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Abstract Some basic aspects of electromagnetic radiation
(EMR) emission during quasi-static plastic deformation and
crack propagation in ASTM B 265 grade 2 titanium sheets
are reported in this paper. It has been observed that titanium
emits several intermittent EMR signals starting near the yield
and continuing up to fracture. The EMR emissions are sen-
sitive to the applied strain rates. The number of EMR
emissions shows a parabolic variation with strain rate,
exhibiting a maxima. It appears that the temporary pinnings
of the dislocations injected from the crack tip, which is
essential for the emission of EMR as described in a recent
model by the authors, do not adequately occur at high as well
as low strain rates. At elevated temperatures, the square of
the EMR amplitude is observed to be proportional to
exp (—mU /kT), where U is the activation energy for the
movement of jogs, k the Boltzmann constant, T the temper-
ature and m < 1.0.

Introduction

Metal response to deformation depends upon the temper-
ature, level and type of stress applied, strain rate, oxidation
and corrosion and other environmental factors. For safe
operation of any component under dynamic conditions,
understanding the mechanism of plastic deformation and
crack initiation is very important. In this context, emission
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of electromagnetic radiation (EMR) during plastic defor-
mation, crack initiation and crack propagation in metals
and alloys, and generation of a high transient magnetic
field during crack initiation under tension in ferromagnetic
metals and alloys, reported earlier [1-18], appears signifi-
cant. In a recent paper [18], it has been established that
these EMR emissions from metals and alloys are in several
ways different from those observed in non-metallic mate-
rials such as ionic crystals, rocks, ice, etc.

The EMR emissions from metals and alloys have also
been explored and confirmed by Tudik and Valuev [19],
Perelman and Khatiashvili [20], Dickinson et al. [21],
Jagasivamani [22], Jagasivamani and Iyer [23], Muthu-
kumaran et al. [24] and so on. Molotskii [25] presented a
dislocation mechanism for these EMR emissions. Recently,
Srilakshmi and Misra [14] reported an additional phe-
nomenon of secondary EMR during plastic deformation
and crack propagation in uncoated and metal-coated metals
and alloys.

Electromagnetic radiation accompanying the detonation
of chemical explosives was reported by Kolsky [26]. Such
emissions result from detonations of both bare and cased
explosives. However, the dominant wavelengths of emis-
sions from these two types of explosions generally differ
by as much as three or four orders of magnitudes. Brown
et al. [27] have reported far-field and near-field experi-
mental measurements of electric fields emitted by metal
encased explosives and shown that metal fracture is the
dominant mechanism leading to these emissions. Further,
Brown et al. [28] have also examined the back surface
emission of EMR resulting from the impact fracture of
mild carbon-steel at strain rates of approximately 10%s.
They obtained time-domain measurements of two perpen-
dicular components of the electric displacement vector at
the distances of up to 20 m from the targets, providing
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evidence that the EMR emission, previously reported
during quasi-static measurements [1-7], is also present
during impact fracture of metals.

Titanium and its alloys, due to their exceptional
strength-to-weight ratios, low density and high melting
points, are the choice-materials for a wide range of appli-
cations under hostile environment. Grade 2 titanium is an
important material for aircraft and reaction vessel appli-
cations. It has good impact properties at low temperatures
and excellent resistance to erosion and corrosion. It offers
moderate strength and high ductility for fabrication, as
evidenced by its typical stress—strain curve.

Since the EMR emission from metals and alloys can
well be applied in understanding plastic deformation, in the
design of smart sensors/composites [29-31] as well as in
evaluation of important mechanical/physical properties
[17], it was decided to investigate the effect of strain rate
and elevated temperature on EMR emission characteristics
in Grade 2 titanium and the results are presented here.

Experimental

The experimental results presented in this paper have been
divided into the following three groups: (a) some pre-
liminary experiments, (b) effect of strain rate on EMR
emissions and (c) EMR emission characteristics at elevated
temperatures. All experiments were conducted under
opening mode of fracture.

Material and specimens

Commercially pure titanium, ASTM B265 grade 2 cold-
rolled strips of thicknesses 0.7, 1.5, 2.5 and 4.0 mm were
investigated. The composition of titanium was: 0.011% C,
0.12% Fe, 0.008% N, and rest Ti. All specimens were cut
with their longitudinal axes along the rolling direction of
the sheets/strips.

For the preliminary investigations, specimens of dimen-
sions 100 mm x 12 mm were cut from 0.7, 1.5, 2.5 and
4.0 mm thick strips. For the EMR emission studies under
opening mode of fracture, double initial straight notches,
each of length a, were provided at the centre of each speci-
men, corresponding to initial notch length to specimen width
ratio, 2a/w = 0.5, as per ASTM norms; w is the width of the
specimen. This configuration is shown in Fig. 1a.

For the investigation of the effect of strain rate on EMR
emission, specimens with dimensions 100 mm x 12 mm
were cut from 0.7 mm thick sheet. At the centre of the
specimen, a circular notch of 0.5 mm radius was given on
both sides, causing a total reduction of 1 mm in its width
(Fig. 1b) so as to provide a wider zone for the visual
inspection of crack propagation.

For the investigation on EMR emission characteristics at
elevated temperature, specimens of dimensions 200 mm x
12 mm x 0.7 mm were prepared as shown in Fig. lc. A
suitably greater length of the specimen had been selected
for accommodating the heating element. Initial double
edge straight notches of 3 mm each, 2a/w = 0.5, were
provided in these specimens also.

Instrumentation

For preliminary investigation and for the effect of strain
rate on EMR emission, the antenna was made of two
copper chips of dimensions 10 mm x 10 mm x 0.32 mm
pasted on insulation paper. These copper chips were fixed
on both sides of each specimen. The insulation paper
eliminated the direct contact between the antenna and the
specimen surface. The two copper chips were joined
electrically (Fig. 1).

The antenna for the investigations on EMR emission at
elevated temperatures was made with a 40 mm x
10 mm x 0.32 mm copper chip. It was bent to form a
T-shape, open at the bottom. A thin mica sheet was fixed
on each specimen for thermal and electrical insulation. The
T-shaped antenna was now mounted on the specimen
covered by the mica insulation. The configuration is shown
in Fig. 1c. This antenna was tested at high temperature
environment (up to 550 °C) and was found to be uninflu-
enced by the thermal noise.

In the tests for preliminary studies and for investigating
the effect of elevated temperature, one lead of a 1 MQ
impedance cable was connected to the antenna and the
other was connected to a manually operated 1 ton capacity
portable Hounsfield tensometer on to which the specimens
were mounted for loading. The tensometer was made
electrically grounded. In the tests for the investigation of
the effect of strain rate on EMR emissions specimens were
mounted on Tinius Olsen HI00KT universal testing
machine (UTM) with Test Navigator software, which had a
facility to apply load at constant strain rate. For these tests,
one lead of 1 MQ impedance cable was connected to the
antenna and the other was connected to Tinius Olsen
H100KT machine, which was made electrically grounded.

For the entire tests mentioned above the electrical cable
of the antenna was connected to a 150 MHz analog—digital
HAMEG oscilloscope model HM 1507-3 with a built-in
software SP107FFT (Beta-version) for recording the sig-
nals. An RS 232 interface was used for transferring the data
from the oscilloscope to an IBM Pentium IV computer.

The power supply circuit to the band heater is shown in
Fig. 1d. In order to suppress the noise produced by the
band heater, a cylindrical shield of copper sheet was pro-
vided inside the band heater. The variation in the
temperature of the specimen was obtained by regulating the
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Fig. 1 (a) Specimen
arrangement for preliminary

experiments on EMR emission.

(b) Loading arrangement for
effect of strain rate tests.

(c) Experimental set up for the
elevated temperature
experiment. Antenna used is
depicted above the figure.

(d) Power supply circuit

for the Band heater
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power supply to the heater by the variable voltage auto-
transformer. A digital temperature indicator (Temperature
Measurement Trainer Model-UITM 03) of measuring
capacity 0-550 °C was used to measure the instantaneous
temperature of the specimen. The antenna and heating
arrangement are shown in Fig. lc.

Results and discussions
Some preliminary experiments

Several EMR emissions were observed during plastic
deformation, crack propagation and fracture of ASTM B265
grade 2 titanium sheet specimens of all thicknesses. Figure 2
is a sample print out of the engineering stress versus engi-
neering strain curve of a 0.7 mm thick specimen stressed at a
constant engineering strain rate of 41.7 x 10~%/s (crosshead
speed = 15 mm/min). The oscilloscope had to be tuned to
“single shot mode” to pick up the transient EMR signals.
Once the oscilloscope picked up an EMR signal, it switched
off. The UTM crosshead was stopped. It recorded a small
stress relaxation in the curve. The picked up EMR signal was
transferred to the computer for further processing. The crack
tip was visually inspected for any crack initiation and
propagation. The oscilloscope was again switched on and
further loading on the specimen continued. This process was
repeated after each EMR emission. As is evident from Fig. 2,
a total of nine EMR signals were emitted from this particular
specimen during the entire stressing up to fracture. Point A
shows the onset of plastic deformation and point B the start of
crack propagation. Thus it is clear from Fig. 2 that the
specimen starts emitting EMR signals first near the onset of
plastic deformation and then goes on emitting EMR signals
intermittently up to fracture. Point 9 is the final fracture.
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14 28 42 56 70 6.4 98 112 126 140
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Fig. 2 Engineering stress versus engineering strain curve for an
ASTM B265 grade 2 titanium sheet specimen tested at engineering
strain rate 41.7 E—4 7! (crosshead speed 15 mm/min)
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Fig. 3 Variation in maximum amplitude of EMR emission Vpyax
with thickness £, of the specimens

Figure 3 shows the variation of the magnitudes of EMR
amplitudes |Vp max |, with the thickness 4, of the specimens.
All values refer to the last EMR signals emitted prior to
final fracture. As mentioned in “Material and specimens”
section, for the present experiments, the grade 2 titanium
sheets were available in four thicknesses only, viz. 0.7, 1.5,
2.5 and 4.0 mm. It can be seen that the EMR amplitudes
show a maxima at 0.7-mm thickness and then gradually
attain a nearly constant value for higher thicknesses. Since
larger EMR amplitude signals were better for analysis,
hence 0.7 mm thick specimens were selected for the
investigations on the effects of strain rates and elevated
temperatures on EMR emissions.

Further, the experimental data showed a scatter-band of
+5.0-8.0% from the mean value as is expected in experi-
ments on fracture. The scatter-band in the measurements of
EMR amplitude, |V,max| (mV), is shown in Fig. 3 and the
subsequent relevant figures.

Since Fig. 3 shows that the EMR amplitude almost
becomes constant for higher thicknesses of grade 2 tita-
nium, following the procedure adopted by Kumar and
Misra [17] for Cu-Zn alloys, experiments were repeated
and the average values of electromagnetic energy release
rate A and the elastic strain energy release rate G; under
mode I fracture were plotted against thickness for grade 2
titanium. The results are shown in Figs. 4 and 5. Since Gy
and A were to be studied, the last EMR signals prior to
fracture were analysed for Figs. 4 and 5. Here A =
i sz dr / At, where the EMR signal V, versus time ¢, was
converted into Vlz, versus time curve by the in-built software
of the oscilloscope, and At is the time duration of V), max
[17]. These figures show a very close similarity between G
and A in grade 2 titanium as well. Therefore, it appears that
the measurements of A for the maximum EMR peak can
lead to the measurement of the elastic strain energy release
rate Gy in a specimen, which can further be correlated to
the fracture toughness, Gyc.

Further, nature of the curve in Fig. 5 suggests a para-
bolic variation of A/Gy with h~" of the type Gy = CAK?,
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Fig. 4 Variation of elastic strain energy release rate Gy (J/mz) and

electromagnetic energy release rate A (sz) with 1/h in ASTM B265
grade 2 titanium sheets
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Fig. 5 Variation of A/Gy with 1/h

for thinner sheet specimens. C is the constant of propor-
tionality. which depends on the material properties.

Effect of strain rate on EMR emissions

Experiments were then conducted on 0.7-mm thick grade 2
titanium sheet specimens at constant crosshead speeds of
0.5, 1.0, 5.0, 10.0, 15.0 and 20 mm/min.

The true strain rate &, corresponding to each constant
crosshead speed vcy, was calculated according to the for-
mula [32],

é‘: (VCHK/AE)+SP (1)
" (KLJAE)+1 ’

where vcy is the constant speed of the crosshead of the
machine, K the machine stiffness, A the instantaneous area
of the cross-section of the specimen, L the instantaneous
gauge length of the specimen, E the Young’s modulus of
elasticity of the specimen material, and &, the true plastic
strain rate.

It may be noted here that both ¢ and &, depend upon the
instantaneous strain. Therefore, ¢, was calculated at the
instant of each EMR emission prior to crack propagation
(point B in Fig. 2) by calculating ¢ and &g by the formulae
[32],
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this method, the average true strain rates were calculated
corresponding to vey = 0.5, 1.0, 5.0, 10.0, 15.0 and
20.0 mm/min as 1.264 x 107%, 2.572 x 107%, 11.957 x
107%,23.988 x 107%,38.42 x 10 *and 50452 x 10~* s,
respectively. For the Tinius Olsen testing machine, K =
0.2 MN/m; initial gauge length of the specimen Ly = 60 mm
and E = 117 GPa for ASTM titanium grade 2.

Experiments over the past several years [1-24] have
shown that the EMR signals (voltage versus time curve)
during plastic deformation and fracture of metals and
alloys are of two broad nature: (i) damped oscillatory and
(i1) exponentially decaying. During the experiments for the
effect of strain rate on EMR emissions, both kinds of sig-
nals were observed in grade 2 titanium as well. Figure 7a
(}meax| =13mV) and b (|meax’ = 4mV) shows sample
printouts of the signals emitted at average true strain rates
of 23.988 x 10™* and 11.957 x 10™* 5™, respectively.

Some other features common to all the sets of tests are
as follows:

1. Maximum number of signals were emitted before the
crack tip propagation.

2. Signals prior to A (Fig. 2) were absent at lowest and
highest strain rates tested viz. 1.264 x 10~* and
50.452 x 10* 57!, respectively.

3. Maximum number of signals were emitted at cross-
head speed of 5 mm/min corresponding to strain rate
&=11.957 x 10~*s71,

4. Majority of signals were exponential in nature at all
strain rates.
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0 5 10 15 20
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Fig. 6 Plot of true plastic strain with time for a specimen tested at a
crosshead speed of 15 mm/min
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Fig. 7 (a) Sample printout of a damped oscillatory signal emitted
during tests for the effects of strain rate on EMR emission. (b) Sample
printout of an exponentially decaying signal emitted during tests for
the effects of strain rate on EMR emission

5. Maximum number of damped oscillatory signals were
observed at the average true strain rate of &=
23.988 x 10™*s~! corresponding to the crosshead
speed of 10 mm/min.

6. EMR amplitudes of damped oscillatory signals were in
general much larger (10-25 mV) than the exponential
EMR amplitudes (1-4 mV) at all strain rates.

Figure 8 is a plot of the maximum peak amplitude of
EMR emission versus strain rate. It shows a maxima at
strain rate of 23.988 x 10™* s™'. Figure 9 is a plot of total
number of signals (average value) emitted by a specimen
during stressing against the strain rate. This excludes the
EMR signal at final fracture, which is invariably emitted
from all metallic specimens under all circumstances. Since
the effect of strain rate on the correlation of EMR emission
with plastic deformation and crack propagation was to be
investigated, this prompted the exclusion of the EMR
signal at final fracture in the analysis.

Figure 10 is a plot of average number of signals emitted
before crack propagation (point B in Fig. 2). A close
similarity can be observed in the curves of Figs. 9 and 10.
Total number of EMR signals emitted prior to final fracture
as well as the number of signals emitted before crack
propagation are less at the lower strain rates, attain a
maxima at a strain rate of 11.957 x 107* s~! and then
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Fig. 8 Plot of maximum amplitude of EMR emission versus strain
rate in ASTM B265 grade 2 titanium sheet specimens
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Fig. 9 Plot of total number of EMR signals emitted (excluding EMR
signal at final fracture) versus strain rate in ASTM B265 grade 2
titanium sheet specimens
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Fig. 10 Plot of number of EMR signals emitted before B versus
strain rate in ASTM B265 grade 2 titanium sheet specimens

again become less as the strain rate is increased. From
Fig. 10 it is further seen that the strain rates higher than
50.452 x 10~ s~! ie., fast fractures do not promote any
EMR emission prior to crack propagation and fracture.
This conclusion is also supported from the observations of
Brown et al. [27, 28] where they have reported EMR only
during fracture from the high strain rate fracture of mild
carbon-steel and from the detonation of metal encased
explosives, respectively.

Based on Molotskii’s model [25], Misra et al. [18] have
recently proposed a generalized theoretical model for the
EMR emissions from metallic materials. The essential
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concept is as follows: with the increase in the externally
applied stress beyond the critical resolved shear stress in a
sheet specimen, a plastic zone is created ahead of the crack
tip. Dislocations from the crack tip spread both above and
below the plane of fracture. In order to fracture the spec-
imen by this process, more dislocations have then to be
injected into the existing plastic zone. As the crack spreads,
each edge dislocation injected from the tip of the crack into
the yield line pushes the existing dislocations further along
these lines until general yielding is eventually produced
[33]. It is well known that an electrostatic potential is built
around an edge dislocation in an inhomogeneously strained
crystal and the dislocation behaves as an electric line
dipole [34]. It is, therefore, imagined that an edge dislo-
cation injected from the crack tip gets temporarily pinned-
up at its two ends, before spreading along the yield lines.
These pinnings could be due to impurity atoms, network
points, jogs, etc. As a result, a time-varying bending is
induced in the dislocation under the action of the stress.
This bending of the dislocation produces a time-varying
increase in its length, hence a time-varying increase in the
electric line dipole moment and gives rise to the EMR
emission.

Therefore, the observed EMR emission in metals is
essentially originated due to the temporary pinning of the
two ends of the edge dislocation before it is pushed along
the yield lines by the other newly injected dislocations
from the crack tip. This temporary pinning of the dislo-
cation ends will, therefore, depend upon the speed and
force of the freshly injected dislocations which push the
concerned dislocation along the yield lines, self-energy of
the dislocation, and also upon the pinning forces of the
impurities, etc.

Therefore, at high strain rates, since the plastic defor-
mation occurs rapidly, freshly injected dislocations with
high speed, overcome the pining forces at the two ends of
the dislocation ahead of them, which results in a decrease
in the number and the amplitude of EMR emissions. This is
in conformity with the experimental results (Figs. 8-10).

On the other hand, at low strain rates since the rate of
plastic deformation is low, accumulation of the pinnings at
the two ends of the dislocation may not be adequate enough
to cause any temporary pinning, again resulting in decrease
in the number and the amplitude of EMR emissions
(Figs. 8-10).

It further appears that in metals the EMR emission
occurs by two mechanisms: (i) by the bending of disloca-
tions as described above, and (ii) by the bending of
dislocations superimposed by the ionic oscillations due to
breakage of atomic bonds which essentially occurs during
fracture. The fact that the EMR responses (amplitude and
frequency) bear a close relationship with bond energy of
metals has earlier been reported [11].

@ Springer

Effect of elevated temperature on EMR emission in
titanium

For the elevated temperature tests specimens had to be
fractured fast to avoid any temperature drop due to radia-
tion losses during the experiments. This resulted in the
recording of only one EMR emission near the initial notch
tip instability in each specimen. Further, the antenna used
during elevated temperature tests (Fig. 1¢) had larger sur-
face area as compared to the antenna for strain rate tests
(Fig. 1b), it amplified the amplitudes of EMR signals to
50-250 mV range.

Figure 11 is the plot of average tensile stress values S; at
which the EMR signals were obtained versus temperature
for the ASTM grade 2 titanium sheet specimens. Figure 12
shows the variation of EMR amplitude with temperature.

In order to understand the EMR effects at elevated
temperature, imagine a moving dislocation AB coming
across a row of intersecting ones whose mean spacing is /,
as shown in Fig. 13. To cut through the row, a segment / of
AB has to move a distance of order b, where b is the
Burgers vector. During the process of cutting, each seg-
ment of AB bows out as shown in Fig. 13. It is well known
that the intersections of dislocations create jogs. The
energy of formation of a jog Uj is of the order of U; =
aGb?, where G is the shear modulus and & =~ 0.2 for most
metals. If T be the external shear stress acting on the dis-
location AB, the work done on AB in moving it a distance
b, is 7lb>. When tlb? is greater than Uj the dislocation AB
can cut through without help from thermal fluctuations, but
otherwise an activation energy

U = U; — tlb* = aGb® — tlb* (4)
is needed [35]. It may be noted here that G and t are
temperature dependent. The yield stress is practically given

by the condition U = 0 or © = 7y = aGb/I. Under ambient
conditions, for 7 > 1y, tlb* is generally greater than oGb®

1200 -
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R®=0.9826
600 4

S, (MPa)

400 -

200 -

0 200 400 600 800 1000
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Fig. 11 Variation in maximum tensile stress at crack tip instability S;
with temperature in 0.7 mm ASTM B265 grade 2 titanium sheet
specimens
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Fig. 12 Variation in maximum amplitude of EMR emission with
temperature in 0.7 mm ASTM B265 grade 2 titanium sheet specimens

in metals. Hence the dislocation AB cuts through the rows
of intersecting dislocations. During this process the seg-
ments of AB bow out, and the increment in the segment
length increases the electric line dipole moment giving rise
to the EMR emission [18, 25].

However, when the metal specimen under an applied
shear stress 7 is heated to an elevated temperature 7, stress
recovery occurs. Therefore, in order to continue the cutting
process by the dislocation AB, some additional energy
must be supplied by the thermal fluctuations. Let this
additional energy be mU, where m < 1.0.

Now assuming a Boltzmann distribution for the fre-
quency of cutting through the rows of intersecting
dislocations, the number n of the segments of dislocations
like AB is written as

m(aGb* — lb?)

kT O

mU
n = ngpexp _ﬁ =npexp | —

where k is the Boltzmann constant, and ng is the thermo-
dynamic equilibrium number of spacings between the
intersecting dislocations defined by the condition U = 0 or
T =0Gb/l.

Now during the bowing out, each dislocation segment at
temperature 7 will emit EMR as described above. The total
EMR amplitude V.., is then proportional to /n under
random phase approximation [18]. Hence

m(aGb* — tlb?)
kT ’
(6)

where Aq is the constant of proportionality times ny.
Equation 6 may be rewritten as

mU
Viax' = Apexp {— ﬁ] = Apexp [—

Fig. 13 A dislocation line held up by a row of intersecting
dislocations [36]

mU m(aGb* — tlb?)

log (V2 — =logAg —
og kT OB KT

max

) =logAg —

(7)

Therefore, a plot of log (V2 ) versus mU/kT should be
linear in nature at elevated temperature. Incidentally, V2,
is also proportional to the intensity of radiation. Hence, the
intensity of radiation appears to vary linearly with U/kT
which is reasonable to expect.

As regards the experimental verification of Eq. 7, vari-
ation of Young modulus E with temperature for ASTM
grade 2 titanium sheet was obtained from standard refer-
ence [36] and the corresponding G values were calculated
at the desired temperatures. Assuming the yield stress in
tension as 0.8 times the tensile strength S, of titanium [36],
the shear stress values T were evaluated approximately as
T = (0.577) (0.8 S), from Fig. 11, where 0.577 is the von-
Mises yield criterion factor.

The spacing between the intersecting dislocations / is not
exactly known at different temperatures. However, the yield
stress is practically equal to «Gb/I [35]. Hence ignoring the
temperature effects, an average value of / is estimated as
lwach/ 7, at ambient conditions. This gives / ~ 1000,
estimating a density p of intersecting dislocations (p ~ "2
of 10'> m™2, which is a reasonable value [35].

With the above values of the parameters in Eq. 7, a
linear variation of log (V2,.) versus U/kT with a correla-
tion coefficient R* = 0.9904 was obtained as shown in
Fig. 14, exhibiting an experimental verification of Eq. 7. In
Fig. 14, Vy.x is the average of |meax| values at each
temperature. When this graph is extrapolated to ambient
temperature using the data of Figs. 11 and 12 [at
T =300 K, log (Vrznax) = 10.342 and U/kT = —187.974],
a slight drop in the straight line of Fig. 14 is observed at
T = 300 K. This shows that when thermal fluctuations start
dominating then only the square of EMR amplitude is
proportional to exp (—U/kT) as suggested in Eq. 6. Fur-
ther, from Fig. 14, m ~0.02, for titanium.

One point is noteworthy here. An increase in EMR
amplitude with increase in temperature was reported in

10 4
oF R?=0.9904
= 6
g
S ]
24
0 : : : : : : : )
0 20 40 60 80 100 120 140 160
UKT

max
titanium sheet specimens

Fig. 14 Plot of log (V2 ) versus mU /kT in ASTM B265 grade 2
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copper contrary to a decrease in EMR amplitude observed
in plain-carbon steel [11] and aluminium [13]. While
reporting the EMR characteristics at elevated temperatures
in aluminium [13] it was concluded that the observed
increase in EMR amplitude with increase in temperature in
copper results from the recombination of partial disloca-
tions at elevated temperatures in metals with low stacking
fault energy only. Figure 12 further confirms this conclu-
sion in titanium which has a high stacking fault energy of
0.15 J/m* as compared to copper (0.04 J/m?). Therefore,
for metals with low stacking fault energy, Eq. 6 will require
some modifications, and will be worth investigating.

Further, in an earlier work [13] the electromagnetic
energy release was assumed to be proportional to hf, where
h is Planck constant, and thermal energy imparted to the
dislocations proportional to k7, and a smooth variation was
obtained when Vpn.« was plotted against Af/kT for alu-
minium (f.c.c.). Now in the case of titanium (h.c.p.) also, a
parabolic variation exhibiting a maxima has been obtained
as shown in Fig. 15. However, the nature of variation is
different in the two cases; titanium shows a maxima at
hf7kT ~2.775 % 10~°, while aluminium exhibited a minima
at h7kT ~3.7 x 1075,

Finally, Fig. 16, the plot of average minimum dominant
EMR frequency versus temperature, validates the prediction

R?=0.9772

V omax, (MV)

2.00E-09 3.00E-09 4.00E-09 5.00E-09

hflkT

0.00E+00 1.00E-09

Fig. 15 Variation of maximum amplitude of EMR emission
Vpmax versus hf /kT in ASTM B265 grade 2 titanium sheet specimens
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Fig. 16 Variation in minimum dominant EMR frequency with
temperature in 0.7 mm ASTM B265 grade 2 titanium sheet specimens
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from Molotskii Model [25] in h.c.p. metal, titanium as well.
Thus Molotskii’s prediction that EMR frequency should
decrease with increase in temperature has been verified in
b.c.c. [11], f.c.c. [13] and h.c.p. metals.

Conclusions

On the basis of the results and discussions presented above,
following conclusions are drawn:

(i) EMR emission is sensitive to strain rate; number of
EMR emissions during plastic deformation is very
less at small as well as high strain rates; it shows a
maxima at a strain rate of 11.957 x 10™* s~ in
ASTM grade 2 titanium.

(i) At high strain rates, freshly injected dislocations with
high speed, overcome the pinning forces at the two
ends of the dislocation ahead of them which results
in a decrease in the number and amplitude of EMR
emissions.

(iii) On the other hand, at low strain rates, accumulation
of pinnings at the two ends of the dislocation is not
adequate enough to cause any temporary pinning,
which again results in a decrease in the EMR
emission.

(iv) At elevated temperatures intersection of dislocations
creating jogs favour the EMR emission. The square
of EMR amplitude is observed to be proportional to
exp (—mU /kT), where U is the activation energy for
the movement of jogs, and m < 1.0.

(v)  ASTM grade 2 titanium also endorses the conclusion
that an increase in EMR amplitude at elevated
temperature results from the recombination of partial
dislocations at elevated temperatures in metals with
low stacking fault energy only.
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