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ADbstr act

Laser-ultrasonics, which uses lasers for the gdénerand detection of ultrasound is now a
mature nondestructive technique for evaluation afiemals and structures. This technique works
at a distance, without surface preparation, artiea specially adapted to inspect moving and
hot parts of complex geometrical shapes. Applicetiof laser-ultrasonics to the automotive
industry have been rarely reported, and this papeaimed to present some applications
developed at the Industrial Materials Institutetlod National Research Council of Canada. A
first application is the evaluation of weld integriwelds produced by different methods such as
laser stitches, spot welding, friction stir weldiag well as conventional MIG welding were
tested by the technique, and some examples arernpeels A second application that has been
explored is the evaluation of the magnesium/aluminaterface of a novel engine crankcase
casting, in which delaminated and well bonded zowese clearly separated in the laser-
ultrasonic images. A third application is the measent of paint thickness, not only when it is
dried but also following application when it islistvet. For this application, thickness can be
obtained following a spectroscopic analysis of taeer-ultrasonic data. Finally, adhesive
bonding is a new trend in the automotive indusirgt eesults are presented on the assessment of
bond strength.

Keywords: Laser-ultrasonics, Automobile NDT, Automobile pres&ontrol, Weld inspection.

1. Introduction

NDT for automotive industry has not been a primaignch for the non-destructive business
for multiple reasons. One of the reasons is thataahigh volume and very cost sensitive
industry, the automotive manufacturers often sed NS an obstacle to the high productivity
level necessary in this very competitive indusBuyt this reality is likely to change as new NDT
methods like laser-ultrasonics, which is truly raamtact, can be introduced in the production
chain with little effect on production pace. Alstgs new more complex materials and joining
processes are being adopted on the automotivetigdddDT can be a very effective way of
assuring their reliability and repeatability to elsrate their acceptance. Although the
consequences of a failure on an automobile isddtisal than that found in an airplane and a
nuclear reactor, a quick observation of the autdlaaiarket shows that companies that are
growing and increasing market share are those lfachwthe consumers perception of quality and
reliability are higher, and the role of NDT to enba the reliability in the automotive industry
has recently been discus&8ét

In this paper, applications of the laser-ultrasaeichnique to the automotive industry are
reviewed with results obtained at the Industrialtéials Institute of the National Research



Council of Canada. The principles and applicatiohthe technique can be found in reference
[3]. Applications to other industries, like aerospaand metallurgy, are further detailed in
references [4,5].

2. Weld I nspection

While types of welds like conventional MIG and maedvanced laser-stitches have been
successfully characterized by laser-ultrasonicslinvg our discussions in this section to results
for spot welding and friction stir welding.

2.1 Spot welds

Spot welding is widely used in the appliance, aauic and automobile industries. In
particular, car bodies are largely assembled by wetding. Although the process is reasonably
well controlled, bad welds may occur and may resukome cases, at a very high cost, in the
rejection of the whole welded assembly. In indusspot welds are usually evaluated by
destructive peel tests in which the sample is sirpplled apart; if the weld is good, one of the
sheets will tear around the weld nugget whose waedih then be measured. Development work
has shown that ultrasonic-based non destructivédhadst may be useful for assessing weld
integrity, but present some difficulties of implemb&tion due essentially to the contact nature of
piezoelectric transducers. Laser-ultrasonics malkkeasonic coupling much easier and appears
as a practical alternative to piezoelectric badedsonics.
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FIGURE 1. (a) Laser-ultrasonic signals obtained on 5 weldsying from good to bad: SetUp, NOMinal,
MINimum, Less Than Minimum and Stick. (b). Ratio b interface echo over the backwall echo at glein
location measurement and average over the wel@éad(Brscan).

Figure 1a shows the ultrasonic signals obtainedbfareld qualities, varying from good to
bad and named SetUp, NOMinal, MINimum, Less ThaniMum and Stick. The sample was
made from 0.8 mm thick steel plates. The sample wsklled on a translation stage and
scanned over the welded region with a step siderom. The first signal on the top was obtained
outside the weld region and is used as a referdie= echo at 0.25 ps corresponds to a round
trip of the ultrasonic wave across the first plabe echo at 0.75 ps corresponds to three round
trips across this plate and so on. We named theineodoes. On the other hand, the echoes at
0.5 us (1 ps, 1.5 pus,...) come from two differentrses. They correspond to two (four, six,...)
round trips in the first plate and also to one (tthoee,...) round trips through the weld and are



named even echoes. As expected, the amplitude @idti echoes gets stronger as we move from
the lower curve (good weld) to the top curve (bagldk The quality of the weld can be
estimated by using the ratio of the reflected digiighe interface (first odd echo) normalized
with respect to the wave transmitted through th&wfrst even echo). In Figure 1b, this ratio
has been plotted using single shot results obtamtexh the laser spots are at the center of each
weld (gray bars) and using B-scan data taken dwemtelded region (black bars). In the latter
case, since the step size of the scans was 1 nwerateneasurements were made inside each
weld, so an average ratio across the weld was leédcl The quality of the welds can be clearly
separated in two classes: a first class includiegnelds labeled "SU", "NOM" and "MIN" and a
second class including the welds labeled "LTM" 88@ICK.

2.2 Friction stir welds

Friction stir welding (FSW) is a solid-state joiginprocess that has found extensive
applications in recent years. It is an emerging ufacturing technology that allows creating
lighter structures at lower cost than traditionathods. As shown in Figure 2, FSW uses a
specially shaped rotating tool consisting of agma a shoulder to produce the weld. The motion
of the welding tool on the metal plate, usuallynailoum, generates frictional heat that creates a
plasticized region around the immersed portionhaf tool (pin) to produce lap or butt joints.
However, with changes in material conditions or diej parameters, discontinuities such as
wormholes, lack of penetration, hooking or voide ba formed. A more difficult situation is the
presence of joint line remnants also called kisdwogds which are due to the presence of
entrapped oxide layers and resulting in inferiochamical properties in the weld nug%et
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FIGURE 2. Schematic of the principle of FSW (butt joint).

A laser-ultrasonic technique combined with Synthégperture Focusing Technique (SAFT)
algorithm has recently been proposed for the ndndeive detection of such defeéts Data
acquisition over a line across the weld at reguidervals is made followed by numerical
focusing to get better resolved C-scan and B-soageés. Figure 3 shows an ultrasonic SAFT
image of a cross-section and corresponding metalidty of a lap joint of aluminum. Scanning
was performed from the side opposite to tool witlpieosecond laser producing ultrasonic
frequencies up to 220 MHz. The presence of hookirtge advancing side as well as indications
of a wormhole below the interface are clearly \esibA wormhole occurs when the ratio
between the welding speed and the tool rotatioredpe too high or too low. Also, SAFT
reconstruction is found very useful for the idanstion of hooking defect by properly reducing



the size of indications having a parabolic shapetddver, a kissing bond present in the weld is
detected by laser-ultrasonics as a slight reflactiong the interface on the left side.

a)

FIGURE 3. Cross-section of a lap joint with some defectSAFT image and b) corresponding metallography.

Figure 4 shows a SAFT image and the correspondeeigllfography of a cross-section of a
butt joint with a lack of penetration (LOP). WitHawver frequency content, these measurements
were made on the tool side to detect the LOP oopipesite side. The LOP is well observed and
appears as a lack of signal of the longitudinal evawar the bottom surface. From
metallography, the LOP shown has a width of abduuh and a depth of 0.6 mm, but the
detection of a 0.3 mm deep LOP in a similar spenimas also observed.

a) b)

FIGURE 4. Cross-section of a butt joint showing a lack of gtestion. a) SAFT image and b) corresponding
metallography.

3. Dual Metal Casting I nspection

In the search for a lighter automotive engine, gMesium/Aluminum composite design has
been proposed by BMW group for the single heawesiponent, i.e. the cylinder crankcase.
The manufacturing method consists to make the @gtibarrels, the main bearings and the water
jacket from a hypereutectic aluminum alloy and ubsequently cast magnesium around it in a
die-casting process. Laser-ultrasonics was useakgess the metallurgical bond between both
materials in the part by finding voids at the Mgitderfacé.

Figure 5a shows an image of the crankcase, inajuthie locations of the inspected areas.
Figure 5b shows a C-scan laser-ultrasonic imagentak Area 3. The C-scan was obtained from
a cross-correlation of the ultrasonic signal witteerence echo taken in the debonded region of
Area 3. According to the impedances of the Mg, Adl air, an inversion of the polarity of the
ultrasonic echo reflected at the Mg-Al interfaceexpected between well-bonded and debonded
interfaces. This inversion feature makes the metimdh more robust than any amplitude



related criteria. The C-scan image clearly delirttits regions with and without voids at the Mg-
Al interface. The void-free region appears in retha bottom right section of the image.
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FIGURE 5. a) Image of the engine and of the inspected ameddp C-scan image in Area 3. The blue color is
positive and indicates a debonded region.

4. Paint | nspection

Another application that has been explored wasrtbasurement of paint thickness, not only
when it is dried but also following application whet is still wet. The process of paint
application in the automotive industry involves mateps and 4 different paint layers namely,
E-coat, primer, basecoat and clearcoat. An ingafficor excess application of one layer may
imply that the vehicle be recoated, therefore mgkthe material and labor costs quite
significant. For this purpose, the on-line measwetiof the thickness of wet paint layers is
sought so the painting process could be efficietdlytrolled. A laser-ultrasonic system would be
able to work in the hostile environment of a fagtgraint booth without performance
degradation.

With measurements in a thin multilayer, the ultrasechoes usually cannot be separated
out and identified in the time domain. The painickhess is therefore obtained using an
resonance spectroscopy approach in the frequermogidoThe choice of an optimal laser source
is also a concern with respect to the efficiencgaind generation for any wet basecoat. Laser-
ultrasonic measurements were performed with diffel@ser sources namely, g®&rF Excimer
and Nd-YAG, on planar coupons having a wet layethef basecoat on top of dry layers of E-
coat and primer. With each laser source, data wellected at different times, with different
thicknesses of the basecoat. Also different basssvare tested, in particular the difficult water-
based paints with high metal contents of coloregyeed, gold, silver and white. In general,
fumes were observed at generation, which can distetection but do not cause significant
damage on the paint surface.

Figure 6 shows the amplitude spectra obtained usiegKrF Excimer laser source for
different thicknesses of the gold basecoat 1 miaiter application. Spectra are presented with
an amplitude window of 24 dB (logarithmic scale)tieen consecutive vertical divisions.
Globally, resonance peaks progressively moves weldrequencies with increasing basecoat
thickness. This clearly indicates that resonancak pgositions may serve to evaluate wet



basecoat thickness. However, one notices foraise 8 mils (about 76 pm) thick, an additional
peak near 7 MHz that causes a shift of the ona@yreresent and which is attributed to the steel
layer alone. This is the result of mode couplingoesdicted using a model for propagation in
multilayers”. Such a model is generally required to obtain etetthickness estimates with this

approach.
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FIGURE 6. Amplitude spectra obtained with a KrF Excimer laferdifferent thicknesses of the basecoat after 1
min. The vertical scale is 24 dB/interval and 1 coifresponds to 25i4m.

5. Adhesive bond strength

Adhesive bonding is a new trend in the automothaustry with the promise to keep high
strength joints and reduce the vehicle weight. H@rethere remains the need to make the
industry more confident in using adhesives and mdeustand how adhesives behave as a
structural element in a car assembly. Nondestreciethods to evaluate adhesive strength
include linear and non-linear ultrasound. Recemtlynethod based in using much higher
amplitude waves (shock waves) has been propd%s8d In this paper we present the use of the
resonance spectroscopy approach for the nondeas&uevaluation of metal-polymer-metal
structures. The signal is analyzed in the frequetmyain with a model for propagation in a
multilayer that includes the presence of interphabetween layefs The method allows
detecting flaws, but most of all, it leads to amfitative evaluation of the adhesion anywhere in
the inspected zone. A parameter characteristibefriterphase, the specific stiffness, S, in units
of N/m®, can be extracted from measurement data and ssad@terion for bond integrity, but
also for designing processes and materials.

Figure 7 shows an example of measured amplitudetrsipe compared with different spectra
obtained from the model varying the S parametethis example, the S value that matches best
the measured spectrum, more importantly resonaosiigns, was found to be S = 11.2 x10
N/m®. The multilayer structure studied was Aluminum3(Gnm)-Polypropylene (0.1 mm)-
Aluminum (0.3 mm), and several samples were prepavih different concentrations of
grafting chains, c, in the polypropylene matrix grdcess temperatures, T. The total thickness
of the structure was kept the same for all samgfiees applying pressure during the preparation.



Figure 8a shows the S parameter as a functioneoédhcentration of grafting chains. Related to
polymer interdiffusion, the occurrence of higherntlostrength regime was found for
concentrations larger than 5 %. Figure 8b showsraparison of the energy (per unit area) for
breaking of bonds in a destructive peel test fanssamples and the adhesion parameter S,
showing a good correlation between the nondesteitéichnique and the destructive peel test.
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FIGURE 7. Comparison of measured spectrum (in red) with dfie spectra obtained from the model varying the
S parameter.
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FIGURE 8. a) Adhesion parameter S as a function of the edration of grafting chains in Al-PP-Al structures.
b) Comparison of peel test energy and S paramateonine samples.

6. Conclusion



Applications of laser-ultrasonics for weld and aslbe evaluation, void detection in
crankcase and paint thickness measurements hanerémarted. These results show that laser-
ultrasonics can be at the basis of methods fortgu@introl inspection as well as process control
to improve reliability in the automotive industry.
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