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Abstract

In this research, thermoplastic carbon-PPS wovdnifa are subjected to temperature cycles
from -20 °C till 160 °C. All samples have embedtibce Bragg gratings in the symmetry-

plane of the laminates. It will be shown that hegtabove the jlreverses more or less the

thermal residual strains and that after cool-dowre tspectral response of the fibre Bragg
gratings has changed, proving the annealing efféddthough macroscopically the two

different lay-ups are identical, the results shdwattthermal strain in the symmetry plane is
significantly influenced by the composite’s stagksequence.

1 Introduction

If composite laminates are subjected to temperatabeve their glass-transition temperature
(Tg), relaxation or crystallisation takes place ethiis, in analogy to isotropic materials,
referred to as an annealing effect [1]. Compositmealing is often carried out on
thermoplastic fibre reinforced plastics to relasideal stresses, to minimize the residual
strain gradient through the thickness or to obtgwimal levels of crystallinity [2, 3, 4].
Moreover, by performing an annealing cycle, thesstrfree temperature of a composite may
effectively be altered [2].

In this research, four thermoplastic (PPS) CFRPiratas with embedded Fibre Bragg
Gratings (FBGs) are put in a climate chamber argested to temperatures from -20 °C till
160 °C. The maximum temperature during cyclingxseeding the J (90 °C) of the PPS-
matrix, hence annealing effects take place in dmposite laminates.

The embedded FBGs are used to characterize thmdahbehaviour of the CFRP laminates.
Specifically the use of the spectral response abarhted during temperature cycling to
investigate in-situ temperature effects during ingaand cooling, moreover all readings are
compared before and after cycling. As such it isgiae to determine the release of residual
strains.
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2 Materialsand methods

2.1 Thermoplastic composite laminates

The material studied is an advanced carbon fibirforeed thermoplastic, called CETEX
provided by TenCate (The Netherlands). It has a RPP&yPhenylene Sulfide) matrix
reinforced with a 5-harness satin weaving patteith Ww300JB carbon fibres and 3000
filaments per yarn. The laminates are stacked usanigon-PPS woven fabrics, or semi-pregs,
notation (0,90), with the O degrees correspondinthé warp direction of the weave (Figure
1). The carbon PPS plates are manufactured ushaj press technique. Test-coupons were
cut from the large laminate using a water-cooletmind saw with dimensions according to
the ASTM D3479 tension-tension fatigue standard(@® x 28mm x 2.4mm), in function of
mechanical tests after thermal testing.

Figure 1: Cross-section of a [(0,99)$tacked Cetex® laminate with warp and weft yatarlacing pattern and
embedded optical fibre in the centre.

2.2 Embedded fibre optic sensors in different laminayeups

All samples have embedded fibre Bragg gratingh@dentre of the symmetry-plane of the
laminates. The optical fibres are always orientedalel to the warp direction. Two
specimens with stacking sequence [(0,803nd two with stacking sequence [(90,9)hre
prepared. Both lay-ups have the warp (0°) and {@&€t) yarns in the same direction, hence
macroscopically the properties are found the safogever their symmetry-plane (=plane of
embedding) is different as shown in Figure 2, wheeesee an example of the cross-section
and symmetry-planes of both lay-ups with in thetieethe embedded optical fibres.

—

Figure 2: Optical fibre embedded in a synmmetritatised woven fabric laminate: [(0,99)type stacking (left),
and [(90,0))s type stacking (right)
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The optical fibres have a cladding diameter of 13%nd an outer diameter of 190um with
ORMOCER coating [5]. Each sample has one optiba¢fivith one FBG in the centre.

2.3 Determination of the transverse strain difference

In this research, we use the optical birefringen€ehe embedded FBGs to estimate the
residual transversal strain difference for the wofadbrics. Due to the severe distortion of the
spectrum, the author uses controlled (linear) jmdéion testing to better analyse the
individual FBG spectra with regard to the inducadefbingence. The spectrum at each
polarization angle is recorded, and by using thdl-kv®wn centre of gravity (COG)
algorithm, the centroid wavelength is determined. &ample of the development of the
COG wavelength against the linear polarization @afgl one FBG, is shown in Figure 3, left.
We can clearly see the sinusoidal shape with a maxi wavelength at 40° (peak2) and a
minimum wavelength (peakl) at 130°. The correspananinimum and maximum distorted
Bragg peaks are shown in Figure 3, right. The wength difference between the centroid
wavelengths of both peaks is a measure for the rbeafiingence effect which is present in
the core of the FBG.
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Figure 3: Development of the centroid wavelengthiragt the linear polarization angle (Left), Poladzspectra
according 1' and 2’ axis (right)

From the maximal peak separation the transversendifference in the optical fibre is then
determined by [6]:

AB,l’ _AB,Z'

& — &y = A8 =£—
1 2 trans 72 (AB,O)( P pll) ’

(1)

With p;; andp;2 the strain-optic coefficientsj the effective refractive index of the optical

fibre, Ag 1 the minimal, andg > the maximal COG wavelengths (as depicted in Figyrand

_AgytA

Aoo == 8.2 the mean COG wavelength, at each temperature l@eetan determine from

Equation (1) the evolution of the transverse stséatte during temperature cycling.

3 Experimentsand results

3.1 Measurement setup

To investigate the annealing effects, two specimehsach lay-up (i.e. [(0,9Q04 and
[(0,90)]49) are put in a climate chamber (Figure 4) with #BGs of all four samples
connected to a commercial FOS&S FBG-scan X08 iogator to analyse their spectral
response during temperature cycling. The temperatadings of a Pt100-probe which is put

3
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next to the plates and the measurements with tli&-&&n are synchronized using a Labview
based software program.

Figure 4: Test-coupons placed in a climate charttoperform temperature tests. A Pt-100 probe isgolanext
to the samples to register the temperature.

3.2 Thermal cycling

All four samples, as shown in Figure 4, are subgdo the same temperature cycles to
investigate composite annealing and possible @iffees in thermal response for the two lay-
ups.

Two approaches are used:
First a temperature cycle (Cycle 1) is executedwno steps using the following temperature
sequences:

0 20 °C (initial measurement ‘before’),
0 Cycle la: from -20 °C till 60 °C (Figure 5, right),
o Cycle Ib: from 40 °C till 160 °C (Figure 5, right).

At each temperature level the Bragg spectrum ofsalinples is recorded and a full
polarization sweep (0° — 190°) is performed (aslarpd in Section 2.3) to analyse the
birefringence effects and to calculate the trarsveesidual strain release.
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Figure 5: Complete temperature profiles from -2QilA60 °C divided in two cycles (left), detaif Gycle 1
(right)

After the first temperature cycle the COG waveléngt the full de-polarized spectra of all
FBGs is followed during a second temperature cyClgcle 1) which is executed in three
steps:



ECCM16 - 16" EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain,
22-26 June 2014

o Cycle lla: 160 °C till -20°C

o Cycle llb: -20 °C till 160 °C

0 Cycle llc: 160 °C till 0°

0 20°C (measurement ‘after’)

Cycle Il is used to compare (i.e. characterize) tiecroscopic thermal behaviour of both
types of laminates by analysing the global peak sisi function of temperature. The Bragg
peak response will be further discussed in the Sextion.

3.3 Total Bragg peak response

To illustrate the influence of the thermal straimshe composite at different temperatures, the
Bragg response from room temperature up to 160s°€hown in Figure 6 for a [(0,9Q3]
laminate (sample n°7) and for a [(9049)]aminate (sample n°11). We observe from the
spectra that the ‘initial’ distortion at 20 °C dfet Bragg peak in the [(0,9Q3]sample is more
heavy and wider than the Bragg peak in the [(9%®&mple, which indicates that the
residual strain state in the symmetry-plane isrbledifferent.

Sample 7 T =160°C 10+ Sample 11 I =160°C
507 [(0.90)], [(90.0)

T=80°C

T=20°C

Power [nW]

9
8
7
6
5
-
4 - Before
3
2
1
0
1

1549 1550 1551 1552 548 1549 1550 1551
Wavelength [nm] Wavelength [nm]

Figure 6: Spectral response for sample n°7 ([((,90)eft), and sample n°11 ([(90,Q3] (right) at different
temperatures. The spectrum at 20°C before andthftdest is indicated in each graph.

However for both samples, we notice that the pasfodion decreases when temperature is
increased, and as a consequence the width of #wraps reduced. Moreover, for sample

n°1l1 we even see that the Bragg peak at 160 °Onecalmost non-distorted. This illustrates
that the effect of heating reverses the thermalded strains in the composite. Obviously, the
transverse strain difference changes as well. Anpeent change of the spectra at 20 °C is
observed as well; if we compare the spectrum rexbrat 20 °C before and after the

temperature cycling, the Bragg spectra of both $asnphanged indicating a residual strain
release. This effect is further explored in thdoiwing subsection.

3.4 Transverse residual strain release

To study the birefringence in the embedded FBGsnduhermal testing the procedure of
polarization testing is applied (see Section 2.8n .example of the spectral response of the
‘fast’ and ‘slow’ peak of the embedded FBG in saenpt 7 at the two extreme temperatures
(-20 °C and 160 °C) is shown in Figure 7, left,lwihe de-polarized spectra plotted as well
(dashed lines). As expected from the narrowinghefpgeaks seen in Figure 6, the transverse
strain difference in the [(0,9Q} is high at lower temperatures and it decreasdsighter
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temperatures. The evolution of the calculated trarse strain difference from Equation (1)
against temperature for all samples during Cydke $hown in Figure 7, right.
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Figure 7: Spectral response of the ‘fast’ and 'Slpgak for sample n°7 at -20 °C and 160 °C (left)plution of
the transverse strain differentey.ns against temperature for all samples during Chclend Cycle b (right).

Although the transverse strain difference chandgarly for the [(0,90)ssamples, the effect
is not manifesting in the [(90,Q} samples; only a very small decrease is found donpde
n°10, and no clear course is found in the stramiugion of sample n°11. As such we can
conclude that the transverse thermal strains inttigeplane layers of the [(90,Q)]lay-up are
much lower compared to the [(0,9%)]ay-up which confirms that the residual transverse
strain formation in the mid-planes of the [(90,8)leminate during consolidation is much
lower too.

To investigate the annealing effect or residuaistrelease, similar to the spectra ‘before’
and ‘after’ shown in Figure 6, the author compattes transverse strain difference of all
samples measured at 20 °C before and after the letevtemperature test. The de-polarized
spectra of all four samples before and after thedee shown in Figure 8.
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Figure 8: Spectral response (de-polarized) at 2®&€re and after the temperature test, for atides.
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We observe that all Bragg spectra have changedeshapever, the effect is most significant
in the [(0,90)}s stacked laminates. The individual peaks are shdired the peak width after
the test is narrower, which proves that the sstate around the optical fibre has changed.

The transverse strain difference is calculated ftbenchange in birefringence effects for all
samples using Equation (1), the values are givérabie 1.

‘ Agtrans [%] ‘
n° Before After
6 [(0,90)ks 0.0812 0.0283
7 [(0,90)ks 0.1450 0.1099
10 [(90,0)ks 0.0233 0.0173
11 [(90,0)ke  0.0212 0.0241

Table 1: Transverse strain for all samplds, .. at 20°C, before and after the temperature test.

As expected, no significant transverse residualrstrelease is found in case of the [(90,9)]
lay-up, however, in case of the [(0,9@)3tacked laminates, the value 4, . for sample n°6

and sample n°7 has decreased with approximateh\28@hd 30 %, respectively. We notice
that the distribution of the results is large whptoves that the local residual strain in the
woven fabric composite is complex and varies sigaiftly along the length of the unit cell.

4 Conclusions

Two types of lay-up of the carbon-PPS woven falare investigated by using embedded
FBGs. It is shown that the material exhibits a ctexpocal strain distribution because of its
weave pattern, causing the Bragg spectra of theeddddl FBGs to be heavily distorted. This
effect is seen immediately after manufacturing, snahore distinct in the mid-plane layers of
the [0,90)}s lay-up.

Results from the spectral response during heagrgrses more or less the thermal residual
strains. The shape of the spectrum at 160 °C sedo the undistorted spectral shape. If the
material is cooled down again, the spectral shage d¢hanged compared to the initial
spectrum before heating. This proves that anneadifigcts take place. The measured
transverse strain difference in the FBGs decreaggsficantly in case of the [(0,9Q)
stacked laminates (~300 %), however, no signifiedfeicts are noticed for the samples with
[(90,0)]4s lay-up. Although macroscopically the two differday-ups are identical, the results
show that the thermal strain in the symmetry plsrggnificantly influenced by the stacking
sequence.

Even though the Cetex® material has a complex rfthBrmaterial behaviour, the results in
this paper have certainly shown that the embed@#8l i§ a valuable tool to study the internal
thermal strain states in thermoplastic (woven-fgbibre reinforced plastics.
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