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Abstract—Electromigration (EM) is projected to be the major
reliability issue for current and future VLSI technologies. How-
ever, existing EM models and assessment techniques are mainly
based on the constant current density and temperature. Such
models will not work well at the system level as the current
density (power) and temperature are changing with time due
to different tasks (their loans) applied at run time. Existing
EM approaches using average current density or temperature,
however, will lead to significant errors as shown in this work.
In this paper, we propose a new physics-based EM model
considering time-varying temperature and current density, which
reflects a more practical chip working conditions especially
for multi-core and emerging 3D ICs. We study the impacts
of the time-varying current densities and temperature profiles
on EM-induced lifetime of a wire for both nucleation phase
and growth phase. We propose a fast stress calculation method
for given time-varying temperature and current densities for
the nucleation phase. We further develop new formulae to
compute the resistance changes in growth phase due to changing
temperature and current densities. Experimental results show
that the proposed method shows an excellent agreement with the
detailed numerical analysis but with much improved efficiency.

I. INTRODUCTION

Electromigration-induced reliability becomes a major de-
sign constraint in the current and future nanometer VLSI tech-
nologies. Continuous increase in the die size accompanying
by reduction of metal wire sections and, hence by increase
of the current densities, which is governed by technology
scaling, results in an increasingly difficult EM signoff when
the traditional EM checking approaches are employed.

The lifetime of EM failure mechanisms all have exponential
relationships with temperature due to the Arrhenius model,
which shows that the processor lifetime decreases exponen-
tially with temperature [1]. Most chips go through EM signoff
at a specific temperature, like 110◦C or 115◦C, which close
to the maximum temperature allowed for a chip. However, at
100◦C, there can be a huge degeneration; at 115◦C, designers
have to add 2X or 3X guard band to ensure the EM signoff [2].
Such conservative and overdesign will be no longer an option
in current and future technologies because 3X guard band
increase will significantly increase the buffer size and many
other aspects of chips, which will lead to increasing currents,
thus costs and powers of the chips.

Existing EM reliability assessment is mainly based on the
semi-empirical Black’s equation [3],

MTTF = Aj−nexp{Ea/kT} (1)
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which calculates mean time-to-failure (MTTF) based on
known current densities (j) and temperatures (T ). Here, k is
the Boltzmann’s constant, Ea is the EM activation energy.
The symbol A is a constant, which depends on a number
of factors, including grain size, line structure and geometry,
current density, thermal history, etc. Black has determined
the value of n as equals to 2. However, it is a today’s
common understanding that n depends on residual stress and
temperature [4], and its value is highly controversial and Ea

is a function of the current density [4].
In addition, Black’s equation, although quite simple, suffers

following major problems in today’s chip design. First, it only
works for constant temperature and current density, which is
not the case in the practical operations of the chip. Using
the maximum temperature and current densities will lead to
unnecessarily conservative and costly designs as mentioned
earlier. If one can have a more accurate EM assessment
considering the actual temperature profiles and power of a
chip for running practical work loads, chip performance can be
significantly improved, or the costs of chip can be reduced due
to less aggressive guard bands used. Secondly Black’s equation
is an over-simplified model of the actual physics for EM failure
mechanisms. It does not tell designers what happens before the
MTTF and what options are available to maintain and improve
the chip EM reliability before the chip fails, which is extremely
important for system level reliability management. For high
performance multi-core and emerging 3D microprocessors,
dynamic reliability management has been merged to maximize
system performance (or minimizing powers) under life time
constraints [5]–[7]. However, existing EM model is difficult to
use as it cannot tell the reliability impacts caused by the current
densities in the previous time period the chip experiences.
As a result, a dynamic EM model considering time-varying
temperature and current densities is very desirable for system
level reliability management.

A. Related works
Recently a more physics-based EM model and full-chip EM

analysis technique have been proposed [8], [9] to mitigate
some of those mentioned problems. The model is based on
the approximate analytic solution of a dynamic hydrostatic
stress diffusion equation considering many wires and material
parameters. It explicitly models the EM failure development
as two-phase process: the nucleation and growth phases. The
EM model also allows the consideration of the impacts of
existing residual stress as it models the EM induced failure
as a stress development process. However, this physics-based
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model is still based on the MTTF for a constant temperature
and current density.

Lu et al. studies the impacts of transient temperature
and current density on the EM effects [10] and proposed
a resource-like EM modeling method based on the EM-
induced stress diffusion equation [11] and applied the model
for dynamic reliability analysis later [12]. However, this model
is still based on the Black’s equation for MTTF prediction
of each time period with constant temperature and current
density. Its modeling of the impacts from changing current
densities are less accurate as shown in this work. Further, It
did not consider the dynamic EM modeling for the growth
phase as this is ignored in the existing Black’s equation.

In this paper, we propose a new physics-based dynamic EM
model, to consider the impacts of transient temperature and
current densities, which reflects a more practical chip working
conditions especially for multi-core processors and emerging
3D ICs. It is based on the recently proposed more physics-
based EM model [8], [9] with consideration of changing
temperature and current densities. We study the impacts of
the time-varying current densities and temperature profiles on
EM-induced life time of a wire for both nucleation phase and
growth phase. We propose a fast stress calculation method
for given time-varying temperature and current densities for
the nucleation phase. We further develop new formulae to
compute the resistance changes of a wire in growth phase due
to changing temperature and current densities. Experimental
results show that the proposed method shows an excellent
agreement with the detailed numerical analysis but much
improved efficiency.

II. ANALYTIC EXPRESSIONS FOR DYNAMIC EM STRESS IN

NUCLEATION PHASE

A. EM physics and the dynamic stress diffusion equation

In this section, we first present the basic dynamic stress
diffusion equation along a metal line during electromigration,
and then show the analytical solution for the stress during
the void nucleation phase over time under typical boundary
conditions. The proposed model will be validated against the
finite element method based numerical analysis.

For a one dimensional metal wire, the stress σ(t) developed
in the metal wire due to EM effects is well described by the
following dynamic stress diffusion-like equation [11] [13]:

∂σ(x, t)
∂t

=
∂

∂x
[κ(

∂σ(x, t)
∂x

+ G)], (2)

where the diffusivity κ = DaBΩ
kT . κG and κ∂σ(x,t)

∂x are the
EM and back-stress induced fluxes. The Da is is the effective
diffusion coefficient obtained by averaging the diffusivities
through grain boundaries, line interfaces, and grain interiors
taken with geometrical waiting factors:

Da = D0 exp(−Ea

kT
), (3)

where D0 is the pre exponential factor. Ea is the activation
energy, B is the applicable modulus, Ω is the atomic volume,
k is Boltzmann’s constant, T is the absolute temperature, E
is the electric field, and q∗ is the effective charge. The electric
field E can be replaced by the product of the resistivity ρ times

TABLE I
NOTATIONS AND TYPICAL VALUE IN OUR TRANSIENT SIMULATION

Term Typical value Description

ρ 1.67e-8Ω· m Electrical resistivity
e 1.60e-19C Electric charge

Z∗ 10 Effective valence charge

Ω 8.78e-30 m3 Atomic volume
k 1.38e-23J/K Boltzmann constant
B 1e11Pa Back flow stress modular

D0 7.56e-5m2/ s Pre exponential factor of diffusion
Ea 0.8eV Activation energy
σT 400MPa Thermal stress
j From simulation Current density
T From simulation Absolute temperature
σ From simulation Electromigration stress

the current density j, i.e., E = ρj. The effective charge q∗ =
|Z∗|e is a known quantity, where e is the elementary charge
and Z∗ is the effective charge number. As a result, G can be

re-written as G = ρj|Z∗|e
Ω . To facilitate the comprehension of

this paper, we summarize the major notations in Table I.
Fig. 1 shows the stress development over time in a metal

line computed by COMSOL [14], which is a finite element
analysis tool. Over time, tensile (the positive) stress will be
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Fig. 1. The EM-induced stress development and distribution in a single metal
wire

developed at the cathode node (left node) and compressive
(negative) stress will be developed at the anode (right) node.
The stress changes sign in the middle of the wire. The built-up
stress (its gradient) will serve as the counter-force for atomic
flux. If the largest stress at the cathode node exceeds critical
stress (not shown in the figure), then voids will be created. If
the stress development enter a steady state (atomic diffusion
stops) before it reaches the critical stress, the wire will become
immortal.

B. The analytic solution of the dynamic stress
Eq. (2) can have a closed-form solution under some bound-

ary conditions. We first assume that the diffusivity κ is not
the function of time. For the nucleation phase, the flux of
stress is blocked at both ends x = 0 and x = L, i.e.,
J(0, t) = J(L, t) = 0 where J(x, t) = Da

kT (dσ(x,t)
dx + G).

The stress evolution in the line can be given as follows

σ(x, t,κ, G) = σT + GL{1
2
− x

L

− 4
∞∑

n=0

cos((2n + 1)π x
L )

(2n + 1)2π2 exp((2n + 1)2π2 κt
L2 )

},
(4)
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where σT is the pre-existing residual stress due to a thermal
process. In the existing EM modeling methods, where interest
focuses on finding the nucleation time when the stress devel-
oped in the line has reached the critical stress [15]. To derive
the closed-form expression, one can keep the slowest decaying
term of the infinite series in (4) to obtain the approximate
estimation for stress at the line cathode end (x = 0) as

σ(t, T, j) ≈ σT + GL(
1
2
− 1

2 exp{DaBΩt
L2kT } ). (5)

As a result, when σ(t, T, j) ≥ σcrit, the nucleation time tnuc

can be computed in an analytic form as below [8], [9]

tnuc =
L2kT

DaBΩ
ln{

ρj|Z∗|eL
2Ω

σT + ρj|Z∗|eL
2Ω − σcrit

}. (6)

However, in our approach, we focus on the dynamic stress
directly. As a result, we can use a more accurate analytic
expression in (4) with sufficient number of terms.

III. THE DYNAMIC EM MODELING IN NUCLEATION PHASE

In this section, we will present our new dynamic stress
modeling and analysis technique to estimate electromigration
lifetime under the time-varying temperature and current den-
sity environments.

A. Dynamic stress under time-varying temperature
We first describe the electromigration model to predict stress

changes under time-varying temperature. We still start with the
basic EM diffusion equation as shown in (2) . Now we re-write
κ as

κ(T (t)) =
D0 exp(− Ea

kT (t) )BΩ

kT (t)
. (7)

We assume that the current density doesn’t change. Therefore,

the term G = Eq∗

Ω is constant.
If we look at the complete analytic solution (4) (ignoring

σT ), only κ(T (t)) is affected by the temperature T (t). As long
as κ(T (t))t is constant, stress σ(T, t) will be the same. As a
result, the temperature impact on the stress σ(T, t) through
κ(T (t)) can be translated to the time period change for a
metal wire, which is also observed by [10]. In other words,
a metal wire whose stress development over a period Δt2
under temperature T2 will be equal to stress development for

a metal wire over a period
κ(T2)
κ(T1)

ΔT2 under temperature T1.

As a result, we convert the temperature-varying stress compu-
tation problem into the constant temperature problem again.
Specifically, we assume that time period can be partitioned
into n small segments:

κ(T (t)) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

κ1, t ∈ [0, Δt1],
κ2, t ∈ (Δt1, Δt1 + Δt2],
· · · ,

κi, t ∈ (
i−1∑
l=1

Δtl,
i∑

l=1

Δtl], i = 2, 3, · · · .

(8)

Inside each time segment we assume that the temperature
is constant. Now we denote the dynamic stress with time-
varying temperature by σth(x, t, κ, G). At the end of the

first time segment [0, Δt1], we have σth(x,Δt1, κ1, G) =

σ(x,Δt1, κ1, G). Then at current time ti =
i∑

l=1

Δtl, we have

σth(x,
i∑

l=1

Δtl, κi, G) = σ(x,
i∑

l=1

κl

κ1
Δtl, κ1, G), (9)

where i = 1, 2, · · · , and σ(x, t, κ, G) is given by (4).

When the tensile stress (we ignore thermal residual σT for
the time being for the sake of better presentation) reaches the
critical stress σcrit, a void will nucleate at the cathode end of a
metal wire. If σcrit is greater than the steady state tensile stress
at the cathode end, no void will form and the wire is immortal.
If the dynamic stress reaches a critical threshold at the inuc-th

time segment, we have σcrit = σ(x,
inuc∑
l=1

κl

κ1
Δtl, κ1, G). Then

the time to nucleation can be computed by tnuc =
inuc∑
l=1

Δtl.

B. Dynamic EM stress under time-varying current density

Now we study the EM stress development under changing
current density over time with constant temperature. Different
from the existing approaches, we show that taking average
current density will not lead to the accurate solution for stress
assessment in general.

Again, we look at the dynamic stress diffusion equation (2)

in which the term G = ρj|Z∗|e
Ω is a function of time. Now we

assume that the temperature does not change over time, then
the diffusion coefficient κ = DBΩ

kT is constant. In this case,
however, there are no exact analytic solutions for the dynamic
stress based on the time-varying current density.

Following the same technique as for the dynamic stress
under time-varying temperature, we divide time into many
segments such that the current density is constant within each
time segment. In order to find the current stress in each time
segment, the term G(t) should be considered

G(t) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

G1, t ∈ [0, Δt1],
G2, t ∈ (Δt1, Δt1 + Δt2],
· · · ,

Gi, t ∈ (
i−1∑
l=1

Δtl,
i∑

l=1

Δtl], i = 2, 3, · · · .

(10)

We denote the stress evolution with time-varying current
densities by σI(x, t,κ, G). At the end of the first time segment,
the dynamic stress can be calculated by σI(x,Δt1, κ, G1) =
σ(x,Δt1, κ, G1) where σ(x, t, κ, G) is given by (4). From (5),
we observe that the term G determines the magnitude of the
dynamic stress (while the temperature changes the frequency
or changing rate of the dynamic stress in a sense). As a result,
for each time segment, the only difference is the magnitude
of the stress due to the time-varying current densities and the
growth rates are the same. So if σI is accurate at ti−1 =
i−1∑
l=1

Δtl, the dynamic stress at the current time ti =
i∑

l=1

Δtl
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can be computed as

σI(x,
i∑

l=1

Δtl, κ, Gi) = σI(x,

i−1∑
l=1

Δtl, κ, Gi−1)

+ σ(x,

i∑
l=1

Δtl, κ, Gi) − σ(x,

i−1∑
l=1

Δtl, κ, Gi).

(11)

It can be verified that if there is no change for Gi, (11) gives
the exact results compared to (4). In general, the accuracy
and the computation time depend on the time step just as the
general transient analysis.

C. Dynamic EM stress considering time-varying temperature
and current density

Now we can handle the cases with both changing temper-
ature and current densities as both are highly correlated in
practice.

For the stress diffusion equation (2), now we have both

diffusivity κ(t) = DaBΩ
kT (t) and the term G = ρj|Z∗|e

Ω changing

over time. We follow the similar strategies we used in the
previous cases: we divide time into multiple small segments.
In each time segment, both the current and the temperature
can be assumed to be constant. Without loss of generality, we
assume that κ(t) and G(t) in each time segment Δti can be
written as (8) and (10), respectively. At the end of the first time
segment [0,Δt1], the combined dynamic stress σth,I(x, t) can
be given by σth,I(x,Δt1, κ1, G1) = σ(x,Δt1, κ1, G1) where
σ(x, t, κ,G) is defined as (4). Combing the above-mentioned
stresses σth(x, t) and σI(x, t), we can compute the com-
bined dynamic stress at the end of the second time segment
by σth,I(x,Δt1 + Δt2, κ2, G2) = σth,I(x,Δt1, κ1, G1) +
σ(x,Δt1 + κ2

κ1
Δt2, κ1, G2)−σ(x,Δt1, κ1, G2). Based on the

obtained stress σth,I(x,
i−1∑
l=1

Δtl, κi−1, Gi−1) (i ≥ 3), then the

dynamic stress at ti =
i∑

k=1

Δtk can be computed as

σth,I(x,
i∑

l=1

Δtl, κi, Gi) = σth,I(x,

i−1∑
l=1

κl

κ1
Δtl, κi−1, Gi−1)

+ σ(x,

i∑
l=1

κl

κ1
Δtl, κ1, Gi) − σ(x,

i−1∑
l=1

κl

κ1
Δtl, κ1, Gi).

(12)

It can be verified that (12) is the general case for (9) and (11).
We now rewrite the formula (12) in a more compact integral

form. Let us define

β(t) = L{1
2
− x

L
−4

∞∑
n=0

cos((2n + 1)π x
L )

(2n + 1)2π2 exp((2n + 1)2π2 κ(T (t))t
L2 )

}.

This allows for σ(x, t, κ,G) in (4) to be rewritten as σ(t) =

σT + G(j)β(t). Let ti =
i∑

l=1

Δtl, (12) can be re-written as

σ(t) = σ(t0) +
i∑

l=1

Gl
β(tl) − β(tl−1)

Δtl
Δtl.

As Δtl → dt and Gl → G(j(t)), we derive the integral
version for the proposed dynamic stress model

σ(t) = σ(t0) +
∫ t

t0

G(t)β′(t)dt. (13)

Note that the β(t) changing with time t can also come from
time-varying temperature change as shown in κ(T (t)). As a
result, (13) is also correct for the changing temperature case
shown in (9).

IV. THE EM DYNAMIC MODEL FOR GROWTH PHASE

In the growth phase, void will start to grow, which will
lead to an increase of wire resistance over time. Since the drift
velocity of the void edge relates to atomic flux as ϑ = Ωj [16],
we can express it as

ϑ =
Da

kT
e|Z∗|ρj. (14)

Then, with the constant current density j, the void volume
can be computed as Vvoid(t) = ϑ(t − tnuc)HW , where W
is the line width, H is the copper thickness (height). If both
temperature and current density are time-varying, then (14)
will be computed as

Vvoid(t) = HW

∫ t

tnuc

D0 exp(− Ea

kT (t) )e|Z∗|ρ
kT (t)

j(t)dt. (15)

As a result, the resistance change for a metal wire will be

Δr(t) = ϑ(t − tnuc)
[

ρTa

hTa (2H + W )
− ρCu

HW

]

≈ Vvoid(t)
hTa(2H + W )HW

.

(16)

Here ρTa and ρCu are the resistivity of the barrier material
(Ta/TaN) and copper and hTa is the barrier layer thickness.
The top surface of metal wire does not have barrier.

The void growth process illustrated in Fig. 2 involves atomic
transport over the whole metal line. It keeps increasing until
the growth phase stops, which happens when steady state is
reached with no atomic flux in the metal wire. For this state,
the void reaches the so-called saturation volume which can be
defined as [8]

Vss = (
σT

B
+

e|Z∗|ρLj(tss)
2BΩ

)LWH. (17)

The time when the growth phase stop is called tss in the line
of length L. tss can be found from the solution of the equation
Vvoid(tss) = Vss.

Fig. 2. The void growth process during the EM lifetime

Numerical methods can be used to obtain the approximate
tss as there is not exact closed-form solution with the time-
varying temperature and current density. Specifically, we de-

fine f(α, β) =
∫ β

α

D0 exp(− Ea
kT (t) )e|Z∗|ρ

kT (t) j(t)dt for any pair of

constants α and β, and g(t) = (σT

B + e|Z∗|ρLj(t)
2BΩ )L for any time

t. By replacing integration with summation, we can estimate
tss by the following algorithm:

1. Step1. Start: Choose a time-step size Δt and a given
precision ε, and set t0 = tnuc.

4B-2
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2. Step2. Form the iteration: Set i = 1, and compute
f(ti−1, ti), g(ti), and f(t0, ti) = f(t0, ti−1)+f(ti−1, ti)
where f(t0, t0) = 0 and ti = ti−1 + Δt.

3. Step3. If | f(t0, ti) − g(ti) |< ε, set tss = ti, else set
i = i + 1, and go to Step2.

It should be pointed out that the computation of f(α, β) in
the above algorithm can be simplified if both the temperature
and the current density can be described as periodic pulsed
waveforms, which can be seen as a good approximation for
practical power/temperature traces in the practical situations.
To model the effects of the periodic pulsed temperature and
current density changes, we assume that the functions T (t)
and j(t) have the following forms

T (t) =

⎧⎨
⎩

T1, tnuc + mP ≤ t < tnuc + (m +
r

2
)P,

T2, tnuc + (m +
r

2
)P ≤ t < tnuc + (m + 1)P,

j(t) =

⎧⎨
⎩

j1, tnuc + mP ≤ t < tnuc + (m +
r

2
)P,

j2, tnuc + (m +
r

2
)P ≤ t < tnuc + (m + 1)P,

where m = 0, 1, 2, · · · , P is the period, and r is the duty
ratio. In this case, the time tss can be calculated as a function
of time tss = tnuc + KP where K satisfies the equation
f(tnuc, tnuc + KP ) = g(tnuc + KP ).

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

The proposed dynamic EM model and analysis methods
considering the varying impact of temperature and current
density over time have been implemented in Matlab and tested
on a single wire. In our numerical experiments, the material
parameters used are shown in Table I and the total length of
the wire is set to 20μm.

The metal wire structure used in our experiment is shown
in Fig. 3. In this figure, we also show a series of stress
distributions on the wire at different times for this structure
simulated in COMSOL [14]. The red color here presents the
tensile stress while the blue color represents the compressive
stress. As time goes by, more stress is built up at both ends
of the wire until steady state is reached.

(a) (b) (c)

Fig. 3. EM stress distribution (Pa) at the instance in time: (a) t = 2×105s;
(b) t = 2 × 106s; (c) t = 1 × 107s.

We then study the dynamic stress considering the time-
varying temperature and current densities. We create the
periodic change temperature and current densities profiles,
which are shown in Fig. 4(a) and Fig. 4(b), respectively.

We first study the new EM model with time-varying tem-
perature and constant current. The varying temperature profiles

(a) (b)

Fig. 4. (a) The temperature profiles during the EM lifetime. (b) The current
density profiles during the EM lifetime.

over time are shown in Fig. 4(a). We apply the COMSOL [14]
to compute an accurate numerical solution of (2). The results
are shown in Fig. 5(a). From this figure, we can see that the
stresses of the new model are in good agreement with those
obtained from COMSOL. Fig. 5(a) also shows that if we take
an average temperature during the total simulation time, there
is a significant discrepancy between the stress developments
obtained from the average temperature model and COMSOL.

Then we study the dynamic stress model under changing
current densities and constant temperature. Fig. 5(b) shows the
EM stress development over time at the cathode node of the
wire with constant temperature and changing current densities
as illustrated in Fig. 4(b). As we can see, the proposed method
matches the numerical results given by COMSOL very well.
While, again if we use the average current density to perform
the simulation, then the results can make a significant differ-
ence. This is an important observation, which is different than
existing approaches such as [10], which claim that average
current density can be used for EM prediction.

Finally, we show the results for changing temperature and
current densities. Fig. 5(c) shows the comparison results of the
proposed method against COMSOL and the results based on
the average values for both temperature and current densities.
Again, we can see the proposed method matches the numerical
results very well.

Now we study the nucleation time under different tempera-
ture and current density for the proposed method and the one
using the average values. To observe the time to nucleation
between the proposed method and the average model, we
assume that the critical tensile stress is 400 MPa for our
simulation. The results are shown in Fig. 6. It can be seen
that significant nucleation time difference due to the EM stress
evolution can be observed between these two models. While
the proposed model gives much accurate estimation compared
to the numerical results.

Now, we study the growth models under varying tempera-
ture and current densities. For the simulation of void growth
phase, we assume that the nucleation time tnuc in (16) is
107s. Fig. 7 shows the relative increases of resistance for the
average-valued model and the new dynamic EM method. As
can be seen in Fig. 7, the rate of resistance increase over time
after void nucleation in the average-valued model is much
slower than in the proposed dynamic model. Existing EM
approaches using average temperature or current density can
be only used to make conservative predictions of the resistance
increase associated with EM-induced void growth.
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Fig. 5. The EM stress development at the cathode node of the metal wire: (a)
under changing temperature and constant current density; (b) under constant
temperature and changing current density; (c) under time-varying temperature
and current density.

Fig. 6. Comparison of the nucleation time during the EM evolution.

VI. CONCLUSION

In this paper, we have proposed a new technique for physics-
based EM analysis considering changing current density and
temperature, which reflects a more practical chip working
conditions especially for multi-core processors. We investi-
gated the impacts of the time-varying current densities and
temperature profiles on EM-induced lifetime of interconnect
wires for both nucleation phase and growth phase. We devel-
oped a fast stress calculation method for given time-varying
temperature and current densities for the nucleation phase.
We further developed new formulae to compute the resistance
changes of a wire in growth phase due to changing temperature
and current densities. Experimental results have shown that
the proposed method gives an excellent agreement with the
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Fig. 7. Relative resistance variation with temperature and current density
over time.

detailed numerical analysis but with much improved efficiency.
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