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Extended abstract

Motivation

Carbon fiber reinforced polymers (CFRP) are increasingly used in the aerospace and
automotive industry due to their high lightweight potential. Tinleigh stiffness and strength

to weight ratio and the possibility of placing the carbon fibenfercement along the load

paths of structures is advantageous in comparison to traditiswfopic materials.

Recent examples of aircraft and automotive industry are the modern civil air@afgg
787 and A350 XWB or the electric cars BMW i3 and i8, where a large percentageabf
structures are substituted through CFRP structures. Therefore, new atgdma
manufacturing processes were developed and lots of knowledge on the newdiedes
was built up.
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Figure 1  Typical manufacturing defects in CFRP materials and theiuarfte on damage
initiation under fatigue loading

However, new kinds of material variability arise due to new processes andaasified as
defects in a first attempt. Such defects might initiate complex damageesddring service

life due to the interaction between carbon fibers and epoxy reSefe operation has to be
guaranteed. Therefore, a profound understanding of defects and damage progression
their detection is necessary. Defects and damages have to be considered #isodesign
stage, otherwise parts with defects have to be classified as rejects. Espéusaltyrrent
fatigue design of CFRP is conservative, e.g. the Safe Life Flaw Tolerant design in th
aerospace sector.

Fatigue life prognosis

The result of the lightweight design process should be an optinspetture meeting the
specifications. The fatigue design is a crucial component of thisepso Fatigue tests of
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structures are lengthy and expensive and are conducted only at the érntleodesign
process for the final proof of the design. At this design state, ainlg validaed that the
specifications are met. Optimization is not possible any more. Theredgoepfound fatigue
life prognosis in early design states is necessary to achieve an optimizea fatigign. Such
a fatigue life prognosis is usually based on fatigue test data vparo specimens and
numerical simulations. The fatigue life prognosis for metallic coraptmis well established
and also included in commercial software tools as e.g. FEMFAT. A hugeatsdsise with
SN (Wdhler) curves for different materials and load ratios is available. ddelbgies to
account for multiple influence factors were developed. The constéatdiagram (Haigh,
Goodman diagram) describes the influence of load ratios on the fatiguéyifquantifying
the interaction of stress amplitude and mean stress. Operating l@dsdescribed by
rainflow counting and linear damage accumulation is accounted forrdecmpto Palmgren-
Miner. Influences of temperature, surface roughness, plasticity, etc. adeuweérstood.

In the case of composites the different interacting damage mechanisms@nsuoopic scale
have to be taken into account, which makes fatigue life prognosis muek owmplicated
[11]. Fatigue life prognosis of FRPs was implemented recently alsenmercial software
tools, e.g. FEMFAT Laminate predicts first ply failure based on SN cury&s pifes for
different loading directions and static failure criteria [12]. Mostthods are based on SN
curves and constant life diagrams, which were adapted for composites. dherektensive
test campaigns are necessary. However, they show higher scatter than metals andyare o
valid for specific combinations of constituents and layups or fiber acthites. The effects
of manufacturing defects are usually not considered in such fatifgi@riognosis tools and
should be incorporated as the initial material state [13]. Therefonejrtinfluence on the
macroscopic scale has to be quantified taking into account the darpageesses on the
microscopic scale that initiate damages.

Methodology

The approach of this thesis is to investigate common manufacturirectiedf high-pressure
resin transfer molded non-crimp fabrics (NCF), to understand the damage msciza
initiated by each defect and to quantify the detrimental effectsiatic and fatigue strength.
Therefore, coupons with artificially introduced manufacturidgfects are tested under
different static and fatigue load cases, different R-values and materiahtations and
validated with numerical simulations. Non-destructive testing and mooinig of the stiffness
evolution using strain gages, extensometers, digital image correlation (DIC)aaretas
allow an in-depth understanding of the damage processes. Some typical manirfgctu
defects are schematically shown in Figure 1. The investigated defects avet-aftplane
fiber waviness, a fold in fiber direction and a locally compactednedn-plane tension and
compression tests and owfplane delamination tests are performed using in-house
designed test rigdt should be noted, that failure on coupon level means only thmtpof
damage initiation on structural part level, as shown in Figure 1. For laedra@mposites it
might be also considered as local first ply failure.
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Effects of Defects

The results of these investigations were published in several journalicptibns and
conference proceedings. The most important results are presendee. h

It was found that the fiber waviness has the most detrimental effect leen compressive
load cases in fiber direction. Static strength and fatigue life aceordingly decreased
depending on the defect anglg]. In Figure 2 fracture patterns for different defect angles
are shown including mainly kink bands and delamination. The difters between the
different defect angles can be observed directly.

Figure 2: Fracture patterns under cyclic compression; left: pristine conaiitishowing
defect angles and further failure locations; right: aftéailure

These damage mechanisms were simulated with non-linear finite element analisieby
it was possible to simulate the kink banding as well as the delamimptocesses [9].

Figure 3 shows the correlation of the defect angle to the fatigiee The slope related
parameterk is assumed to be constant. It was found that the fatigue experimerdatd d
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The ply fold in fiber direction is usually the site of damageaiiin for the in-plane load
cases; however, the detrimental effect is mininl. Loaded in through-thickness direction,
a knock-down of 10% was obseré&d.

The locally compacted region is a feature on purposely introduced in tanggosite shell
structures to avoid fiber wash-out. It was tested under tension static angu@atioad cases.

Fiber waviness at the edges and central resin starved areas show complex damage modes
and lead to higher knock-down factors of up to 3@%

5-10% cycles 5.6 - 10° cycles 5.625 - 10® cycles

Figure 4: Fatigue fracture process at different numbers of cgcletrain distribution in
longitudinal direction is measured by DIC

In Figure 4 the fatigue fracture process at different numbers of cyclé®vers It starts with
longitudinal splitting and fracture of single fibers within the c@moted region. The
neighboring fibers progressively fail by transverse fracture. Broken fibers avadad on
their complete length and the strain is going back to zero. Finallyijballs within the
compacted region are broken.

Beside the effects of defects, the potential of a Structural Healtmiddang method for
damage localization in CFRP structures is experimentally and numericallytedallibe
direct resistance measurement of CFRP was proposed to detect and localizgedarriast,

the resistance change of the same NCF material was measured and drilled lokes w
successfully detected]. Second, an anisotropic CFRP plate was equipped with electrodes
and the potential for damage localization could successfully be dstraied [2].
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