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Assessment of Accrued Damage and Remaining
Useful Life in Leadfree Electronics Subjected to

Multiple Thermal Environments of Thermal
Aging and Thermal Cycling
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Abstract— Electronic systems are often stored for long periods
prior to deployment in the intended environment. Aging has
been previously shown to effect the reliability and constitu-
tive behavior of second-level leadfree interconnects. Deployed
systems may be subjected to cyclic thermo-mechanical loads
subsequent to deployment. Prognostication of accrued damage
and assessment of residual life is extremely critical for ultrahigh
reliability systems in which the cost of failure is too high. The
presented methodology uses leading indicators of failure based
on microstructural evolution of damage to identify impending
failure in electronic systems subjected to sequential stresses of
thermal aging and thermal cycling. The methodology has been
demonstrated on area-array ball-grid array test assemblies with
Sn3Ag0.5Cu interconnects subjected to thermal aging at 125 °C
and thermal cycling from −55 to 125 °C for various lengths
of time and cycles. Damage equivalency methodologies have
been developed to map damage accrued in thermal aging to
the reduction in thermo-mechanical cyclic life based on damage
proxies. Assemblies have been prognosticated to assess the error
with interrogation of system state and assessment of residual
life. Prognostic metrics including α − λ metric, sample standard
deviation, mean square error, mean absolute percentage error,
average bias, relative accuracy (RA), and cumulative RA have
been used to compare the performance of the damage proxies.

Index Terms— Failure mechanisms, health management,
leadfree solders, prognostics, reliability, remaining useful life,
thermo-mechanics.

I. INTRODUCTION

THE ability to predict failures in systems and their sub-
components has potential to mitigate the risks of unan-

ticipated failures and reduce the support costs. Prognostic
methods which assess system health status and predict system
degradation before an actual failure occurs are needed for
electronics to avoid catastrophic failure and system shutdown.
Prognostic health monitoring of electronics has extreme rele-
vance in high reliability applications to determine the current
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state of health of a system, identify faults, their progression,
and assess accumulated damage and provide estimates of
remaining life of the product. Maintenance has evolved over
the years from corrective maintenance to performing time-
based preventive maintenance. Future improvements in reduc-
tion of system downtime require emphasis on early detection
of degradation mechanisms. Incentive for development of
prognostics and health management methodologies has been
provided by need for reduction in operation and maintenance
process costs [1]–[3].

Avionics systems require ultrahigh reliability to fulfill criti-
cal roles in autonomous aircraft control and navigation, flight
path prediction and tracking, and self-separation. Complex
electrical power systems (EPS) which broadly comprise of
energy generation, energy storage, power distribution, and
power management, have a major impact on the operational
availability, and reliability of avionic systems. Technology
trends in evolution of avionics systems point toward more
electric aircraft and the prevalent use of power semiconductor
devices in future aircraft and space platforms. Advanced health
management techniques for EPS and avionic systems are
required to meet the safety, reliability, maintainability, and
supportability requirements of aeronautics and space systems.
Current health management techniques in EPS and avionic
systems provide very-limited or no-visibility into health of
power electronics, and packaging to predict impending fail-
ures [4]–[7]. Electronics systems may be subjected to pro-
longed periods of thermal exposure over wide temperature
extremes and long periods of thermal aging at often high
ambient temperatures. High-real systems may have very long
operating life times with low downtime during operation.
Historical environmental conditions to which the systems
may have been subjected may be often unavailable. Prog-
nostic health management (PHM) for electronics has wide
applicability spanning a number of different areas. Electronics
used in critical applications like space, military and avionics
require multiple deployments with sequential thermal stresses.
Systems may also be subjected to long term dormant storage
in uncontrolled thermal environments. Ultrahigh reliability is
needed to ensure predictable operation when needed and avoid
any catastrophic damage during the service life.

Previously, [8]–[34] has developed leading indicators based
prognostic and health management methodologies for residual
life computation of electronics subjected to single, multi-
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Fig. 1. Plastic ball grid array (PBGA) 676 packages.

ple and superimposed thermal environments comprising of
isothermal aging and thermal cycling. Examples of damage
pre-cursors include micro-structural evolution of second-level
solder interconnects, inter-metallic compound growth, stress
and stress gradients. Pre-cursors have been developed for both
eutectic 63Sn37Pb and various leadfree alloy compositions
like Sn4Ag0.5Cu, Sn3Ag0.5Cu, Sn1Ag0.5Cu, Sn0.3Ag0.7Cu,
Sn3Ag0.5Cu-Bi, Sn3Ag0.5Cu-Bi-Ni, 96.5Sn3.5Ag alloy sys-
tems on a variety of area-array architectures. Researchers
have reported the detrimental effect of thermal aging on the
mechanical behavior of leadfree solders used in second-level
interconnects of component level packaging. It has been shown
that the degradation of the mechanical and creep properties of
the solders during aging is caused due to the micro-structural
evolution. The aging effects are significant even at room
temperature [35]. In electronics assemblies, the built-in-self
test (BIST) circuit involving error detection and correction
circuits are used to give electronic assemblies the ability to
test and diagnose themselves with minimal interaction from
external test equipment [36]–[40]. The results obtained from
BIST functions can generate diagnostic information which in
turn provides additional confidence in the measurement result
and confirms the device availability. BIST helps in minimizing
the interaction with external automated test equipment as
well as provides the advantage of a more robust “at-speed”
test of the circuitry; however, the current form of BIST
gives little insight about the system level reliability or the
remaining useful life (RUL) of the system. Several studies
conducted [37], [41]–[43] have shown that BIST can be
prone to false alarms and can result in unnecessary costly
replacement, re-qualification, delayed shipping, and loss of
system availability. Fuses and Canaries may be mounted on
a part to provide advance warning of failure due to specific
wear out failure mechanism. Advanced warning is used to
provide a maintenance-window for correction action, after
an initial failure or malfunction, to prevent additional or
secondary failures [44], [45]. Current PHM application areas
include, fatigue crack damage in mechanical structures such
as those in aircraft [46], surface ships [47], civil infrastruc-
ture [48], motors [49]–[51], hybrid electric vehicles [52],
hydraulic actuator [53], railway structures [54], and power
plants [1]. However, past efforts have provided limited insight
into methods for estimation of RUL.

There is need for tools and techniques which will enable
the spot-assessment of the system’s health and provide method
for estimation of RUL. Prognostication of sequential thermo-
mechanical damage under thermal aging and thermal cycling
based on damage pre-cursors is currently beyond the state-
of-art. In this paper, a PHM method has been developed

Fig. 2. Test assembly design.

TABLE I

PACKAGE ARCHITECTURE DETAILS FOR TEST VEHICLE

Solder Sn3Ag0.5Cu

Package size (mm) 27 × 27

Package type PBGA

I/O count 676

I/O pitch (mm) 1

Ball diameter (mm) 0.63

Mold thickness (mm) 1.17

Die size (mm) 25 × 25

Substrate pad SMD

Board finish ImAg

Test condition Thermal aging at 125 °C
Thermal cycling −55 °C to 125 °C

for the interrogation of system state and the estimation of
RUL of systems subjected to sequential stresses. Data on
damage pre-cursors have been collected and analyzed for both
aging and cycling to develop a technique that can map aging
time into number of cycles and thus account for reduction
in life due to dormant storage. The methodology involves
the use of condition monitoring devices which have been
interrogated for aging, cycling, and different combinations
of aging and cycling for residual life predictions. Developed
PHM technique is based on non-linear least-squares method
called Levenberg–Marquardt (LM) algorithm which has been
developed for two different damage proxies. Prognostic model
performance based on standard prognostic metrics has also
been evaluated for both the damage proxies to determine which
leading indicator of failure can be employed for accurate life
prediction. Results of interrogation of system state have been
compared with a second set of experimental-matrix to validate
the proposed methodology.

II. TEST-VEHICLE

In this paper, leadfree assemblies with 676-ball PBGA676
packages were used. The packages were full-array configura-
tion and Sn3Ag0.5Cu solder interconnects at 1 mm pitch. The
ball diameter is 0.63 mm and the die size is 25 × 25 mm.
Package attributes are shown in Table I. The printed circuit
board was a double-sided FR4-06 material. The printed circuit
board pads were solder mask defined (SMD) with immersion
solver finish. Fig. 1 shows the PBGA676 package and its
array configuration. A typical assembly is shown in Fig. 2.
All test vehicles were subjected to sequential environments of
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Fig. 3. Exposure of electronics to sequential stresses of thermal-aging and
cycling.

thermal aging at 125 °C and thermal cycling from −55 °C
to 125 °C for various lengths of time. The test board is a
Joint Electron Devices Engineering Council form-factor test
board with corner holes. Each test package has four daisy
chain patterns corresponding to the four quadrants. Packages
were assembled at in-house surface mount facility of CAVE3.

III. APPROACH FOR PROGNOSTICATION OF DAMAGE IN

SEQUENTIAL THERMAL AGING AND THERMAL CYCLING

In operational environments, electronic systems may be
stored after manufacture for a finite period prior to deploy-
ment. During the storage period, the systems may be exposed
to period of thermal aging at room temperature or at an
elevated temperature. Once deployed, the systems may be
exposed to thermo-mechanical cycling (Fig. 3). Extended
exposure to thermal aging may reduce thermo-mechanical
reliability in cyclic environments. A framework has been
developed to account for the damage incurred due to storage
before the deployment to determine the operational readiness
of the system and compute RUL in the intended field. In
thermal cyclic environments, system-life is often measured in
number of thermal cycles. However, life in thermal aging envi-
ronment be measured in terms of time i.e., number of hours,
days, weeks or months. Assessment of cumulative damage
after exposure to multiple environments is often challenging
because of the differing measurement scales and scarcity of
methods for reconciling damage accrued under various envi-
ronmental loads. In this paper, a damage equivalency method
has been presented based on the underlying failure physics
to relate the damage accrued under steady-state thermal aging
and cyclic thermal environments. Test assemblies were sub-
jected to single and sequential environments of thermal aging
at 125 °C and thermal cycling from −55 °C to 125 °C for
various lengths of time. The approach has been developed in
three steps.

A. Micro-Structural Evolution of Damage Under Single
Stresses

In this step, board assemblies have been subjected to
single stresses of thermal aging and thermal cycling. Sam-
ples have been withdrawn periodically and cross-sectioned.
Damage proxies studied include the phase-growth parameter

Ag
3
Sn

45
 µ

m

60 µm

Fig. 4. Micrograph and gray scale mapping of image using image analysis
software.

and the intermetallic (IMC) thickness. Previously, it has been
shown that the rate of change in phase growth parameter
[d(lnS)/d(lnN)] is valid damage proxy for prognostication of
thermo-mechanical damage in solder interconnects and assess-
ment of residual life [12]–[14], [18]–[24]. The damage proxy
[d(lnS)/d(lnN)] is related to the microstructural evolution of
damage by the following equation:

S = g4 − g4
0 = a (N)b (1)

ln S = ln
(

g4 − g4
0

)
= ln a + b ln N

d (ln S)

d (ln N)
= b (2)

where, g is the average grain size at time of prognostication, g0
is the average grain size of solder after reflow, N is the number
of thermal cycles, S is the phase growth parameter, parameters
a and b are the coefficient and exponent, respectively. The
phase growth parameter, S, is the difference between the
fourth-power of the phase-size at the present time and the
phase-size in the pristine part, and is represented by (1). The
log-plot of the equation provides a straight line relationship
between the phase growth parameter and the number of cycles.
It is anticipated that the higher temperature cycle magnitude
will result in more accrued thermo-mechanical damage and a
higher slope of the phase growth parameter versus number of
thermal cycle curve. Cross-sectioned/polished samples were
then gold sputter coated so as to take scanning electron
microscope (SEM) images at 750 × magnification. Growth
rate of tin and Ag3Sn phases was measured. Phase size is
measured using SEM and image analysis. The quantitative
measure of Ag3Sn phase size was determined from a 60 μm ×
45 μm rectangular region selected from a backscattered SEM
image of a highest strain solder interconnect. The images were
mapped to black-and-white from gray scale image to calculate
the average phase size for selected region. Fig. 4 shows the
mapping of image.

Growth of IMC thickness during thermal aging has been
studied as another leading indicator of failure in bulk solder.
From past studies, it has been established that growth of IMC
thickness is used as a damage precursor for computation of
RUL [12], [13], [18]–[24]. The interfacial IMC layers are
formed between solder and copper, and some precipitates
appear near the interface of the IMCs/solder. These IMC
layers have been identified in SEM micrographs to consist
of Cu3Sn and Cu6Sn5 phases [13]. In order to investigate the
correlation of interfacial IMC thickness growth versus thermal
aging and thermal cycling, components have been withdrawn
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IMC layer

Fig. 5. SEM back-scattered images of IMC growth at 125 °C (magnification
1000×).

and cross sectioned at various intervals of thermal aging. The
aged components were cross-sectioned periodically to measure
the IMC thickness in SEM using 1000× magnification. The
mean thickness of IMC layers was measured using commercial
image processing software on SEM images, as a shown in
Fig. 5. Trend analysis of IMC thickness growth on SEM using
image processing software, indicates a square root dependence
of IMC thickness versus aging time

y = y0 + ktn (3)

where y(t) is IMC growth thickness during aging, y0 is the
initial thickness of IMC compounds, k is the coefficient stand-
ing for the square root of the diffusivity at aging temperature,
and t is test time. The growth of IMC often follows Fick’s
law [55]–[58]. The exponent value, n = 1/2 has been used
in the above equation, which reveals a diffusion-controlled
mechanism during aging. Previous studies by the authors have
focused on prognostication of damage under single stresses.
In this paper, a method for prognosticating damage in systems
subjected to sequential steady-state thermal and cyclic thermo-
mechanical stresses has been developed. Damage equivalency
relationships have been developed between damage accrued
under thermal stresses and cyclic thermo-mechanical stresses.

B. Damage Equivalency Relationships for Thermal Aging and
Thermal Cycling

A combined plot for thermal-aging and thermal-cycling in
terms of damage accrual proxy and life in terms of number
of cycles is shown in Fig. 6. For overlapping stresses of
thermal aging and thermal cycling, the phase-growth damage
proxy has been normalized as follows:

SN�T =
(

gp

g0

)4

− 1 = an�T (N)bn�T (4)

where g is the phase-growth, subscripts p and 0 indicate
point “p” and initial time, respectively, SN�T is the normal-
ized phase-growth parameter during thermal cycling, an�T
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Fig. 6. Concept of damage equivalency and mapping of life consumed due
to storage.

and bn�T are the normalized phase-growth coefficient and
phase growth exponent during thermal cycling. The normal-
ized equation has been used for developing damage equiv-
alency relations between damage accrued in thermal aging
and thermal cycling. Phase-coarsening will also occur during
thermal aging also. Micro-structural evolution in thermal aging
can be represented as follows:

SNt =
(

gp

g0

)4

− 1 = ant (t)bnt (5)

where, g is the phase-growth, subscripts p and 0 indicate point
“p” and initial time, respectively, SNt is the normalized phase-
growth parameter during thermal aging, ant and bnt are the
normalized phase-growth coefficient and phase growth expo-
nent for thermal aging. Since the same value of normalized
phase coarsening can be achieved on in either thermal aging
or thermal cycling, damage equivalency relationship has been
derived by equating the normalized phase-growth parameter:

an�T (N)bn�T = ant (t)bnt (6)

N =
[(

ant

an�T

)
(t)bnt

] 1
bn�T

. (7)

Fig. 6 illustrates the solution for damage equivalency
at point A and B in thermal cycling and thermal aging,
respectively. In an operational component, the accrued
damage in thermal aging will result in reduction in the
thermo-mechanical fatigue life of the component. The
normalized phase growth parameter SA has been measured
at point A or at the end of storage and prior to deployment.
This damage parameter SA was then mapped back on the
thermal cycling curve (marked by point B) that corresponds
to SB to find the equivalent number of cycles NB . Points A
and B are points on the thermal aging and thermal cycling
curves, respectively, corresponding to identical values of the
normalized phase-growth parameter, i.e., SA = SB . Mapped
cyclic life, NB , corresponding to tA hours of thermal aging
represents the reduction in thermal cycle reliability because
of pre-conditioning at a high temperature.

Similar damage equivalency relationships have been derived
from the IMC growth measurements under thermal cycling
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Fig. 7. Prognostication of AGED + THERMAL CYCLED sample at the
same thermal cycle count N1.

and thermal aging. A normalized measure of microstructural
evolution has been used in this case(

yp

y0
− 1

)
= kN�T Nn�T (8)

(
yp

y0
− 1

)
= kNt t

nt . (9)

Where y is the IMC thickness, subscripts p and 0 indicate
point “p” and initial time, respectively, kn�T and nn�T are the
normalized IMC growth coefficient and IMC growth exponent
during thermal cycling, and knt and nnt are the normalized
IMC growth coefficient and IMC growth exponent during
thermal aging. Convergence between the relationships has
been used to validate that damage equivalency from thermal
aging to thermal cycling reflects the underlying failure physics.

C. Validation of Damage Equivalency and Prognostication
Under Overlapping Stresses

Test assemblies have been subjected to varying periods
of thermal aging followed by thermal cycling. In each case,
the assemblies subjected to known combinations of thermal
aging and thermal cycling have been prognosticated based
on the micro-structural evolution of damage. Prognostication
involves withdrawal of four-samples from the deployed
population of devices at four periodic intervals. The samples
were then cross-sectioned and the damage proxies including
phase-growth parameter and the IMC thickness was measured.
Prior damage accrued was prognosticated. Normalized phase
growth parameter was used to compute life consumed due to
cycling alone

g4
N

g4
0

− 1 = aN�T (N)b�T (10)

g4
N+�N

g4
0

− 1 = aN�T (N + �N)bN�T (11)

g4
N+2�N

g4
0

− 1 = aN�T (N + 2�N)bN�T (12)

g4
N+3�N

g4
0

= aN�T (N + 3�N)bN�T . (13)

The prognosticated damage was mapped using the damage
equivalency relationships. Identical damage can be obtained by
several combinations of thermal aging and thermal cycling.
However, the use may be interested in particular solution
relevant to the system of interest. The solution of the system
of equations is thus bounded using t rust regions for range of
acceptable values. Most operational systems have date-codes

indicating the vintage of manufacture and deployment logs.
This enables bounding of the analysis. The prognosticated
value of accrued damage is represented by NC . Reduction
in cyclic life due to thermal aging is then be mapped to
account for the storage time tA prior to exposure to cycling.
The mapped reduction in cyclic life is represented by NB . The
cyclic life is then

NCYCLIC = NC − NB (14)

where NCYCLIC is the life of the electronic system in thermal
cycling. The RUL can then be calculated from the prognostic
horizon.

IV. LM ALGORITHM

The relationship between the phase growth parameter and
time is nonlinear because it contains terms with fourth power.
Inverse solution for interrogation of system-state is challeng-
ing for damage evolution in such systems. LM algorithm
n iterative technique that computes the minimum of a non-
linear function in multi-dimensional variable space has been
used for identifying the solution in the prognostication neigh-
borhood [59]–[61]. Let f be a assumed functional relation
between a measurement vector referred to as prior-damage
and the damage parameter vector, p, referred to as predictor
variables. The measurement vector is the current values of the
leading-indicator of failure and the parameter vector includes
the prior system state, and accumulated damage and the
damage evolution parameters. An initial parameter estimate
p0 and a measured vector x are provided and it is desired to
find the parameter vector p, that best satisfies the functional
relation f i.e., minimizes the squared distance or squared-
error, εT ε with ε = x − f (p). Assume that g(p) = ε in the
squared error. The minimizer parameter vector, p, for the error
function has been represented as

F(p) = 1

2

m∑
i=1

(gi (p))2 = 1

2
g(p)T g(p) (15)

F ′(p) = J (p)T g(p) (16)

F" (p) = J (p)T J (p) +
m∑

i=1

gi (x) g′
i (x) (17)

where F(p) represents the objective function for the squared
error term εT ε, J (p) is the Jacobian, and F ′(p) is the gradient,
and F ′′(p) is the Hessian. The variation of an F-value starting
at “p” and with direction “h” is expressed as a Taylor
expansion, as follows:

F(p + αh) = F(p) + αhT F ′(p) + O(α2) (18)

where α is the step-length from point “p” in the descent
direction, “h.” Mathematically, “h” is the descent direction of
F(p) if hT F ′(p) < 0. If no such “h” exists, then F ′(p) = 0,
showing that in this case the function is stationary. Since the
condition for the stationary value of the objective function is
that the gradient is zero, i.e., f ′ (p + h) = L ′(h) = 0. The
descent direction can be computed from the equation

(
J T J

)
hgn = −J T g. (19)
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SEI 20.0 kV ×1,000 WD 17.9 mm10 µm

Fig. 8. SEM backscattered image of phase growth versus different aging time intervals (thermal aging at 125 °C, 96.5Sn3Ag0.5Cu solder, 676 I/O PBGA,
magnification 750×).
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Fig. 9. Plot of normalized phase growth versus thermal aging time for
96.5Sn3.0Ag0.5Cu solder, 676 PBGA, subjected to thermal aging at 125 °C.

In each step, Newton method uses α = 1, and p = p+αhgn,
where subscript ‘gn’ indicates Gauss–Newton. The value of
α is found by line search principle described above. LM
algorithm is a hybrid method which utilizes both steepest
descent principle as well as the Gauss–Newton method. When
the current solution is far from the correct one, the algorithm
behaves like a steepest descent method: slow, but guaranteed
to converge. When the current solution is close to the cor-
rect solution, it becomes a Gauss–Newton method. The LM
method actually solves a slight variation of (25), known as the

augmented normal equations
(

J T J + μI
)

h = −J T g. (20)

The term μ is called as the damping parameter, μ > 0
ensures that coefficient matrix is positive definite, and this
ensures that h is a descent direction. When the value of μ is
very small, then the step size for LM and Gauss–Newton are
identical. Algorithm has been modified to take the equations
of phase growth and IMC growth under both iso-thermal aging
and cycling loads to calculate the unknowns.

V. CASE STUDY: PROGNOSTICATION OF DAMAGE IN

LEADFREE AREA-ARRAY INTERCONNECTS UNDER

SEQUENTIAL STRESSES

Samples subjected to single and sequential stresses have
been prognosticated for damage equivalency and assessment
of cumulative accrued damage resulting from a combination
of thermal aging and thermal cycling. Prognosticated life has
been correlated with experimental values. In addition, prog-
nostic metrics have been computed to compare the robustness
of the leading indicators and their accuracy in reference to the
prognostic horizon.

A. Micro-Structural Evolution Under Thermal Aging

A set of packages was subjected to thermal aging at 125 °C
and were withdrawn after each 48 h increment. The samples
were cross-sectioned, polished. Phase growth and IMC growth
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Fig. 10. SEM backscattered image of IMC thickness versus different aging time intervals (thermal aging at 125 °C, 96.5Sn3.0Ag0.5Cu solder, 676 I/O
PBGA, magnification 1000×).
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Fig. 11. Plot of normalized IMC thickness versus aging time for
96.5Sn3.0Ag0.5Cu solder, 676 PBGA, subjected to thermal aging at 125 °C.

was studied using SEM images at each time intervals. The
image analysis software has been used to measure the average
phase size. Fig. 8 shows phase size at different aging time
intervals and Fig. 9 shows the plot of normalized phase growth
at various time intervals. The test data have been represented
by the following equation:

SNt =
(

gp

g0

)4

− 1 = ant (t)bnt (21)

where, g is the phase-growth, subscripts p and 0 indicate
point “p” and initial time, respectively, SNt is the normal-
ized phase-growth parameter during thermal aging, ant and
bnt are the normalized phase-growth coefficient and phase
growth exponent for thermal aging. The following relationship

represents the evolution of phase-growth parameter in thermal
aging based on experimental data. The equation parameters
have been derived based on experimental measurements of
the phase-growth parameters from cross-sections

SN = 0.0297(t)0.49. (22)

Fig. 10 shows the growth of IMC thickness at various
interval of time when subjected to thermal aging at 125 °C.
Fig. 11 shows a plot of normalized IMC growth versus thermal
aging time. The data have been fit to an equation for the
following form: (

yp

y0
− 1

)
= kNt t

nt (23)

where y is the IMC thickness, subscripts p and 0 indicate
point “p” and initial time, respectively, knt and nnt are the
normalized IMC growth coefficient and IMC growth exponent
during thermal aging. The following relationship represents
the evolution of IMC growth in thermal aging based on
experimental data. The equation parameters have been derived
based on experimental measurements of the IMC growth from
cross-sections [

y

y0
− 1

]
= 0.044(t)0.5. (24)

B. Micro-Structural Evolution Under Thermal Cycling

A different set of assembly was subjected to thermal cycling
from −55 °C to 125 °C and were withdrawn after each
100 cycle increments. The samples were cross-sectioned, pol-
ished. Phase growth and IMC growth was studied using SEM
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SEI 20.0 kV ×750 WD 17.9 mm10 µm

Fig. 12. SEM backscattered image of phase growth versus different aging time intervals (thermal cycling −55 °C to 125 °C, 96.5Sn3Ag0.5Cu solder, 676
I/O PBGA, magnification 750×).
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Fig. 13. Plot of normalized phase growth versus aging time for
96.5Sn3.0Ag0.5Cu Solder, 676 PBGA, subjected to thermal cycling from
−55 °C to 125 °C.

images at each cyclic intervals. The image analysis software
has been used to measure the average phase size. Fig. 12 shows
phase size at different intervals of cycles and Fig. 13 shows the
plot of normalized phase growth at various intervals of cycles.
The test data have been fit to the following equation:

SN�T =
(

gp

g0

)4

− 1 = an�T (N)bn�T (25)

where g is the phase-growth, subscripts p and 0 indicate point
“p” and initial time, respectively, SN�T is the normalized

phase-growth parameter during thermal cycling, an�T and
bn�T are the normalized phase-growth coefficient and phase
growth exponent during thermal cycling. The following rela-
tionship represents the evolution of phase-growth parameter
in thermal cycling based on experimental data. The equation
parameters have been derived based on experimental measure-
ments of the phase-growth parameters from cross-sections

SN = 0.015(N)0.78 (26)

where SN is the normalized phase-growth parameter, and
N is the number of cycles. Fig. 14 shows the growth of
IMC thickness at various interval of time when subjected to
thermal cycling from −55 to 125 °C. Fig. 15 shows a plot of
normalized IMC growth versus thermal cycles. The data have
been fit to an equation for the following form:

(
yp

y0
− 1

)
= kN�T Nn�T (27)

where y is the IMC thickness, subscripts p and 0 indicate
point “p” and initial time, respectively, kn�T and nn�T are the
normalized IMC growth coefficient and IMC growth exponent
during thermal cycling. The following relationship represents
the evolution of IMC growth in thermal cycling based on
experimental data. The equation parameters have been derived
based on experimental measurements of the IMC growth from
cross-sections [

y

y0
− 1

]
= 0.0199(N)0.81. (28)
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SEI 20.0 kV ×1,000 WD 17.9 mm10 µm

Fig. 14. SEM backscattered image of IMC thickness versus different aging time intervals (thermal cycling at −55 to 125 °C, 96.5Sn3.0Ag0.5Cu solder,
676 I/O PBGA, magnification 1000×).

Thermal cycling

10 100

N
or

m
al

iz
ed

 I
M

C
 th

ic
kn

es
s 

(y
/y

0)
 −

1

1000

10

1

0.1

No. of cycles (N)

Fig. 15. Plot of normalized IMC thickness versus no of cycles for
96.5Sn3.0Ag0.5Cu solder, 676 PBGA, subjected to thermal cycles from
−55 °C to 125 °C.

C. Damage Equivalency Relationships Between Thermal
Aging and Thermal-Cycling

Fig. 16 shows the combined plot normalized phase growth
versus time and cycles on x-axis. Damage accrued from aging
and cycling environments has been equivalenced based on
two damage proxies including normalized IMC thickness and
normalized phase growth. The evolution of normalized phase
growth has been plotted versus thermal cycles in −55 to
125 °C and thermal aging time at 125 °C (Fig. 16). A similar
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Fig. 16. Combined plot normalized phase growth versus thermal aging
time/thermal cycling.

value of damage proxy can be obtained by exposure to single
stresses of thermal aging and thermal cycling. The exposure
length to the environmental stresses, however, will be different
in each case. This combined plot is helpful for mapping of
damage from thermal aging onto thermal cycling.

Phase-growth parameter has been used for damage equiv-
alency using previously derived equations for evolution of
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Fig. 17. Combined plot of normalized IMC thickness versus thermal aging
time/thermal cycling.
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Fig. 18. Combine plot of No of cycles (N) versus time in h, due to damage
mapping from phase growth and IMC thickness.

SN versus thermal aging time and thermal cycles. Equations
(22) and (26) have been equated to derive the damage equiv-
alence relationships based on phase-growth parameter

0.015(N)0.78 = 0.0297(t)0.49 (29)

N = 2.40(t)0.63 (30)

where N is the number of thermal cycles at −55 to 125 °C
and t is the time in hours at 125 °C. Damage equivalency
has also been studied using the IMC growth in second-level
interconnects. The evolution of normalized IMC growth has
been plotted versus thermal cycles in −55 to 125 °C and
thermal aging time at 125 °C (Fig. 17). A similar value of
IMC thickness can be obtained by exposure to single stresses
of thermal aging and thermal cycling. The exposure length
to the environmental stresses, however, will be different in
each case. This combined plot is helpful for mapping of dam-
age from thermal aging onto thermal cycling. Equations (24)
and (28) have been equated to develop the damage equivalence

TABLE II

DAMAGE MAPPING FROM LEADING INDICATORS OF FAILURE

Time in h
Reduction in life from

normalized phase
parameter

Reduction in life from
normalized IMC

parameter

48 28 29

96 43 45

144 55 58

192 67 69

240 77 80

288 86 89

336 93 98

TABLE III

ERROR ESTIMATION IN PROGNOSTICATION OF THERMAL AGING

Life consumed
Cycle count

Expt LM %Error

48 h aging 48 46 4.2

192 h aging 192 178 7.3

relationships based on IMC growth

0.0199(N)0.81 = 0.044(t)0.5 (31)

N = 2.675(t)0.62. (32)

Comparison of the damage equivalency relationships
between thermal aging at 125 °C and thermal cycling from
−55 to 125 °C developed based on the phase-growth para-
meter shows that both equations have similar coefficients and
exponents (30), (32). The values on the graph and the table
have been plotted and shown, respectively. The convergence of
the damage equivalency parameters from two separate damage
proxies bolsters the validity of the correlation. Fig. 18 and
Table II shows the reduction in thermo-mechanical fatigue life
derived based on the two damage proxies.

D. Prognostication of Damage Under Overlapping Stresses

Test assemblies have been exposed to overlapping sequential
stresses of thermal aging at 125 °C and thermal cycling
from −55 to 125 °C. Both the steady-state exposure and
cyclic-thermal exposure has been done for various lengths
for multiple sets of test assemblies. The system state has
been interrogated using both the damage proxies discussed
in this paper including phase-growth parameter and IMC
growth. Samples have been withdrawn at periodic intervals
and x-sectioned for measurement of the damage proxies. The
LM-Algorithm has been used for interrogation of system-state
for accrued damage. Fig. 19 shows the prognosticated value
of 46 hours of thermal aging exposure for samples previously
subjected to 48 hours of thermal aging. The prognosticated
value of damage accrued correlates well with the actual value.
Based on (30), it can be calculated that 46 hours in thermal
aging at 125 °C maps to 26 cycles of reduction in life at
−55 to 125 °C for the part tested. Thus, cyclic life will be
reduced by 27 cycles due to thermal aging exposure of the
assembly to 46 hours of 125 °C. Table IV summarizes the
reduction in life and corresponding life in cyclic environment
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Fig. 19. 3-D plot of error versus aging time in h for 676 PBGA
96.5Sn3.0Ag0.5Cu solder interconnects for 48 h in thermal aging at 125 °C.

for two different aging intervals. The correlation between the
experimental and prognosticated values is shown in Columns
(A) and (B). Table V shows the correlation between assess-
ments of damage accrued under overlapping thermal aging and
thermal cycling for two conditions to (48 hours + 100 cycles)
and (192 h + 100 cycles). Fig. 20 shows the prognostication
output for the total life consumption due to storage and cyclic
environment i.e., 48 h in aging followed by 100 cycles in
cyclic environment. The prognosticated value of 143 cycles
assumes cycling alone. Since the part was subjected to thermal
aging followed by cycling, the actual value of cyclic life
is NCYCLIC = 143 − 27 = 116 Cycles. The prognosticated
value of 116 cycles correlates well with 100 cycles of actual
life. Similar process of prognostication of assemblies under
overlapping stresses has been repeated for 192 hours of
thermal aging at 125 °C followed by 100 cycles of thermal
cycling from −55 to 125 °C. Similarly Figs. 21 and 22 show
the prognostication results for 192 h of aging followed by
cyclic exposure. Prognosticated life of 117 cycles correlates
well with actual cyclic life of 100 cycles. The error in both
cases is in the neighborhood of 8–12%.

VI. PROGNOSTICS PERFORMANCE METRICS

Prognostic metrics have been used to compare the robust-
ness of the prognostication algorithms using these leading
indicators of damage for overlapping sequential stresses of
thermal aging and thermal cycling. The prognostics metrics
used in this paper include: accuracy, precision, mean squared
error (MSE), and mean absolute percentage error (MAPE),
α−λ accuracy, relative accuracy (RA), and cumulative relative
accuracy (CRA) have been computed to compare the two
models [2], [3].

TABLE IV

ERROR ESTIMATION IN DAMAGE EQUIVALENCY OF THERMAL AGING

Aging
time, t

(h)

Reduction in life
(cycles)

N = 2.40(t)0.63

(30)
(A)

Prognosticated
aging time, t (h)

Reduction in life
(cycles)

N = 2.40(t)0.63

(30)
(B)

48 28 46 27

192 66 178 63

Average Bias: The average bias method averages the error
in predictions made at all subsequent times after prediction
starts for the lth unit under test (UUT). The metric can be
extended to average bias over all UUTs to establish overall
bias [2], [3]

Bl =

EOP∑
i=P

{
�l(i)

}

(EOP − P + 1)
(33)

where, end-of-prediction (EOP) is the earliest time index, i ,
after prediction crosses the failure threshold, P is the time
index at which the first prediction is made by the prognostic
system, �l(i) is the error between the predicted and the true
RUL at time index i for UUT l.

Sample Standard Deviation (S): The sample standard devi-
ation measures the dispersion of the error with respect to the
sample mean of the error. This metric is restricted to the
assumption of normal distribution of error [2], [3]

S(i) =
√∑n

l=1

(
�l(i) − M

)2

n − 1
(34)

where, M is sample mean of the error, and �l(i) is the error
between the predicted and the true RUL at time index i for
UUT l.

MSE: The MSE averages the square prediction error for
multiple UUTs at the same prediction horizon. A derivative
of MSE is root MSE [2], [3]

MSE(i) = 1

L

L∑
i=1

�l(i)2 (35)

where, �l(i) is the error between the predicted and the true
RUL at time index i for UUT l.

A. MAPE

MAPE averages the absolute error in the predictions of
multiple UUTs at the same prediction horizon. Instead of
the mean, median can be used to compute MAPE in similar
fashion [2], [3]

M AP E(i) = 1

L

L∑
l=1

∣∣∣∣
100�l(i)

r l∗(i)

∣∣∣∣ (36)

where, r l∗(i) is the true RUL at time ti given that data is
available up to time ti for the lth UUT.

α − λ Accuracy: The α − λ curve has been plotted for both
the models as shown in Figs. 23 and 24. It is a normalized plot
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Fig. 20. 3-D plot of error versus number of cycles, life computed from
LM-algorithm for 48 h in aging + 100 cycles in cycling environment for 676
PBGA 96.5Sn3.0Ag0.5Cu solder interconnects.

of RUL versus life which is compared against failure data and
the error bounds. A value of 100% on the x-axis indicates that
all the life has been consumed and the percentage RUL is zero.
In this case, the experimental data obtained from accelerated
testing shown by blue line in the plots and ±10% error bounds
are shown by dotted lines. It should be noted that the selection
of error bounds is application specific and typically tighter
bounds are imposed as the criticality of the system increases.
In this paper, the main idea to plot α − λ curves for the two
models was not to find the prognostic horizon point but to
compare the relative performance of the models visually. Both
leading indicators perform well.
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Fig. 21. 3-D plot of error versus aging time in h for 676 PBGA
96.5Sn3.0Ag0.5Cu solder interconnects for 192 h in thermal aging at 125 °C.
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Fig. 22. 3-D plot of error versus prognosticated life for 192h in aging
+ 100 cycles in cycling environment for 676 PBGA 96.5Sn3.0Ag0.5Cu solder
interconnects.

RA: The relative prediction accuracy has been used to asses
whether the predictions fall within a given accuracy levels at
a given time instant. The time instant is the fraction of actual
RUL from the point when the first prediction is made. An
algorithm with higher RA is desirable [2], [3]

RA = 1 −
∣∣r∗(tλ) − r l(tλ)

∣∣
r∗(tλ)

(37)

where tλ = P + λ (EOP −P), r l(i) is the RUL estimate for
the lth UUT at time ti as determined from measurement and
analysis, r l∗(i) is the true RUL at time ti given that data are
available up to time ti for the lth UUT.

CRA: RA has been evaluated at multiple time instances.
CRA has been calculated as the normalized weighted sum
of relative prediction accuracies at specific time instances
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TABLE VI

COMPARISON OF PROGNOSTICS METRICS FOR THE TWO

LEADING INDICATORS

Prognostic LM prognostication LM prognostication

metrics (phase) (IMC)

Average bias −0.8232 2.2256

SSD (S) 220.61 292.89

MSE 54181 130216

MAPE 0.0658 0.1773

RA (λ = 0.5) 0.9732 0.7836

CRA 0.0077 0.0074
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Fig. 23. α − λ curve for prognostication using phase-growth as the damage
proxy.

[2], [3]

CRA = 1

EOP − P + 1

EOL∑
l=P

RA (38)

where EOL represents end-of-life, w is a weight factor as
a function of RUL at all time indices. In most cases it is
desirable to weigh the RAs higher closer to the EOL. Table VI
shows the RA for a point where 50% of the life of system is
consumed. Both leading indicator based prognostic algorithms
show comparable performance.

VII. DISCUSSION

The PHM technique presented in this paper may be imple-
mented using condition monitoring devices, which can be
cross-sectioned to interrogate the system state and determine
the failure progression of the assembly. Consider an electronic
assembly which has been deployed in the field applications.
The assembly needs to be redeployed in the same environment.
Interrogation of system state and prognostication of RUL may
be implemented based on micro-structural evolution of damage
assessed from cross-sections of system state sensor cells. The
condition monitoring devices in the system will be withdrawn
at periodic intervals in the deployed environment. The length
of the periodic intervals does not effect implementation of
the technique. The length of the periodic interval can be user
defined. Prognostication will not add to downtime because
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Fig. 24. α − λ curve for prognostication using IMC as the damage proxy.

the sample from sensor cell bank can be withdrawn and the
equipment can continue operation. The condition monitoring
devices will be cross-sectioned and their phase size data will
be extracted. This data will be analyzed using LM Algorithm
and methodologies discussed earlier, to find out the initial
grain size (g0) and the prior time of deployment (N , or t) for
which the component has been deployed. The guess values
have been chosen to encompass a wide range of expected
values. For example ‘N’ is the number of cycles, so it can be
in the range of 0–5000 cycles. The upper extreme is chosen
such that it is higher than the expected design life of the part
being examined. Similar process has been followed for other
variables. Typically higher upper bounds for the array require
longer time period to solve. The range of guess values for all
the variables was provided to the algorithm. The rate of change
of phase growth parameter, (d S/d N), will be computed using
the computed values of damage proxies or leading indicators-
of-failure.

It is envisioned that the system-state sensor-cells will be
small, low cost, such that several of these can be conveniently
located on card assemblies in vicinity of the electronic system,
to enable cross-sectioning. The primary-system will not be
damaged or impacted in any way by the prognostication
method proposed. The proposed method also enables appli-
cation of methodology to aged systems, and extends the
state-of-art of conventional reliability prediction models which
are applicable to pristine systems. For example, in the case
of solder interconnects, chip resistors may be included on
the board assembly and serve as system-state sensor-cells,
which can be periodically cross-sectioned. It is not required
to assume that all the components mounted on the same
board have the same exposure to environmental or operational
stresses.

VIII. CONCLUSION

A method has been developed for prognostication of accrued
prior damage in electronics subjected to overlapping sequential
environments of thermal aging and thermal cycling. The
presented approach uses the LM Algorithm in conjunction



LALL et al.: ASSESSMENT OF ACCRUED DAMAGE AND REMAINING USEFUL LIFE IN LEADFREE ELECTRONICS 647

with microstructural evolution of damage based leading indi-
cator for estimating prior stress history. Specific damage
proxies examined include the phase-growth indicator and
the IMC thickness. The viability of the approach has been
demonstrated for leadfree test assemblies subjected to thermal
aging at 125 °C and redeployed in cyclic thermo-mechanical
environment −55–125 °C. Damage equivalency relationships
between thermal aging during storage life and the resulting
reduction in thermo-mechanical reliability in cyclic thermal
environments during field deployment has been derived and
validated based on two damage proxies. Convergence of the
damage mapping to a common solution from data based on
the two separate leading indicators has been demonstrated.
Assemblies subjected to sequential stresses have been prog-
nosticated for accrued damage from sequential overlapping
stresses of thermal aging and thermal cycling. Correlation
between the prognosticated damage and the actual accrued
damage demonstrates that the proposed approach can be
used to assess damage accrued under overlapping thermo-
mechanical stresses of thermal aging and thermal cycling. In
addition, prognostics metrics have been used to quantitatively
evaluate the performance of the prognostic algorithms using
both the leading indicators. Results demonstrate that both
damage proxies work well in estimating accrued damage and
estimating residual life.
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