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NONCONTACT HATERIAL TESTING USING LASER
ENERGY DEPOSITION AND INTERFEROMETRY

by

Clarence A, Calder
William W. Wilcox

Lawrence Livermore Laboratory
Livermore, California 94550

ABSTRACT

A tachnique i6s described for the nomconcact
testing of materials using laser depositiaon

co generate a stress pulse and
interferometsry to record the transaient
surface dinplacemer.. The dflatational

wvave speed can be measured and, in the
particular case of rod or plate specimens,
sufficient information can be obtained to
evaluate the two elastic comstants of an
isotropiz material. Severgl applications
illuatrating the advantages of the approach
are summarized.
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1. Introduction

‘The accurste characterization of waterial behavior
for use in computer models and calculations is
continually required for the design of safe and
efficient structures and machine components

Frequently, new materials or unigque applications
require measurements of material properties waere
conventional methods are unsuitable. In this work,
an experimental technique is described which allows
loading of a specimen and the recording of its
dynamic response without physical contact with the
specimen. The transient load is applied by rapid
energy deposition from a Q-pulsed, high energy
laser. The rapid heating produces vaporizatica of
the surface skin and the resulring blowoff drives a
compressive stress pulse into the material. Stress
wvave arrivals are monitored wysing a dynamic
displacement interferometer.

In 3 number of situitions this technique has
distinct advantages over the commonly used
ultrasonic methods. The laser loading produces a
large stress pulse amplitude of short duration so
that tests of highly attenuvating or very thin
materials are possible. The short measurement time
of a few microseconds or less can be made at a
precise instant in time. The noncontact feature is
especially useful for teating in severe
environments and with toxic materials. There are
few restrictions on specimen size and config-
uration and the specimen can be far removed from
the instrumentation hardwsre. In addicion, rests
have shown thar flat and specular surfaces are
often not necessary for adequate interferometry
measurements.

2. _Specimen Loading by Lgser Energy Deposition

The potential for generating stress waves in
materials by laser energy deposition has been
recognized since the early sixries following the
invention of the pulsed ruby laser in 1969. Ready
(1] gave one of the first treatments describing the
effects of normal mode and Q-switched laser pulses
absorbed at opaque surfaces. In the late sixties,
Percival [2] conducted a study of laser generated
stress waves in an  absorbing rod and  used
Pochhammer-Chrec theury to describe the dynamic

stress reponse, This approach was used to

determine the elastic constants of rod specimens at

elevated temperatures using a sandwiched
1
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piczoelectric tourmaline crystal [3]. Skeen and
associates [4] used quartz stress gages to record
stress pulse amplitudes created by the rapidly
expanding plasma. A following study [5] explored
the 1large plastic deformation of thin plates
subjected ro laser loading with the plasma continad
by a curface overlay. Lascer induced stress pulses
with rise times of less than 1 ns and
half-aoplitude durations of 3 ns have been produced
with a 3-ps pulsed laser [6]. More recently,
Krehl, Schwirzke, and Cooper [7] have made
measurements to show plasma momentum from aluminum
targets to be in reasonably good agreemenr with the
measured target impulse obtained from quartz gage
data, Fairand and coworkers have conducted several
studies [8,9,10] related to incrcased laser
generated stress amplitudes by using surface
overlays. They produced extensive plastic flow at
the surface of an iron~silicon alloy sapecimen but
round the stress amplitude decayed rapidly as it
progressed into  the interior. An  extensive
coverage of work done up to 1971 on material
I['esfonse to high power lasers is given by Ready.
11

Much cffort is currently being ecxpended in
laser-material interaction studies ranging from
metal scribing at low energy to laser fusion at
ultra high energy. At moderate lazcr-energy
levels, stress pulse amplitudes on the order of the
yicld atress of metals can be reached. Such srrees
waves are induced by at least two mechanisms, and
depending on the opacity of the material to the
laser wavelengh used, one mechanism or the other

may predominate. In the firset, the rapid
deposition of laser energy inte an  absarbing
waterial produces a  state of unbalanced,

compregsive thermal stress as the heated material
wants to expand but is restrained initially by its
own inertia. This stress gradient propagates into
the moterial and is immediately followed with a
tensile tail arising from the frent surface
reflection. See, for example, Ref. 12.

In the second mechanism, an opaque Ctarget surface
is rapidly vaporized by the high energy laser
pulse, and the recoil from blowoff of the vapor
causes a strong, transient pressure build-up. The
pressure on the target eurface induces a
compressive stress pulse that propagates through
the macerial. This mechanism is illuscrated in
Fig. 1 which shows the laser generated plasma
blowoff from a  6.35-mm-thick aluminum disk
subjected to laser deposition from a
neodymium-glass laser pulse of sbout 12 J and 30 ns
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acting on a 22-n-~dia. area.

The second meckanism does produce some surface
damnge but in most cases it is undetectible except
far a slightly scorched appearance of the surface.
(he results of laser deposition on a 25-mm-diam
aluminum disk at three energy densities are shown
in the upper left of Fig. 2. The disk surface was
first prepared with 400 grit sandpaper to provide a
reasanably uniforr. surfcce raughness. Thea  the
surface was exposed to 1.06 Mm laser pulses of (A)
5 3 and (B) 12 J ovir a 10-mmdiam area, and C) 12
J focused to akour | omm diameter. The latter
produced a clearly evident crater in the surface
Scanning electron mic.oscopy views of the criginal
and exposed surface (B) are shown at 1000X. The
vaporization and melting of the ridge peaks ar»
evident in the upper right view of Fig. 2.

Yeasurements of actual material mass vemoved by
laser deposition were taken for three samples each
of four metals and the average surface depth
removed caliulated, The laser energy used was 12 J
at 1,06 um aad 30 ns aover a spot about 10 wmm im
diamecer. The vesults, tebulated in Table 1, show
the actual depth removed ro be extremely small.

Surface overlays, such as highly absorbing black
paint or a trangparent sheet of slide glass, have
beon known to greatly effect the amplitude and
duration of the atreas pulse induced in the
specimen. In cases where the overlay is highly
ahsorbing, a larger percentage of the laser cnergy
is absorbed creating a greater blowoff preasure.
When a transperent overlay (tamper) is used, cthe
laser energy is absorbed at the specimen surface
and the confined plasma prodvess a wmuch higher
pressure. The effect was cxplored by conducting
laser deposition tests on a 6.35-mm-thick aluminum
dimk specimen wvith the {ollowing surface conditions:

1) bare and cloaned by previous shots,
2) blacked with a felt tip pen,

3) tampered with cellophane tape,

4) blacked and tampered with tape.

Lasec deposition Eram a Q-pulsed neodymium-glass
laser operating with a (2 J and 30 ps pulse
duracion was spread gpproximately uniformly over an
arca of 22 mm diam in each case. Stress arrival at
the  back face was monitored with an
gcoustically-matched quartz  transducer with a
J0-mm-diam guard ring using th. technique described
by Craham, [13] This one-dimensional  strain
experiment permitted recording of rche comptete
laser induced comprassive pulse before edge effects
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invalidated the quartz transducer output.

Stress profile results for the four surface
conditions are compared in Fig. 3. While blacking
the surface nearly doubled the peak stress of the
bare surface, the taped overlay produced a
ten-times increase im siress amplitude, As
cxpected, the maximum scress of cbout 157 MPa was
achieved with the combined blacked and taped
surface. The half-amplitude stress pulse duration
decreased from 240 ns for the bare surface to 95 ns
for the blacked and taped condition. Rise time was
about 45 ns in all cases. Earlier work [14] has
shown the transpareat cellophane cape to be as
effective in enhancing the streas amplitude as more
massive and less convenient transparent overlays of
quartz, epoxy, and slide glass. Possibly the
adhesive backing has a significant influence on the
pressure developed.

3. Specimen Response By Laser Interferometry

Host work with laser deposition loading has been
recorded using piczowslectric quartz transducers.
Theee devices are very scnsitive, have high

fraquency response, and in  the case of
one-dimensional strain or stress experiments, can
providc accurate stress-cime data. However, there

are several obvious limitatiorns to their use in
genergl. First, the specimen must have flat
surfaces to permit direct contact and good coupling
with the transducer. Second, specimen  size
limitations are governed by the trensducer size and
possible overlapping of the original and echo
stresses in the specimen. Third, ia general the
transducer is not acouftically matched to the
spceimen moterial requiring corrections to be made
in the data to obtain accurate stress information,
Finally, these transducers do nor survive well in
severe environments  and  their piezoelectric
character disappears at high Lemperatures.

These limitations are overcome and completely
noncontact testing made possible by using a
Michelson displacement interferometer to sense the
stress wave arrivals at the back face of the
spocimen. Although the normal stress of the free
surfacc is elwaye zero, the displacement and
velocity gre nonzero at the time the stress pulse

is reflecting from the back face. The specimen
surface becomes the moving mirrer of the
interferomcter. When light reflected from the

specimen surface is recoubined with light from the
reference mirror, a series of light and dark bands
or fringes are produced. Surface motion of the
specimen causea fringe movement uwhich can  be
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monitored by a photodector.

A schematic of the interferometric arrangement used
is shown in Fig. &4 and is similar to that described
by Barker and Hollenbach, [i5] 'The output from a
single {requency, Spectra  Physics model {64
argon-ion laser, operated at a waveleugth of 0.5145
4m, is dirccted to a beam splitter positioned at 45
degrees to the beam. The specimen and reference
mirror, placed perpendicular to each ather and
cquidistant fram the beam splitter, veflect the
split beams back to the beam splitter where they
are recombined to  from 4 pattern aof concentric,
cictcular fringes. The fringe pattern can be
abserved during setup by placing a screen at che
photadetector.

The photodetector is an RCA model 7326 ten-stage

photomuitiplier tube and associated circuitry. The
circuit is designed to provide up to 10 V of
linear ontput from the photomultiplier tube. The

tube is in an "off" mode vhen the high voltage is
on until a turn-cn trigger signal of 25 V is
applied. This feature permits operation with the
high ambient light level present and provides much
higher sensitivity at the moment the desired signal
occurs.

The fringe pattern is enlarged wvith an expanding
lens so that the photodetector, eguipped with a
0.7-nw-digm aperature, senses only one fringe at a
time at the center of che bulls-eye pattern.
Movament of the free surface a distance equal to
one-half the wavelength of the laser (A/2) causes
the zenter of che concentric fringe pattern to
change from light to dark to lighe. Thus, the
detector output is a frequency modulated sine wa >
with each successive peak representing an
additional surface displacement of #/2. This is
illustrated by the simulated trace in Fig. &4
showing the photomultiplier circuit turm-on at (1)
to a d-c voltage level representing the fringe
position at that instant of time. Specimen
movement causes a sine wave type output beginning
at (2) with cach complete cycle representing a
specimen back surface displacement of 0.2572 wm.
For purfect fringe contrast, the valleys of the
output would veturn to the zero voltage level at
(1) indicating camplece light extinction. In cases
where che specimen surface is nmot a good mirror
this desired condition is difficult to achieve. In
these cases fringe contrast con be improved by
focusing the specimen heam to a point on the



specimen surface and using a neutral density Eilter
in the reference leg Lo equalize inteasities of the
recombined beams. A 0.5145 «m spike filter is
placnd in front of the photomulriplier tube
aperture to filter out unwanted pulsed light from
the high enecgy Jlaser, flash tube, and laser
gencrated plasma.

4, Noncontact Testiny Arrangement
The combination of pulsed laser energy deposition
for specimen loading aud laser displacement
interferometry for wmeasuring specimen response
provides a unigue setup for noncontact testing of
materials in a number of situaCions which would be

impassible o-  very difficult using more
conventional approaches. A  schematic af the
noncontact test arraogement is shown in Fig. 5.
Specimen loading is  accomplished by laser

deposition on the specimen surface from a
Q-switcued Holobeam series 6082 neodymium-glass
laser at energies up to J5 J. Haif-amplitude pulse
duration is typically about 20-30 ns. A slide
glass beam Bplitcer is uscd to direct a small
portion of the input beam to a 0.5-ns-risetime
Monsanto silicon pin photodiade model MD2., The
output of the photodiode c¢ircuit, about 10 V, is
used to trigger the oscilloscope tise base or a
digitel delay plug-in unit which triggers the trace
after a praset time delay. Signals were recorded
an a Tektronix 7904 oscilloscope using a 7a19
plug-in amplifier and a 7B924 dual time base
resulting in a 500 MHz baodwidth capability. & 15
ol Spectra Physics model 124 helium-neon laser is
used for precise alignment of the high energy laser
and  the specimen. The components of the
interferometer are as described in the previous
section with the ecxception rhst in some earlier
applications the helium-neon alignment laser was
used in place of the arpw-ion laser. This
particular model is not si“r.e {requency and more
than onc axial mode may be generated. This causes
the laser output beam to be amplitude modulated at
the beat f[requencies of the active axial modes and
resules in "noisy" data traces.

In experiments requiring Aaccurate measurement of
stress wave transit time through the specimen,
where the transit time mey be only a Few hundred
nanoseconds, inhorent delays in  the scope
triggering and vertical imput amplifier, tranmsit
time through the photomulciplier tube, electrical
and optical path travel time, and effective
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initiation time of the stress pulse must be known
or excluded from affecting the data. The time of
initiation of the stress pulse wvas measured by
using a thin plate of high purity, oxygen-free
copper of known dilatatiovnal velocity as the
specimen in Fig, 5. A secand slide-glass beam
splicter was placed at the high emergy 1nput to
provide a fiducial marker superposed on the
photonult.plier signal output from the
interferometer. This procedure eliminated all
other timing considerations except the difference
in optical path lengths which could be easily
determined. The optical path from the fiducial
beam splitter to the photomultiplier tube is D.46 m
shorter thai the air path via the interferometer,
o the nigh encrgy laser pulse appears 1.5 ns early
on the oscilloscope recurd shown in Fig. 6. The
trar.it time for the 0.91-mm-thick specimen is 192
w. sased on g dilatational velacity of 4740 w/s for
high purity copper. [lb] Therefore, the time of
initiation of the stress pulse is obtained by
measuring back 190.5 ns from the breakout aof the
interferometer sigpal as shewn in Fig., 6. The time
of stress initiation was found to be very close to
the half-amplitude point on the rise of the high
energy laser pulse fiducial. The same conclusion
was found, within %9 ns, for ¢imilar tests on
ather mctals.

Using the noncontact test arrangement, measurcments
of ware velocities accurate to 1-2Z are possible.
The scope sueep should be calibrated at the sweep
rate used and correccions made for the wvarious
electrical and optical delays occurring in the
parcicular setup. Transient displacements can be
determined to within a fraction of a wavelength of
the laser light used provided tilt of the specimen
surfgoce i small. The determination of * ess froa
the displacement record would he considerably less
accurate duc to errars and difficultice inherent in

differentiating experimental data. Velocity
interferometry might be considered as an
alternative, but is somewhat less semsitive. Also,
a recent technique called a “velocity

interferometer pysiem for any reflector™ (VISAR)
[17] would provide velacity information directly as
well as reduce the necessity for a good surface
mirror and small tilt.

_Bpplications

Several cxamples of nencontact testing will he
briefly discussed to illustrate the technique and
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give insight to potential applications which might
be mare coaveniently dane with this spproach.

5.1 One-Dinensional Stcain Experiment

Laser loading of rcasonmably uniform intensity over
a sufficiently large area of a disk specimen
induces a onc-dimensional strain pulse into the
materisl. This screin pulse quickly deteriorwtes
to & complex state due to unloading waves
propagsting inward from che edge of the loading.
Displacement interferometry on the back face of the
specimen will indicats the arvival of the main
disturbance, the arrival of its echo off the front
face, and the detcrioration of the onc-dimensional
strain state. Daca records for two tests at
different laser intensities are shows in Fig. 7 for
8 53-mo-diam by 6.35-mm-thick alumipum disk. The
laser energy of 9 J uvas spread over s 19 me
diameter in the first test and 50 ww diameter in
the second. The expanded sweep in Fig. 7A
indicates a pulse duration of abour 100 ns. The
record of Fig. 7B ghows the first arvival, the echo
or one-tovnd-trip reflection 2.0us later, and the
edge effect appearing an additional €.1 4s later.
The dgcrease in laser fluence from 0.1 to 0.015

GW/cw” reduced the back surface displacement by
one-half.

5.2 Measurement of Elastic Constants

A longitudinal wave induced in one end of a raod
will travel axially with prazing incidence to the
rod lateral surface ar the dilatational velocity
with part of ite energy continuously mode converted
to shear waves. The shear wave travels at a slower
velocity diagonally across the rod diameter to the
opposite surface. There it mode converts back to a
ghear wave reflecting back iato the paterial and to
a dilatational wave again propagating ot grazing
incidence to the rod. This process is continually
repeated resulting in a successive train of pulses
arriving at the far end of the rod, the {first
appearing at the dilatational trangit time with the
following pulses delayed by a time velated to the
rod diameter and shear wave velocity, The weasured
time of arrival of the first two pulsyes alang with
the specimen dimensions and mass density provide
sufficient inforpstion to calculate the elastic
constants_of the isotropic material uysing a single
test. [18]

This ultrasonic test can be conducted using the
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noncontAct appraach where the caspressiomal pulse
is induced in one end of the rod by laser energy
deposition and the stress wave arrivals at the
opposite end sensed with the displaccment
interferometer. The  non-~react feature is
especially convenient for higi cemporature material
prorirty measurement with the addition of a
ciamshell oven surrounding the specimen. [19] An
actual oscilloscope tr'~r showing the displacement
response of a 6.35-mm- vy 10l-mm~long ctantalum
rod at 200 C is illuscrated in Fig. 8. The swzep
wae delayed 23.5 s and swept at 500 ns per
division. The arrival times of the dilatational
and mode converted signals are clearly indicated.
The values of t and Acr lead directly to the
evaluation of cthe wave velocities and elastic
constants of taatalum at 200 C.

5.3 Acoustic Velocity Measurement in Liquid Metal
Column

An isobaric expansion apparatus has bean developed
to measure various thermophysical propecties of
liquid metals at very high temperatures and
pressurés. [10_] In this experiment, a specimen the
diameter of a common paper clip (1 mm) and about
25-mm leng is subjected to rapid resistance heating
by current dumped from a large capacitor bank.
Requircd measurements are teken during an instant a
few microseconds after specimen melt but before
ingstability and breakup of the wolten column fakes
place. An additional measurement of sound velocity
across the digmeter of the specimen at this instant
in time would permit a more complete evaluation of
the thermodynamic state of the liquid metal. Such
a measurement by traditional means would be
impossible. HRowever, the noncontact approach is
ideally suited for obtaining this informatian
provided the liquid metal remains sufficiently
reflective for the interferometric measurements.

The bauic setup of Fig. 5 was used with oprical
ccens to the specimen through tapered sapphire
windows positioned in the pressure cell wall on
opposite sides of the vertical, l-mm-diam
specimed. The high energy laser was focused to a
spot about 0.2-mm-diam on the lateral aurface of
the spocimen and, diamerrically opposite, the
interferometer laser beam was focused. The
specimen and anvil holder are shown in Fig., 9 with
the higp energy beam and generate¢d plasma on  the
lett and the interferometer laser beam on the right.
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Lead specimens were seelected o démonstrate the
technique due to the relotively low energy required
to obtain melt. Sonic velocity measurements were
Eirsr made on solid lead rods and subsequently on
lead rcde liquified by the high current pulse from
a 20 kV capacitor hank discharge. The strese
transit time measurement was made a few
microseconds following melt. Typical oscilloscope
traces are shown in Fig. 10 for the solid and
liquid lead rums. As in the atress initiation time
measurement, 5Section &, the {iducial marker is
simply a representation of the timing of the high
energy laser pulse. The measured sonic velocity
for the solid specimen was recasonably close to an
average value 2.2] mu/4s taken from Ref. [16]. as
would be expected, there was a considerable drop in
velociry for the liquid lead %eat. The mneasured
liquid lead sound wvelocity of 1.80 mmfus sgreed
very well with a published value at mel> of 1.78
wales. [21]

5.4 Flaw Detection

A8 in conventional ultrasonic testing, the
noncontact approach can provide data en the
presence and location of flaws in the material. To
ehow this, a 1.5-wm-diam hole wss drilled at the
midthickness of a 25-mm thick alumimm plate to
provide an artificial flaw ax shown in Fig. 1].
The interferometer was set up using the unpolished,
as received, back surface and & streas pulse was
induced by laser deposition. The oscilloscope
trace clearly shows the arrival of the flaw induced
echo as well as the first arrival and
one-round-trip echa of the main pulse.

5. Conclusions

Noncontact matrrial testing using laser deposition
loading and displacement interferometry can provide
accurate material response data. The technique is
especially advantageous in situations where
conventional wmethods are impossible or difficult to
use,
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Table 1. Weight of surfece skin vaporized in laser
deposition tests of four metsls, Neodymium-glass
laser, &-pulsed vith irradiance of 15 J/cn®,

METAL AVG WT LOST AVG DEPTH REMOVED
1018 Steel 5 M8 0.008 um
Aluminum 2 ug 0.010 Wil
Tentalum 18 ag 0.014 um
Hickel 25 ug 0.036 g



FIGURE CAPTIONS

Fig. 1. Plasma blowoff from 6.35-mm~thick aluminum disk.
Pulse was 12 3, 30 ns from neodymium-glass laser on 22-mm-diam
area.

Fig. 2. Effect of lascr depositign on aluminum.  Laser energy
density was about A) & J/cm”. Beckground was unexposed
surface et 1000X and upper right was arca B at 1000X.

TFig. 3. Stress histories for four surface conditions.

Fig. 4. Displacement interferometer arvangement with simulated
photomultiplier autput trace.

Fig. 5. Schematic of noncontact testing arrangement ugsing
laser deposition loading and displacemeat interfercmetry.

Fig. 6. Data trace for determining time of streas initiation
for 0.91 mm copper spceimen.

Fig. 7. One-dimensional strain data Etor 5)-om-diam by
6.53-gm-thick aluminuw gisk ot flueaces of abour A) 0.1
Gd/ca” and B) 0.015 GW/em”,

Fig. 8. Displacement reaponge of 6.35-mrdiam tantalum rod at
200 € and subjected to laser depoamitiocn on one ead.

Pig. 9. Anvil mount and )——m-diam =mpecimen for liquid metal
teat with high enercy and interferometer laser beoms shown.

Fig. 10. Data for sound vclocity measurement across the
diameter of the A) solid lead and B) liquid lead speciwens.

Fig. 11. Flaw detection using noncontact tegting.
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