after these 10 cycles. Basically, residual stresses always
occur in CFRP laminates due to the different shrinkage of fibre and
matrix during the cooling process after curing of the matrix. An even
higher discrepancy of the coefficients of thermal expansion can be
found with CFRP metal hybrid components. As a result, the residual
stresses in such components are even more pronounced than in pure
CFRP components [31-33]. According to [34] and [35], the residual
stresses generated during production are sufficient to produce matrix
cracks. If, due to thermal cycling, the difference between the stress-free
temperature, which can be compared with the curing temperature
[36-38], and the operating temperature increases, the level of the re-
sidual stresses increases further [39,40]. The number of microcracks
and the residual strength of thermally loaded CFRP laminates was in-
vestigated by Shimokawa et al. [25]. Microcracks and the reason for the
increased residual stresses in the matrix were found within the first ten
temperature cycles. A further deterioration of the determined residual
strengths could not be determined with increasing number of tem-
perature cycles, although the number of microcracks increased. The
increase in the number of microcracks with increasing number of
temperature cycles is also confirmed by Ju and Morgan [39]. As can be
seen in Fig. 5, the lowest temperature during the temperature cycles is
—40 °C. This leads to further increase in residual stresses which result
in microcracks in the interface between CFRP and insert. The expected
increasing number of microcracks with increasing number of tem-
perature cycles after [25] had no influence on the residual strength of
the components. Also the variance of the results did not increase with
increasing number of temperature cycles.

The measured residual strengths of the pre-damaged components
can be seen in Fig. 16. What is particularly striking here is that up to an
impact energy of 12 J no loss of mechanical properties occurs although
both the insert/laminate interface and the insert itself are damaged or
have deformed (cf. Fig. 14). In addition to the damage to the insert and
the interface caused by the impact, cracks in the laminate at the edge of
the insert base plate became increasingly apparent with increasing
impact energy. From an impact energy of 16 J, the measured residual
strength decreases on average by approx. 50%. If one compares the
results obtained with the literature, it can be seen that the residual
strengths determined are significantly higher compared to [21] Due to
the previous damage caused by impact, a reduction of the residual
strength by approx. 60% was determined here from energies of 4.3 J
and above. In addition to the mean values for the residual strength, the
scattering of the values should also be considered. This shows that the
mechanical pre-damage does indeed have an influence on the results, as
these scatter significantly more with increasing impact energy and the
probability of early failure is thus significantly increased in comparison
to undamaged components.

4.3. Influence of the impact on the multiple step tests

As already described above, as the impact energy increases, the
amount of damage occurring in the laminate also increases (see
Fig. 8MM). As described in [27], this also leads to greater damage at the
insert/laminate interface. In addition to the damage already present in
the laminate before the tests, delamination becomes increasingly cri-
tical for failure in the edge area of the insert base plate. Chapter 3.5

Table 4
Failure modes of the components tested after the multiple step tests.

Impact Failure mode
energy in J
Fracture of Insert pulled out: Mixed
the base plate mode
With further No further
deformation deformation
Juvenile X
6 X
9 X X X
12 X X
16 X

describes the different failure modes that occur, which are summarized
again in Table 4.

The reason for the same failure mode for undamaged components
and those pre-damaged with 6 J can be found in the fact that for both
component types there is no damage to the laminate at the base plate
edges, nor was the interface between laminate and insert damaged.
With increasing damage of the described interface at higher impact
energies, the failure mode also changes. The different damage modes
available at 9 J impact energy indicate that not all tested components
have the same degree of interfacial damage. A further criterion which
favours the removal of the insert from the laminate is the damage
caused to the upper side of the laminate by the impact test. This is to be
compared with the failure patterns occurring in the quasi-static tests.
Only at damage energies of 12 J and above the complete failure of the
insert base plate ceases. Above this energy, only mixed failure or an
insert pull-out occurs. This can be explained by the fact that, due to the
even more severely damaged interface, the loads on the matrix in the
thickness direction have increased significantly, which can also be seen
from the cracks on the laminate surface that appear more clearly
(Fig. 15) [11,12]. Furthermore, the deformation of the insert base plate
can also be seen in this series of tests, as shown in Fig. 14, is sig-
nificantly greater than in the previous energies. The matrix pockets
described by Helmy [14] at the edges of the insert baseplates appear to
have an influence on the failure pattern only if the interface is already
damaged and the pockets then act as a starting point for cracks in the
laminate. From an impact energy of 16 J, only one failure mechanism
could be observed. From this energy on, only the inserts are pulled out
of the laminate, whereby their base plate no longer deforms plastically.
The reason for this behaviour is the boundary surface which is not
existing anymore caused by the impact with high energies and the
strong damage of the laminate on the lower and upper side which could
counteract the removal of the insert. Fig. 23 summarizes the results of
the quasi-static test of an undamaged component and the results of the
multiple-step tests.

It can be seen that the cyclic strength of undamaged components in
the multiple-step test is approx. 30% lower than the strength in quasi-
static conditions. This is primarily due to the fact that the failure modes
of the two test types differ fundamentally. In the case of quasi-static
loads, the separation of the interface between the insert base plate and
the laminate is critical for failure. The resulting delamination is based
on the increased matrix load at external loads in component thickness
direction [11,12]. In undamaged specimens and specimens damaged
with 6 J, failure of the insert occurs under cyclic conditions due to the
notch effect in the transition from the insert bushing to the base plate.
The samples pre-damaged with energies from 9 J on show increased
failure under cyclic load due to delamination, starting from the edge of
the insert base plate which is further promoted under cyclic conditions.
Here again the increased load on the matrix mentioned in [11,12] as
well as the matrix pockets described by Helmy [14] at the edge of the
insert baseplate play a decisive role. The initially increased variance of
the strengths at 12 J impact energy is due to the stronger damage in the



Fig. 23. Comparison between the quasi-static strength and the strength in
multiple step tests for non- and pre-damaged specimens.

laminate compared to the samples damaged by 9 J (see Fig. 14). The
reasons for the drop in strength at 16 J impact energy are the com-
pletely detached boundary layer and the even stronger delamination in
the edge area of the base plate. The results shown suggest that the two
failure modes shown require similarly high energies for triggering,
which also explains the good damage tolerance of this component type.

4.4. Lifetime prediction

When determining the service life (failure of the component after a
certain number of load cycles (Ng)) of composite materials according to
Manson [41] and Coffin [42], the problem of determining values for the
plastic strain amplitude arises. According to Basquin [43], however, a
correlation between the stress amplitude and Nj can be established; this
is shown in Eq. (1).
Ao '

- = op-(Np) a

By quasi-static tensile tests o5 can be determined according to [44].
The service life described by equation (2) can be estimated according to
[16] by determining a cyclic stress-strain curve.

Os = kv'(Ep,s)n 2)
In addition, a relationship between b and n' can be established by
Eq. (3).
o

b=-— ,
1+ 5n 3

From the relationships resulting from Egs. (1)-(3), it is therefore
possible to empirically estimate a lifetime prognosis for the components
shown. A special feature of this work is that no stresses and strains can
be determined in the tests performed, but only the force and displace-
ment amplitude is obtained.1 Therefore, the described parameters are
determined from a cyclic force-displacement curve. The parameters b,
n’ and oy resulting from the equations are used as by, ny and cr;g'F in the
following. The fatigue strength exponent by is determined from ny,
which in turn was determined from the slope of the cyclic force-dis-
placement curve. The maximum force resulting in the tests performed is
finally described by oy 5.

To estimate the service life of the tested components, the parameters
shown in Table 5 were determined using Egs. (1)—(3) under the lim-
itations shown.

The estimation of the lifetime for different load levels resulting from
the values summarized in Table 5 is listed in Table 6.

It can be seen that the service life of the investigated components is

Table 5
Calculated parameters.

Parameter Value

ng 0.3225

b —0.1234

- 4458 N
B,F

Table 6
Comparison of forecast and experimental data.

Cycles to failure

% quasi-static AF in N Basquin Morrow Experimental data
10 402 8.1%10'° 1.0*10°
25 1004 4.8%107 1.1*10°
35 1404 3.2¥10° 3.8*10*
50 2008 1.8%10° 5.710°

overestimated by approximately two orders of magnitude with the se-
lected method, regardless of the selected load horizon. The reason for
this lies in the fundamentally different failure modes in quasi-static,
multiple-step and cyclic tests. An estimation of the service life ac-
cording to Basquin is, however, possible directly on the basis of the
experimental data, as Fig. 24 shows.

The estimation of the lifetime according to Basquin [43] resulting
from the experiments is possible with Eq. (4).
Ac

= 372, 5MPa-(Ng)~%%
a-(Ng) 4)

5. Summary and conclusions

The influence of various loads such as thermal and mechanical pre-
damage as well as dynamic and cyclic conditions on the mechanical
properties in the pull-out test, the critical load case determined by [9],
was investigated. In the dynamic tests initially carried out at increased
crosshead speeds, it was shown that the loading capacity of the tested
components depends strongly on the loading speed. When the load
speed is increased to 15 m/s based on quasi-static conditions, the re-
corded maximum forces show an increase of up to 100%. The degree of
laminate damage also increases, whereas the deformation of the insert
decreases with increasing loading speed. The reason for this is the be-
haviour of the interface between the insert and the laminate. At low
loading speeds, this interface gradually fails, whereas at high loading

Fig. 24. lifetime estimation on the basis of the experimental data.



speeds it fails abruptly. To check the thermal influences on the load
bearing capacity of such a hybrid component, components were first
subjected to the temperature cycle shown in Fig. 5 for 10, 100 and 1000
cycles. In subsequent quasi-static residual strength measurements, it
was determined that the residual strength had already decreased by
approx. 20% after 10 cycles, but that it would not decrease further with
a higher number of cycles. The reason for the residual strength not
decreasing further could not be clarified beyond doubt. It is generally
described in the literature that thermal cycling causes microcracks at
the interface between insert and laminate, the density of which should
increase with increasing number of temperature cycles. This behaviour
will be investigated in future projects. In addition to residual strength
measurements on thermally damaged components, residual strength
measurements were also carried out on mechanically damaged com-
ponents due to impact. Impact energies of 6 J, 9 J, 12 J and 16 J were
investigated. In these measurements, the residual strength did not de-
crease significantly at up to 12 J. This was surprising as both the la-
minate and the insert showed obvious damage at these energies. A
significant decrease of the residual strength was only observed at an
impact energy of 16 J and above. It is not possible to estimate the
service life without complex simulations, since the basic mechanisms
responsible for the failure of the components differ in cyclic and quasi-
static load cases.
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