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Abstract. Laser ultrasonics for metallurgy is an innovative sensor dedicated to the measurement of
microstructure evolution during thermomechanical processing. In this technique, broadband ultrasound pulses
are generated and detected with lasers. The properties of the ultrasounds are then related to the characteristics
of the microstructure. Ultrasound attenuation is primary originated by the scattering at grain boundaries and
its frequency dependence can be related to the grain size. The present work aims to introduce this technology
as an exciting tool for metallurgists. As an illustration of its capability, the evolution of the grain size during
isothermal annealing from a fine grained structure is in-situ monitored in an Inconel 718 superalloy. Laser
ultrasonic measurements are compared with ex-situ metallography observations. Indication of heterogeneous
grain growth is observed, correlated to the dissolution of δ-phase particles present in the initial structure. This
preliminary study illustrates the potential of this new technique to monitor microstructure evolution in more
complex scenarios including recrystallization during simulation of hot forging processes.

1. Introduction
Non-destructive techniques can be used to quantify the
microstructure in materials and its evolution during
thermomechanical treatment. For example, ultrasonic
testing is known to detect defects and cracks in the
structures, but can also be utilized to evaluate some
material parameters such as texture or grain size [1].
Ultrasonic evaluation of microstructure is based on
the correlation between the ultrasound wave properties
and microstructure parameters. Conventional contact
ultrasonic techniques are, however, not a practical tool
to monitor microstructure evolution during thermomechanical processing. To mitigate this drawback, a
revolutionary technology was developed in the past
two decades to generate and detect ultrasonic waves
using pulsed lasers [2]. Measurements of microstructure
evolution can now be conducted remotely and in realtime on a sample during thermomechanical treatments.
Grain growth, phase transformation and recrystallization
processes were successfully monitored by the laser
ultrasonic technique in a wide range of materials such as
steel, aluminium and zirconium alloys [3–12].
The mechanical properties of forged Inconel 718 parts
are directly linked to the final grain size [13–15] which is
mainly controlled by dynamic recrystallization occurring
during hot forging, and depends on the initial grain
size [16–18]. Further, the forging temperature is a critical
a

Corresponding author: jean-hubert.schmitt@ecp.fr

parameter as the δ-phase dissolves above 980 ◦ C leading to
substantial grain growth prior to deformation [19–22].
This paper aims to present the use of a laser ultrasonic
system to monitor in real time grain growth during
annealing in the super-δ-solvus temperature range prior
to the forging of Inconel 718 samples. The present
research validates the use of laser ultrasonics for grain
size measurements in nickel-based superalloys. Further
applications of the technique will be evaluated to
monitor microstructure evolution during the heating and
deformation processes.

2. Material and experiments
The material used in this study is an Inconel 718 superalloy
whose typical chemical composition in weight percent
is indicated in Table 1. Post casting heat treatments
were performed to get a well recrystallized homogeneous
grain structure with a grain size of approximately 20 µm
(Fig. 1a). The δ-phase precipitates are mainly located
along the grain boundaries and their volume fraction was
previously determined to be about 3% [23]. In the present
study cylindrical samples were used with a diameter of
10 mm and a length of 15 mm. The selection of this sample
geometry was based on the long term view to also monitor
recrystallization in hot compression tests. Experiments
were conducted in a Gleeble 3500 thermomechanical
simulator (Dynamic Systems Inc.). The test chamber is
backfilled with high purity argon gas after evacuating up
to a vacuum of 0.5 Pa. The temperature is controlled with
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Table 1. Nominal chemical composition range (in weight
percent) of Inconel 718.
Element
Ni
Fe
Cr
Mo
Nb+Ta
Ti
Al
Co

Min
50
bal
17
2.8
4.8
0.7
0.4
0

Max
55
bal
21
3.3
5.5
1.2
0.8
1

thermocouples spot-welded at the centre of the sample.
The temperature homogeneity was verified to be within
10 ◦ C between the centre and the edges across the length
of the sample. The samples are heated at 10 ◦ C/s up to
1000 ◦ C, then at 5 ◦ C/s to 1050 ◦ C, to limit any overshoot.
The samples were held at 1050 ◦ C for various times
ranging from 30 to 900 s. At the end of the soaking
time, samples were quenched with helium gas to room
temperature (A cooling rate of about 100 ◦ C/s was obtained
in the range from 1050 to 500 ◦ C).
Optical metallography is performed on sections cut
perpendicularly to the long axis of the cylinder, at the
centre length of the sample. For grain observation, the
surface is polished and chemically etched with a Kalling
solution.
During each test the grain size evolution was measured
in-situ using the Laser Ultrasonics for Metallurgy (LUMet)
sensor that is attached to the rear of the Gleeble chamber.
Ultrasound waves are generated by a frequency-doubled
Q-switched Nd:YAG laser with a wavelength of 532 nm
and beam spot size of 1.5 mm. The pulse duration is
about 6 ns and delivers a maximum energy of 72 mJ.
The laser produces a wide band compressive ultrasound
pulse by vaporizing a small volume of material at the
surface (a few nm per pulse). The waves are detected at
the sample surface with a frequency-stabilized Nd:YAG
pulsed laser which illuminates the surface with an infrared
radiation (1064 µm) during 90 µs. The light reflected
by the surface is then demodulated using an active
interferometer approach [24].
Figure 1. Optical micrograph of the sample after a) 0 s, b) 75 s,
c) 900 s, at 1050 ◦ C.

3. Results
3.1. Metallographic measurements
Figure 1 shows the metallographic observations of grain
growth resulting from the holding at 1050 ◦ C. After
holding for 900s the average grain size has increased by
about a factor 4 as can be inferred from the difference in the
micrograph magnifications (Fig. 1a vs. Fig. 1c). Further,
a significant amount of annealing twins is observed.
Moreover, observation of the microstructure at higher
magnification shows that the δ-phase is almost completely
dissolved after 900 s. The final size of the grains, excluding
the twins, is fairly homogeneous.
For intermediate soaking times, i.e. between 30 and
230 s, the situation is more complex. The δ-phase
precipitates are still present, however distributed heterogeneously in the microstructure, presumably due to Nb

segregation. Accordingly, grain growth occurs heterogeneously (see for example Fig. 1b after 75 s).
These observations are consistent with previous
investigations on the stability of the δ-phase precipitates.
It was shown that their dissolution is relatively slow. For
example, a decrease by a third of the initial volume fraction
was reported after 100 s at 1020 ◦ C [25–27]. Further, grain
growth is very sensitive to the δ-phase volume fraction.
Limited grain growth was observed above 2% whereas
substantial growth was reported when the volume fraction
decreases below 1.5% [27].
To further quantify grain growth in the present case, the
average grain size is quantified using the mean
 equivalent
area diameter (EQAD), calculated with π Ā/4 where
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Table 2. Average and maximum grain sizes (in µm) during
annealing at 1050 ◦ C.
Time
0
30
75
130
175
230
480
900

EQAD
24
27
33
37
44
46
62
82

DMAX
53
65
94
115
128
130
166
199

DMAX /EQAD
2.2
2.4
2.9
3.1
2.9
2.8
2.7
2.4

The maximum amplitude of each echo is centred in a
window with a width of 0.45 µs. The amplitude spectrum
is calculated with a Fast Fourier Transform algorithm.
A noise filter is applied to keep a signal to noise ratio
higher than 10. In the present case, it gives a bandwidth
range between 4 and 15 MHz with a 3.3 MHz frequency
resolution. The attenuation spectrum is then evaluated
by comparing the amplitude spectrum of the first echo
measured in each waveform relative to the amplitude
spectrum of the first echo measured at the beginning of
the soaking, i.e.:


g( f )At ( f )
20
(1)
α( f ) = − log10
2d
g( f )A0 ( f )
where f is the frequency, d is the sample diameter, g( f )
is the frequency dependent gain that can be assumed to
remain constant during the measurement, and the pulse
amplitude is At for the signal at time, t, and A0 for the
reference signal at time t = 0.
The attenuation can be fitted by a power law over the
frequency such as:
α( f ) = a + b f n

Figure 2. Ultrasound waveform measured at the beginning of the
soaking time at 1050 ◦ C.

Ā is the arithmetic average of the grain areas. At least
400 grains are measured for each microstructure in order
to provide sufficient statistics. In addition, a maximum
grain size value D M AX is defined by averaging the
equivalent area diameters of the 1% largest grains. The
ratio D M AX /E Q AD, constitutes a measure of the width
of the grain size distribution. The maximum grain size
approach is in particular relevant in the context of laser
ultrasonic measurements as attenuation is dominated by
the largest grains in the distribution.
The different grain size parameters are summarized in
Table 2. They confirm the increase of grain size with time
and the temporary increase of the width of the grain size
ranges. The ratio D M AX /E Q AD shows a maximum at
130 s due to the heterogeneous nature of grain growth (see
Fig. 1b).
3.2. Laser ultrasonic results
A typical ultrasound waveform is shown in Fig. 2. The
initial oscillations at 0 µs correspond to the noise created
by the generation process. At about 4 µs the first echo
arrives at the generation surface, which corresponds to the
initial pressure pulse having travelled twice through the
sample in the direction perpendicular to the generation
surface. After doubling that time, the pulse has traversed
through the sample once again such that a second echo
is measured. The other peaks observed between these two
echoes correspond to waves travelling in other direction
and/or having other modes of propagation.

(2)

where n is an exponent depending on the wave scattering
regime; a and b are the scattering parameters. Here, b is a
function of the grain size. When the wavelength is much
larger than the average grain size (Raleigh scattering), n
tends toward 4. In stochastic scattering conditions (the
wavelength is of the order of the average grain size),
n is close to 2 [29]. For most of the experiments on
polycrystalline metals, it is convenient to consider only
one regime of scattering. The exponent n can then be
approximated by an intermediate value of 3 [7]. This value
has been used in the present analysis.
Figure 3a shows the attenuation spectrum for different
holding times. Regressions according to Eq. (2) are
presented by dotted lines in Fig. 3a, with the attenuation
spectrum measured for different times during the soaking
at 1050 ◦ C. The attenuation at the beginning of the test
(t = 0 s) is per definition zero as this waveform is taken as
the reference. At the other times, the attenuation increases
with frequency.
The absolute value of attenuation at 4 MHz also
increases with time. The non-frequency dependent term
(a in Eq. (2)) is associated with other sources of
attenuation such as internal friction, but also sample
surface reflectivity. The evolution of parameter b with time
is shown in Fig. 3b. Here, also the b-values at the end of the
tests with shorter holding times are given by the symbols
indicating excellent reproducibility of the laser ultrasonic
measurements. As the holding times increase beyond 600
s a significant increase in the scatter of the data is observed
that can be attributed to a gradual surface damage as a
result of repeated ablation by the generation laser.

4. Discussion
The single reference echo technique to represent the laser
ultrasonic measurement was introduced as a more reliable
alternative to the conventional two echo technique, as it
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Figure 3. a) Attenuation spectrum measured after 0, 75, 175, and 480 s at 1050 ◦ C. b) Frequency dependent contribution of the attenuation
spectrum, b, plotted versus time. Open triangles correspond to the value of the parameter b at the end of the soaking time in interrupted
experiments for metallographic observations.

Figure 4. Square root of the ultrasound grain size parameter vs. relative change in grain size expressed in terms of a) EQAD and b) DMAX
(see Table 2).

is often challenging to obtain a sufficiently good second
echo. Further, the reference echo should preferably be
chosen such that grain scattering is negligible for this echo,
i.e. the reference sample state must then have a sufficiently
small grain size, typically below 5 µm. According to [28],
Eq. (2) can then be expressed to account for the average
grain size, D:
α( f ) = a + C D n−1 f n

(3)

where C is a material and temperature dependent
parameter. In the present case, it was not possible to
create a reference state with a sufficiently small grain
size. Nevertheless, considering the initial grain size D0 as
the reference state of the microstructure, it is possible to
express a relative change in attenuation and its grain size
dependent parameter b. With n equal to 3, Eq. (2) can be
expressed as:


(4)
α( f ) = a + C D 2 (t) − D02 (t0 ) f 3 .
It then follows that the parameter b in Eq. (2) is a function
of the average grain diameter such that:


(5)
b(t, D) = C D 2 (t) − D02 (t0 ) .

Figure 4 presents the parameter b measured at
the end of each interrupted treatment with respect to
metallographically measured grain sizes. The C-value is
indicated in Fig. 4 together with the correlation coefficient
r 2 associated with the linear regression.
In a first approximation, the increase of b with
time correlates with the increase in grain size. However,
the correlation is not fully satisfactory even though an
improvement is obtained when taking the maximum
grain size instead of the average grain size. The main
difference is for the intermediate soaking times at which
two grain sizes clearly co-exist. Therefore, a more
sophisticated approach needs to be adopted to provide
correct interpretation of the state of the microstructure in
this time range.
Nevertheless, the current laser ultrasonic measurements provide an excellent insight into the grain
growth behaviour. The results shown in Fig. 3b clearly
reveal the three different grain growth stages observed
metallographically (Fig. 1). Initially there is a stage of
negligible grain growth with no change in b for the first
30 s followed by a rapid increase due to heterogeneous
grain growth where locally rapid grain coarsening occurs.
Subsequently, i.e. after 230 s, b increases more moderately
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Figure 5. a) Linear regression on the grain size parameter with respect to time based on times larger than 300 s. b) Fraction of grains that
have started to grow as a function of time.

almost linearly with time. This variation is in agreement
with a scenario of normal grain growth, when a linear
relation is observed between the square of the average
grain size and time.
At the first stages of soaking, the grains are impeded
by the δ-phase precipitates. A certain fraction of the grains
remains pinned for a substantial amount of time while
others start to grow. In a first approximation, the regions
of larger grains can be considered as regions of normal
grain growth where the precipitates only weakly influence
the growth kinetics. The large grain areas increase due
to the gradual dissolution of the δ-phase precipitates and
replace the fine grain areas. The associated rapid change
in overall grain size is depicted by the fast increase of
b between 30 and 230 s. Finally, the variation of the
attenuation parameter b for times larger than 230 s is
associated with the normal growth of the larger grains. In
this interpretation, the period of heterogeneous growth can
be concluded from the laser ultrasonic measurement. For
this purpose, the fraction of large grains, f L , can be defined
as a function of time:
f L = 1, 000.b(t)/k(t)

(6)

with k(t) being the linear extrapolation of the variation of
b(t) after a long soaking time (Fig. 5a). This evaluation
indicates that after 200 to 300 s, all the grains have started
to grow in the structure (Fig. 5b). It gives a first indication
of the time required by the δ-phase precipitates to unpin all
the grain boundaries.
This observation illustrate the practical use of such
real-time measurements for the evaluation of the exact time
when the δ-phase becomes inoperative, while the grain size
before hot forging is rather homogeneous and not too large.

5. Conclusions
Isothermal heat treatments were performed on INCO 718
samples to follow the grain growth during the dissolution
of the δ-phase. At 1, 050 ◦ C, it was shown that between
30 and 230 s the resulting grain structure is heterogeneous
within the material. This is linked with the progressive
dissolution of the δ-phase and a possible heterogeneity of
the precipitate distribution. For larger soaking times, the

grain size is rather homogeneous and follows a normal
grain growth pattern.
The Laser Ultrasonics for Metallurgy (LUMet)
technique has proved to be efficient to record the grain
size evolution in the investigated Ni-based superalloy. In
particular, it has been possible to record the transition
from heterogeneous to normal grain growth, i.e. to
record the time during which the δ-phase is efficient to
pin at least some grain boundaries. For these studies,
cylindrical samples have been used that are suitable
for hot compression tests. Thus, these initial results are
encouraging to extend laser ultrasonic studies to monitor
static and dynamic recrystallization in superalloys.
The authors would like to acknowledge the financial support
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