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Abstract

Laser ultrasonics is combined with the reverberation technique to measure ultrasound absorption during thermal cycles applied to
medium-carbon steel samples. During heating to the austenitic phase, a small Snoek peak is observed around 360 °C at 10 MHz along with
a signature of the ferromagnetic to paramagnetic transition near 768 °C. Upon cooling, the behavior of the internal friction is much different
from that of heating: reduced high-temperature absorption, delayed phase transition, smaller magnetoelastic contribution and stronger Snoek
peak are observed. The austenitizing temperature is found to have primary importance on the internal friction behavior during cooling. These
measurements show that ultrasound absorption measurements using laser ultrasonics could serve as a basis for a technique to characterize the

microstructure evolution of steel in various temperature ranges.
© 2003 Published by Elsevier B.V.
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1. Introduction

In this paper, we use an approach that combines laser ul-
trasonics with the reverberation technique to follow the evo-
lution of internal friction during thermal cycles applied to
medium-carbon steel samples. The long-term goal of this
type of measurements is to identify potential industrial ap-
plications for a technique based on ultrasound absorption to
characterize the microstructure evolution of steels. Despite
the industrial importance of steel, literature does not contain
a wealth of references on this topic. Recent papers include
measurements in low-carbon steel as a function of temper-
ature and applied magnetic field [1] and a demonstration
of the potential use of ultrasound absorption to monitor the
annealing of low-carbon steel [2].

In the reverberation technique, first proposed by Willems
[3], an ultrasonic pulse is generated at the surface of a
finite-size sample. The pulse propagates and looses its co-
herence due to scattering by the microstructure and to side-
wall reflections and mode conversions. After a certain time,
it gives rise to a “diffuse field” with energy distributed over
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the volume of the sample, the amplitude of the distribution
decreasing only by absorption. An absorption coefficient can
thus be evaluated by following the temporal evolution of
this “diffuse field” at any point on the surface of the sam-
ple. For polycrystalline materials, this technique represents
a huge improvement over the previously used attenuation
measurements in the pulse-echo approach. In the latter case,
ultrasound attenuation is caused by both scattering and ab-
sorption and it is not always obvious to discriminate the two
contributions.

Paul et al. further improved the reverberation technique [4]
by combining it with laser ultrasonics. In laser ultrasonics,
ultrasound is generated with a short laser pulse and detected
with another laser combined with an interferometer, mak-
ing this technique completely non-contact. It thus improves
over the initial version of the reverberation technique using
conventional transducers at least in two aspects. Firstly, it
solves the problem encountered by Willems [3] related to
parasitic losses induced by contact transducers. Secondly,
it also allows reverberation measurements on samples at
high temperature, something not obvious to do with contact
transducers. Additionally, since the ultrasonic pulse gener-
ated by a laser pulse is broadband, a single measurement
can provide ultrasound absorption over a wide frequency
range. Although this is an advantage in most cases, it can be
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a disadvantage in a few cases. For example, the analysis of
phenomena observed in the MHz range can be complicate
when coupled to phenomena occurring at lower frequencies.

In this paper, we have chosen the reverberation technique
for its conceptual simplicity. We first provide some details
about the experimental setup. We then present and discuss
internal friction measurements performed during thermal cy-
cles applied to medium-carbon steel.

2. Experimental methods

Medium-carbon steel (0.3wt% C, 0.8wt.% Mn,
0.95 wt.% Cr) samples (about 1 mm thick) are cut into an
irregular four-sided shape of about 1cm? area. Not much
is known about the prior history of the samples other than
that they are cut-out of a piece previously deformed in the
austenitic phase and probably free cooled to room temper-
ature. The samples are suspended vertically in the middle
of a radiant furnace by a thermocouple welded on their rim
(Fig. 1). Thermal cycles are applied in a helium atmosphere
in order to avoid oxidation and to insure a good heating
contact. Two windows, transparent to laser radiation wave-
lengths, allow the generation and detection laser beams to
enter the furnace. Ultrasound is generated on one side of
the sample by an excimer laser pulse (KrF at 248 nm) of
about 5ns duration and of about 200 mJ energy. The laser
spot is <0.1 mm and generates ultrasonic waves in a broad
frequency range by ablating a very small amount of ma-
terial on the surface. For detection, the 1064 nm output of
either a long-pulse (2 ms duration) Nd: YAG laser producing
150 mJ or a continuous 200 mW Nd:YAG miser is focused
on the other side of the sample. The reflected laser light is
frequency modulated due to the Doppler effect caused by
the surface motion induced by the ultrasonic vibrations. It is
collected in an optical fiber and demodulated with a 0.5 m
confocal Fabry—Perot interferometer. This experimental
configuration allows ultrasound absorption measurements

Fabry-Perot
interferometer

Thermocouple Heating
elements .
Optical fiber
Window
Generation ‘ —L Detection
laser L ‘ U\ | laser
Sample
He flow —=—_ — >

Fig. 1. Laser-ultrasonic setup in the radiant furnace (side view). Ultrasound
is generated on one side and detected on the other side of the sample
held by a thermocouple welded on its rim.

in the 2-45 MHz frequency range, although ultrasound is
generated over a much wider frequency range.

The noise-like signal resulting from mode conversion and
scattering is processed by joint time-frequency analysis [5].
This means that multiple Fourier transforms are performed
using a sliding time window in order to follow the evolution
of the power spectrum as a function of time. Waiting long
enough after the initial pulse to ensure that a diffuse field
is obtained, absorption coefficients are evaluated by fitting
the decrease in amplitude of the Fourier components with
an exponential decay for durations varying between 30 and
500 ws. An average of 30 signals generated at different lo-
cations on the samples’ surface is used to obtain a spatial
average of the diffuse acoustic field. Ultrasound absorption
measurements are converted to the internal friction parame-
ter Q! using:

0! = 0.115 o 0
= 7

where « is the absorption in dB/pus, f the frequency in MHz

and the 0.115/ factor is a conversion factor from dB into

Nepers/radian.

3. Results and discussion

Fig. 2 shows the variation in internal friction measured at
10 MHz during a thermal cycle in which the sample is heated
(1°C/s) from room temperature up to an austenitizing tem-
perature of 1200 °C, where it is held for 10 min and then
allowed to cool (1 °C/s) to room temperature. The 10 min
upper plateau leaves enough time for the grains to attain a
stable size. Measurements are limited to 900 °C and below.
At high temperature, there is a loss of reflected light when
the low power 200 mW miser is used. This may be caused
by an optical misalignement due to the thermal deformation
of the sample holder (thermocouple wires) or by a decrease
in reflectivity of the sample surface. When measurements
are performed with the more powerful Nd:Yag pulsed laser,
internal friction can nevertheless be recorded at high tem-
perature. Unfortunately, the pulsed Nd:Yag laser was not
available when the measurements of Fig. 2 were performed.

At the beginning of the heating process, internal friction
is rather small and does not vary much with temperature.
A small peak appears below 400 °C. It is identified as a
Snoek peak and it will be discussed further below during
the analysis of the cooling part. A steep rise in internal
friction occurs above 500°C. We attribute an important
part of this increase to magnetoelastic effects (attributed
to micro-eddy currents as in [3]) as suggested by the sud-
den decrease observed right after the Curie temperature
(768 °C). Dilatometry measurements indicate that the trans-
formation to austenite for this steel happens near the Curie
temperature. It could also contribute to this sudden fall in
internal friction. We nevertheless favor the hypothesis of
the disappearance of the magnetoelastic contribution on the
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Fig. 2. Internal friction (Q~') measured at 10 MHz for a medium-carbon steel sample heated to 1200°C (1°C/s), held at that temperature for 10 min
and cooled down to room temperature (1 °C/s). Only measurements below 900 °C are shown.

basis of previous measurements in low-carbon steel [1].
Between 800 and 900 °C, internal friction increases rapidly
with temperature in the austenitic phase.

Upon cooling after the austenitizing plateau at 1200 °C,
the behavior in internal friction is much different. First ob-
servations are that the internal friction at high temperature is
much smaller than before, that there is no abrupt signature
of a ferromagnetic transition, that there is a small increase in
internal friction starting below 600 °C, that the peak below
400 °C is much higher in amplitude, and that the resulting

internal friction at room temperature is smaller than before
the thermal cycle.

In fact, the behavior during cooling is also strongly de-
pendent upon the austenitizing temperature. It is, thus, bet-
ter discussed by considering two austenitizing temperatures.
Fig. 3 shows the internal friction measured at 20 MHz dur-
ing the cooling part of two thermal cycles beginning by a
heating (10 °C/s) to 950 °C for one case and to 1200 °C for
the other case. In both cases, the heating is followed by a
10 min plateau at the austenitizing temperature ended by a
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Fig. 3. Internal friction (Q~') measured at 20 MHz for medium-carbon steel samples heated to 950 and 1200°C (10°C/s), held at these temperatures
for 10 min and cooled down to room temperature (1°C/s). Only measurements below 950 °C are shown. The dashed lines indicate the phase transition
boundaries for the 950 °C cycle. The dotted lines indicate the region where most of the phase transition occurs for the 1200 °C cycle.
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cooling at 1°C/s. Note that the heating rate is faster from
that of Fig. 2, but the increased heating rate does not alter
much the behavior observed upon cooling since the differ-
ence in internal friction at 20 MHz upon cooling between the
two cycles at 1200 °C with different heating rates is <6%
on average.

The 1200°C cycle leads to smaller internal friction at
high temperature than the 950 °C cycle. It is not yet identi-
fied if this is due to the larger grain size, to the dissolution
of precipitates occurring when heating to 1200 °C, or to a
different dislocation configuration.

For the 950 °C cycle, there is a clear increase in internal
friction between 700 and 635 °C, followed by a decrease.
This is related to the austenite-to-ferrite transition. The
percentage of austenite during the phase transition is deter-
mined from dilatometry measurements and is presented in
Fig. 4. These dilatometric measurements were performed
on larger samples in a Gleeble thermomechanical simulator
with thermal cycles identical to those applied during absorp-
tion measurements. It can be clearly observed that the phase
transition begins near 700 °C and ends just below 600 °C.
The dashed vertical lines indicate the beginning and ending
of this phase transition in both Figs. 3 and 4. The apparent
peak observed within this temperature range in Fig. 3 is ex-
plained as follows. A magnetoelastic contribution is added
to the internal friction as the content of ferrite increases
since all this happens below the Curie point (768 °C). But,
this magnetoelastic contribution also decreases with tem-
perature, leading to an apparent peak near 635 °C.

For the 1200°C cycle, there is an apparent peak just
below 800 °C. The nature of this feature that has been ob-
served for many cycles with high austenitizing temperatures

G. Lamouche et al./Materials Science and Engineering A 370 (2004) 401-406

(not shown) has yet to be identified. It does occur near
the Curie temperature (768 °C), but since it happens in the
paramagnetic austenitic phase, it cannot be attributed to any
magnetoelastic effect. Below 700 °C, the evolution of inter-
nal friction is again related to the austenite decomposition
that occurs mostly at much lower temperature than for the
950 °C cycle. The percentage of austenite during the phase
transition as evaluated using dilatometry is presented in
Fig. 4. Above 540 °C, there is formation of a slight amount
of ferrite and pearlite. This leads to a slight increase in
internal friction in Fig. 3. But, most of the phase transition
occurs between 540 and 400°C, these two temperatures
being identified by vertical dotted lines in Figs. 3 and 4.
This temperature range corresponds to the formation of
bainite [6]. Again, the gradual appearance of bainite as the
temperature decreases leads to a magnetoelastic contribu-
tion to internal friction below 550 °C but it can hardly be
isolated since it occurs very close to a large peak observed
near 380 °C.

The peak near 380°C is present for both the 950 and
1200°C cycles, but is much stronger in the latter case.
This peak is present in the heating portion, but again
with much smaller amplitude. It is attributed to a Snoek
peak. As pointed in the introduction, the measurements
performed with laser ultrasonics are broadband, so the
variation of this peak with frequency is easily obtained as
presented in Fig. 5. It is a difficult exercise to remove the
background, so a rough estimate of the peak positions is
performed without removing it. The Arrhenius plot pro-
vided as an insert in Fig. 5 gives an activation energy of
0.86eV. Taking into account the uncertainty in the peak
position, this is in good agreement with a C (0.87eV) or N
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Fig. 4. Percentage of austenite evaluated from dilatometry for the phase transformation occurring during the cooling portion of the 950 and 1200°C
cycles. The dotted and dashed lines identify the regions where most of the phase transitions occur.
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Fig. 5. Snoek peak observed at 5-25 MHz for the 1200 °C cycle. Insert shows the Arrhenius plot from which an activation energy of 0.86¢eV is evaluated.

(0.81eV) Snoek peak [7]. The fact that the peak is much
higher for the 1200°C case is probably due to a better
dispersion of carbon or nitrogen at high temperature lead-
ing to a higher concentration of interstitial elements upon
cooling.

Finally, near room temperature, the resulting internal
friction is smaller for the 1200°C than for the 950°C.
The major contribution to internal friction at room tem-
perature should again be of magnetoelastic nature. As said
above, the microstructure resulting from the 1200°C is
mostly composed of bainite. This microstructure is char-
acterized by fine plates of ferrites and is probably less
prone to magnetoelastic losses than the ferrite—pearlite mi-
crostructure resulting from the 950°C cycle. Willems [3]
also reports different behavior in internal friction due to
magnetomechanical damping for steels presenting different
microstructures.

4. Conclusion

Ultrasound absorption measurements are performed with
the combination of the reverberation technique and laser ul-
trasonics during thermal cycles applied to medium-carbon
steel samples. During heating, a small Snoek peak is ob-
served along with a magnetic transition and a high tempera-
ture background. Upon cooling, the behavior of the internal
friction is much different from that of heating and varies with
the austenitizing temperature: reduced high-temperature
absorption, delayed phase transition, reduced magnetoelas-
tic contribution, and stronger Snoek peaks are observed.
This work shows that a technique to measure ultrasound
absorption using laser ultrasonics would be of high value to

characterize the microstructure evolution of steel in various
temperature ranges.

The reverberation technique combined with laser ultra-
sonics is restricted to finite-size samples. Consequently, it
is not a technique that could be used in an industrial en-
vironment, except for very special cases. Ultrasound ab-
sorption measurements could nevertheless be performed in
polycrystalline materials by using the diffuse field tech-
nique developed by Guo et al. [8]. In this approach, an
ultrasonic pulse is generated on the surface of the mate-
rial and gives rise, after many scattering events, to a lo-
calized energy cloud that evolves as a diffusion process.
Combined with laser ultrasonics, this approach provides a
nondestructive and non-contact technique to measure both
the diffusion and absorption coefficients of ultrasound [9].
This approach is nevertheless restricted to materials that
scatter ultrasound enough for the diffusion regime to be
attained.
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