























Various organizations and researchers have compiled comprehensive tables of activation energies for
different classes of failures.> A good general activation energy for many classes of failures is 0.60eV. An
example of how the acceleration factor varies with temperature for different activation energies is
shown below:

Acceleration Factor

Figure 4: Arrhenius Acceleration Factor for Various Activation Energies

COFFIN-MANSON MODEL

Consider the particular physics of failure for thermal cycling. Thermal cycles induce low-cycle fatigue
mechanisms in metal bonds such as solder fillets in two subsequent steps. First, a small crack will be
formed at locations where high strain amplitudes occur, such as menisci, edges, corners and transition
interfaces. The number of thermal cycles needed to initiate a crack is a function of the strain amplitude,
which in turn depends on the magnitude of the temperature change during the thermal cycle. Second, once
the crack is initiated, it propagates during subsequent thermal cycles.®

The Coffin-Manson equation models the effects of such low-cycle fatigue induced by thermal stressing. It
follows an Inverse Power Law relationship. That is, as the magnitude of induced stress increases, the
number of cycles to failure decreases by power of two. The equation developed from research done by
L.F. Coffin Jr. and S.S. Manson is as follows:”

N; x (Ag)? = C,

Where:
N; = Number of cycles to failure (cycles)
Ag, = Plastic strain
C, = Proportionality constant for the particular material



Since the plastic strain, Ae, , is proportional to the magnitude of thermal cycle temperature change, AT, the
preceding form of the Coffin-Manson equation may be rewritten in terms of the magnitude of the thermal
cycle temperature change as follows:

N, x (AT)2 = G,

Where:
N; = Number of thermal cycles to failure (cycles)
AT = Magnitude of thermal cycle temperature change
C, = Proportionality constant for the particular material

As with the Arrhenius Model, the preceding form of the Coffin-Manson Model is seldom used as is. It is
usually written in terms of an “acceleration factor”, which compares thermal cycles in the more stressful test
environment with thermal cycles in the customer end-use environment. Thermal cycles in the more stressful
test environment can be extrapolated to estimate the equivalent thermal cycles in the end-use environment.

The Coffin-Manson Model written in terms of an “acceleration factor” for thermal cycles is as follows:
Acu = (AT, / AT)2 = Ng, / N
Nfu = NfA X (ATA / ATU)2

Where:
Acw = Acceleration factor for number of cycles (dimensionless)
N;, = Number of cycles to failure at use temperature change (cycles)
N;» = Number of cycles to failure at accelerated temperature change (cycles)
AT, = Thermal cycle temperature change in accelerated environment (°K)
AT, = Thermal cycle temperature change in use environment (°K)

Each HASS test consists of a defined number of thermal cycles lasting a defined time duration. For purposes
of reliability assessment, It would be desirable to express the “acceleration factor” in terms of time duration
rather than thermal cycles. Consider the following definitions:

f, = Frequency of thermal cycles in use environment (cycles/day)

f, = Frequency of thermal cycles in accelerated environment (cycles/day)
D, = Time duration in use environment (days)

Da = Time duration in accelerated environment (days)

The number of thermal cycles can then be expressed in terms of the above definitions as follows:

N, =D, xf,
NfA = DAX fA

The preceding equations for N;, and N, can be substituted into the Coffin-Manson Model to yield an
expression for a Coffin-Manson “time duration acceleration factor” as follows:

Acwp = (AT, / AT)?2 x (f,/f) =D,/ D,
D,=D, x (AT,/AT)2 x (f,/f)
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Where:
Acup = Acceleration factor for time duration (dimensionless)
AT, = Thermal cycle temperature change in accelerated environment (°K)
AT, = Thermal cycle temperature change in use environment (°K)
f, = Frequency of thermal cycles in use environment (cycles/day)
f, = Frequency of thermal cycles in accelerated environment (cycles/day)
D, = Time duration in use environment (days)
D, = Time duration in accelerated environment (days)

EXAMPLE:

Calculate the Coffin-Manson “time duration acceleration factor” and the equivalent time in the customer
end-use environment for a HASS test conducted for 3 hours, cycling between a maximum HASS
temperature of 50°C and a minimum HASS temperature of -10°C, for 3 complete thermal cycles. It has
been determined that the maximum UUT temperature in the use environment is 45°C and the maximum
UUT temperature in the HASS environment is 80°C. The nominal customer end-use ambient temperature
is 25°C, the thermal rise of the UUT above ambient in the customer environment is 15°C and the fluctuation
of ambient temperature in the customer environment is 5°C. The customer end-use temperature change is
20°C and the customer end-use environment classification is “computers”.

AT, = (804+273.15) - (-10+273.15) = 90 °K

AT, =20°K

D, =3 hours x 1 day/ 24 hours = 0.125 days

f, = 3 cycles/ 3 hours x 24 hours/day = 24 cycles/day

Numerous publications exist that estimate the number of thermal cycles for various customer end-use
environments.8 9 The original source appears to be the Institute of Printed Circuits IPC SM 785. These
sources estimate the number of thermal cycles for a “computer” classification end-use environment is 1460
cycles/year, which is equivalent to 4 cycles/day.

Therefore,

fu = 4 cycles/day
Acup = (90/20) x (24 /4) =121.5

That is, 3 hours in the more stressful HASS environment is equivalent to ~365 hours or ~15 days in the
customer end-use environment. Thus, the real benefit of HASS compared to burn-in emerges. In a previous
example, 3 hours of burn-in at 50°C was only equivalent to 1.1 days. Considering only thermal stresses,
HASS is ~14 times more aggressive than burn-in.

NORRIS-LANDZBERG MODEL

Researchers have found the Coffin-Manson Model to yield somewhat conservative estimates for fatigue life.
IBM researchers K.C Norris and A.H. Landzberg modified it to compensate for frequency-dependent and
time-dependent anomalies. Their landmark work was presented in a paper in May 1969, as the Modified
Norris-Landzberg Model as follows:

Aw = (AT, / AT)2 x (f, /)13 x exp{ 1414 x { (1/T)-(1/T,) } }
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Where:
Ay = Acceleration factor for number of cycles (dimensionless)
AT, =Thermal cycle temperature change in accelerated environment (°K)
AT, =Thermal cycle temperature change in use environment (°K)
f, = Frequency of thermal cycles in use environment (cycles/day)
f, = Frequency of thermal cycles in accelerated environment (cycles/day)
T, = Maximum UUT temperature in use environment (°K)
T, = Maximum UUT temperature in accelerated environment (°K)

Just as was done for the Coffin-Manson Model, the preceding equations for Ny, and N, can be substituted
into the Norris-Landzberg Model to yield an expression for a Norris-Landzberg “time duration acceleration
factor” as follows:

Aw =Ay x (fy/f) =D,/ D,
Awo = (AT /AT)2 x (£, /f)7 x exp{ 1414 x { (1/T)-(1/TY } } x (/)
D,=D, x (AT,/AT)2 x (f,/f,)

Where:
Aup = Acceleration factor for time duration (dimensionless)
AT, = Thermal cycle temperature change in accelerated environment (°K)
AT, = Thermal cycle temperature change in use environment (°K)
f, = Frequency of thermal cycles in use environment (cycles/day)
f, = Frequency of thermal cycles in accelerated environment (cycles/day)
T, = Maximum UUT temperature in use environment (°K)
T, = Maximum UUT temperature in accelerated environment (°K)
D, = Time duration in use environment (days)
D, = Time duration in accelerated environment (days)

EXAMPLE:

Calculate the Norris-Landzberg “time duration acceleration factor” and the equivalent time in the customer
end-use environment for a HASS test conducted for 3 hours, cycling between a maximum HASS
temperature of 50°C, minimum HASS temperature of -10°C, for 3 complete thermal cycles. It has been
determined that the maximum UUT temperature in the use environment is 45°C and the maximum UUT
temperature in the HASS environment is 80°C. The nominal customer end-use ambient temperature is 25°C,
the thermal rise of the UUT above ambient in the customer environment is 15°C and the fluctuation of
ambient temperature in the customer environment is 5°C. The customer end-use temperature change is
20°C and the customer end-use environment is “computers”.

ATA = (80+273.15) - (-10+273.15) = 90 °K

ATu =20°K

D, =3 hours x 1 day/ 24 hours = 0.125 days

f, = 3 cycles/ 3 hours x 24 hours/day = 24 cycles/day
f, = 4 cycles/day

T,=45°C=273.15+45 = 318.15°K

T, =80°C =273.15480 = 353.15°K

Therefore,

Aup = (90/20)2 x (4/24) x exp{ 1414 x {(1/318.15)-(1/353.15) } } x (24/4) = 103.8
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That is, 3 hours in the more stressful HASS environment is equivalent to ~311 hours or ~13 days in the
customer end-use environment.

The Norris-Landzberg “time duration acceleration factor” is not as aggressive as the Coffin-Manson result,
which was 121.5. But the real benefit of HASS compared to burn-in still emerges. In a previous example,
3 hours of burn-in at 50°C was only equivalent to 1.1 days. Considering only thermal cycling stresses,
HASS is still ~12 times more aggressive than burn-in.

DwEeLL TIME AND RAMP RATE

A thermal cycle has an associated ramp rate and dwell time. During thermal ramp, the mismatch in
coefficients of thermal expansion for the constituent materials on a printed circuit board causes stresses to
develop. During thermal dwell, the stress energy gets relieved by converting to strain or relative motion.
For example, if solder joints are marginal, permanent deformation or damage occurs during the thermal
dwell. If the solder joints are good, no permanent deformation or damage occurs. The point is, the thermal
dwell time must be sufficiently long for this stress-relaxation process to occur. If the thermal dwell time is
not sufficiently long, the full benefit of HASS will not be realized.

In order to ensure that optimal thermal dwell times are achieved, the thermal inertia of the product must
be estimated. The methodology involved in constructing a thermal cycling profile will be the subject of
future White Papers. However, our experience indicates that ramp rates of 10°C/minute to 20°C/minute
and dwell times of 15 minutes to 20 minutes are sufficient to precipitate most manufacturing and
component defects. This is also supported by the work of numerous researchers. An excellent example of
such work is the recent technical paper by Zhai, Sidharth and Blish 11.10

INPUT POWER CYCLING

Consider the stresses produced by input power cycling. When the mains input power is turned on to the
UUT, it produces inrush currents as capacitors charge and establish electric fields. It also causes the UUT
to heat up in proportion to the UUT efficiency and delivered output power. As the mains input power is
turned off, the electric fields collapse and produce voltage transients. It also causes the UUT to cool down
as energy is no longer being dissipated. Our knowledge of power supplies intuitively leads us to suspect
that the more the UUT is turned on and off, the greater the stress on front-end components. However, there
are few definitive studies that analyze the contribution of input power cycling to acceleration factor.
Therefore, it will be conservatively assumed that the acceleration factor is due entirely to the thermal effects.
The non-thermal contribution due to input power cycling will be ignored. The methodology involved in
designing an input power cycling profile will be the subject of future technical papers.

OutpPuT POWER CYCLING

Analogously, consider the stresses produced by output power cycling. When the applied load on the output
of the UUT is increased, it causes the PWM circuitry to increase its duty cycle and the output power devices
carry more current. Just like for input power cycling, it also causes the UUT to heat up in proportion to
UUT efficiency. As the output load is decreased, the output drive components carry less current and the
UUT cools down. Intuition again leads us to suspect that the greater the load, the greater the stress on
output drive components. However, there are few definitive studies that analyze the contribution of output
power cycling to acceleration factor. Therefore, it will be conservatively assumed that the acceleration
factor is due entirely to the thermal effects. The non-thermal contribution due to output power cycling will
be ignored. The methodology involved in designing an output power cycling profile will be the subject of
future White Papers.
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SECTION 4 — APPLYING PREDICTIVE MODELS AS PART OF A PRODUCTION PROCESS

Predictive models can be used to fine tune HASS test parameters so as to provide adequate run time to
overcome infant mortality failures, but not expend a significant portion of the products” useful life. TDI’s
typical process is to set the HASS stress levels and duration to simulate 15 days to 60 days of operation in the
product’s intended environment. This will expose most failure mechanisms that would typically escape a static
burn in test, while not significantly reducing the products’ useful life (typically 7+ years for a power supply).

As will be shown in future papers, determination of the exact stress levels imparted to the product will be
a function of the product’s mass, the chamber enviroment, the product’s dimensions, the types of
components utilized, safety and protection circuits in the product and the design’s safe operating area as
established via Highly Accelerated Life Testing, or HALT.

SECTION 5 - BIBLIOGRAPHY
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SECTION 6 - EQUATIONS
GENERIC INVERSE POWER LAW MODEL
I-Vu = CV/ (\/u)n

Where:
Ly, = UUT life at use stress V, (dimensionless)
V, = UUT stress at use
C, = Constant factor
n = Exponent for pertinent stress V,

4.2 - ACCELERATION FACTOR FOR GENERIC INVERSE POWER LAW MODEL

A, = (VA / Vu)" =Ly, / Lia

Where:
A, = Acceleration factor for stress V (dimensionless)
Ly, = UUT life at use stress V, (hours)
Ly, = UUT life at accelerated stress V, (hours)
V, = UUT accelerated stress
V, = UUT use stress
n = Exponent for particular stress V (dimensionless)
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