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Abstract
A number of on-line trials have been performed at steel processing plants where laser ultrasonics have
been used to monitor changes in the material properties along the band. At SSAB Tunnplåt, a major
producer of high strength low carbon sheet steels, the equipment was placed in the hot rolling line, during
continuous annealing and in the hot dip galvanising line. Trials have also been performed at Outokumpu
Stainless steel works in the continuous annealing of the stainless steel strip. Our results show that the
laser ultrasonics equipment is fit for industrial steelworks applications, although it is necessary to take the
local environment into account when designing the set up. Many mechanisms during steel processing
influence the strength level which makes it difficult to find a simple relation between the wave
attenuation and mechanical properties for different steel types.
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1. Introduction
It is well known that laser ultrasonics (LUS) techniques can be used to extract
information about microstructural and metallurgical properties such as e.g. texture and
grain size from the measured ultrasonic wave velocity and attenuation in metallic
materials [1-3]. Results have also been published on austenite recrystallisation and grain
growth in steel alloys, studied in-situ by Dubois et al. and Moreau et al. among others
[4- 6]. The advantages of the LUS technique are its abilities as a non-contact and nondestructive testing technique. As no contact is needed the measurements can be
performed on materials at elevated temperatures and in motion to a much greater degree
than for regular transducer ultrasonic techniques.
These facts open up the use of laser ultrasonics directly for on-line characterisation of
materials during fabrication in e.g. steel plants of various kinds. Large quantities of steel
are produced and it is necessary to have a thorough control over the quality [7]. Today,
traditional methods are used to measure the mechanical and microstructural properties
of the fabricated material. The LUS technique provides new possibilities to enhance and
speed up this process.
The LUS equipment at Swerea KIMAB research institute has been used a number of
times in the industry for on-line trials at some of the major Swedish steel producers [8].
In these trials, the equipment has been set up at positions along the fabrication line to
monitor changes in various material properties during the processing of the steel band.

Figure 1. Schematic overview of the laser ultrasonics system at Swerea KIMAB.

This is a review paper which aims to summarise our results obtained from the LUS online industrial trials, and to present both difficulties experienced and achievements made
in the understanding of material properties through ultrasonic analyses.

2. Experimental details
The laser ultrasonics equipment at Swerea KIMAB was designed and built by Accentus
in England, and was installed in February 2001. An overview of the system is shown in
figure 1. The system uses two Nd:YAG lasers, where the excitation laser is a
Continuum Surelite I, operating at a wavelength of 1064 nm with a laser pulse energy of
450 mJ and a pulse width of 6 ns. The generating laser operates with a shot frequency
up to 20 Hz.
The detection laser is a continuous single frequency diode pumped Coherent Verdi V5,
operating at a wavelength of 532 nm and a power of up to 5 W. The ultrasonic detector
uses a confocal Fabry-Perot interferometer, working either in transmission mode or in
reflection mode with a detection limit up to 100 MHz.

3. On-line trials
3.1 SSAB Tunnplåt
SSAB Tunnplåt is a major producer of high strength low carbon sheet steels situated in
Borlänge, Sweden. Three on-line trials with the LUS equipment have been performed at
this plant, the first one in 2002 and the most recent one in 2006. The first trial was
carried out in the hot strip mill with the primary aim of investigating whether the
technique could be used to obtain ultrasonic signals from the moving material in the
first place, and secondly how the signals related to the properties of the produced
material. The studied compositions comprised low and medium carbon steels in plain
carbon and micro alloyed (Mn, Al, Nb) variants [8].
The second trial was performed in 2003 and carried out in the continuous annealing line
after cooling and chemical pickling. The LUS equipment was placed on a floor with the
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Figure 2. Picture from the on-line trials at SSAB Tunnplåt. (a) LUS enclosure on the hot strip mill with
the moving strip below. (b) LUS enclosure at the galvanising line, with the moving band vertical.

steel bands passing beneath. The trials comprised a variety of steel types, ranging from
120 MPa to 1400 MPa yield strength levels and with thicknesses between 0.8 to 2 mm.
The maximum band speed was 180 m/min. Data sampling was performed continuously
with 10 Hz, allowing measurements from every 30 cm along the band at full speed.
The third trial was carried out in the hot dip galvanising line with the aim of measuring
strength properties of steel alloys DP600 and F36 through changes in the retrieved
ultrasonic wave attenuation, since the grain size of these materials is considered to be
the dominant parameter concerning the strength of the resulting sheets.
The speed of the band, and thus the annealing time, was varied for different parts of the
band to create intentional variations of the material properties along the band. Pictures
from the trials can be seen in figure 2.
3.2 Outokumpu Stainless
One industry trial was performed at the Outokumpu Stainless steelworks in Avesta,
Sweden. The intention of the trial was to evaluate the ability for LUS working under the
conditions present in this industrial environment, and also to investigate the potential for
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Figure 3. Pictures from the on-line trial at Outokumpu Stainless. (a) The LUS enclosure positioned above
the moving band. (b) Close-up image showing the hot rolled band.

a continuous measurement of microstructural parameters such as grain size and strength
level along the bands during processing.
The LUS device was placed in the line after cooling and oxide breaking, but before
blasting and chemical pickling. The bands investigated were mainly hot rolled and
covered with a thin black oxide. The band thickness varied from 1.5 to 5 mm and
maximum band speed was 25 m/min. Pictures from these trials can be seen in figure 3.

4. Results & discussion
The results presented here are a selected amount of what was retrieved from the on-line
trials. Emphasis is also placed on the main ability to detect and retrieve a complete
ultrasonic signal from the studied bands that could be used to evaluate the material
properties.
4.1 Hot strip rolling
Measurements performed at SSAB Tunnplåt in 2002 yielded representative ultrasonic
signals, where bulk compression waves and shear waves as well as Rayleigh surface
waves could be identified. Different signals were retrieved respective to the steel
chemistry and temperature of the investigated bands, which enabled evaluations of
transformation states from austenite to ferrite occurring in these steel alloys, as
concluded in the previous publication [8]. Determining the absolute values of wave
velocity it is associated with some difficulties as the thickness at each position of the
band is not known too accurately and wave velocity is also dependent on the material
temperature which varies along the band. However, relative values of different wave
velocities can be obtained with high accuracy since, for example, compression and
shear waves follow the same paths so the ratio of their velocities depends only on
arrival times which are measured with high precision.
4.2 Continuous annealing
For the trial at SSAB Tunnplåt in 2003, where the LUS was placed in the continuous
annealing line, the signal quality was generally very good and the device worked stably.
From the retrieved signals it was possible to evaluate the strip thickness from the
resonance frequencies. These values were compared to the ones measured through the
conventional X-ray device used in the line, which showed a very good correspondence.
When looking for correlations to (grain size dependent) tensile strength the relation
between high frequency content and low frequency content of the recorded signals was
used. The evaluated signals can be found in figure 4.b, and it is seen that there is a good
correlation in the time range of 0.57 to 0.64. Verifying strength measurements were
only taken out at two positions of each band which made it somewhat difficult to make
accurate correlations.
For the measurement at the continuous annealing step at Outokumpu Stainless, several
conditions made it difficult to obtain accurate signals. The environment at the
installation was harsh with hot steam and dust from the oxide scales. Air temperatures
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Figure 4. Evaluation of retrieved signals from the continuous annealing at SSAB Tunnplåt, (a) correlated
to plate thickness through resonance frequency, and (b) correlated to tensile strength through frequency
content.

up to 60° C were registered and an extra cooling device for the generation laser head
had to be applied. The surface conditions of the band were also not optimal for the
current application. It was, however, concluded that a different set of optics than the
ones used, positioned closer to the surfaces would probably have given better results.
4.3 Hot-dip galvanising line
The trial in the hot-dip galvanising line where successfully completed and the set-up
that was chosen yielded manageable signals. A typical signal from the dual phase steel
alloys is shown in figure 5(a) where the peaks can be clearly seen.
The evaluation of the signals proved to be somewhat difficult. The purpose was to
distinguish parts of the band with different strength through analysis of the wave
attenuation, and thus the grain size. It was found that for a good correlation the factors
that govern the strength need to be carefully known, as grain size is not the only factor.
Many mechanisms during steel processing influence the strength level which make it
difficult to find a simple relation between the wave attenuation and mechanical
properties for different steel types. By analysing the frequency content, such as the
relation between high frequency and low frequency, a parameter relating to the band
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Figure 5. (a) Signal retrieved from the on-line trials in the hot strip galvanising line at SSAB Tunnplåt in
2006, showing the time and frequency dependence. (b) Evaluated measurements, where the frequency
content has been correlated to the recrystallisation and following grain growth during the annealing.

properties could be found. The frequency correlations for the low carbon steel alloy F36
are shown in figure 5(b) plotted in relation to the effective annealing temperature. There
is a somewhat wide spread in the values but it could be concluded that there are
variations which can be set in relation to the processes occurring in the steel
microsctructure.

5. Conclusions
This review paper has demonstrated a number of on-line trials performed with laser
ultrasonics as a tool to monitor the material properties of fabricated steel bands during
production, through analysis of the ultrasonic wave velocity and attenuation. Overall, it
can be stated that laser ultrasonics provide a versatile method which allows for rapid
measurements on a moving surface, using a non-contacting and non-destructive
technique.
The trials performed here showed that it is possible to retrieve ultrasonic signals under
suitable conditions. Regarding the evaluation and correlation to material properties it is
important to have an understanding of the material itself and the factors that govern its
resulting properties.
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