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New insights into the online LUS grain
size measurements

D. Hoppe, T. Haschke, A. Sprock, C. Hassel, J. Hafer, L. Backe, J.-E. Thorberg, C. Jonsson,
M. Malmstrém, F. Kneisel, M. Barwald

In a collaborative initiative, an innovative laser-ultrasonic (LUS) device was installed at SSAB's Hot Strip Mill (HSM) in
Borlédnge. This measuring device, along with the software for signal processing and evaluation, was developed, con-
structed, and implemented through a partnership involving SSAB, Swerim, EMG, and SMS group. Positioned down-
stream of the last rolling stand in the finishing mill, the austenite grain size is measured immediately after rolling.

The LUS measurements were conducted on various steel grades with different dimensions and process parameters. The
calculated process data for the tested strips were sourced from the SMS process models (PSC® pass schedule model and
CSC cooling section model) and underwent comprehensive analysis alongside the measured process data and austenite
grain size. This analysis encompasses the entire process, beginning with the discharge of slabs from the reheating furnac-
es, through the roughing mill, coil box, finishing mill, and cooling section, and concluding with the downcoiler. Exten-
sive recalculations using the models PSC® and CSC were performed to quantify the correlation between the measured
austenite grain size and the process conditions of the rolled strips. The detailed recalculations demonstrate a strong
correlation with the measured grain sizes. Based on the results, for example, variations in the transfer bar thickness were
carried out, leading to a more equal grain size along the strip length, which has also a noticeable effect on the subsequent
cold rolling process.

In the near future, the LUS measurements could be fully integrated into the Level 2 automation system, thus enabling
the use of the austenite grain size within the PSC® pass schedule model, the CSC cooling section model, and the MPM
microstructure property model. Consequently, these models could utilize the austenite grain size as a setpoint for direct
process control in the hot rolling mill, thereby improving control of product properties and minimizing downgrading.
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INTRODUCTION
The manufacture of microalloyed high-strength steels

is a complex process requiring advanced technologies )
Dietmar Hoppe, Thomas Haschke,
August Sprock, Christoph Hassel,

and the corresponding know-how to attain the desired

mechanical properties. These steels often contain small
amounts of alloying elements such as niobium, vanadi-
um, titanium, molybdenum, and boron, which have a
significant influence on the microstructure of the steel.
With this composition, the steels demonstrate an ex-
cellent balance of strength, toughness, and weldability.
These properties make them particularly suitable for de-
manding applications in various industries, such as the
construction industry for load-bearing structures, the
automotive industry for lighter and safer vehicle bodies,
and the pipeline industry for transporting oil and gas. A
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remarkable feature of these steels is their high strength,
with values ranging from 275 to 750 MPa combined with

good formability [1, 2].

In addition to the chemical composition used, the micro-
structure of a material mainly determines the mechani-
cal and physical properties, including strength, ductility,
hardness, resistance to corrosion, and wear. Of particu-
lar importance is the austenite grain size, found at high
temperatures during hot forming. Smaller austenite grain
sizes impede the spread of dislocations, which increases
strength, makes crack propagation more difficult, and si-
multaneously improves ductility. This effect is deliberate-
ly exploited, particularly with microalloyed steels.

By adding niobium (Nb) and titanium (Ti), the austenite
grain size can be effectively controlled and reduced al-
ready during hot rolling. These elements form fine pre-
cipitates that inhibit grain growth during heating and roll-
ing (grain-boundary pinning) and result in finer austenite
grains. Dissolved niobium accumulates predominantly
at austenite grain boundaries and delays their movement
(solute-drag effect), thus restricting the growth of the
austenite grains [3, 20, 21].

In hot rolling, steel is formed at high temperatures (800-
1200°C) and a desired final thickness is attained. This leads
to a refinement of the austenite grain, which has a positive
effect on the mechanical properties. A precise determina-
tion of the microstructural changes occurring in the mate-
rial and of the austenite grain structure during hot rolling
is important not only for achieving the desired dimension
but also for the resulting material properties. Innovative,
non-contact measurement methods could enable precise
process control and significantly increase product quality

and efficiency in the hot rolling process.

This is where laser-ultrasonic measuring method comes
into play, a non-contact technique that uses lasers to
generate and detect ultrasonic waves. The method utiliz-
es pulses from an excitation laser and a second laser to
detect the waves, allowing precise analysis of the material
properties without physical contact. This technology is

particularly suitable for measuring the austenite grain size
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and other microstructural variables during hot rolling, as
it functions at high temperatures and with moving ob-
jects. It has been demonstrated that laser ultrasonic can
analyze the grain structure in real time, including the di-
rect measurement of dynamic recrystallization during de-

formation, which is crucial for process control [4, 18, 19].

The data obtained with laser ultrasonics can be directly
processed in process models, which are used in hot strip
production for plant control during rolling and cooling.
The setup model (PSC®, Pass Schedule Calculation) cal-
culates the load distribution during forming and defines
the pass schedule to achieve the desired strip thickness.
Key aspects here are the ductility of the material and the
rollingtemperature, which are important for the recrystal-
lization behavior of the material during forming. The cool-
ing model (CSC, Cooling Section Control) determines the
volume of water required to attain a specific temperature
distribu-tion in the cooling section. Here, the exact de-
scription of the transformation process and the energy
balance play a significant role in solving the transient heat
conduction equation, as the austenite grain size influenc-

es the transformation behavior [5].

This work describes the evaluation of process data for the
roughing and finishing mills collected during hot rolling
at SSAB's HSM in Borldnge and the comparison between
simulated and measured austenite grain sizes. It demon-
strates how the austenite grain size develops along the
strip length under various process parameters [6]. In ad-
dition, the influence of the measured austenite grain size
on the required water quanti-ties in the cooling section is

examined.

METHODOLOGY AND PARAMETERS

Figure 1 shows the HSM at SSAB in Borldnge viewed
from left to right, starting with the reheating furnaces, the
roughing mill, the coil box, the finishing mill, the cooling
section, and the downcoilers.
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Fig.1 - HSM SSAB, Borlédnge - Process data - Simulation of the microstructure evolution.

The newly installed LUS measuring device, shown in fig-
ure 2, is located in the HSM below the finishing mill py-

rometer (see figure 1).

Fig.2 - LUS measuring device: (a) during the test phase at EMG's workshop in Wenden, showing the power
supply (gray) and the laser unit (yellow); (b) installed at SSAB's HSM in Borlédnge, positioned on vertical rails with
aworking distance of 60 cm from the rolled strip.

Figure 2(a) shows the new LUS measuring device during
the test phase at EMG's workshop in Wenden. Shown are
the power supply (gray) and the optical head with the la-
sers (yellow). The measuring device can be moved verti-
cally along the visible rails, as shown in figure 2(b). During
rolling, it is moved into position beneath the rolled strip
with a working distance of 60 cm.

Grain size determination by laser ultrasonics follows four

sequential steps, as described in detail by Malmstrom et

al. [4, 18]: (a) generation of broadband ultrasound by laser
ablation, (b) detection of the surface response for multi-
ple backwall echoes, () calculation of the frequency-de-
pendent attenuation, and (d) conversion to grain size viaa
calibration curve. These steps are illustrated schematical-
ly in figure 3.

The total ultrasonic attenuation, a, can be decomposed

into three contributions [4]:

O = Qahs T Odiff + Oseat
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where aq,s represents material absorption, g is the
diffraction-related attenuation, and @, describes the
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frequency-dependent grain scattering. The scattering
contribution follows:

tscat ~ K(T) -D* 1 £

where n depends on the scattering regime (Rayleigh:
n = 4; stochastic: = 2), D is the mean grain diameter, f
is the frequency, T is the temperature, and K(T) accounts

for temperature-dependent elastic anisotropy. In the fre-
quency range of approximately 1-40 MHz relevant here,
setting n = 3 provides a practical linearization [4], reduc-
ing the total attenuation to:

a=a-+b-f3

where @ is a constant offset comprising material absorption and other non-scattering contributions, and:

b = K(T) - D?

Since only the third-order attenuation coefficient, b, contains information of grain size, the mean grain diameter is

obtained as [4]:

D:I‘(T)-\/m

where I'(T) = 1/K(T) is a temperature- and material-
dependent transfer function. In practice, this calibration
function is determined experimentally by comparing LUS

R
H
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attenuation measurements on reference samples with
grain sizes obtained by optical microscopy or by EBSD
with parent-grain reconstruction [4].
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Fig.3 - Steps in LUS grain size determination: (a) generation of broadband ultrasound by laser ablation, (b)
detection of the surface response from multiple backwall echoes, (c) calculation of the frequency-dependent
attenuation, @ =a+ b- 2, and (d) conversion to grain size via calibration curve. Adapted from Malmstrom et al. [4].

The L2 online setup models of the roughing and finishing
mills each calculate the pass schedules and transmit them
to the L1 control systems, with defined interfaces facili-

tating communication between the models themselves

La Metallurgia Italiana - September 2026

(seealso figure 1 - Process Data). The same applies to the
L2 online setup model of the CSC cooling section, which
calculates the required water quantities in the individual

zones of the cooling section based on the input variables
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and also transmits these to the L1.

The online process data from the PSC® RM and FM setup
models were recalculated using the model PSC® Offline
inorder to generate a closed representation of the operat-
ing mode. Based on the closed time-temperature-defor-
mation history, it is possible to simulate the microstruc-
ture evolution from the furnace exit to the finishing mill
pyrometer, where the measured grain size can then be
compared with the simulated austenite grain after the last
hot-rolling deformation.

The simulation of microstructure evolution starts from a
standard austenite grain size at the slab extraction tem-
perature upon exit from the reheating furnace. It is as-
sumed that all microalloying constituents, such as niobi-
um, are fully dissolved. During transport to the roughing
stand, potential grain growth and the temperature evolu-
tion are calculated. Furthermore, grain refinement (i.e.,
recrystallization during forming in the roughing and fin-
ishing mills) and possible grain growth after full recrystal-

lization are taken into account [7-9].

Xr<t> =1-—exp (—ln2o < ¢
to.5r

where tg g, is the time for 50% recrystallization and nis the
Avrami exponent, which depends on the nucleation and

growth mechanism. The parameter ty5 is commonly ex-

tosr =A-e P

where A, P, q, and s are empirically determined material
constants, Q... is the activation energy for recrystalliza-

tion, and R is the universal gas constant.

Dm—Dén:B-exp< —

where D is the grain diameter at time ¢, m is the grain-
growth exponent, B is a material-dependent pre-expo-
nential constant, and @ag is the activation energy for grain
boundary migration. When finely dispersed particles are

Py
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If the slab contains microalloying elements, such as nio-
bium, the precipitation behavior is simulated as a function
of temperature, recrystallization kinetics, and deforma-
tion. The niobium content remaining in solution at the
end of the finishing mill, for example in the penultimate
stand, is included in the calculation of the critical degree
of deformation and other model variables.

Governing Equations for Microstructure Evolution

The simulation of microstructure evolution within the
PSC® pass schedule model follows well-established
physically based formulations for recrystallization kinet-
ics, grain growth, and precipitation. The core equations

are briefly summarized below.

Recrystallization Kinetics (JMAK)

The fraction recrystallized, X,., as a function of time, t, is
described by the Johnson-Mehl-Avrami-Kolmogorov
(IMAK) equation [11, 12]:

))

pressed as a function of the initial grain size Dy, the strain

g, the strain rate &, and the temperature T [13, 20]:

Q rex )
RT

Grain Growth

Following complete recrystallization, grain growth is gov-
erned by a modified grain-growth law that accounts for
the retarding influence of second-phase particles present
in the microstructure [14, 20]:

Qgg
ﬁ) 't

present—such as those formed by microalloying ele-
ments—grain boundary migration is impeded by a Zener
drag pressure, Pz [14, 15]:

_ 3Fyy

2r
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where F, is the volume fraction of particles, ¥ is the grain

boundary energy per unit area, and 1 is the mean particle

Dlim —

Precipitation Kinetics - Nucleation and Growth of
Second-Phase Particles
In microalloyed steels, the precipitation of carbides, ni-

trides, and carbonitrides of elements such as niobium,
N=Np- exp ( —

where Ny is the pre-exponential factor, kg is the Boltz-

mann constant, Qg IS the activation energy for solute

*

3

Here, @ is the precipitate-matrix interfacial energy, and
AGy is the volumetric driving force for precipitation,

A

G\ .
kT ) P
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radius. Grain growth effectively ceases when the driving
pressure for growth falls below P, yielding a limiting

grain size, Dy
4r
3F,

titanium, or vanadium plays a central role in controlling
austenite grain size and recrystallization behavior. The
nucleation rate N of precipitate particles is described by

classical nucleation theory (CNT) [16, 17]:
~ Quisr
RT

diffusion, and AG* is the critical Gibbs free-energy barrier

for nucleation:

167 o3

(AGv)?

which is a function of the degree of supersaturation § of

the relevant solute elements in the austenite matrix:

RT

AGV = —V—IHS

where ¥, is the molar volume of the precipitate phase.

The supersaturation § is defined as the ratio of the actual

S —

m

ionic activity product of the dissolved alloying elements
to the temperature-dependent solubility product Ksp(T)
of the respective precipitate [17]:

[T, Mi]"

Ksp(T)

where [M;] denotes the concentration of solute species
i and v, is the corresponding stoichiometric coefficient,
making this formulation applicable to a wide range of pre-
cipitate chemistries.

The overall precipitation kinetics—encompassing nu-

cleation, growth, and coarsening—are frequently repre-
sented in an analogous IMAK framework. For the case of
strain-induced precipitation, as described by Dutta, Palm-
iere, and Sellars [9], and further corroborated for Nb-V

multi-component systems [21]:

t e
Xp(t) =1—exp (—0.693- ( o ) )
t0.05

where X, is the precipitated fraction, tdos is the time for
5% precipitation, and n, is the precipitation Avrami expo-
nent.,

LUS measurements were conducted in the hot strip mill
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during rolling for 287 strips with the following parameters
(table 1), consistent with online measurement approaches
reported for comparable industrial hot strip mill installa-
tions [19]:
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Tab.1 - Process parameters and chemical composition ranges of the 287 strips investigated.

Furnace temperature: 1180-1290°C

Final rolling temperature: 820 - 920 °C

Slab thickness: 217-223mm

Transfer bar thickness: 26 -31mm

Final thickness: 2-12mm

Strip width: 815 - 1600 mm
RESULTS

Using the example of strip A, figure 4 shows the results of
the recalculation of the operation, i.e., the rolling forces in
roughing (a) and finishing mill (d)-(i), temperatures (c) and
(k), and speeds (b) and (j) and the comparison of the mea-
sured and recalculated austenite grain size (). In principle,

the LUS device can measure from the first centimeter of

C content: <0.39wt.-%
Mn content: <2.3wWt-%
Nb content: <0.045 wt.-%
Ticontent: <0.1 wt.-%

N content: <0.007 wt.-%

the strip; here, however, due to conservative safety mar-
gins, the LUS measurement starts after the strip head end
has passed the measuring point and ends before reach-
ing the strip tail end. Hence, some LUS data are missing at
both ends of the strip. The available measured values are
synchronized over the strip length.

Strip A: final thickness 3 mm, final width 1265 mm, final rolling temperature 890 °C)
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Fig.4 - Recalculation of pass schedule items for strip A: rolling forces in roughing (a) and finishing mill (d)-
(i), temperatures (c) and (k), and speeds (b) and (j), including a comparison of the measured and recalculated
austenite grain size (1) (red - measurement results; blue - calculation results of model PSC® Offline).

In general, there is a very good match between the mea-
sured rolling forces, rolling speeds, and temperatures.
Only the recalculated transfer bar temperature (c) is ap-
proximately 15-20°C below the measurement. The re-
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calculated strip speed (j) at the finishing mill pyrometer
is in good agreement with the measured values, which is
reflected in the precise time mapping of the online pass
schedules within the model PSC® Offline system. The
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finishing strip temperature (k) shows small deviations
between the calculation and measurement. Of particular
note is the good match between the measured and recal-
culated austenite grain size (1), which stands at on the or-
der of 10 pm. This means that PSC® Offline, based on the
recalculated pass schedules, is well suited to simulate the
metallurgical processes of grain growth, recrystallization,
and precipitate formation, thereby enabling accurate re-
production of the measured LUS austenite grain size.

Figure 5 shows comparisons of the measured and recalcu-
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lated austenite grain size for 12 strips (B - M), which again
demonstrate a very good match. Strips B and C each show a
small gradient both in the measurement and in the recalcu-
lation, with the recalculated austenite grains approximately
1-2 um larger than the measured grains. In the case of strip
D, the calculated austenite grain size is approximately 15
um and the measured size around 12 um. The reason for

this discrepancy has not yet been definitively determined.
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Fig.5 - Comparison of the measured and recalculated austenite grain size of 12 strips: (a) Strip B, (b) Strip C, (c)
Strip D, (d) Strip E, (e) Strip F, (f) Strip G, (g) Strip H, (h) Strip I, (i) Strip J, (j) Strip K, (k) Strip L, (1) Strip M. (red -
measurement results; blue - calculation results of model PSC® Offline).

Figure 6 shows comparisons of the measured and recal-
culated austenite grain size for 7 strips (N - T), which again
demonstrate a very good match. A conspicuous feature of
figure 6 is strip Q with its pronounced waveform. The pro-
nounced waveform, with an amplitude of approximately

3 um, may be due to cold spots as the material exits the

La Metallurgia Italiana - September 2026

furnace. It has not yet been definitively clarified whether
this represents an inhomogeneity in the austenite grain
size upon exiting the furnace or whether the phenome-
non may be attributable to the differences in the dissolved
state of Nb.
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rement results; blue - calculation results of model PSC®

Offline).

The waveform of strip Q can also be seen in the recalcula-
tion of the austenite grain size. Here, the sensitivity of the
LUS measuring device is particularly evident, as is the capa-
bility of the model PSC® Offline to reproduce this behavior.
Based on the recalculations shown, further optimization
calculations were performed to standardize the austenite
grain size during rolling. Figure 7(a) shows the progression
of the measured and recalculated austenite grain size of
strip U, which serves as reference. At a transfer bar thick-

ness of 26 mm, the measured values show a slight curva-
ture in the first half of the strip followed by an increase from
13 to approximately 17 um. During optimization, the trans-
fer bar thickness has proven to be a potential influencing
parameter on the recrystallization behavior and, conse-
quently, the austenite grain size; therefore, it was adjust-
ed in small increments, i.e., increased, during the rolling
program.
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Fig.7 - Increase in the transfer bar thickness: (a) measured and recalculated austenite grain size of strip U (transfer bar
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e grain size of strip V (transfer bar thickness: 31 mm); (c)

strip strength during subsequent cold rolling - comparison of strips U and V.
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Figure 7(b) shows the result of increasing the transfer bar
thickness from 26 to 31 mm for strip V, i.e., the progression
of the measured and recalculated austenite grain sizes. In
both the calculation and the measurement, the austenite
grain size remains at an almost constant level of approx-
imately 14 um; in other words, its progression is clearly
more uniform compared with strip U. From a metallurgi-
cal point of view, this somewhat smaller and more uniform
austenite grain size originates from the higher overall de-
gree of deformation in the finishing mill resulting from the
greater transfer bar thickness. This evener curve is also ap-
parent in downstream processes in the tandem cold mill,
as reflected by the more consistent strength (figure 7(c)).
Strip U shows a distinct waveform with scatter in the cold
yield point, i.e., a strength of approximately 750-780 MPag,
which is not the case for strip V; here, the strength level
remains almost constant at around 750 MPa.

The austenitization conditions, particularly the austeniti-
zation temperature, the holding time, and the deformation
above the transformation temperatures, have a consider-
able influence on the transformation temperatures and the
resulting microstructure of steel grades. This influence can
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be attributed above all to the grain size of the austenite. A
higher austenitization temperature and/or longer holding
time generally lead to a coarser austenite grain size. If the
carbides are not completely dissolved, a low austenitiza-
tion temperature or a holding time that is too short will lead
to insufficient homogenization of the austenite. Particular
attention should be paid when adding Nb and Ti, as the sta-
ble carbides and carbonitrides are difficult to dissolve and
at the same time constitute effective grain-growth inhibi-
tors for the austenite. This results in a finer austenite grain
during forming [10]. The CSC cooling-section setup model
considers the austenitization conditions (PA) as an input
variable for calculating the transformation temperatures.
Figure 8 shows the influence of grain size—the grain size
previously used in the model (upper section of the figure)
and the currently measured grain size (lower section)—on
the calculated water quantity for three strip thicknesses. In
the model, a grain size of approximately 33 pm has been
used until now, while the current measured grain size is
approximately 13 um. This difference affects the calculated
water quantity.
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Fig.8 - Recalculated water quantities in the cooling section.

Compared with the reference water quantity (100%, initial
grain size: 33 um), 13-15% more water is required when
the recalculation is performed with the measured austenite
grain size. From a metallurgical point of view, smaller aus-
tenite grains lead to a larger grain-boundary surface area,
which in turn forms preferential nucleation sites for ferrite
and causes ferrite to form at an earlier stage during cooling.
The increased number of nucleation sites accelerates the

phase transformation from austenite to ferrite; therefore,
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more water is required. For other materials, however, it has
been found that there are no, or negligible, changes in the
required water quantity when the measured austenite grain
sizeisincluded as an input variable in the CSC cooling-sec-

tion model.
CONCLUSION

The newly developed LUS grain-size measuring device

was installed and successfully tested in the hot strip mill at
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SSAB, Borlénge. For nearly 290 strips covering a wide field
of chemical composition and geometrical parameters, the
austenite grain size was measured directly during rolling un-
der normal process conditions. Recalculations of the pass
schedules using the process model PSC® Offline showed
a very good match with both the measured rolling forces
and temperatures and the recalculated and measured aus-
tenite grain sizes, i.e., with the simulation of grain growth,
recrystallization, and precipitation. For some strips, the
measurements showed slight gradients that could also be
reproduced in the recalculation of the austenite grain size;
however, the causes of the observed deviations require
further investigation. Of particular note is the pronounced
waveform of the measured austenite grain size on some
strips, which is likely attributable to cold spots as the mate-
rial exits the furnace. This high sensitivity of the LUS mea-
suring device is also reflected in the process model PSC®

Offline through the recalculation of the austenite grain size.

Nomenclature
Abbreviations

Memorie scientifiche - Laminazione

To achieve improved uniformity of the austenite grain size,
an increase in the intermediate strip thickness was derived
from optimization calculations and successfully verified
during rolling tests. Moreover, the more uniform austenite
grain size had positive effects on subsequent process steps;
for example, the strength of the tandem cold mill was more
consistent. Recalculations of the required water quantities
using the CSC cooling-section model and the measured
austenite grain size as input showed that some grades re-
quired more water due to smaller austenite grains. Going
forward, the recalculations of the pass schedules and the
simulation of the microstructure evolution will be further
optimized and validated by LUS measurements, building
on recent advances in the real-time measurement of dy-
namic recrystallisation by laser ultrasonics. Further rolling
trials and series of measurement campaigns with optimized

rolling conditions are planned.

Abbr. Definition Abbr. Definition

CNT Classical Nucleation Theory LUS Laser Ultrasonic

csc Cooling Section Control MPM Microstructure Property Model
EBSD Electron Backscatter Diffraction PSC® Pass Schedule Calculation

FM Finishing Mill RM Roughing Mill

GLUS Gleeble and Laser-Ultrasonics L1 Level-1 automation system
HSM Hot Strip Mill L2 Level-2 automation system
IMAK Johnson-Mehl-Avrami-Kolmogorov

Latin Symbols

Symbol Definition

Unit

A Pre-exponential factor (Arrhenius-type kinetics, general)

Ag Pre-exponential factor for nucleation rate

a Empirical material constant (recrystallization / growth model)
b Empirical material constant (recrystallization / growth model)
B Empirical material constant (grain growth / recrystallization kinetics)
Ci Concentration of solute species i

D Mean austenite grain diameter

Dy Initial austenite grain diameter

Diim Limiting grain size due to Zener pinning

f Ultrasonic frequency

Fy Volume fraction of precipitate particles

G Pre-exponential constant for grain growth

I Nucleation rate of precipitates

kg Boltzmann constant
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model-dependent

m3g1

model-dependent
wt.-%

um

um

pm

MHz

model-dependent

m3g-1

JK™?
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K Temperature-dependent elastic anisotropy factor model-dependent
K, Solubility product —

Ksp Zener-pinning constant / particle pinning coefficient model-dependent
m Grain-growth exponent —

M Grain-boundary mobility m*]~ts™!
Ny Initial number density m~3

N Nucleation rate (time derivative of N) m~* s~

n Avrami exponent for recrystallization —

Ny Avrami exponent for precipitation —

q Frequency-dependence exponent (ultrasonic attenuation) —

r Mean precipitate particle radius um

R Universal gas constant Jmol‘l K1
s Supersaturation ratio —

t Time s

tosr Time for 50 % recrystallization s

toosp Time for 5 % precipitation s

T Temperature K/oC

Vi Stoichiometric coefficient of solute species i in the respective precipitate phase

Vin Molar volume of precipitate phase m* mol~*
Xy Recrystallized fraction —

Xy Precipitated fraction -

Greek Symbols

Symbol Definition Unit

a Model constant (ultrasonic scattering / kinetic relation) —

¥ Grain-boundary or interfacial energy Jm~2

Ygn Grain-boundary energy per unit area jm™2

Yint Precipitate-matrix interfacial energy Jjm~2

I(T) LUS calibration transfer function

model-dependent

£ True strain —

3 Strain rate s~

o Precipitate-matrix interfacial energy Pa

AG® Critical Gibbs free-energy barrier for nucleation J

AG, Volumetric driving force for precipitation Jm™3
Qairr Activation energy for solute diffusion | mol~1
Qrex Activation energy for recrystallization Jmol~?!
@grain  Activation energy for grain-boundary migration Jmol~1
Qgg Activation energy for grain growth ) mol~1
Laser-Ultrasonic Attenuation Terms

Symbol Definition Unit
Tror Total ultrasonic attenuation dB m—1
Taps Material absorption attenuation dB m-1
Rairr Diffraction-related attenuation dsm™?
Tse Grain-scattering attenuation dBm?
B3 Third-order grain-scattering coefficient dgm ! MHz 3
Pz Zener drag pressure Jm~3

La Metallurgia Italiana - September 2026

pagina 69



La Metallurgia Italiana o .
International Journal of the Italian Association for Metallurgy M emaorie SCIentIfIChe - LamlnaZIone

REFERENCES

(1]

(2]

(3]

(4]

(5]
(6]
(7]
(8]
[9]
[10]
[11]
(12]

(13]

(14]
(15]

[16]
(17]

(18]

(19]

[20]

[21]

Davis, Joseph R. (2001). "High-Strength Low-Alloy Steels”. Alloying: Understanding the Basics. ASM International. p. 193. ISBN
9781615030637

Degarmo, E. Paul; Black, J T.; Kohser, Ronald A. (2003), Materials and Processes in Manufacturing (9th ed.), Wiley, ISBN 0-471-65653-
4,

Lenard, J.G.; Pietrzyk, M.; Cser, L. (1999). "Mathematical and Physical Simulation of the Properties of Hot Rolled Products”, ISBN 978-
0-08-042701-0

Malmstrom, M.; Jansson, A.; Hutchinson, B.; Lonnquist, J.; Gillgren, L.; Backe, L.; Sollander, H.; Barwald, M.; Hochard, S.; Lundin,
P. (2022). “Laser-Ultrasound-Based Grain Size Gauge for the Hot Strip Mill", Appl. Sci. 2022, 12(19), 10048; https://doi.org/10.3390/
appl21910048

Gorni, A.(2016). "Modelling the Microstructural Evolution During Hot Strip Rolling of Niobium Microalloyed Steels”, 4th International
Conference on Thermomechanical Simulation - SimPro 2016, Ranchi (India), February 2016, 186-195. At: Ranchi, India

Hoppe, D.; Haschke, T.; Sprock, A.; Hassel, Ch.; Hafer, ].; Backe, L.; Thorberg, J.-E.; Jonsson, Ch.; Malmstrom, M.; Kneisel, F.; Barwald,
M. (2024) “Insights from the online LUS grain size gauge and the potential for future process control”, 6th International Workshop on
Laser-Ultrasound for Metals (LUS4Metals) at Swerim in Stockholm, Sweden May 22 to 23, 2024

Fernandez, A. ., Uranga, P., Lopez, B., Rodriguez, J. M. (2000), ISI] International, Vol. 40 No. 9, pp. 893-901

Siciliano, F. (2000) “Mathematical modeling of the hot strip rolling of microalloyed Nb, multiply-alloyed Cr-Mo, and plain C-Mn
steels”, Metallurgical and Materials Transactions A https://doi.org/10.1007/S11661-000-0287-8 VOLUME 31A, 511

Dutta, B.; Palmiere, E.J.; Sellars, C.M. (2001) "Modelling the kinetics of strain induced precipitation in Nb microalloyed steels” Volume
49, Issue 5, 14, Pages 785-794

Miettinen, Y. "Prediction of Austenite decomposition and heat release during cooling of low alloyed steels”, TKK'V B107, 1995
Avrami, M. (1939). "Kinetics of Phase Change I". Journal of Chemical Physics, 7(12), 1103-1112. https://doi.org/10.1063/1.1750380
Johnson, W.A.; Mehl, R.F. (1939). "Reaction Kinetics in Processes of Nucleation and Growth", Transactions of the American Institute
of Mining and Metallurgical Engineers, 135, 416-458.

Sellars, C.M.; Whiteman, |.A. (1979). "Recrystallization and grain growth in hot rolling". Metal Science, 13(3-4), 187-194, https://doi.
Org/lO.1179/030634579790433484

Gladman, T.(1997). The Physical Metallurgy of Microalloyed Steels. The Institute of Materials, London. ISBN 978-1-86125-054-0.
Zener, C. (cited in Smith, C.S.) (1948). "Grains, Phases, and Interfaces: An Interpretation of Microstructure". Transactions of the
American Institute of Mining and Metallurgical Engineers, 175, 15-51.

Christian, J.W. (2002). The Theory of Transformations in Metals and Alloys. Pergamon Press, Oxford. ISBN 978-0-08-044019-4.
Bhadeshia, H.K.D.H.; Honeycomb, R. (2006). Steels: Microstructure and Properties. 3rd ed., Butterworth-Heinemann. ISBN 978-0-
7506-8084-4.

Malmstrom, M.; Backe, L.; Magnusson, H.; Lénngvist, J.; Hutchinson, B. (2025). "Investigation of Dynamic Recrystallisation of Steel
During Hot Compression Using Gleeble and Laser-Ultrasonics (GLUS)", Metallurgical and Materials Transactions A, Vol. 56. https://
doi.org/10.1007/s11661-025-07834-0

Cousin, G.; Meilland, P.; Damoiselet, F.; Legrand, N.; Naumann, N.; Ayeb, A. (2023). "Online Grain Size Measurement by Laser
Ultrasonics in a Hot Rolling Mill", Proceedings of the 13th European Conference on Non-Destructive Testing (ECNDT 2023), 3-7 July
2023, Lisbon, Portugal. https://doi.org/10.58286/28204

Mohrbacher, H. (2026). "Application of Microalloying for Controlling Recrystallization and Grain Growth During Downstream Steel
Processing." Metallurgical and Materials Transactions A, Vol. 57, pp. 2548-2571. https://doi.org/10.1007/s11661-026-08172-5

Ma, Q.; Yin, S.; Shang, C.; Liu, Q.; Li, B.; Jia, S. (2025). “"Recrystallization and Second-Phase Precipitation in Nb-V Microalloyed Steels:
A Thermal Simulation Study." Materials, Vol. 18, No. 13, Article 3069. https://doi.org/10.3390/ma18133069

TORNA ALL'INDICE >

La Metallurgia Italiana - Settembre 2026 pagina 70





