
Chapter 2

Theory on Mechanics of Solder Materials

Abstract Chapter 2 reviews the fundamental theory on mechanics of solder

materials. As solder materials are subject to high operating temperatures relative

to their melting point, the thermo-mechanical deformation response of the solder is

dependent on both temperature and strain-rate conditions. Hence, the theory on

mechanics of solder materials will focus on elastic-plastic-creep and viscoplastic

models for describing the thermo-mechanical deformation response of lead-free

solder materials operating over a wide range of temperatures (�40�C to +125�C)
and strain rates (0.0001–1,000 s�1).

Solder materials in electronic packaging assemblies are subjected to thermo-

mechanical loads during accelerated reliability tests and in service operation.

Accelerated Thermal Cycling (ATC) tests subject the solder joints to extreme

temperatures; for example from �40�C to +125�C. Such cyclic thermo-mechanical

induced deformations in the package assembly cause the solder material to develop

severe cyclic inelastic strains and cumulative fatigue damage resulting in failure of

the solder joints [1, 2].

The stress, strain, and strain energy density components in solder materials

can be computed numerically, if the governing material constitutive model has

been developed from mechanics of materials tests. Materials testing and characteri-

zation of the elastic and inelastic deformation behavior are needed to derive the

constitutive models to describe the solder deformation behavior in an elastic-

plastic-creep model or a viscoplastic model approach [3].

Thermo-mechanical fatigue analysis in solder joints of electronic assemblies

will require a stress and strain analysis approach and this often involves 2D and 3D

modeling of the package assembly subject to the design or reliability test condition

[4–6]. Fatigue damage driving force parameters such as stress-range, strain-range,

and inelastic strain energy density per cycle can be computed and used in fatigue

life prediction models.
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2.1 Thermo-Mechanical Stress and Strain Analysis

An electronic package assembly is made up of different deformable materials

joined by solder materials that undergo extensive amounts of deformations when

subject to cyclic thermal loading. It is essential to understand the basic governing

equations of thermo-mechanical strain in solder joints induced by mismatch in

thermo-mechanical deformations [1, 2]. For a simple case, it can be assumed that

the package is stress-free at a uniform temperature where there are no external or

residual forces present. It is also assumed that the velocity and displacement of

every element in the package at the instantaneous reference state is assumed to be

small and the fundamental strain–displacement relation is given by,

eij ¼ 1

2

@ui
@xj

þ @uj
@xi

� �
: (2.1)

Hence, the governing equations for the isotropic thermal stresses for electronic

packaging structure with steady-state heat flow condition (∂T/∂t ¼ 0) are given by,

dij
@

@xi

@T

@xj

� �
¼ 0 (2.2)

sij ¼ lekkdij þ 2Geij � bdijðT � T0Þ (2.3)

with the multi-axial strain components in a solid element given by,
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(2.4)
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(2.5)

In three-dimensional analysis, a solid is subjected to multi-axial states of

stresses and strains. The principal stresses and strains in the three principal planes,

1, 2, and 3 can be computed from a mechanics of materials analysis or by a

numerical modeling approach employing a finite element analysis (FEA) method.

s1>s2>s3 and e1>e2>e3;

where s1, s2, and s3 are the principal stresses, and e1, e2, and e3 are the principal

strains at an element.

The equivalent von Mises stress equation is a yield criterion and is used to

determine if the Yield stress state at the onset of plastic yielding has occurred in a

solid element.
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se ¼ 1ffiffiffi
2

p ðs1 � s2Þ2 þ ðs2 � s3Þ2 þ ðs3 � s1Þ2
h i1=2

(2.6)

Similarly, the equivalent von Mises strain equation is used to compute the

corresponding equivalent strain at the onset of plastic yielding and beyond.

ee ¼
ffiffiffi
2

p

3
ðe1 � e2Þ2 þ ðe2 � e3Þ2 þ ðe3 � e1Þ2
h i1=2

(2.7)

In soldered electronic assemblies, the shear strain components are particularly

important due to thermal expansion mismatch shear deformations in solder joints.

The effective shear stress and shear strain can be derived from the equivalent von
Mises stress and strain by:

effective shear stress,

t� ¼ 1ffiffiffi
3

p se (2.8)

and effective shear strain,

g� ¼
ffiffiffi
3

p
ee: (2.9)

The multi-axial stress and strain state at any point in a three-dimensional solid

element can be resolved down to an equivalent stress and strain state using the von
Mises stress–strain equation. This can then be related to the tensile test stress and

strain response for modeling the elastic-plastic stress–strain curve behavior of a

ductile material shown in Fig. 2.1.

The linear elastic region can be modeled by Hooke’s law where stress (s) and
strain (e) is related by Young’s Modulus (E ).

s ¼ Ee (2.10)

A

σ 

ε

σ = Eε
(Linear elastic region)

σ = Kεn 
(Plastic strain hardening region) 

Fig. 2.1 Elastic-plastic

stress–strain curve plot
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The plastic strain hardening region can be modeled by a time-independent

non-linear stress–strain relationship,

s ¼ Ken (2.11)

The plastic strain hardening region can be modeled as an isotropic or

kinematic hardening material. Isotropic hardening assumes that the origin of the

von Mises yield surface remains stationary in the stress space and the size of its

yield surface expand resulting from strain hardening. In kinematic hardening, the

von Mises yield surface does not change in size, but the origin of the yield surface is
allowed to translate in the stress space to model strain hardening effects of increas-

ing plastic flow stress. For solder materials, the tensile stress and strain curves are

dependent on the test temperature and strain rate. The elastic modulus, yield

strength, and ultimate tensile strength (UTS) properties vary with temperature

and strain rate.

For a typical thermal cycling test from �40�C to 125�C, these mechanical

properties reduce with the increase in temperature [7]. At �40�C to 125�C, a
lead-free SAC solder material has a homologous temperature range of 0.5–0.8 of

its melting point temperature of 217�C or 490 K. Creep deformation behavior in a

solder material is highly dependent on the stress and temperature state. An elastic-

plastic-creep constitutive model or viscoplastic constitutive model is needed to

facilitate finite element modeling and simulation of solder joint reliability subject to

thermal cycling tests [8].

2.2 Elastic-Plastic-Creep Model

Elastic-plastic-creep analysis [8] treats the total strain as the sum of the phenome-

nological components of elastic strain, time-independent plastic strain and time-

dependent creep strain as shown below.

eij ¼ eeij þ epij þ ecij (2.12)

where eij, eeij, e
p
ij, and ecij are total, elastic, time-independent plastic and time-

dependent creep strain tensors, respectively.

The total strain can be divided into an elastic component, eel, a time-independent

plastic component, epl, and a time-dependent creep component, ecr. The secant

modulus can be expressed as:

1

Esec

¼ etot
s

¼ eel
s
þ epl

s
þ ecr

s
¼ 1

Eel

þ 1

Epl

þ 1

Ecr

(2.13)
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From (2.13), it is noted that by increasing the strain rate, the contribution of the time

dependent creep strain decreases such that for an infinite strain rate, ecr and 1/Ecr

tend towards zero. Similarly, by decreasing the stress level of taking the slope on the

stress–strain curve to calculate secant modulus, the contribution of the time-inde-

pendent plastic strain decreases so that at a stress level small enough, any plastic

effects can be eliminated, such that epl and 1/Epl tend towards zero. Therefore, only

the elastic component is left and this results in giving the true Elastic modulus.

2.2.1 Temperature and Strain-Rate Dependent Elastic Modulus

The constitutive model [9, 10] for the apparent Elastic modulus can be written as

E T; _eð Þ ¼ ða0T þ a1Þ logð_eÞ þ ða2T þ a3Þ þ d; (2.14)

where _e is the strain rate; T is the temperature; a0; a1; a2; and a3are constants; dis
the error term, which is introduced to account for any experimental error.

For constant temperature, two temperature-dependent constants aðTÞ ¼ a0T þ
a1 and bðTÞ ¼ a2T þ a3, can be introduced.

Equation (2.14) can then be written as

E ¼ aðTÞ logð_eÞ þ bðTÞ þ d (2.15)

From (2.15), we can get the linear estimator equation:

E
_ ¼ a_ logð_eÞ þ b

_

; (2.16)

where E
_

; a_; b
_

are estimated values of E; a; and b; respectively.
It is necessary to rewrite (2.16) in matrix notation in the form

Y ¼ X � C (2.17)

and apply multiple linear regression with,

Y ¼

E1

E2

..

.

En

2
666664

3
777775 X ¼

logð_e1Þ 1

logð_e2Þ 1

..

. ..
.

logð_enÞ 1

2
666664

3
777775 C ¼ a

b

" #
(2.18)

Using the experimental data, the temperature-dependent constants can be derived

from calculus, where the estimated coefficient matrix, C
_

, can be found from (2.19)

C
_ ¼ ðXTXÞ�1XTY; (2.19)
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where C
_ ¼ a

_

b
_

� �
. Then the temperature-dependent constants a; b also can be expressed

by the matrix notation forms

Y1 ¼ X1 � C1

Y2 ¼ X2 � C2

(
; (2.20)

where

Y1 ¼
a1
a2
a3

2
64

3
75 X1 ¼

T1 1

T2 1

T3 1

2
64

3
75 C1 ¼

a0

a1

" #

Y2 ¼
b1
b2
b3

2
64

3
75 X2 ¼

T1 1

T2 1

T3 1

2
64

3
75 C2 ¼

a2

a3

" #

Thus, the constants a0; a1; a2; and a3 can be determined from calculus that

estimated coefficient matrix, C
_

1; C
_

2, are calculated as

C
_

1 ¼ ðX1
TX1Þ�1X1

TY1

C
_

2 ¼ ðX2
TX2Þ�1X2

TY2; (2.21)

where

C
_

1 ¼
a
_

0

a
_

1

" #
; C

_

2 ¼
a
_

2

a
_

3

" #
(2.22)

By solving (2.19), (2.21), and (2.22) and substituting the solution of constants of

a0; a1; a2; and a3 into (2.14), the apparent Elastic modulus for 95.5Sn–3.8Ag–0.7

Cu is obtained [7] as follows:

E T; _eð ÞSnAgCu ¼ ð�0:0005T þ 6:4625Þ logð_eÞ þ ð�0:2512T þ 71:123Þ (2.23)

2.2.2 Temperature and Strain-Rate Dependent Yield
Stress and Ultimate Tensile Stress

The yield stress and UTS were established and expressed individually as follows:

syðT; _eÞ ¼ aðTÞð_eÞbðTÞ; (2.24)
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where _e is the strain rate, T is the temperature, and

aðTÞ ¼ b0T þ b1

bðTÞ ¼ b2T þ b3

(

here b0; b1; b2; and b3 are curve-fitted constants.

UTSðT; _eÞ ¼ aðTÞð_eÞbðTÞ; (2.25)

where _e is the strain rate, T is the temperature, and

aðTÞ ¼ c0T þ c1

bðTÞ ¼ c2T þ c3

(

here c0; c1; c2; and c3 are unknown constants.

Employing the same evolution procedure to determine the apparent Elastic

modulus, the constants for yield stress and UTS can be determined [7] as follows:

syðT; _eÞSnAgCu ¼ ð�0:2314T þ 68:37Þð_eÞð2:29�10�4Tþ0:0724Þ
(2.26)

UTSðT; _eÞSnAgCu ¼ ð�0:2337T þ 75:98Þð_eÞð2:5�10�4Tþ0:0707Þ: (2.27)

The elastic modulus, yield stress, and UTS properties of solder materials are

dependent on the temperature and strain rate of loading in a tensile test. Strain-rate

hardening effects cause these properties to increase with the increase in strain rate

from 10�5 s�1 to 10�1 s�1 [7, 11].

2.2.3 Ramberg-Osgood Model for Elastic-Plastic
Stress–Strain Curve

One of the major goals of thermo-mechanical analysis in the electronics industry is

to be able to model the stress–strain response in the solder joint and predict its

reliability performance in design and in service.

A Ramberg-Osgood model describes the elastic-plastic behavior of solder

materials very well and can be used to describe the stress–strain curve of solder

tensile test results given by

e ¼ s
E
þ a

s
s0

� �n

; (2.28)

where n is the hardening exponent, a and s0 are material constants.
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However for solder materials, the stress–strain curve is dependent on tempera-

ture and strain rate. Hence, a Modified Ramberg-Osgood model can be developed to

include the temperature and strain-rate dependent effects.

2.2.4 Temperature and Strain-Rate Dependent Modified
Ramberg-Osgood Model

The Ramberg-Osgood model hardening exponent n and stress coefficient s0 are

modified to be temperature and strain-rate dependent for solder materials. The

temperature and strain-rate dependent Modified Ramberg-Osgood model can be

described as

eðT; _eÞ ¼ s
E
þ a

s
s0ðT; _eÞ

� �nðT;_eÞ
: (2.29)

From the tensile test result, the mechanical properties have a linear relationship

with temperature and logarithmic relationship with strain rate. So formation of

temperature and strain-rate dependent n and s0 can be written as

s0ðT; _eÞ ¼ s0 þ aT� þ b_e� (2.30)

nðT; _eÞ ¼ nþ cT� þ d _e� (2.31)

where T� ¼ T�Tr
Tm�Tr

, _e� ¼ ln _e
_er

� �
, a and c are temperature coefficients, b and d are

strain-rate coefficients. Tr and _er are reference temperature and strain rate, respec-

tively. Tm is the melting temperature of Sn–3.8Ag–0.7Cu (217�C), n and s0 are

hardening exponent and stress coefficient at the reference temperature and strain rate.

2.3 Creep Constitutive Models

Creep of a solder material is often characterized by its steady-state creep strain rate,

_ess, which can be simply expressed as power law relationship,

_e ¼ Asne
�Q
KT ; (2.32)

where A is material constant, s is applied stress, n is stress exponent, Q is creep

activation energy, K is Boltzmann’s constant, and T is absolute temperature. The

activation energy, Q, and the stress exponent, n, change with the dominant creep

mechanism and may have different values for different regimes of the applied

stress.
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By taking the natural logarithm, (2.32) can be rewritten as,

ln _e ¼ ln Aþ n ln s� Q

K

1

T
(2.33)

It can be seen from (2.33) that for the creep process under the controlling

constant stress, the creep deformation mechanism does not change at small temper-

ature range. Therefore, the activation energy, Q, could be determined from the

slope of the, ln e versus 1/T plot.

To describe the steady-state creep strain rate over a wider regime of stresses and

temperatures, a hyperbolic-sine creep model is often used for solder materials [11].

The steady-state creep strain rate for intermediate to high stress power law break-

down regime is:

_e ¼ C sin h asð Þ½ �n exp � Q

KT

� �
; (2.34)

where _ec ¼ equivalent creep strain rate (s�1), s ¼ equivalent von Mises stress

(N/mm2), T ¼ absolute temperature (kelvin), C is a constant, a is the stress level

at which the power law dependence breaks down, n is the stress exponent for

dislocation glide-controlled kinetics, Q is the activation energy for creep deforma-

tion process, and K is the Boltzmann’s constant.

The elastic-plastic-creep approach is a phenomenological way to describe the

constitutive behavior of solder alloy, since the elastic, plastic and creep strains

represent different deformation. For thermo-mechanical cyclic loading, the time-

independent plastic strain and time-dependent creep strain can be readily computed

from an elastic-plastic-creep analysis using FEA modeling and simulation [12, 13].

Another useful method from a state variable approach of inelastic strain is the

viscoplastic strain analysis approach. This method combines the creep and plastic

strain components as a unified state variable inelastic strain.

2.4 Viscoplastic Constitutive Model

The viscoplastic model approach follows the materials perspective that dislocation

motion is the cause of both creep and plastic deformation [8, 13], and combined

them into inelastic strain. A viscoplastic model that has been used for modeling

rate-dependent deformation behavior of ductile metals is the Anand viscoplastic

model, which was originally reported by Anand [14] and Brown et al. [15]. The

Anand viscoplastic model was applied to tin–lead solder joints subject to thermal

cycling loading by Darveaux [16]. The Anand viscoplastic model was curve fitted

for lead-free tin–silver (Sn–3.5Ag) and tin–silver–copper (SAC387) solder alloys,

respectively [12, 17].
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The total strain is expressed as,

eij ¼ eeij þ einij ; (2.35)

where einij is the inelastic strain tensor.

The Anand model consists of two coupled differential equations that relate the

inelastic strain rate to the rate of deformation resistance.

The strain rate equation is represented by,

dein
dt

¼ A sin h x
s
s

� �h i1
m

exp �Q=RTð Þ (2.36)

The rate of deformation resistance is given by

_s ¼ h0 Bj jð Þa B

Bj j
	

dep
dt

(2.37)

B ¼ 1� s

s�
(2.38)

s� ¼ ŝ
1

A

dep
dt

exp �Q=RTð Þ
� �

; (2.39)

where dein/dt is the effective inelastic strain rate, s is effective true stress, s is

the deformation resistance, T is the absolute temperature, A is pre-exponential

factor, x is stress multiplier, m is strain rate sensitivity of stress, Q is activation

energy, R is universal gas constant, h0 is hardening/softening constant, ŝ is coeffi-
cient for deformation resistance saturation value, n is strain-rate sensitivity of

saturation value, and a is strain-rate sensitivity of hardening or softening.

In the Anand model, (2.36) deals with the relationship between saturation stress

and strain rate under certain temperatures. Equations (2.37)–(2.39) deal with the

hardening and softening flow response where the relationship between strain and

stress can be computed over a range of strain rate and temperature.

The saturation stress in (2.40) can be derived from (2.36) as follows:

s� ¼ ŝ

x
_ep
A
eQ=RT

� �n

sin h�1 _ep
A
eQ=RT

� �m� �
; (2.40)

where _ep and T denote strain rate and temperature, respectively.

The parameters Q/R, A, ŝ=x, m, and n can be determined by a nonlinear fitting

method to steady-state creep strain rate test data.

The relationship between the viscoplastic stress and inelastic strain is given by,

s ¼ s� � ½ðs� � cs0Þð1�aÞ þ ða� 1Þch0s�ð�aÞep�1=ð1�aÞ: (2.41)
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The variable ep is the nonlinear strain, and a, s0 and h0 are parameters to be

determined, where c is a function of strain rate and temperature given in (2.42).

c � 1

x
sin h�1 _ep

A
eQ=RT

� �m� �
c<1: (2.42)

The values of the nine material parameters Q, A, ŝ; x, m, n, a, s0, and h0 for

any given solder alloy can be determined by the curve-fitting procedures given

below:

1. Determination of the saturation stress s* under a series of strain rate and

temperature by creep test.

2. Curve fitting of parameters Q/R, A, ŝ=x, m, and n in (2.40).

3. Determination of x and ŝ. For value of ŝ=x has been determined in step (2), value

of x should be estimated such that the value of c will match condition: c < 1.

And then the value of ŝ can be derived from ŝ=x and the estimate of x.
4. Curve fitting of a, s0, and h0 in (2.41).

For example, the above curve-fitting method for the Anand viscoplastic

model was applied to tensile and creep test data for 63Sn–37Pb solder alloy. Tensile

test data for three different temperatures, 25�C, 75�C, and 125�C, and three states of
strain rate, 5.6E�2, 5.6E�3, and 5.6E�4, were used. Table 2.1 shows the result of

the nine parameters of the Anand viscoplastic model for 63Sn–67Pb solder.

2.5 Fatigue Life Prediction Models for Solder Materials

Thermo-mechanical fatigue failure in solder joints subject to thermal cycling tend

to fail in the Low Cycle Fatigue (LCF) range where the fatigue life to failure falls

between 100 and 10,000 thermal cycles. The fatigue life prediction models to be

used depends on the fatigue test condition and fatigue damage parameters used. The

fatigue damage driving force parameters such as the plastic strain-range, creep

strain range and inelastic strain energy density per cycle can be used in different

fatigue life prediction models.

The LCF approach can be based on the strain or energy parameter used to

characterize the fatigue failure process [18–20]. These parameters are (a) plastic

strain range, (b) creep strain range and (c) inelastic energy. The strain range-based

fatigue approach employs low cycle strain-controlled fatigue test method.

The inelastic strain comprises of the plastic strain range and creep strain range.

The plastic shear strain deformation is represented by the time-independent plastic

Table 2.1 Anand model parameters for 63Sn–37Pb solder

A Q/R x m n ŝ s0 h0

26 5,797 10 0.256 0.043 83.1 38 921.48
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strain component, while the creep strain component contributes to the time-depen-

dent inelastic strain included in the plastic shear strain (Dgp) component as shown in

Fig. 2.2. The energy-based fatigue model employs the cyclic stress–strain hysteresis

loop to compute the elastic strain energy density (DWe) and inelastic dissipated

energy or plastic work per cycle (DWp).

2.5.1 Plastic Strain Range Fatigue Models

The Coffin–Manson fatigue model [18] is perhaps the best-known and most widely

used approach for LCF analysis. The total number of cycles to failure, Nf, is

dependent on the plastic strain range, Dep, the fatigue ductility coefficient, e0f , and
the fatigue ductility exponent, c, given in the expression below:

Dep
2

¼ e0f 2Nfð Þc: (2.43)

The fatigue ductility coefficient, e0f , is approximately equal to the true fracture

ductility, ef . The fatigue ductility exponent, c, varies between �0.5 and �0.7 [21],

and experimental data are required to determine the constants.

Solomon’s LCF model [22] relates the plastic shear strain range to fatigue life

cycles is given below:

DgpN
a
p ¼ y (2.44)

Dgp is the plastic shear strain range. Np is the number of cycles to failure, y is the

inverse of the fatigue ductility coefficient, and a is a material constant.

ΔWp 

ΔWe 

Δτ 

Δγp Δγe

Fig. 2.2 Cyclic stress–strain

hysteresis loop
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2.5.2 Creep Strain Range Fatigue Models

Creep strain range fatigue models account strictly for the cyclic creep deformation

in the solder joints. Early attempts at modeling creep were made by isolating the

elastic and plastic deformation mechanisms. Creep, as mentioned previously, can

be separated into two possible mechanisms, matrix and grain boundary creep.

Knecht and Fox [23] proposed a simple matrix creep fatigue model relating the

solder microstructure and the matrix creep shear strain range given below,

Nf ¼ C
Dgmc

(2.45)

The number of cycles to failure, Nf, is related to a constant C, which is dependent

on failure criteria and solder microstructure. Dgmc is the strain range due to matrix

creep.

2.5.3 Creep-Fatigue Interaction Model

By applying Miner’s linear superposition principal, both plastic and creep strain can

be accounted for in strain-based fatigue model [24]. This model combines the

Solomon fatigue model with the Knecht and Fox creep model and is given below:

1
Nf

¼ 1
Np

þ 1
Nc

; (2.46)

where Np refers to the number of cycles to failure due to plastic fatigue and is

obtained directly from the Solomon’s fatigue model, Nc refers to the number of

cycles to failure due to the creep fatigue and is obtained from the Knecht and Fox’s

creep fatigue model.

2.5.4 Frequency Modified Plastic Strain Range Method

The constants in the Coffin–Manson model are dependent on temperature and

cyclic frequency. The modified Coffin–Manson model [25] given below:

Nfn k�1ð Þ
h im

Dep ¼ C; (2.47)
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where

n k�1ð Þ ¼
n k1�1ð Þ for 1 Hz� n� 10�3Hz

n
10�3

� � k2�1ð Þ
10�3
� � k1�1ð Þ

for 10�3Hz>n� 10�4Hz

8><
>:

and, k1, k2, m, and C are dependent on temperature and frequency. The frequency

effect was compensated by this frequency-modified model. However, the tempera-

ture effect of LCF behavior is still a problem.

2.5.5 Energy-Based Models

Energy-based fatigue models form the largest group of models. These models are

used to predict fatigue failure based on a hysteresis energy term or type of volume-

weighted average stress–strain history.

A modified energy-based LCF model [26], is given below,

Nfn k�1ð Þ
h im Wp

2sf
¼ C; (2.48)

where

n k�1ð Þ ¼
n k1�1ð Þ for 1 Hz� n� 10�3Hz

n
10�3

� � k2�1ð Þ
10�3
� � k1�1ð Þ

for 10�3Hz>n� 10�4Hz

8><
>:

and, k1, k2, m, and C are dependent on temperature and frequency.

An empirical plastic work model was developed by Darveaux [2, 16] for solder

joint subject to thermal cycling tests and is used to predict the crack initiation and

crack growth behavior using the equations given below:

N0 ¼ K1DWK2 (2.49)

da

dN
¼ K3DWK4 ; (2.50)

where DW is the plastic work, a is the area of the solder joint where a fatigue crack
will grow till failure, K1, K2, K3, and K4 are constants fitted to the test data. This

model must be used with a calibrated FEA model with a specific element size and

volume.
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The plastic work, DW, calculated must be normalized by the volume of the

solder elements used for fatigue analysis.

DWave ¼
P

DW 	 VP
V

; (2.51)

where DWave is the average plastic work and V is the volume of each element

selected for analysis.
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