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Abstract

Flash-sintering is invariably accompanied by a highly non-linear rise in the specimen’s conductivity. Thus the specimen temperature rises above the
furnace temperature. It is shown that flash-sintering is a transient phenomenon, where the power dissipation rises quickly at first, but then declines
towards a steady state, as the power supply switches from voltage to current control. The area under the power spike, which is equal to the Joules
expended in the sample during the transient, is absorbed by the heat capacity of the specimen. Therefore, the specimen temperature rises gradually
towards this steady state through the transient. Whereas the power spike can exceed a peak value of 1000 mW mm~3, the dissipation during the
current controlled regime is in the 100—400 mW mm > range. The extrapolation of sintering time from a few hours, as in conventional sintering, to
a few seconds, using the activation energy for diffusion, predicts sample temperatures that are far in excess of the measured specimen temperature

during flash sintering.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

In flash-sintering a powder preform sinters abruptly above
a threshold condition. This transition is prescribed by a com-
bination of the furnace-temperature and the DC electrical
field applied directly to the specimen by a pair of electrodes.
This phenomenon occurs in several oxide systems, including
yttria stabilized zirconia,'> magnesia doped alumina,® stron-
tium titanate,* cobalt manganese oxide,? titania (unpublished)
and magnesium-aluminate spinel (unpublished). A characteris-
tic feature of this process is that the sudden onset of sintering is
accompanied by an equally abrupt increase in the conductivity of
the specimen. Immediately the power supply must be switched
to current control so as to prevent electrical runaway. In cur-
rent control the power expended in the specimen declines since
the resistance of the specimen continues to fall. The specimen
temperature rises gradually through the power-spike towards a
quasi-steady state value in this current controlled regime.

The extent of the rise in the specimen temperature is an
important first step towards understanding the mechanism of
flash-sintering. Higher temperature implies higher diffusion rate
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of mass transport. The temperature required to sinter in a just
a few seconds can be extrapolated from the conventional time
and temperature through the activation energy for diffusion. The
question is whether or not the specimen temperature reaches this
extrapolated value as a result of Joule heating.

There have been at least two attempts to estimate the spec-
imen temperature as a function of power dissipation. In one
instance, the specimen temperature was obtained by measuring
the thermal expansion as a function of power input. In the other
case the temperature was estimated by a numerical simulation.®
It is important to note that in both cases, power was applied to
the specimen at a constant rate until a steady state was reached.

The temperature of the specimen during transient power, as
in flash sintering, has also been measured,’ and is much lower
than would be estimated assuming the peak power to be applied
to the specimen at a constant rate.

The following sections are divided into three major parts: (a)
Joule heating for steady state power dissipation, (b) the transient
case of flash sintering, and (c) estimate of the specimen temper-
ature that would be required to sinter yttria stabilized zirconia
in just a few seconds, which is then compared to the specimen
temperature discussed in the previous sections.

The flash-sintering experiments can be divided into two cat-
egories: sinterforging where a field as well as a uniaxial stress is
applied to the specimen,>’ and free, two electrode experiments
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where the electrical field is applied to the ends of an otherwise
unconstrained specimen.!™

The experiments that are discussed below were carried out
on yttria-doped zirconia: 3YSZ!7 and 8YSZ.

2. Case I: steady state power dissipation

This section is divided into three subsections. In the first,
a model for Joule heating based upon black body radiation is
described. These results are presented in the form of maps that
allow a quick estimate of the specimen temperature from the
knowledge of the furnace temperature, the steady-state power
dissipation, and the surface to volume ratio of the specimen. In
the next two sections experimental® and numerical simulation®
data are compared with the black body radiation model.

2.1. Black body radiation model for joule heating

If a sample initially at the furnace temperature, Ty, is heated
electrically then the rise in its temperature, to 7, relative to
To, can be estimated by assuming that the difference in the
black body radiation at T and T is equal to the heat dissipated
within the sample. This approach assumes that convection and
conduction losses into the environment are negligible. Black
body radiation increases as T%, therefore it is greater than the
convection losses above about 800 °C (at dull red color). The
conduction losses, however, depend greatly on the electrode
and system configuration and, therefore, cannot be estimated
generally.

The estimate for 7 was analyzed in an earlier paper for small
rise in the sample temperature. It is derived in Ref. 9, which
expressed in incremental form becomes:

8T W

- 1
T  4AcT# M

Integrating Eq. (1) between the limits of 0 to W, as sample
temperature rises from Ty to 7, leads to the following equation:

. w 1/4
T [To + AU} @)
In Eq. (2), 0 = 5.67 x 1078 W m? K~* is a universal physical
constant, A is the surface area of the sample in m?, Wis the elec-
trical energy dissipated in the sample in W, and the temperature
is expressed in K. Eq. (2) assumes the emissivity of the ceramic
to be unity; indeed for most oxides its value is greater than 0.9.
Later, the discrepancy between theory and experiment is tied to
this assumption: a true emissivity that is less than one would
give higher specimen temperatures than calculated here.

The surface area of the sample, A, depends on the sample
geometry. It is useful to normalize W with respect to the volume
of the sample, written here as V, so that:

Wy =< 3

where Wy is in units of W m3.

Eq. (2) can now be rewritten in normalized form as follows:
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Note that V/A is the volume to surface ratio, with units of m.
’;

It can be more convenient to write Wy in units of mW mm™",
and V/A in units of mm, in which case Eq. (4) becomes:
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where the units for the key parameters are shown in brackets.
o is a correction factor to account for the fact that the emis-
sivity of the sample is less than unity; therefore o > 1, with
o being greater than one if the emissivity is less than unity.
The predictions from Eq. (5) are mapped in Fig. 1, with the
assumption that ¢ =1. The power dissipation and the furnace
temperature are the axes. Knowing these two parameters, the
estimate of the specimen temperature can be read quickly. Since
the results depend on the volume to surface area ratio, four maps
for (V/IA)=0.5,0.75, 1.0, and 2.0 mm are given. For example, if
the furnace temperature is 1100 °C, then in order to reach a spec-
imen temperature of 1450 °C, a power density of 600 mW mm 3
would be required for (V/A)=0.5mm, or 150 mW mm~3 if
(VIA)=2.0mm, and so on. The predictions from Eq. (5) are
compared to experiments and a numerical simulation in the next
section.

In the following sections we shall find that Eq. (5) underes-
timates the specimen temperature by 100-200 °C, most likely
because the oxide has an emissivity that is less than unity.

2.2. Comparison with numerical simulation®

Soon after the publication of flash-sintering in 3YSZ
zirconia,! Grasso et al.® repeated the experiment and sought
to explain the phenomenon in terms of Joule heating by numer-
ical simulation. Their specimen geometry was approximately
the same as in Ref. 1, that is a rectangular gage section, 21 mm
long with a cross section of 3mm x 1.58 mm, which gives
(V/IA)=0.52 mm. In the simulation they assumed a (steady state)
power dissipation of 70 W which corresponds to 700 mW mm 3,
and a furnace temperature of 7p=850°C. The reading from
Fig. 1, marked as point (A), predicts a specimen temperature
of 1400 °C. The simulation gave a range of temperatures in the
specimen, with the highest value reaching 1600 °C. The under-
estimate is attributed to the emissivity of the specimen being less
than unity.

2.3. Comparison with experimental results’

Baraki et al.’> have measured the temperature of a 95%
dense sample of 8YSZ as a function of the power dissipated
in the specimen. The sample was a cylindrical piece, 8 mm
in diameter and 4 mm tall, which gives (V/A) = 1.0 mm. The
furnace temperature was, 7o = 1200 °C. The specimen temper-
ature was estimated from volumetric thermal expansion. These
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Black Body Radiation Model Eq. (4)
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Fig. 1. Maps for estimating the specimen temperature given the furnace temperature and the power dissipation in the specimen for four different values of the
volume-to-surface ratio (V/A). The points A, B and C are from a simulation and experiments. A is from a simulation,® B from steady state power dissipation,’ and C
from flash-sinterforging experiment.” The model is based upon black body radiation, as given by Eq. (4).

measurements are compared with the prediction of the furnace
temperature, from Eq. (5), in Fig. 2. In this instance, the agree-
ment is reasonably fair with the model underestimating the
specimen temperature by approximately 100°C at a power level
of 400 mW mm™—3, as shown by the point (B) in Fig. 1.

3. Case II: flash-sintering, the transient case

In this section we discuss Joule heating during a flash-
sintering experiment. In our laboratory, so far, these experiments
have been carried out by first applying a constant dc electric
field to the specimen, and then ramping the furnace tempera-
ture at a rate of 10°C min~"'. The current in the specimen rises
abruptly at a threshold value of the temperature. The power sup-
ply is quickly switched from voltage control to current control
upon reaching a preset value of the current. The power to the
specimen then falls sharply since its conductivity continues to
increase, before settling down to a quasi-steady state level. The
power-vs.-time curve, therefore shows a spike with an effec-
tive width of about 1s. The question that is addressed in the
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Fig. 2. A comparison of the black body radiation model with experiments under
steady state power dissipation in the specimen while the furnace temperature is
held constant at 1250°C.5
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Fig. 3. The relationship between the power-density and the specimen temperature in the time domain, in a flash-sinterforging experiment.”

following sections is how the power dissipation is related to the
specimen temperature, in the time domain.

This section is divided into two sub-sections. The first consid-
ers flash sinterforging of cylindrical specimens under a uniaxial
load. The second considers flash sintering of unconstrained dog-
bone shaped specimens.

3.1. Flash sinterforging of 3YSZ

A typical set of results from a sinterforging experiment is
given in Fig. 3. In this experiment a load of 5 MPa and a field
equal to 100 V ecm ™! were applied. The furnace was then heated
at a constant rate of 10°C min~!. The onset of flash sintering

took place when the furnace temperature was approximately
875 °C. The samples were of a cylindrical shape with a diame-
ter of 5mm and 10 mm long, giving a value (V/A) = 0.75 mm
(considering only the bare surface of the cylinder).

The temperature of the specimen was measured by focusing
a pyrometer on its surface. The pyrometer had been previously
calibrated with a dense 3YSZ sample placed within a furnace
(without applying electrical field) and then raising the furnace
temperature in steps up to 1400 °C.

The upper graph in Fig. 3 shows the power density, and the
specimen temperature. It spans a range from 800 °C to 900 °C.
Note that the furnace temperature and the pyrometer tempera-
ture agree perfectly until the onset of the power surge, when the
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specimen temperature begins to outpace the furnace temper-
ature. Upon reaching a power density of 450 mW mm™> the
power supply was switched from voltage control to current
control. The power into the specimen immediately begins to
decline. Meanwhile the temperature of the specimen continues
to increase, through the transient, finally approaching a steady
state. At this point the power dissipation in the specimen also
approaches a quasi-steady state.

An expanded view of the data spanning 870-890 °C is given
in the lower half of Fig. 3. The power density immediately falls
after spiking at 450 mW mm—>, declining to 250 mW mm ™~ in
less than 2s. Gradually, both the power and the temperature
approach a steady state such that a specimen temperature of
1125 °C is achieved at a power density of 125 mW mm™3. This
measurement is shown as point (C) in the maps in Fig. 1. In
this case, the experimental and the calculated temperatures are
in fair agreement.

In Section 4 we will estimate how high the temperature must
rise above the conventional sintering temperature in order to
achieve sintering in just a few seconds.

3.2. Flash sintering experiments without uniaxial load

Unconstrained flash-sintering experiments in our laboratory
have been carried out with dog-bone shaped specimens, sus-
pended into a conventional furnace with two platinum wires that
also serve as the electrodes to supply electric field and current to
the specimen. The field is applied before the furnace is ramped up
at 10 °C min~!. The gage section of the specimens is 21 mm long
with a rectangular cross section of 1.58 mm x 3.0 mm. Explicit
details of the method are given in Ref. 3.

In all instances the power—time plot has the same shape as
shown in Fig. 3 for the sinterforging experiment. (The graphs
in the publications' are somewhat misleading since they only
show the peak value of the power spike but not its shape in
expanded time domain.)

A typical result from these experiments, in this instance with
3YSZ, is shown in Fig. 4. It shows the flash regime spanning a
total time of 30's, during which period the furnace temperature
rises from 905 °C to 910 °C. In this instance the current was lim-
ited to 40 mA mm™2. The lower graph gives the power-profile,
and the upper plot shows the sintering profile. It is to be noted
that the power spike is less than 1 s. The steady state power dis-
sipation, which is achieved in current control is about one half
the peak value, at approximately 200 mW mm 3.

The DC field required to induce flash sintering varies greatly
from one material to another. For example in the case of YSZ the
range is from 30 Vem ™! to 120 V em ™! In MgO-doped alumina
the field can be as high as 1000V ecm™!, while in the case of
cobalt-manganese oxide it is much smaller, about 12.5V cm™".
Yet in all instances the peak value of the power dissipation is
nearly the same. The quasi-steady state power in the current
control regime usually approaches one half of the peak value,
and lies in the 100400 mW mm 3 range. Therefore, the current
limit setin the experiments is highly variable. For example, while
it was ~40 mA mm~2 for 3YSZ, it was only ~12 mA mm~?2 for
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Fig. 4. The relationship between power density and sintering in the time domain

in a flash-sintering experiment with 3YSZ.
Data courtesy of M. Cologna.

MgO-alumina, but more than 2000 mA mm~2 for the case of
cobalt manganese oxide.

4. Extrapolation from conventional sintering

The absolute rates of sintering in flash sintering are very fast
indeed, amounting to just a few seconds. In comparison conven-
tional sintering needs an hour or more to achieve full density.
Thus, the sintering rates are three to four orders of magnitude
faster in flash-sintering as compared to conventional sintering.
Here, assuming that the acceleration in sintering occurs from
Joule heating of the specimen, we attempt to estimate how high
the temperature must be in order to achieve accelerated sintering
of this magnitude.

The Arrhenius form of the diffusion coefficient immediately
leads to the following equation for establishing this relationship:

op Rz Q0 (1 1 ©)
El0Rate; ~ 23R \T, T

where the subscript 1 refers to the temperature for conventional
sintering, and subscript 2 corresponds to the higher rate at the
higher temperature. Plots of Eq. (6) for three values of the activa-
tion energy, Q =400, 500, and 600 kJ mol~!, are given in Fig. 5.
These graphs permit a quick estimate of the temperature that
would be required to accelerate the sintering rate by several
orders of magnitude.
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Fig. 5. The relationship between specimen temperature and the sintering rate
for three different values of the activation energy for the coefficient for chemical
diffusion. For example, a sample which sinters in an hour at 1400 °C, would
require a temperature of 1800 °C to sinter in 3.6 s, assuming an activation energy
of 500kJ mol~!.

For example, assume that conventional sintering of 3YSZ
requires 1 h at 1450 °C. We wish to estimate the temperature
that would be needed to sinter in 3.6 s, that is, 1000 times faster.
The graph shows that an increase in the sintering rate by a factor
of 1000 would require a temperature of 1900 °C, if the activation
energy is 500 kJ mol~!.10

As seen from the maps in Fig. 1, a power density of
400 mW mm ™ at a furnace temperature of 900 °C would yield
a specimen temperature of ~1250°C, a difference of 350 °C.
Even allowing that the black body model underestimates the
specimen temperature by 200 °C, an upper bound value from
comparisons presented earlier, the specimen temperature falls
far short of 1900 °C that would be required from the Arrhenius
extrapolation.

5. The heat capacity and the width of the power spike

The results in Figs. 3 and 4 show the power spike to have
a width of approximately 1s. Assuming a triangular shape of
the spike, and the width at half maximum to be 1 s, the power
expended in the specimen during this transient would be equal
to ~PI¥ » 1 mJ mm~3, where PI™ is expressed in units of
mW mm 3. Even if the peak value is 1000 mW mm™3, the high-
est value seen in our experiments, the energy dissipated as heat
in the specimen during this short period would be <1Jmm™3.
The question addressed here is what would be the increase in the
specimen temperature as a result of this heat input into 3YSZ.

The density of zirconia is 5.7 gecm™3, and its heat capacity
varies with yttria content and the phase of zirconia, but is gener-
ally in the range 75-85 J K~! mol~!. We shall assume a value of
80J K~ ! mol~!, which translates into 0.65 J g_l K~! for the heat
capacity for the molecular weight of 123 gmol~!. One mm? of
zirconia weighs 0.0057 g mm™—3, which then gives the following
value for the heat capacity per unit volume: 0.004 J mm—3 K~!.

It follows that heat dissipation of 1J mm ™3, with a heat capac-
ity of 0.004J mm~—3 K~! would give a temperature increase of

250 °C in the specimen, which is smaller than the temperature
rise predicted from black body radiation. The inference is that
the heat-dissipated during the power-spike in the flash exper-
iments will be entirely consumed by the heat capacity of the
material.

6. Conductivity as a function of temperature

In this section the behavior of the conductivity in the non-
linear regime is analyzed. The results are from experiments
with 8YSZ samples that had a density of 95%, achieved by
conventional sintering.

The above analysis is possible because the specimen was
operated under current control. As shown in Ref. 6 a step-wise
application of current to the specimen leads to a spike in the volt-
age generated across it, but which declines quickly to a steady
state value. Since the voltage and the current applied to the spec-
imen are now constant the sample is being supplied a constant
level of power and a steady state in specimen temperature is
established.

The specimen temperature was measured at different values
of the steady state current. These data, therefore, permit the cal-
culation of the specific resistivity of the specimen as a function
of temperature. (These experiments were done under AC cur-
rents; the values for current density are the root mean square,
RMS, values.)

The basic equations for the analysis are the current density,
Jj, the electric field, E, the power dissipation per unit volume,
Wy, and the specific resistivity, p. The following units for these
parameters are used:

3

JjmA mm_z, EV cm_l, WymW mm™, pOhmcm
(7
They are related by the following equations:
E; _3 10E
Wy = — mW mm™°, p=——0hmcm, and
10 J
100w
p = = Y Ohmcm 8)
J

where the units given in Eq. (7) are applied to Eq. (8).

The author of Ref. 6 has kindly supplied the data for the
current density, and the power density, and the specific resistivity
of the specimens as a function of temperature, which are given
as Table 1. The numbers show the resistivity to decrease by just
a factor of ~2.5 when the temperature increases from 1275 °C
to 1700 °C. An Arrhenius plot of these data in Fig. 6, gives an
activation energy of 0.46eV. Thus, in the “flash regime” the
material behaves like a semiconductor with a small band gap.

The conductivity of YSZ under flash conditions, as discussed
above, is almost certainly electronic, rather than ionic, for the
following reasons:

(i) The activation energy for the diffusion of oxygen ions
in doped zirconia ranges up to 1.2eV.!! In the case
of 8mol%YSZ the activation energy ranges from 0.8
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Table 1
The relationship between specimen temperature (as measured by thermal expan-
sion) and its specific resistance.

Specimen Specific resistivity ~ Electrical field ~ Current density
temperature (°C)  (Ohm cm) (Vem™) (mA mm~?2)
1224 4.71 8.8 19

1274 3.80 13.6 36

1341 3.25 17.4 54

1410 2.85 20.4 72

1476 2.55 22.6 89

1549 2.31 242 105

1589 2.10 25.1 120

1650 1.93 26.4 137

Courtesy: Guillon.

to 1eV.'l!2 Experimentally, the activation energy has
been found to increase with increasing yttria content.!!
However, the activation energy declines with increas-
ing temperature which is attributed to the aggregation of
defects.!? Since the experiments for oxygen ion diffusion
are usually conducted in the 300-1000 °C range, one can
question how low the value of the activation energy may
be at much higher temperatures. But the activation energy
cannot be lower than the value for hopping energy for oxy-
gen ions, which has been calculated to be 0.63 eV,'* still
higher than the measured value of 0.46 eV.

(i) High current of oxygen ions through the specimen would
lead to reduction of zirconium oxide at the cathode into
zirconium metal, which we do not find.
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Fig. 6. An Arrhenius plot of the specific resistivity of the specimen as a function

of the temperature. The full data are tabulated in Table 1.
Data courtesy of Olivier Guillon.

(iii) We have observed that the anode where oxygen ions oxidize
into oxygen heats up due to the high electrode-interface
resistance arising from the release of oxygen. However,
upon entering the flash regime, the electrode immediately
cools, which is explained by a transition to electronic
conduction which renders the metal-electrodes to become
non-blocking.

7. Discussion

The phenomenon of flash sintering has an important charac-
teristic: the onset of rapid sintering is accompanied by a highly
non-linear increase in the conductivity of the specimen. The
dichotomy in understanding the underlying mechanism arises
from the difference in the fundamental nature of electrical con-
ductivity, which is controlled by the fastest moving charged
species, and sintering, where mass transport is controlled by
slowest moving charged species.

This dichotomy may be resolved by Joule heating. The argu-
ment being that the rise in temperature arising from Joule
heating, produced by the sudden increase in electrical conductiv-
ity, increases the rate of chemical diffusion. If the power density
exceeds 1000 mW mm™ then it is conceivable that specimen
temperatures of up to 1800 °C can be reached which could be
high enough to explain the sintering of YSZ specimens in just a
few seconds.

However, the flash sintering experiments do not endure such
high power densities in a sustained way. While the peak value
of the power-spike can be high, the steady state power den-
sity, once the spike has passed, is far lower. The spike occurs
because the power supply is switched from voltage control to
current control to avoid electrical runaway. Under current control
the power declines as the resistance of the specimen continues
to fall. The steady state power dissipation regime is approxi-
mately 125-200 mW mm™3. These levels of power dissipation
are unlikely to produce temperatures that would be required to
achieve sintering in a few seconds.

What then may be the mechanism for explaining flash-
sintering? The onset of the flash phenomenon is related
not only to the temperature but also to the electrical field.
In the flash regime the specimens become electronically
conducting. The production of Frenkel pairs and their ion-
ization under the electric field has been proposed to explain
the increase both the electrical conductivity and the mass
transport. !>

There remains the question to what extent Joule heat-
ing contributes to flash-sintering. The specimen temperature,
though several degrees higher than the furnace temperature,
remains well below the temperature that would be required
to densify in just a few seconds. Therefore, we infer that
sintering kinetics is enhanced by the production of defects,
as discussed just above. The important question to ask is
how Joule heating contributes to the mechanism of defect
production.

It is interesting to note that in oxides of different chemistries,
ionic and electronic conductivities, and stoichiometry,14 the
power dissipation in the flash-regime usually falls in the
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100-400 mW mm™> range, even though the threshold values
of field and temperature, for the flash-transition, vary greatly.
This observation raises the question if local heating at grain
boundaries is precipitating the instability; this explanation can
be explored by studying the influence of the grain size, even
extending to single crystals, on the flash-transition.

Recent works on “flash welding” of YSZ powders shows
effects similar to those seen in flash sintering.'®!” There is a
large increase in conductivity above a threshold applied field,
and the resistance of the specimen declines thereafter. The
authors attributed these observations to Joule heating.

The influence of an electric field on the tensile superplas-
tic deformation of oxides has been studied by Conrad and
co-workers.'8 They report significant drops in the flow stress,
which they partition into three components: the first arising from
Joule heating, the second being linked to the immediate influ-
ence of the field on transport kinetics since the flow stress is
seen to fall and rise as the field is turned on and off, and the
third being related to the cumulative influence of the applied
field on the microstructure — principally grain growth — during
the experiment. The large effect seen in the on-off experiments
with MgO-doped alumina are particularly noteworthy. In view
of the very high furnace temperatures in these experiments it
is possible that the samples were being operated in the high
conductivity regime (while the fields used in the deformation
experiments were lower than those in flash sintering of MgO-
Al>O3, the furnace temperatures were much higher; the critical
field for the flash event declines as the furnace temperature rises).
Measurements of the power density would serve to clarify this
point.

8. Conclusions

Flash sintering of several oxides is invariably accompanied
by a sudden increase in the conductivity of the specimen.
This observation requires a mechanism that can explain a
simultaneous increase in electrical conductivity and mass
transport kinetics. However, the first is controlled by the
fastest moving, and the latter by the slowest moving charged
species.

Joule heating of the specimen is a simple way to explain
this coupling between charge and mass transport. The tran-
sient nature of the flash-sintering process, however, requires
care in estimating the specimen temperature. The increase in
conductivity produces a surge in power dissipation when a con-
stant voltage is applied to the specimen. The power supply
switches to current control when the power reaches a pre-
set value, which causes the power dissipation to decline and
finally approach a steady state. The analysis of the this power
spike shows that specimen temperature is determined not by
the peak value of the spike, but by the steady state value of the
power dissipation in the current controlled regime. The mea-
surement of specimen temperature agrees with these estimated
values.

While the specimen temperature rises a few hundred degrees
above the furnace temperature, it remains several hundred

degrees below the temperature that would be required to sinter
the specimen in a few seconds.

Therefore, Joule heating, by itself, cannot explain the phe-
nomenon of flash-sintering. It is proposed that the applied
field and the higher specimen temperature act synergistically to
produce an avalanche of defects, such as Frenkel pairs, that
greatly enhance the rate of mass transport.
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