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The static recrystallization kinetics of hot deformed austenite were characterised by a combination of in-
situ laser-ultrasonics and stress relaxation measurements. Samples were deformed in compression at tem-
peratures of 850°C and 900°C. The applied strain was varied between 0.2 and 0.5, whilst the strain rates
used were 0.1s7 ' and 0.5s™". At various points during annealing samples were quenched and analysed by
optical microscopy.

During recovery prior to recrystallization the ultrasonic velocity change and attenuation were almost con-
stant. During recrystallization, the velocity change and attenuation decreased for the conditions imposed.
The decrease in velocity change was mostly due to a change in the overall texture. The decrease in attenua-
tion could be explained by a change in grain size. Unfortunately, the additional effect of dislocation damping
on attenuation could not be quantified.

Comparison of the stress relaxation kinetics with the observed decrease in ultrasonic velocity change and
attenuation generally showed good agreement.

From the attenuation measurements the grain sizes in the recrystallised structure for various applied
strains were calculated. Comparison with grain sizes determined from optical microscopy showed reason-
able agreement considering the accuracy of the attenuation measurements and the assumptions made.

KEY WORDS: laser ultrasonics; stress relaxation; recrystallization; grain size.

1. Introduction

Two of the most important phenomena that occur during
hot rolling of steels in the austenitic state are static recrys-
tallization and subsequent grain growth. These processes
determine the austenite grain size development in between
mill stands (and hence the rolling forces required to induce
the prescribed deformation), as well as the starting state for
the final austenite to ferrite phase transformation. Thus an
accurate description of static recrystallization and grain
growth in the austenitic state is highly relevant for process
control.

Up to now the recrystallization kinetics in austenite are
best studied by using the established in-situ stress relax-
ation technique.'™ In this technique samples can also be
quenched, etched and analysed by optical microscopy to re-
veal the austenite grain size just before quenching. This al-
lows assessment of the evolution in grain size during re-
crystallization and grain growth. Whilst being a valuable
technique, stress relaxation combined with quenching is de-
structive and thus cannot be employed directly to monitor
recrystallization and grain growth during industrial pro-
cessing. In recent years the use of non-contact laser-ultra-
sonics has been demonstrated as a promising technique to
overcome this barrier. Ultrasonic studies have been per-

formed to assess recrystallization kinetics>® and grain
size.”'? In addition, online mill trials have already been
performed during the processing of steel strip,' sheet,'"
and an ultrasonic system has been reported to be continu-
ously operating for a few years to monitor tube thickness
and austenite grain size.'>

Whilst much progress has been made in the field of ultra-
sonics in metallurgy, there is still a lack of ultrasonic stud-
ies of annealing phenomena following hot deformation of
steels. The studies mentioned earlier were performed on
samples annealed after cold deformation only. In addition,
those studies in which the grain size was evaluated did not
concern the grain size evolution following recrystallization.
Thus, if this technique is to be used for online monitoring
of recrystallization and grain growth in steels, then further
study is required.

The present investigation focuses on recrystallization of
austenite following hot deformation. Measurements of ul-
trasonic velocity and attenuation have been made during
annealing for a variety of deformation conditions and tem-
peratures. Stress relaxation measurements were made si-
multaneously, since this would provide a useful comparison
and greatly aid the interpretation of the results from the
laser-ultrasonics technique. The steel chosen for the study
was a plain carbon manganese steel, its recrystallization be-
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haviour has been well characterized,>> allowing easier in-
terpretation of the ultrasonics data. Secondly, for this steel
composition samples could be water quenched to form a
fully martensitic structure. Thus prior austenite grain
boundaries can be shown following etching of quenched
samples. This allowed the progress of recrystallization to be
monitored optically as well.

Finally, the results obtained are linked to the recrystal-
lization process and the final austenite grain size.

2. Effect of Microstructure on Ultrasonic Velocity and
Attenuation

Microstructural features cause changes in velocity and
attenuation of ultrasonic waves. In a paramagnetic phase
such as austenite, the ultrasonic velocity mainly depends on
texture,>® dislocation structure'®'® and on scattering ef-
fects in general. Scattering is caused by acoustic inhomo-
geneities, like grain boundaries, porosity, cracks, efc. In this
study only grain scattering needs to be considered.

The attenuation of ultrasonic waves is due to grain scat-
tering and absorption effects,'®!? the latter (in a paramag-
netic phase) being mainly due to the dislocation structure.

Thus the ultrasonic velocity and attenuation during an-
nealing should be due to a combination of the above effects,
depending on the deformation and temperature conditions.
In the following sections the theories for each of these ef-
fects are discussed.

2.1. Texture Effects

In the presence of texture, the longitudinal ultrasonic ve-
locity v, is given by

1 3242
v, = — l+2/vl+37V5”20W400 ........... (D

=

where A is the density of the material, A, u and ¢ are single
crystal elastic constants and W, is a texture coefficient.
This coefficient comes from a series expansion of the crys-
tallographic orientation distribution function. For an or-
thorhombic aggregate of cubic crystallites W, is one of
the lowest order non-zero texture coefficients in the Roe no-
tation.>'¥

During isothermal annealing the elastic constants and
density can be assumed constant. In most metals the texture
term (32\2/35)m%cW,, is much smaller than the constant
term (A+2u) and Eq. (1) can be simplified to

Z)Lx::

where d and e are constants. Thus, according to Eq. (2) the
velocity is linearly related to the texture coefficient. Since
the texture changes during recrystallization, time dependent
changes in the ultrasonic velocity during annealing provide
information about the kinetics of the recrystallization
process.

2.2. Grain Scattering Effects
Grain scattering affects both the velocity and attenuation
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of ultrasonic waves. The relationships between velocity and
grain size or attenuation and grain size depend on the ratio
of the ultrasonic wavelength in the material A4, to the grain
size D,. For the experimental results presented here the ul-
trasonic wavelength in the material is around an order of
magnitude larger than the average deformed grain size.
Thus, assuming the Rayleigh regime (4,>>D,), the group
velocity vy g, and attenuation oy, for longitudinal waves are
given by?*!'%:

ULGg
_ UL
- 2
A 21k* 6106 6k 21k* 5
1+0.00666 14+ +—|—+ + (kD,)
Av} K57 Tk K
........................................... 3)
o, =S Df* 4)
Le=SID ™

where 4 is a single-crystal anisotropy factor, f'is the ultra-
sonic frequency and S; is the scattering factor for longitudi-
nal waves.

The wave numbers x and & in Eq. (3) are given by*”:

=2 5)
1}5

k=2 ©6)
UL

where v, is the shear wave velocity.
For Eq. (4), S; is given by?":

0.03087* > [ 2 3 J
S =—7—7—|—+

L 2,2 5
A“vf

v
where 1, is related to the anisotropy of the grain and is de-
fined as:

Uy =C11—C1a™2C g oo ®)

where ¢, ¢|, and c,, are the elastic constants of the cubic
crystal.

It should be noted that in the above equations the grains
are assumed to be spherical. Thus Egs. (3) and (4) should
be particularly applicable for an undeformed or fully re-
crystallized microstructure, where the grain shape can be
assumed roughly spherical.

2.3. Dislocation Damping

The effect of dislocations on velocity and attenuation has
been treated by Granato and Lucke.?? In their model, a dis-
location is modelled as a string, which vibrates between
pinning points. Forced vibration of the dislocation occurs
by the interaction of the dislocation with the ultrasonic
waves. In addition, the motion of the dislocation is inhib-
ited by a drag force. The magnitude of this depends on a
combination of thermal vibrations (phonons), electrons,
and impurity atoms.
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Assuming strain-amplitude independent damping, in
the lower frequency range, the relative velocity change
((vy(p)—v40))/v4(0)) and attenuation o, (in dB/s) due to the
presence of dislocations with density p and average pinning
point separation L, are given by the equations®:

04(p)—04(0) | _ 4Gb’pl? ;
z)d(()) Ao 9
16GBb2f2pL4
o= . 10
011574 (10)

where v,(p) is the velocity due to dislocations, v,4(0) is the
velocity when there are no dislocations, G is the shear mod-
ulus, b is the Burgers vector, C is the dislocation line ten-
sion and B is the damping constant.

As can be seen from Egs. (9), (10), the velocity and at-
tenuation are dependent on both the dislocation density and
the pinning point separation.

2.4. Total Effect of Austenitic Microstructure

To summarise, the overall attenuation o and velocity
change (Av/v,); expected from a particular experimental
measurement can be given by:

O = Oyt Ol g e 11
and
[AUJ _ [ U1y (Wio0) =01, (0) J " U1Ge(Dy)— V1 gg(°)
UO T ULx (0) ULGg (oo)
L IO (12)
04(0)

where v;,(0) and v; g (o) are the velocities in the absence of
texture (W,0,=0, Eq. (1)) and grain scattering (D,=co, Eq.
(3)) respectively. In obtaining v, the minimum values ob-
served in the time scale of each experiment were used.

3. Experimental

The composition of the C—Mn steel used in the experi-
ments is given in Table 1. Cylindrical samples were ma-
chined from rolled plate, with diameter 10 mm and length
12mm. The samples were machined with the axis parallel
to the rolling direction.

Figure 1(A) shows the experimental set-up used for the
ultrasonic measurements. A Nd: YAG laser (pulse energy
of 200 mJ, pulse duration of 5ns, wavelength of 532 nm) is
used to generate ultrasonic waves in the deformed sample.
The ultrasonic waves propagate through the sample and are
reflected off the back surface. Each time the waves reach
the original sample surface a small displacement of the sur-
face occurs. These “echoes” are detected by a second laser
(pulse duration of 50 us, peak power of 1kW, wavelength
of 1064 nm) coupled to a confocal Fabry-Perot interferom-
eter. The signals are digitised and recorded for further pro-
cessing. Figure 1(B) shows an example of a signal obtained

Table 1. Steel composition shown in [wt%].

[ ¢ ] Mn [ Si [ Al [ Fe |
[ 019 | 146 | 044 [ 003 [ Bal |
: Sample : T T
A@ Computer
Interferometer

~_ Generation laser ptical fibers

: Gleeble Detection laser
ithermomechanical:
simulator
...................
A)
0.1 -
Generation Echo 1
Echo 2
5 005 | C
&
3
/
& -0.05
01
1 1 3 5 7 9 11 13 15
B) Time (us)

Fig. 1. (A) Laser ultrasonic monitoring apparatus. (B) Example
of signal obtained.

during annealing. The signals are used to calculate the ul-
trasonic velocity and attenuation. The velocity was deter-
mined by the ratio of the distance travelled through the ma-
terial (twice the sample diameter) to the time delay between
generation and the first echo. The attenuation was deter-
mined by the ratio of the amplitude spectra of the first echo
to the second echo, resulting in an attenuation versus fre-
quency curve. Finally, this curve should be corrected for
diffraction effects to provide the true attenuation of the ma-
terial. However due to the sample geometry present after
deformation (barreled cylinder), a diffraction correction
could not be made.

To investigate the annealing kinetics, a thermo-mechani-
cal simulator coupled with a laser-ultrasonic monitoring de-
vice was used. Each test comprised of three stages. Firstly,
the desired starting microstructure was made via austeniti-
sation at 1 100°C for 3 min, using electrical resistance heat-
ing under vacuum. The samples were cooled to 679°C (in
the two-phase region) and held for 10 min. (This was done
for future comparison with intercritical deformation tests.)
The samples were reheated to the desired test temperature
in the austenite phase and held for 5 min.

In the second stage, the samples were deformed in uniax-
ial compression mode. Lubrication was provided via
graphite paste. To protect against carbon pick-up during the
test, tantalum sheets were used as a protective layer be-
tween the sample and the lubricant. In addition, just before
deformation the chamber was filled with argon, since this
provided better conditions for the generation of ultrasonic
waves.

Finally, in the third stage the annealing kinetics after de-
formation was monitored via the stress relaxation and laser-
ultrasonics techniques. In the stress relaxation technique the
stress required to maintain a constant strain in the sample

© 2006 ISIJ
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was recorded. In the laser-ultrasonics technique, the ultra-
sonic signals were recorded for later calculation of velocity
and attenuation.

To investigate the microstructural development during
annealing, selected samples were water-quenched after dif-
ferent annealing times. To provide less interference with the
ultrasonic measurements, the quenching was carried out in
a separate (identical) thermo-mechanical simulator for the
same experimental conditions. Samples were quenched at a

rate of approximately 200°C/s. Quenched samples were
analysed by optical microscopy, after suitable metallo-
graphic preparation.

4. Results

4.1. Microstructural Evolution

Figures 2—4 show the microstructures obtained from
quenched samples for various applied strains.

0

D)

Fig. 2. Optical Micrographs showing austenite microstructures during annealing at 850°C with strain=0.2 and strain

rate=0.5s"". (A) 3s, (B) 105, (C) 100, (D) 250ss.

A)

B)

Fig. 3. Optical micrographs after annealing at 850°C. Strain rate=0.5s"! and strain=0.35. (A) 50s, (B) 100s.

[ EE— |

A)

B)

Fig. 4. Optical micrographs after annealing at 850°C. Strain rate=0.5s~! and strain=0.5. (A) 505, (B) 100s.
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Table 2. Grain sizes as determined by optical microscopy.
Strain Annealing time (s) Grain size (um)
0.2 100 40
0.35 50 25
100 24
0.5 50 21
100 20

For an applied strain of 0.2 it can be seen in Fig. 2 that
after 3 and 10s the structures appear to be partially recrys-
tallised, with the degree of recrystallization after 10s an-
nealing appearing stronger. After 100s the structure ap-
pears to be fully recrystallized, with some large grains visi-
ble, indicating grain growth. The structure after 250s ap-
pears to be very similar to that after 100s, again with a few
large grains.

For higher strains, i.e. 0.35 in figure 3 and 0.5 in Fig. 4,
fully recrystallized structures can be seen with little differ-
ence between 50s and 100s anneals. There is again some
evidence for grain growth. This is most obvious for Fig. 4,
where a few large grains are visible.

A quantitative analysis of the grain size evolution is pre-
sented in Table 2. The grain size was measured in the cen-
tre of each sample, with a minimum of 300 grains being as-
sessed for each sample. The average grain size presented in
Table 2 is the average equivalent circle diameter.

As can be seen, the average grain size decreases with ap-
plied strain increasing. For strains of 0.35 and 0.5, the aver-
age grain size remains almost constant between 50 and
100 s annealing.

4.2.

Figure 5 shows the effect of applied strain on the ultra-
sonic velocity change and stress relaxation. The stress re-
laxation kinetics exhibits three distinct stages.> Firstly there
is an almost linear decay in stress as a function of log(?),
which is generally attributed to recovery of austenite.® Sec-
ondly there is a sharper change in stress due to recovery in
combination with recrystallization, in line with changes
shown in Fig. 2. If the rate of reduction in stress is defined
as the reciprocal of the time for 50% reduction, then the
stress relaxation rate observed during recrystallization ap-
pears to increase with imposed strain. Finally, when recrys-
tallization is complete, a smaller decrease in stress is ob-
served. This has previously been attributed to the stress re-
laxation of the recrystallized austenite by recovery.? An-
other factor that could influence this stress decrease is grain
growth. Although some grain growth during relaxation was
suggested by the micrographs, Table 2 indicated that the av-
erage grain size remained constant. Thus, in this study the
stress decrease following recrystallization is not expected to
be influenced by grain growth.

The ultrasonic velocity changes shown in Fig. 5 also re-
veal three stages: firstly, for short times, where only recov-
ery occurs, the velocity change remains constant or de-
creases only slightly. Secondly, when recrystallization oc-
curs as well, the velocity change drops sharply, with a rate
being larger for higher strains. In the third stage, the veloc-
ity change appears to tend to a minimum value, i.e. v, in
Eq. (12).

Figure 6 shows the attenuation during recovery and re-
crystallization for different applied strains. The data shown

Ultrasonics and Stress Relaxation: Effect of Strain

1227

0.025 180

+ 160

0.02 L 146

¢ ooww

Ooo
%0 4 120

0.015 A
-+ 100

+ 80

Velocity Change
Stress (MPa)

0.01 4 o o o
° O 500

000 O
¢ :""

0.005 -

0.1 1

Time (s)
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0.025

0.02 4

0.015

0.01 4§
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Stress (MPa)
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Time (s)
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0.025

0.02 4 ¥

0.015 4

Stress (MPa)

0.01

Velocity Change

0.005 4

0.1

9]
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Fig. 5. Effect of strain on ultrasonic velocity (in grey) and stress
relaxation (in black). T=850°C, strain rate=0.5s"". (A)
Strain=0.2, (B) strain=0.35, (C) strain=0.5.

@
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Fig. 6. Effect of strain on ultrasonic attenuation at 8 MHz. Strain

rate=0.5s"!, 7=850°C. Black diamonds indicate strain
of 0.2, dark grey triangles indicate strain of 0.35 and light
grey crosses indicate strain of 0.5.

is for a frequency of 8 MHz. For other frequencies the re-
sults showed the same trends. For lower frequencies
changes in attenuation are less clearly observed, whilst for
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0.025 180

0.02 4

0.015 4

Velocity Change
Stress (MPa)

0.005

Time (s)

Fig. 7. Effect of temperature on ultrasonic velocity (in grey) and
stress relaxation (in black). Crosses indicate 7=850°C,
whilst triangles indicate 7=900°C. Strain=0.5, strain
rate=0.5s"".

high frequencies the experimental scatter is increased. The
data collected at the frequency of 8 MHz offers the best
compromise between the above effects.

The attenuation curves shown in Fig. 6 can be split into
three stages. Firstly, the attenuation appears to be approxi-
mately constant during the early stages of annealing. Sec-
ondly, when recrystallization starts there is a stronger de-
crease in attenuation. The rate of change in attenuation is
smallest for the lower applied strain, again in agreement
with the velocity data. In the third stage, approximately
constant attenuation levels are obtained, although fluctua-
tions are observed, particularly for the lowest strain, where
the attenuation appears to increase slightly.

4.3. Ultrasonics and Stress Relaxation: Effect of Tem-
perature and Strain Rate

The effects of temperature on ultrasonic velocity and
stress relaxation is shown in Fig. 7. As can be seen, the
stress relaxation rate and the rate of velocity change (de-
fined by the time for 50% reduction) are higher in both
cases for a temperature of 900°C.

Figure 8 shows the effect of temperature on the ultra-
sonic attenuation. As can be seen, higher values of attenua-
tion are observed for the temperature of 900°C. In addition
at this temperature, the rate of change in attenuation is
highest, in agreement with the velocity and stress measure-
ments.

Figure 9 shows that the rate of change in velocity is very
similar for both strain rates. Likewise, the same effect is ob-
served for the stress relaxation kinetics. For the attenuation
results in Fig. 10 the values are higher for the lower strain
rate of 0.1s~'. In addition, the rate of change in attenuation
is similar for both strain rates, again in agreement with the
velocity and stress results.

5. Discussion

5.1. Causes of Velocity Change and Attenuation

Before embarking on a more quantitative analysis, we
will first link observed changes in measured ultrasonic
properties to known changes in the microstructure and dis-
location density during each of the three phases: recovery,
recrystallization and grain growth.

During recovery (the first stage) the texture and grain

© 2006 ISIJ

3.5
-
-
s 8 ‘0'0
'”125 *®,
o oo,
2 2 ‘W,
5 w
o
g 15
3
g 1
2
0.5
0 -+ T
0 1 10 100

Time (s)

Fig. 8. Effect of temperature on ultrasonic attenuation at 8 MHz.
Grey symbols indicate 7==850°C, whilst black symbols
indicate 7=900°C. Strain=0.5, strain rate=0.5s"".
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Fig. 9. Effect of strain rate on ultrasonic velocity (in grey) and
stress relaxation (in black). Triangles indicate strain
rate=0.1s"!, whilst diamonds indicate strain rate=
0.5s7 L Temperature=850°C, strain=0.5.
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Fig. 10. Effect of strain rate on ultrasonic attenuation at 8§ MHz.
Black crosses indicate strain rate=0.1s""', whilst grey

crosses indicate strain rate=0.5s"!. Temperature=

850°C, strain=0.5.

size remain constant. Thus, from Eqs. (11) and (12) the ob-
served slight decreases in velocity change and attenuation
should be due to a small change in dislocation damping
only. Assuming Egs. (9) and (10) apply, this suggests that
both pL* and pL* have decreased slightly. The dislocations
that cause damping of the ultrasonic waves must be free to
vibrate in response to the ultrasonic stress.'® For the defor-
mation conditions considered here most of the dislocations
in austenite are expected to be immobile, i.e. arranged in
cell walls or sub-grain boundaries and thus not able to vi-
brate. Therefore, the small change in damping is most
likely due to a small number of mobile dislocations present
in cell or sub-grain interiors.

During the second stage, where recrystallization is domi-
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nant, there is a rapid decrease in the total dislocation den-
sity (mobile and immobile). In addition both the texture and
average grain size change.

During recrystallization, a decrease in the mobile dislo-
cation density could influence the ultrasonic velocity
change and attenuation through a change in dislocation
damping. To estimate the magnitude of this effect the ultra-
sonic velocity change and attenuation can be calculated by
applying Egs. (9) and (10). For the velocity change, apply-
ing Eq. (9) with C=0.5Gb*'® and using estimated values
for the mobile dislocation density (10'>m™2, as compared
to a typical total dislocation density for the experiments of
10" m™2) and for L (10~ "m), gives an estimated initial ve-
locity change of 0.0008. Comparison of this value with the
initial values in the experimental results, e.g. around 0.015
in Fig. 7, suggests that the dislocation damping effect ac-
counts for only a small part of the observed velocity change
during recrystallization, i.e. about 5%. An estimate of the
attenuation requires knowledge of the damping constant B
in austenite, but unfortunately no values for B are available
in the literature. Thus it cannot be said whether or not dislo-
cation damping has a significant effect on the observed at-
tenuation reduction during recrystallization.

During austenite recrystallization the overall texture is
expected to weaken.”® Thus, it can be derived from Eq. (1)
that the velocity should change. However, it cannot unam-
biguously be said whether a weakening of texture will in-
crease or decrease the ultrasonic velocity, since the parame-
ter Wy, in Egs. (1) and (2) can be either positive or nega-
tive.

During recrystallization the change in grain size is ex-
pected to influence the ultrasonic velocity and attenuation
through the Egs. (3) and (4). The exact effect of grain size
is difficult to assess, since during recrystallization large de-
formed grains coexist with small recrystallizing grains, and
their volume fractions change with time. Furthermore, Egs.
(3) and (4) have been derived for spherical grains. However,
an indication of the maximum effect can still be made by
calculations with Egs. (3) and (4) for estimated initial aver-
age and final average grain sizes during recrystallization.
Alternatively, an indication of the maximum effect can also
be obtained from suitable experimental data in the litera-
ture. For the ultrasonic velocity, Palanichamy and co-work-
ers'? have measured the ultrasonic velocity as a function of
the grain size in austenitic stainless steel. The velocity was
found to decrease with increasing grain size in an approxi-
mately linear fashion. Assuming that this behaviour also
applies for austenite in this investigation, this allows the
maximum effect of changing grain size to be estimated. For
an applied strain of 0.5, an estimated initial grain size of
about 80 um and a recrystallized grain size of about 20 um
(see Table 4), leads to an estimate for the maximum veloc-
ity change during recrystallization of around 0.0035. Com-
parison with Fig. 7 indicates that this value is about 20% of
the velocity change observed in this study. For the attenua-
tion, Eq. (4) can be used to calculate the effect of grain
size. Using a scattering factor of 1.3X10°s*m ™ at 850°C
(see Sec. 5.3), with /=8 MHz and the same grain sizes as
for the velocity calculation, gives an estimated maximum
attenuation of 2.7 dB/us and a minimum of 0.04 dB/us. As
can be seen from e.g. Fig. 8, the experimental values fall
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Table 3. Recrystallization start and finish times.

Parameter Strain Rex start time (s) | Rex finish time (s)

Stress 0.2 2 40
Ultrasonic velocity change 5 35
Ultrasonic attenuation 3 18
Stress 0.35 1 22
Ultrasonic velocity change 1 18
Ultrasonic attenuation 2 33
Stress 0.5 0.4 10
Ultrasonic velocity change 0.5 11
Ultrasonic attenuation 0.8 8

Table 4. Recrystallized grain sizes predicted from ultrasonics
compared with values determined by optical mi-

Croscopy.

Strain

Recrystallized grain
size from ultrasonics

Recrystallized grain size
from optical microscopy

(um) (um)
0.20 58 40
0.35 28 25
0.50 32 21

between these two limits.

Thus, to conclude the second stage, the observed velocity
change is expected to be controlled mostly by the texture
change, since the other effects appear to account for a max-
imum of 25% of the total change. This conclusion is in
agreement with work carried out by Kruger and co-
workers” on recrystallization of cold rolled IF steel, where
it was found that the ultrasonic velocity remained approxi-
mately constant during recrystallization and only signifi-
cantly increased when the texture was observed to change.
The reduction in attenuation could be explained by a reduc-
tion in average grain size. Unfortunately the effect of dislo-
cation damping could not be estimated.

In the third stage, where recrystallization is expected to
be complete, growth of recrystallized grains should dictate
the velocity change and attenuation. For the attenuation this
is due to grain scattering. For the velocity change, in addi-
tion to being controlled by grain scattering, further changes
in the overall texture during grain growth can also be a fac-
tor. However, since the velocity change and attenuation are
approximately constant in this stage, this would indicate
that the recrystallized grains do not grow significantly in
size. This is in agreement with the experimental results on
the grain size shown in Table 2.

From the stress relaxation, ultrasonic velocity and attenu-
ation results the start and finish times for recrystallization
can be estimated by evaluation of the first and second slope
changes. Results are shown in Table 3 for varying applied
strain. As can be seen for the recrystallization start times,
there is good agreement between times determined from
stress, velocity and attenuation values. For the recrystalliza-
tion finish times there is again good agreement between the
stress and velocity values. For the attenuation results the
agreement is less satisfactory.

5.2.

In order to compare stress relaxation and ultrasonic ve-
locity results directly and to detect differences in sensitivity
to one of the occurring microstructural changes, the frac-
tional change in stress F; and velocity F, were calculated
from:

Comparison of Stress with Ultrasonic Velocity
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Fo=—t Tl s (13)
7 oy—o;
v, —V;
oS T W (14)
[

where o, and v, are the values of stress and velocity at time
t, 0, and v, are the initial values when #=0.1s and o} and v
are the values after 100s annealing. This choice of v; and
o, is expected to be similar in magnitude to v; and &, ob-
tained if the samples were annealed for much longer times,
since in all experiments before or around 100 s v, and o ap-
pear to approach their minimum values.

The fractional changes are plotted in Figs. 11-13 for
strain, temperature and strain rate dependence experiments.

As can be seen, for varying temperature and strain rate
there is little difference between the two measures of soft-
ening. However, when the strain is varied (Fig. 11), certain
differences between the stress and ultrasonic values are ob-
served for strains of 0.2 and 0.35, with the magnitude of the
difference being similar. At the highest strain there is no
difference between the two measures of softening. As stated
earlier, any differences observed should reflect the different
sensitivities of the two techniques to recovery and recrystal-
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Fig. 11. Fractional change in stress (black diamonds) and veloc-
ity (grey crosses) for different applied strains.
T=850°C, strain rate=0.5s"'. (A) Strain=0.2, (B)

strain=0.35, (C) strain=0.5.
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lization. However, since recovery and recrystallization oc-
curred in all experiments, the differences observed in Figs.
11(A) and 11(B) should also be apparent in Figs. 11(C), 12
and 13. Such differences are not observed, and therefore it
is not possible to draw any conclusions regarding the differ-
ent sensitivities of stress relaxation and ultrasonic measure-
ments to recovery and recrystallization.

5.3. Calculation of Recrystallized Grain Size

Combining the attenuation data in Fig. 6 with data col-
lected for other ultrasonic frequencies allows the attenua-
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B)

Fraction softened
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Fig. 12. Fractional change in stress (black diamonds) and veloc-
ity (grey crosses) for different temperatures. Strain=0.5,
strain rate=0.5s"'. (A) T=850°C, (B) T=900°C.

Fraction softened

Time (s)

Fraction softened

100
Time (s)

Fig. Fractional change in stress (black diamonds) and veloc-
ity (grey crosses) for different strain rates. Strain=0.5,
T=850°C. (A) Strain rate=0.1s"!, (B) strain rate=
0.5s".
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Fig. 14. Analysis of frequency effect on attenuation. 7=850°C,
strain rate=0.5s"'. (A) Strain=0.2, (B) strain=0.35,
(C) strain=0.5. Triangles indicate data for /=50s and
crosses for 7=100s. Solid lines show best fit of Eq. (4)
with experimental data.

tion at selected annealing times to be plotted as a function
of frequency. This is shown for each of the three strains in
Fig. 14. The two annealing times were chosen such that re-
crystallization was complete for all strains. Thus, the atten-
uation data should represent grain scattering by fully re-
crystallized grains only.

As can be seen from Fig. 14, the attenuation values are
close together for the two annealing times. Since the attenu-
ation depends on the third power of the grain size, the data
suggests that there is no significant grain growth between
50 and 100 s annealing for each strain. This is in agreement
with the grain size data obtained by optical microscopy
(Table 2).

Using Egs. (4), (7) and (8) the recrystallised grain size
can be estimated, provided that the single crystal elastic
constants, longitudinal and shear velocities are known. As
these values are temperature dependent, values correspon-
ding to the temperature of interest, i.e. 850°C, must be cho-
sen. Regretfully, accurate data on the elastic constants for
C—Mn steels in the austenitic state do not exist. Instead lit-
erature data for the temperature dependence of the elastic
constants in Fe-30wt%Ni single crystal have been used.”¥
This alloy has been shown to be a good model alloy in rep-
resenting the mechanical properties of austenite in carbon

steels. 2329

To calculate the scattering factor, v; was taken from the
experimental data at 850°C (after recrystallization) as
4970 /s, whilst v, was assumed to be 0.5v,. The elastic
constants for the Fe—30wt%Ni alloy at 850°C were obtain-
ed by extrapolation of the original data set in Ref. 24).
This gave c¢,,=177GPa, ¢,,=130GPa and c,,=95 GPa.
With these parameter values S; was calculated to be
1.3X107?s*/m’. Using the grain size as a fitting parameter,
the attenuation can be calculated as a function of frequency.
The resulting dependence is indicated in Fig. 14 by solid
lines. As can be seen there is reasonable agreement with
experimental data for the strains of 0.35 and 0.5. For the
strain of 0.2 the agreement is less satisfactory, although
there are very few data points.

The calculated recrystallised grain sizes are shown in
Table 4, together with the values determined by optical mi-
croscopy. As can be seen, the grain size is largest for the
lowest strain as expected. However, for the strain of 0.35
the grain size is slightly smaller than that at a strain of 0.5.
This is attributed to experimental error in the attenuation
measurements.

Comparison of the calculated grain sizes for each strain
with the corresponding values determined optically, shows
generally reasonable quantitative agreement considering the
assumptions made and the accuracy of the attenuation
measurements. The largest difference in grain size was ob-
tained for the lowest applied strain (18 tm).

An alternative to obtaining grain sizes by confronting ex-
perimental attenuation with modelled attenuation, could be
to use an experimentally obtained relationship between at-
tenuation and austenite grain size in the literature.'” How-
ever, this relationship was determined for a single fre-
quency (15MHz) and for higher temperatures (1 100°C)
than used here. Since the calibration constant is tempera-
ture dependent, attempting to extrapolate the relation to
lower temperatures would be highly dubious.

Finally, a factor to be considered is the strain distribution
in the sample due to friction at the work-tool sample inter-
faces. The grain size detected by ultrasonic waves repre-
sents an average across the sample diameter at the centre of
each specimen. The grains assessed by optical microscopy
were those only in the centre of the specimens. However,
FEM simulations for the current experimental conditions
have shown that for the applied strain with the largest varia-
tion in strain distribution (0.5), the strain in the centre of
the samples (0.65) extends through 60% of the sample di-
ameter at the centre. In addition, the remaining 40% of the
diameter is at a strain of around 0.5. The average strain of
these two regions is 0.59, which will control the grain size
detected by ultrasonics. Thus, since the average strain of
0.59 is close to that of the centre (0.65), the average grain
size “experienced” by ultrasonic waves should be similar to
the grain size seen in the centre of the specimens by optical
microscopy.

Overall, despite the many challenges to ultrasonically ob-
tain accurate quantitative grain sizes, a simple observation
of the obtained attenuation shows unmistakably the qualita-
tive picture of grain size, i.e. a significantly higher attenua-
tion (larger grains) being observed for a strain of 0.2 com-
pared to similar and smaller attenuations (smaller grains)
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being observed for the strains of 0.35 and 0.5.

6. Conclusions

(1) For the first time, the laser-ultrasonics technique
has been used to characterize the recovery and recrystal-
lization processes of hot deformed austenite in-sifu.

(2) During recovery preceding recrystallization the ul-
trasonic velocity change and attenuation decreased only
slightly. This was explained in terms of the ultrasonic
waves interacting with only a small number of mobile dis-
locations present in the deformed austenite.

(3) The observed decrease in velocity change during
recrystallization was mostly due to a change in the overall
texture. The decrease in attenuation during recrystallization
could be explained by a decrease in grain size, whilst the
effect of dislocation damping could not be estimated.

(4) When recrystallization was complete the ultrasonic
measurements indicated little or no grain growth, which
agreed with observations by optical microscopy.

(5) The recrystallization kinetics as revealed by stress
relaxation, ultrasonic velocity and attenuation for a variety
of deformation and temperature conditions, were generally
in good agreement.

(6) Qualitatively the attenuation indicated clear differ-
ences in grain size for the tested samples. Calculated re-
crystallized grain sizes from the ultrasonic attenuation
showed generally reasonable agreement with values ob-
tained by optical microscopy.
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