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Report:
In this allocated beamtime, we recorded the dynansicle the cavity of a pristine fastener assensalyject
to 3.4 kA current at the microsecond time scaleubyng high-speed XPCI. Then, the damaged fastener i
analysed by using phase contrast tomography.
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Figure 1. a) Scheme of the academic fastener asgemiI op view of the cavity recorded by the higireed XPCI setup. One can
see the dowel, the edge of the nuts, the high geltable on the left-hand side and the Nylon ctiélesed to attach it. The cavity is
marked by the two white arrows. The current flovesf left to right. The red dashed box is the zoowres reported in Figure 2.

The sample is composed of a CFRP panel and onlyasteners, allowing for simplified circulation patof
current in the structure (Figure 1a). The CFRP pané.1 mm-thick and 20 mm x 50 mm in size. Imade

of sixteen plies of aligned T700 carbon fibres @yrdiameter of 12 3 um), surrounded by Epoxy resin
M21 (Hexcel) [1]. The successive plies are orierdd45° and +45° which guaranties that all the9li
contribute equally to the transport of current kesw the two fasteners. The studied fastener cevityrmed

by a Titanium dowel with a diameter of 5 mm andeataal flat length of 4 mm inserted in a hole wéth
diameter of 6.5 mm. This configuration has beersehao facilitate the imaging of the cavity fromoab. A
particular care is taken to centre the fastenethercavity. The dowel is tightened to the panetvy Nylon
nuts. A dielectric washer made of NOMEX T410 wiblum thickness, adjusted to the dowel diameter, is
inserted between the nut and the panel to ensatétté current flows inside the dowel and to sealdavity.
The current is injected through the dowel (HV+)isldelivered by a current generator specially gesil by
ONERA. The generator provides a single pulse ofecurwith a biexponential waveform. The maximum of
3.4 kA is reached in roughly 14 us and it decreedsalf of it in roughly 40 ps. The cavity is imag&4 m
downstream on a visible high-speed camera (HypsioiHPV-X2 from Shimadzu) using a scintillator.€Th
camera has a sensor made of 400 x 250 pixelsanptkel size of 32 um, resulting in a field of vi¢lOV) of



about 12 mm x 8 mm (magnification of 1). The bebaviof the cavity is recorded at a speed of 500 Wil

an exposure time of 200 ns. To achieve these remprbnditions, the white beam (peaked at 30 kesV) i
chosen to maximize the photon flux. The camergnglsronised with the generator and starts to aeduins
earlier than the current injection. The currenumes$ through the second fastener (HV-), which sainless
steel M6 screw mounted in interference fit to avaicding on this side.

The image of the cavity is shown in Figure 1b. Via see the dowel in black, highly attenuating teant.
Thanks to phase contrast, edges are emphasizedalthe tie (visible teeth around the dowel) usethsten
the HV+ cable, the Nylon nuts and the cavity séenugh the nuts (marked by the two white arrows)e O
can notice that the dowel is not perfectly cantenedhe cavity, with the shortest Ti-CFRP distareached in
the bottom-right area of the cavity. The curreat$ from left to right.
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Figure 2. Dynamic of the fastener cavity duringreat injection for selected delays in a zoomed &@wa Figure 1b (see red
dashed box). The injection startstat O pus. The colour bar corresponds to the diffeeé(t) = I(T) — I(T = -1 us), where tj is the
contrast amplitude of the image at the dalalyor reference, t(= -1 ps) is superimposed A1) and is put in transparency (grey
background). The circle shows particle ejectioartstg around 13 ps and related to arcing. Thenasttows growing damages on
the edge of the dowel.

The dynamic of the cavity during current injectienreported in Figure 2. It shows for selected yela
zoomed area from Figure 1b (see red dashed bogg simost of the dynamic happens here. This is not
surprising because it corresponds to the area tiwehshortest Ti-CFRP gap. To enhance the sparkoeros
evolution, we plot the differena®l(t) = I(t) — I(T = -1 us), where 1 is the contrast intensity of the image at
the delayt. This information refers to the colour bar. Totbetocate phenomena, it is superimposed on the
initial image I = -1 ys) put in transparency (grey levels). Nb&tt = O us is the beginning of the current
injection. Two dynamics can be seen. Starting alldiBus, a particle is pulled off from the CFRP #mwdwn

into the cavity (see the circle — particle ejecttam be seen in other location but are not sho@n)the CFRP
side, the persistent red spot indicates a gaintemnsity, meaning that matter has been extractiagihg a hole

of about 95 um x 65 um (along x and y respectivélgnsidering that this particle ejection happehgmthe
current is at its maximum, it can be related taray@henomenon in the cavity. Then, on a sloweradyia,

the edge of the dowel (see the arrow) is progressimelted: the molten depth at the interface @6m
after 20 ps, until it slowly stablises to ~ 200 poeyond 50 ps. The damaging evolves similarly then t
cumulated electrical energy k) deposited as a function of time in the samplgn Eeaches a maximum of
38 J however, only a fraction of the total eleakienergy deposited in the assembly is used to tnelTi
dowel. We can estimate this fraction and the motteockness with a simplified electro-thermal moaél
electric contact [2] in fastener assembly. The ma@dsumes that the current is constricted in andefi
numberN of spots which correspond to arc roots connedtiegdowel to the CFRP. However, limits need to
be imposed o\ and the spots diameter so that the model is rol&usth limits can be set using the
experimental observations. To go even further whthmodel, a quantitative analysis of the tomogiaghata

will be needed in order to determine the densityspbts (number of spots per mm) and the volume of
damaged material (both for the fastener and theRJFR quick analysis of the tomographic data congithe
assumptions put forward by the high-speed obsemstiThe cavities formed in the CFRP wall are atiens

of um in size and the molten Ti gives rise to prsibn of about 100 um on the dowel wall. Thesetereaak
points in the assembly where current will be coteged at the next lightning shock.

Publications arising thus far from this work: a ggeding has been submitted to the InternationafeZence
on Lightning & Static Electricity (ICOLSE) 2022 (tme reviewed).

[1] R. Sousa Martins et al., “Characterization ghamic carbon-metallic contact resistance submitbed lightning current
waveform”, ICOLSE 2019
[2] R. Holm, “Electric contacts: theory and apptioas”, Springer Verlag GmbH, fourth edition, 1967



