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Experimental study of thick composites stability under
thermal loading using 3D ESPI set-up

J. Molimard?, A. E. Dolinko® and G. H. Kaufmann®

Abstract

Due to the impulsion of aircraft manufacturers, Carbon Fibre Reinforcedni@ly have
become thicker. But the manufacturing process still implies the aggmeht of important
residual stresses, either due to moisture effects or therezt®{1]. If the symmetry of the
composite part is broken, the global part shape will be affected by aisyuneétemperature
variation. In this communication, a simple L thick composite sheludiest under moderate
temperature changes. An error in the stacking sequence is voluntarily tutiesl sequence
in order to simulate possible manufacturing error. Displacements arerded on the shell
front and on its side using a mixed in-plane and out-of-plane DSPI set-upH8&]zone of
interest is limited here to the central part of the L shape i.e. where the curvasigaifecant.
Variations of the L-shape with temperature are recorded; typicaufiestrain effects are
outlined. Interesting global or local parameters can be deduced from this irexpér
through thickness coefficient of thermal expansion, ply thickness andjoenslg local fibre
volume fraction.

Keyword optical technique: DSPI, fringe projection, digital image correlation

Keyword application:  airplane structural analysis
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Introduction

Composite laminates for structural applications are commonlyepsed under high
temperature compared to their working conditions (180 °C vs. 25 °C). Geet§ of thermal
expansion mismatch combined with different stiffness from one comptm#ére other imply
the development of high internal stresses [1]. These streasesven cause the structure's
failure without any external loading (micro-cracking of tramseeply). Another consequence
of these internal stresses is a lack of dimensional $yab@specially in the case of non
symmetric parts, but such effect can occur even if thekisig sequence is symmetric.
Theoretically, such a situation is not predictable if the componeriteame fraction is
nominal. In fact, the shape variation sources have to be found inféndtslenduced by the
manufacturing process, especially the variations in the components distribution.

We propose here an experimental study on a typical L shape tadriata temperature
change; the stacking sequence is symmetric, but we sinarageror in the manufacturing
process by adding an extra ply to the sequence. Chosen composite caaploer ihick (9.5
mm) to simulate realistic industrial application.

Strain fields have to be recorded first on the coupon side, second faicetsDue to the
particular shape of the specimen, expected displacement fiel®th in plane (x and y axis)
and out of plane (z axis); the difficulty here is to define the@ppate plane in the analysis,
the specimen being non-planar. Expected displacements are suppbseshtall; finally, the
chosen optical full-field technique is a 3D ESPI set-up for digplent measurements
coupled with fringe projection set-up for shape measurement. This appsosiafpler than
the one proposed by Goudemand [2]. Here, the fringes are projectaedlagsical video-
projector and not by the DSPI sources.

Shape measurement using fringe proj ection technique

The fringe projection method [1][3] has been selected as a rédsdoal for measuring the
specimen shape. The physical principle of the fringe projectiadghadas straightforward: A
periodic pattern of white and black lines is projected on an objecligtitas diffused by the
object and captured by a CCD video-camera (Figure 1). The dmformof the fringes,
recorded as phase maps, has a known dependency to the out-of-plane contour \@rthtons
illuminated object.

@ ‘ >

7 §>
CCD
Y§ fringe projection

Figure 1. Fringe projection basic principle.
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The fringe projection technique exploits the light diffused by an bbjearder to measure its
shape or shape variation. Moreover, in order to observe out-of-plataceiments, the angle
between the projected fringes and the observed diffused light must notllbelight
intensities on an object illuminated by a set of fringes can $&itded by a periodic function
li, with a perturbatiopcorresponding to the object shape:

1 (oy)= lo(x,y)[u Hslood 2 syo” (x,y)ﬂ <1>

This equation involves an average intensgyand a contrasy: These values should be
constant over the whole map, but some low-frequenayations due to illumination
inhomogeneities or diffusivity changes on top af Burface can occur. Consequently, both
average intensity and contrast have to be consldesdocal quantities, typically calculated
over few fringe periods, and can be dendigd,y) and Kx,y). The pitchp is the distance
between two light peaks on a flat surface. Agaire tb perspective effects in particular, this
pitch can change over the map, but this variatiam loe known either using a model or a
calibration procedure.

Lastly, the object is responsible for a phase sfifft= ¢"(x,y) at each point of the field.
Consequently, eqn (1) is based on three unknowntigies (o(X,y), KX,y), @X,y) which need

at least three equations to be identified. The ple®xtracted through the home-made code
Photomecanix and the out-of-plane positidfx,y) can be retrieved from to the following
basic equation:

07 (xy)= WZ(W) @)

In this expression, the sensitivity characterizgdhe slope of the linear relationship between
g7 (x,y)and Zx,y), can be adjusted by modifying the piglr the angled between the CCD
video-camera and the video-projector. It has todted that the sensitivity can vary locally.
In particular, in the present experiment, the vigeojector and the CCD camera used
divergent beams, leading to a more complex sitndtian the one described in Figure 1. A
specific calibration procedure has been developasgd on prescribing a known translation of
a reference object. The phase variatigh is extracted using a temporal phase shifting
algorithm proposed by Surrel [4]; the phase shigghe video-projector itself, controlled by
Photomecanix. Last, no camera distortion modebleas applied here.

An estimation of the resolution based on a repddtatest on a given stable situation gives a
value of 0.9 % of one fringe, i.e. the noise lege20 um. Because of the use of the temporal
phase shifting algorithm, spatial resolution is tkép 1 pixel i.e. from 18.6 to 29.3 um
depending on the experiment.

Displacements measur ement using DSPI set-up
To measure tha(x,y)v(x,y)andw(x,y)components of the displacement field at the sartdc
an object, three speckle interferometers with empland out-of-plane sensitivity are used.

The basic equation of DSPI that describes the alpthase differencedg due to the
displacement of the object is given by
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Ap°5P (x,y)= 2§<e. -e,) W 3)

whereg ande, are the illumination and the observing unit vestoespectively, ana is the
wavelength of the laser light.

Here the specimen is observed alegg(0,0,-1) and is illuminated with three differergams,
using the same reference beam as for a classitalf-g@lane set-up. Two beams are in an
horizontal plane, i.ee;=(sin }4, 0, cosy) ande,=(sin 5, 0, cos)), s = -}, while the last one

is in a vertical plane, i.e3=(0, sin)s, cos)s). The phase changes between both object beams
and the reference are given by:

A" xy)| - fsimy 0 (1+cogy)](u(xy)
207 (xy)y= Z|sim, 0 (urcos,) () @
A ESPI(X Y) 0 Siny3 (1+ 009/3) u3(x,y)

where Adu;, Au, and du; are respectively the in-plane and out-of-planepldisement
components. In fact, due to the specimen geomeidytlze lens divergence, i=1..3 is not
constant over the covered field. Knowing the optaceangement and the specimen geometry,
it is possible to determine pointwisek{x,y). As a general form, each sensitivity veciere))

is expressed according to the optical centres efdillergent beam and the camera, and the
local position of each surface point M. The franfereference is shown in Figure 2 (red
arrows). For each couple illumination beam / rafeeebeam, the phase is extracted throw a
temporal phase shifting algorithm, and, if necegsand unwrapping algorithm described in

[5].

* Reference heam * Right-hand beam

* Left-hand beam * Upper beam
g

li
Control unit

e Beam splitters |

-

Il Laser source L

.| CCD camera
+ lens
+ beam splitter

e i i
|
I

Figure 2: Optical arrangement
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Experiments
experimental set-up

The DSPI system used to measure the displacenaduhtiB shown in Figure 2. The light from
a doubled-YAG laser with a wavelengtk532 nm is divided by a tunable beam-splitter into
a reference beam (denoted 1) and 3 beams illummahtie object (denoted 2~4). Each of
these latter beams are separated using tunable ggléters. Both beams are expanded by
microscope objectives, illuminate the specimen #ral diffused light interferes with the
reference beam. The specklegram is imaged by a €@igra (Pulnix TM-620) whose output
is fed to a frame grabber (Matrox Pulsar) locateside of a personal computer which
digitises images with a resolution of 582512 pixelsx 8 bits. The video camera has a zoom
lens which allows to image a small region of the specimen of d@®ubhmx 18 mm. A
piezoelectric transducer linked to one of the mirrors (M) isl iegerform the phase shifting.
This transducer is linearly displaced by the control unit. A videceptoj ensures the fringe
projection with an mean angle of incidence close to 30°.

Uncertainty analysis

In the following experiments, the camera centre is located at {fyi0, - 450} mm, and the
illumination beams foci respectively at {-505, 0, - 450}' mm, {0, -229, -450}', {485, 0, -
450} mm.

These values are one order of magnitude higher than the regiotedst size (1& 18
mn?). In fact, if the surface is flat, i.e. that each measuringtpsiin the plane / M(x, y, 0¥
X, Y, the beam divergence has few influence on the result. Bgaltews typical error maps
for a representative loading condition, in this case a temperdtange of 9°C. Under these
experimental conditions, the error without using the beam divergence is lower than 2 %.

Points with different positions should also lead to some uncerwihti®rder to evaluate the
error on these positions, a variation on the vertical illumination fb@assbeen imposed ;
because the position is measured using a rule with precision of bnmts two ends, the
variation has been set to +1.4 mm on each direction. Then, the maxinarneresountered
on the experimental map is 1 % (see figure 4).

Last, on flat surfaces, errors related to the surface positomainly due to the vertical axis:
the two others being symmetric, a simple reflective surfacgufficient to minimize any

left/right misalignment. We can suppose that on & I8 mnf surface, a variation of +1 mm
is reasonable on the vertical direction. The relative errate@lto this event gives a
maximum value of 0.18 %.

If extending these results using classical error propagati@s 6], the overall error on
elements position is lower than 2 % (using the divergence beam &iom)lor lower than
2.7 % if the divergence effect is neglected. Finally, the vanation displacements induce
few effects on strain maps. Induced errors are lower than/@hjithis can be explained by
the pixels size, and consequently the derivation kernel, and by thizelgwency shape of
error functions.
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Figure 3. Relative error on the displacement norm if notsidaring the divergence
(for a specimen submitted to a 9°C temperature gbawiewed from its flat side)

Figure 4. Relative error on the displacement norm due tcettiainties on illumination beam position (for a
specimen subjected to a 9°C temperature changeediérom its flat side)
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Temperature set-up

Expected temperature changes are below 35 °C. These small changeslcted due to the
very high sensitivity of DSPI, and because of the versatilithesfting systems in such a
range. Here, an halogen lamp has been placed beside the specistegeravoids light to
propagate in the direction of the camera in such a form that no noise is added to the signa

Experimental conditions have been optimized to generate an homogeaepesature field
over the area of interest. In fact, temperature variations bedretid are lower than 1 °C, and
from de back side to the front side of the specimen lower than 2%fly] a repeatability test
shows that the temperature resolution is 1.5 °C.

Resultsand analysis
Specimen

The specimen used for this experiment is a [G9@minate of Carbon Fibre Reinforced
Polymer T300 from Hexcel Company. It should be noticed that the samglightly non-
symmetric: an extra 0 (or 90) ply is added to simulate a lpessrror during the
manufacturing process. It is cured in a rigid mould. Its finangery is an L-shape. The L
inner and outer curvature radii are respectively 9 mm and 21 mnat#henean thickness is
9.5 mm [7].

Results will be presented here for a temperature change of 12.4&. & 3D displacement
fields is recorded both from the front side and from the |d#& sf the specimen, as described
in figure 5. The total covered area isxii® mnf. For clarity of the purpose, only results on
the left side will be presented here.

Left side

h// Front side

Figure5: Schematic view of the specimen and measuring areas
Results

Left side results should have been taken with two classical in-g&fé interferometers. In
fact, we used here a 3D set-up, adding extra information (out-of-pRispjacements found
in x- and y- directions follow the specimen curvature (FigurdBétause it is a quasi-plane



206
207
208
209
210
211
212
213
214
215
216
217
218

219

220

221

222
223
224
225
226
227

situation, the strain has been calculated in this case. In spitee ofatural curvature, the
average orientation of the specimen is 45° off the horizontal axis.spéeimen mainly
expands throughout its thickness. This result is commonly found for compoaterials,
where the fibres have a lower dilatation coefficient than thie.ré the strain are projected in
a specimen frame of refereneg, ands,, are constant, with respective mean values of 136 10
® and 529 16. Consequently, it is possible to estimate the coefficient ofrtleexpansion of
11.3 10° m/m/K, and a throw thickness coefficient of 58.0°10/m/K. Even if the order of
magnitude is in agreement with common knowledge, a fine compagsdifficult, mainly
because the fibre volume fraction varies within the curvat@wa. dihe specimen is subjected
to an almost constant shear and a progressive rotation in thefrfaaréhof reference. Again,
using the specimen coordinate system, shear is different, ante# raearly with the actual
position along the sample. Therefore, using a beam approximationnpies that the
bending moment varies quadratically with the position.

Figure 7: Left side — z-displacement field, and displacergeadient. The plies of the part are clearely
outlined.

Finally, the out-of plane displacement field has been also ret@mig analysed. Of course,
the order of magnitude of the displacement is much smaller thawahethers. It is believed
that the main source of out-of-plane displacement is relateetddundary effects, and
clamping variations with temperature because no low-frequency gradienbis.Mi&dw, high
frequency information, corresponding to the plies stacking sequenegsible (Figure 7).
These plies behave in a different way from one to the other leadutheir different



228 dilatation coefficient in this direction, due to fibres orientation. I¥siag the signature leads
229 to a mean ply thickness of 183.5 pm. The nominal ply thickness is M6Xq that, it is
230 possible to estimate the effective fibre volume fraction: 49% instead of 59%.

231 The local effect also shows the very good spatial resolutior\athiwith this DSPI set-up:
232 each ply has a mean measured thickness of 9.9 pixels, and the igzatialion using the
233 autocorrelation function on noise gave a value of 1 pixel.

234 Conclusion

235 The geometrical variations of a thick L-shape composite couponcsubjex temperature
236 change have been recorded by a 3D DSPI set-up. The systenintakescount the local
237 variations of the three sensitivity vectors related to the ldtmengence and to the specimen
238 shape variations. Errors uncertainties due to the calibration danecere supposed to be
239 lower than 2 % for the displacements and 2um/m for the strdimasssbeing calculated
240 performing a low-pass filtering and derivation over 11 pixels.

241 First results on the composite sample show titatthe composite shape changes as if the part
242 where subjected to a quadratic bending moméftttermal expansion coefficients could be
243 identified in-situ, with realistic values.3 the ply thickness, and consequently the fibre
244 volume fractions were found to be lower than the nominal value (49% instead of 59%.).

245 Further work will concern the projection of strains in the local chrate system, and the
246 analysis of the front side results.
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