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Abstract
Most metal production involves changes in microstructure by recrystallisation and grain growth but these
events cannot normally be recorded in real time. Laser ultrasonics (LUS) provides an exceptional
possibility. Wave velocity is affected by recrystallisation due to changes in texture, while grain size
affects directly attenuation of the signal. This paper describes the application of LUS for studying
microstructures in steels in both static experiments and in dynamic situations during elevated temperature
tests including hot working. In some cases such as austenitic stainless steel, the wave velocity varies
linearly with the fraction recrystallised but the situation is more complex in low carbon ferritic steels.
Grain size measurements are presented for static and dynamic annealing experiments and also in
connection with hot deformation of an HSLA steel.
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1. Introduction
Control over grain size and texture are typically aims during the thermomechanical
processing of metals and alloys. Fundamental processes that steer these attributes are
recrystallisation and grain growth and much effort is applied to understanding these
processes in relation to deformation and annealing schedules. However, it is not
possible to follow the progress of recrystallisation or grain growth in a continuous
manner using conventional techniques, so laborious methods are generally necessary.
Even sophisticated in-situ methods such as diffraction with synchrotron radiation or
neutrons cannot, in general, provide sufficiently rapid measurements to follow the
structural changes in real time. Laser-ultrasonics provide a unique possibility to follow
these important structural changes as they occur during processing. Ultrasonic
measurements give two kinds of information that can be utilised in this connection [1]:
1. The velocity of US waves depends on elastic properties that in turn depend on
the crystallographic texture since all metals are elastically anisotropic to some
extent. Recrystallisation causes a change in the texture and so can be detected
through the change in wave velocity.
2. Attenuation of US waves is principally caused by scattering from grain to grain
and this is markedly dependent on the grain size. Measurement of attenuation
therefore gives a direct indication of the grain size.
A number of earlier studies, e.g. [2-6]: have treated various aspects of recrystallisation
and grain growth. The present paper aims to include further quantification and also to
emphasize the relevance to processing of commercially important metallic materials.

2. Experimental procedure
Experiments reported here were made with a system having two Nd YAG lasers. The
excitation laser was an infra red type with 50mJ pulse energy and a FWHM of 6ns,
giving significant frequency in-put up the 80MHz. The reception laser was continuous,
frequency doubled green light (532nm) at 5W which was reflected into a Fabry-Perot
interferometer with adequate sensitivity in the range 3 to 80MHz. The shot frequency
was normally 20Hz. All measurements reported here were made in the epicentric
geometry with the two laser beams facing on opposite sides of the sheet specimens.
When desired, heating of the specimen was achieved by Joule effect using ac current
and a programmable controller connected to a thermocouple that was spot welded on to
the specimen close to the laser beams. The frequency of the reverberating P-waves, and
hence velocity, were obtained from FFTs of the signal which also provided the signal
content in various frequency ranges. Details of the method are available in [7]. When
examining thicker samples it was possible to separate and analyse individual US pulses.

3. Results and Discussion
3.1 Recrystallisation in AISI 316 Stainless steel
Plates of 316 stainless steel of thickness 2 mm having different fractions of
recrystallised structure were quantified using standard metallographic procedure on
back-scattered electron images from scanning electron microscopy (SEM-BSE) and the
same sheets were measured with LUS. Figure 1 shows that the wave velocity decreases
as recrystallisation proceeds due to the progressive change in texture. In this case there
is a nearly linear relation between the recrystallised fraction and the velocity showing
that the texture change occurs uniformly with time. Similar behaviour is known to occur
in other fcc metals such as aluminium [8]. A decrease in velocity is seen to occur in
cold rolled 0.5 mm of 316 steel during heating at 10 deg.C/s in the temperature range
850°C to 950°C where recrystallisation occurs as shown in Figure 2. After correcting
for the base line effect of temperature it is, therefore, possible to determine the progress
of recrystallisation with annealing temperature, Figure 3.
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Figure 1. Velocity as function of measured
recrystallised fraction for 316 austenitic stainless
steel at room temperature

Figure 2. Change in wave velocity
during heating of cold rolled 316
stainless steel at 10 deg.C/s

Figure 3. Variation of fraction recrystallised with temperature in cold rolled 316
stainless steel during continuous heating at a rate of 10 deg.C/s
3.2 Recrystallisation in titanium stabilised interstitial-free (IF) steel
Cold rolled samples of interstitial free steel have been studied by means of conventional
heat treatment with microscopy and x-ray diffraction as well as dynamic LUS
measurements during continuous heating.
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Figure 4. ODF sections (φ2=45°) for IF steel at 0%, 53% and 100% recrystallisation

Figure 5. Calculated variation of P-wave
velocity (at room temperature) for IF steel
with different recrystallised fractions

Figure 6. Measured P-wave velocities for
cold rolled IF steel during continuous
heating at 10 deg.C/s

Unlike the case of austenitic 316 steel shown above, the texture change during
recrystallisation of ferritic IF steel occurs in a very inhomogeneous manner. Figure 4
shows texture ODF sections in the cold rolled, partially recrystallised and fully
recrystallised conditions. It can be seen that there is little change in the total texture
during the first half of this process. Reorientation takes place within the so-called γ-fibre
where new grains having <111> axes parallel to the sheet normal direction replace
deformed grains of similar orientations.
These measured textures have been used to calculate the change in P-wave velocity that
should occur during different stages of recrystallisation according to the procedure
described in [9]. The results of these calculations, using room temperature values of the
elastic constants, are shown in Figure 5. It is evident that almost no change in wave
velocity through the sheet can be expected for the first half of the recrystallisation
process but that the velocity will increase during the latter half of the transformation as
the <111>//ND recrystallisation texture replaces the elastically softer <100>//ND
deformed structure..
Figure 6 shows the change of wave velocity measured during continuous heating of the
sheet at a rate of 10 deg.C/s. The increase in velocity is quite evident in the temperature
range 730°C to 780°C. The measurements show a rise in the velocity of some 160 m/s,
in excellent agreement with the calculated value of 153 m/s. Thus it is clear that the
LUS data correspond to velocity changes during the latter stages of recrystallisation and
do not reveal the earlier stages of the transformation.
At higher temperature there is a reversal in wave velocity that occurs quite abruptly at
around 920°C. This is the transformation to austenite that can be confirmed by other
methods such as dilatometry.
3.3 Grain growth in austenitic AISI 316 stainless steel
Figure 7 shows FFT spectra from a 316 stainless steel plate that had been heat treated to
produce two different grain sizes together with micrographs of the grain structures. It
can be seen that the relative peak heights are virtually identical for frequencies up to
about 12 MHz but are smaller for higher frequencies in the case of the coarse grained
material and are negligible above about 25 MHz whereas the fine grained steel has a
content to above 40 MHz. This is the expected effect where the attenuation is a function
of both frequency and grain size
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Figure 7. FFT spectra and microstructures for 316 steel in fine grained condition,
(a)+(b), and coarse grained condition, (c)+(d). The peak close to 40 MHz is interference

A convenient measure relating to grain size can be obtained from the ratio of FFT
intensity in high and low frequency regions of the spectrum. A further advantage of this
procedure is that it eliminates effects of variation in shot to shot signal strength. Figure
8 shows the relationship between the FFT ratio and grain size measured
metallographically on a series of specimens of the same austenitic stainless steel having
different grain sizes after different annealing treatments. An almost linear relationship
exists between the ASTM grain size number and the LUS FFT parameter. The
correlation between FFT ratio and grain size was later used to quantify grain growth
during dynamic annealing experiments. Strips of 316 stainless steel were heated to
either 1000°C or 1050°C and held isothermally while LUS measurements were made as
described above.
The results of grain size versus time are shown in Figure 9 and it is clear that this
method using a single specimen is a much more efficient method for studying grain
growth than the conventional procedure with numerous different annealing times.
Parabolic relationships (solid black lines) showed a reasonably good fit to these data
during the earlier stages and gave an activation energy of 360 MJ/mole for grain growth
in this steel.

Figure 8. Relationship between the FFT
ratio and grain size for 316 stainless steel

Figure 9. Grain growth in 316 stainless
steel recorded during isothermal annealing

3.4 Hot working of a high strength low alloy ( HSLA) steel
A niobium micro-alloyed steel (0.08%C, 0.3%Si, 1.4%Mn, 0.033%Nb, 0.004%N) was
used for these experiments involving hot compression in a 500kN Instron machine. The
specimens were originally cylinders (φ10 x 15 mm) to which parallel flat faces were
machined, giving an initial path length of 10 mm for the ultrasonic waves. The samples
were nickel plated to reduce oxidation effects and were first heated to 1200°C to
dissolve the niobium in austenite and then cooled to 850°C for the remaining treatment.
Different holding times were used at 850°C to see the effect of precipitation of NbC on
the kinetics of recrystallisation of the austenite during isothermal holding, following a
compression of 30%. The experiment is shown schematically in Figure 10.
It was found that velocity measurements were inconclusive in this case; probably the
deformation was too small to significantly influence the texture. However, clear results
were obtained when plotting the 6 MHz content of the FFT signal as a function of
holding time at 850°C after the deformation, Figure 11. Within the time span of the

measurements, the specimen that was held for 20 minutes at 850°C before the
deformation (Exp.2) showed almost no change in the US signal. However, the
specimen that was deformed immediately after pre-heating (Exp.1) displayed a
considerable rise due to a decrease in attenuation. Metallographic examination showed
that the initial austenite grain structure was quite coarse (~80µm) following the high
temperature pre-treatment and that the grains were flattened by the deformation. This
large grain size is believed to be the reason for the initially weak signals. The increase
in signal from about 800 to 1100 seconds can be related to the development of a fine
recrystallised structure which was also confirmed by metallography to have a grain size
of ~20µm. It appears that holding the steel for 20 minutes prior to deformation (Exp.2)
had allowed precipitation of NbC which then inhibited recrystallisation of the austenite.

Figure 10. Schematic schedule for
the hot compression tests

Figure 11. Variation of the 6 MHz component
as a function of holding time after the hot
compression
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