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Real time detection of pulsed laser surface melting was performed by analyzing the photoacoustic
signals produced on the samples. Comparison between the amplitudes of the transversal and
longitudinal waves allowed us to identify the fluence thresholds for surface melting. The method
was tested with AISI 304 stainless steel samples and the results obtained were checked against direct
metallographic analysis. ©1997 American Institute of Physics.@S0021-8979~97!03102-2#

Surface treatments by lasers and electrons beams are
widely used in several processes of great technical and sci-
entific importance. With these techniques, one key problem
is to have real time control methods, which may allow one to
decide when the energy densities used are sufficient to
achieve some given process goal~surface melting, ablation,
etc!. Up to now, the great majority of characterization tech-
niques ~optical and electron microscopy, x-ray diffraction,
etc.! require prior preparation; they cannot be carried outin
situ and are time consuming. In the case of semiconductor
samples, the change in the reflectivity upon melting is a well
establishedin situ technique to determine the threshold.1–3

To our knowledge this technique has not been applied to the
case of metal surface melting because the change in the re-
flectivity of the metals during melting is not as large, and is
masked by the larger change of the reflectivity of the solid
with temperature.

Photothermal and photoacoustic techniques have, on the
other hand, been successfully used to detect ablation thresh-
olds or surface damage produced in metals irradiated by high
power laser pulses.4,5 Photoacoustic detection during abla-
tion is based on the fact that the impulse transferred to the
material by the ejection of the evaporated components pro-
duces very strong characteristic acoustic signals.6,7 This type
of characterization of surface changes is of great practical
importance, mainly because photothermal techniques are in-
expensive, nondestructive, and can be performedin situ.

Even though these techniques are very well known, little
attention has been paid to photoacoustic detection of surface
melting and to acoustic identification of surface melting
thresholds.8

When there is not substantial damage of the surface
~through material ablation or plasma formation!, acoustic
wave generation is mainly associated with thermoelastic
effects.8,9 In the case of laser irradiated metals, the absorp-
tion layer is extremely thin. This interaction produces strong
thermal gradients normal to the surface of the solid. The

result is an acoustic source whose lateral dimensions~the
region irradiated by the laser! are larger than the depth of
penetration of heat inside the material.

It has been demonstrated10 that the normal component of
the thermal gradient contributes to the generation of both
longitudinal and shear waves, and that strong lateral gradi-
ents mainly generate shear waves. Both mechanisms also
contribute to the generation of surface waves or Rayleigh
waves. As far as there is no plasma formation, the amplitude
of the shear and longitudinal waves increase with increasing
laser pulse energy.

In this work, by analyzing the photoacoustic signals pro-
duced by a Nd:YAG pulsed laser impinging on stainless steel
samples, we identify the fluence thresholds for surface melt-
ing. To study the acoustic signals produced by laser action in
metallic samples, the experimental setup sketched in Fig. 1
was used.

The beam of a Q-switched Nd:YAG laser~1064 nm, 100
mJ, t515 ns! was attenuated by the rotating polarizer P1
and the fixed polarizer P2, and was partially focused on the
sample by the lens L~spot diameter 1 mm!. A beam splitter

a!Electronic mail: lecuba@df.uba.ar

FIG. 1. Experimental setup. P1—polarizer, P2—polarizer, L—lens f5500
mm, BS—beam splitter, S—sample, P—x-y positioning table, D1—
piezoelectric transducer, D2—fast photodiode, D3—energy meter,
A—amplifier325.
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BS and detector D3 were used to measure the energy of the
laser pulse. The acoustic wave generated in the sample was
detected by a nonringing, fast rise time polyvinyldene difluo-
ride ~PVF2! piezoelectric film transducer D1, of thickness 9
mm. The film was mounted in a grounded enclosure to avoid
electromagnetic interference as was described in Ref. 11.
The acoustic signal detected was amplified 253 by the am-
plifier A and registered using the 50V input of a digital
oscilloscope of 175 MHz bandwidth. Photodetector D2 with
a rise time of less than 5 ns, triggers the acquisition of data
with a small reflection of the laser pulse.

The sample studied was an AISI type 304 stainless steel
disk ~weight composition 70 Fe, 18–20 Cr, 8–10 Ni, 0.08C!
5 mm thick and 50 mm in diameter. The thickness of the
samples was chosen in such a way that the far field acoustic
signal could be recorded.8 In order to ensure this, the diffrac-
tion parameter

D52czt/a2@1, ~1!

wherec is the sound velocity in the material,z is the thick-
ness of the sample,t is the duration of the laser pulse, and
a is the radius of the irradiated spot. The diffraction param-
eter in our experiment isD53.48. The advantage of measur-
ing the far field acoustic displacement is that it is essentially
proportional to the time derivative of the near field displace-
ment. For instance, in absence of ablation, the expected far
field longitudinal acoustic signal is bipolar.8

All samples were polished according to the usual tech-
niques up to 1mm diamond powder.

In a series of measurements the time behavior of the
acoustic signals was registered at fixed settings of the laser
parameters and increasing energy densities on the sample.

A typical acoustic signal recorded is shown in the inset
of Fig. 2. The longitudinal and the shear waves can be easily
identified due to their different speeds of propagation. Peak
to peak amplitude of the first longitudinal and shear wave
was measured in the experiments as a function of the energy
density impinging on the sample.

Figure 2 shows a plot of amplitude versus incident flu-
ence in which three different regions can be identified. There
is a first region~until approximately 760 mJ/cm2) in which

the two waves increase their strength in a similar way. In the
second region the shear wave saturates while the longitudinal
wave continues to grow~ between 760 mJ/cm2 and 1500
mJ/cm2). This region will be identified as the melting zone
because it is expected that the limited ability of fluids to
transmit shear stresses would result in a saturation of the
shear wave, while the longitudinal wave is nevertheless sup-
posed to grow. In the third region, starting from 1500 mJ/
cm2, the material evaporates and after 1800 mJ/cm2 plasma
formation takes place. These last two thresholds are easy to
identify. When evaporation occurs, a characteristic noise is
heard, and when plasma formation takes place a plume of
evaporating material is observed. The error shown in Fig. 2
is mostly due to the jitter in the digitizing of the signal~100

FIG. 2. Amplitudes of the longitudinal and shear acoustic waves. The inset
shows a typical recorded signal.

FIG. 3. Microphotographs of the irradiated areas in an AISI 304 stainless
steel sample.~a! Fluence 560 mJ/cm2, ~b! fluence 940 mJ/cm2 , ~c! fluence
2000 mJ/cm2

1015J. Appl. Phys., Vol. 81, No. 2, 15 January 1997 Mesaros et al.



Msamples/sec and will undoubtly improve with a faster os-
cilloscope!.

In order to check these thresholds and identify the flu-
ences at which they can be produced, other samples were
irradiated at 560 mJ/cm2, 940 J/cm2, and 2000 mJ/cm2, in-
dicated in Fig. 2 as A1, A2 and A3, respectively. The irra-
diated samples were chemically etched to reveal their crys-
talline structure and to make a metallographic analysis.
Micrographs of the irradiated areas are shown in Figs. 3~a!,
3~b!, and 3~c!, all at the same magnification.

For fluence A1~Fig. 3~a!! there is no visible superficial
alteration. For fluence A2~Fig. 3~b!! the surface seems cor-
rugated. This corrugation is due to melting subsequent to the
fast solidification. As further evidence, this corrugation ex-
tends up to grain boundary~and not up to the border of the
irradiated area!, indicating that it is not due to direct laser
damage. For fluence A3 the damage can be seen by simple
visual inspection even more clearly than at high magnifica-
tion. Deep holes appeared, clearly distinct from the polishing
pits seen in the samples prior to irradiation. The increase in
the granularity due to evaporation is shown in Fig. 3~c!, and
is similar to that found by Walters and Claver.12

In conclusion, we show a new real time technique for the
identification of melting thresholds in laser irradiated metal-
lic samples, based the the simultaneous detection of the lon-

gitudinal and transversal components of the photoacoustic
signals generated. The results obtained by this technique,
applied to 304 stainless steel samples irradiated with a
Nd:YAG laser, show good correlation with direct metallo-
graphic analysis. The method developed is suitable for iden-
tification of melting thresholds in metallic samples of one
phase, and with some care for the case of several phases, for
which the analysis is more complex.13
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