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Abstract. Electronic packages with complete encapsulation by compound are in
the research objective for the represented study. Encapsulation designed to provide
reliable protection against all climatic impacts and increases mechanical strength of
the package becomes the reason for potentially destructive mechanical stress that
appears when packages are subjected to thermal impacts due to internal mechanical
Interaction between sealed components and sealant caused by difference of their
physical and mechanical characteristics. The Lame-Gadolin theory that considers in-
teraction of compound thick-walled cylinders in form of axially symmetric problem has
been substantiated for the stress calculations in electronic components represented
as the solids of revolution surrounded by the layer of compound and subjected to si-
multaneous action of pressure and temperature. Statically indeterminate problem was
solved with considerations in the material properties and compatibility in deformations
in order to define radial, tangential stresses and strain in both electronic components
and compound. Calculation formulas for radial and tangential stresses in both elect-
ronic component and compound, and the contact pressure at the boundary between
two joint cylinders were represented for the case of stabilized temperature drop,
which represent the ultimate thermal impact on the encapsulated package. The taken
considerations provide stress calculation for sealed components at the arbitrary form
of encapsulation, what means irrespective to sealant profile, on only condition that
compound thickness is 4 times higher than component’s external radius. Since mate-
rials of copmound and compound are in complicated stressed condition their strength
assessment is performed by using third strength theory or theory of greatest tangen-
tial stresses.

Keywords: strength, stress, strain, electronic package, electronic component,
compound, encapsulation, thermal impact, pressure.
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AHomauyisi. O6’ekmoM npedcmassieHo20 OOCIOXEHHS € €eNIeKMPOHHI MOOyIri
3 [I0OBHOK 2epmemua3auyieto KomnayHOoM. ['epmemu3sauis, npusHadyeHa 0nsa 3abesne-
YeHHs1 HaOllUHOo20 3axucmy 8i0 yCiX KniMamu4yHUX ernnusie ma nioguuweHHs MexaHi4YHol
MIUHOCcmMI MOOyriie, cmae MPUYUHOK Mos8U MOMEHUIUHO PYUHIBHUX MexaHIYHUX Ha-
NpY)XXeHI, IKI sUHUKaromb, 8 yMo8ax KOoJiu MOOYII niodarombCcs ernnusy mepmMoyoapis,
yepe3 SHYMPIWHK MexaHIYHy 83a€EMOOIK MK 2epMemu308aHUMU KOMMOHeHmamu
ma 2epMemuKOM, UKJ/IUKaHI PI3HUUer ix bi3u4HO20-MexaHIiYHUX XapakKkmepucmuk.
Teopisi Jlama-laoorniHa, sika po3anisioae 83aEMOO0IK0 CrosTy4EeHUX mOo8CMmMOCMIHHUX Yu-
niHOpie y ¢bopMi oce-cuMempu4HOI 3adayi, obrpyHmoeaHa 05l po3paxyHKie Haripy-
XEHHS 8 eJIeKMPOHHUX KOMMOHeHmMax, rnpeocmassieHux y euansoi minn obepmaHHs,
OMOYeHUX wapoM KomnayHoy ma rnicoaHux oOHoYacHil Oif mucKy i meMnepamypu.
Cmamuy4Ho Hegsu3Ha4yeHa 3ada4a eupiwysanacs 3 epaxysaHHsIM erlacmusocmel Ma-
mepiany ma cymMicHocmi degpopmauit 3 Memor 8U3HaYeHHs1 padiaslbHUX, maHa2eHUi-
aNbHUX HanpyxeHb ma oegbopmMauil sik 8 efileKmpPOHHUX KOMIMOHeHmMax, mak i 8 KoOM-
nayHol. @opmyrnu po3paxyHKie OnAa padianbHux | maH2eHUlallbHUX HaripyXxeHb SK
8 e/IeKMPOHHOMY KOMMOHEeHMI, makK | 8 KOMnayHOIl, @ maKkoX KOHmakmHuu muckK Ha
MeXi MK dgoMa criosiydeHuMu yuniHopamu bynu npeocmasrsieHi 0515 eunadcky cmabi-
N1i308aH020 nepenady memMnepamyp, Wo npeocmassise epaHu4HUlU mennosuu ennue
Ha zepMmemu3oeaHuli MoOysnb. BpaxoeaHi MIipKyeaHHsI 3abes3nedyyromb po3paxyHOK
Haripy)xeHb 0719 2epmMemu308aHUX KOMIOHEeHMI8 npu 008iNbHil ¢hopmi 2cepMmemu3aulr,
WO O3Ha4yae He3asileXxHo 8i0 npogbinto 2epMemuka, fnuwe 3a yMosu, WO mos8ujuHa
2epMemuKky e 4 pa3u nepesuulye 308HIWHIU padilyc KoMrnoHeHma. OCKInbKU Mamepi-
aslu KOMoHeHmMie ma zepmemucky nepebysarome y CKlnaOHOMY Harnpy>XeHoOMYy CMmaHi,
IX OUIHKY MIUHOCMI nNpo8odsmb 3a O0MOMO20K mpembOoi meopii MiUHOCMI YU meopii
Haubinbwux maHaeHyiarnbHUX HarpyXeHsk.

Knro4oel cnoea: MIUHICMb, HarnpyXxeHHs, oegpopMayisi, enekmpoHHUU MOOYI/Ib,
e/leKmpPOHHUU KOMIIOHEeHM, KOMnayHOo, eepMemu3sayisi, mepmoyoap, muck.

Introduction

Miniaturization trend to manufacture ever smaller electronic products and devices
causes strength and reliability loss in their components. The special attention is drawn
to electronic packages (modules), which are exposed to harsh environment, such as
vibration, temperature drops, humidity, pressure and other impacts while their opera-
tion. Such packages demand design approaches aimed at environmental protection,
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one of which assumes using electronic packages designed by applying partial or
complete printed circuit boards (PCBs) coating, encapsulation or sealing enclosure
(fig. 1), which may be used alone or in combination [1]. Such electronic modules are
widely installed on board of land transport, airplanes, rockets, ships, trains efc.
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Fig. 1. Types of electronic packages design:
a) unsealed; b) partial substrate coating; ¢c) complete substrate coating;
d) partial encapsulation; e) complete encapsulation; f) sealed enclosure

Electronic packages with complete encapsulation (fig. 1, €) by compound are in
the research objective for the current study. Encapsulation provides reliable protection
against all climatic impacts and increases mechanical strength of the modules. Ho-
wever, during thermal tests in the temperature range from +70 to —60 deg C within
1 hour exposure at ultimate temperatures or while operation, when subjected to ther-
mal impacts, the modules sustain internal mechanical interaction between sealed
components and sealant caused by difference of their physical and mechanical cha-
racteristics. This interaction produces mechanical stresses [2] potentially destructive
for the weakest links in the module. Compound damages disrupt encapsulation and
cause breakdown of the whole module. Destruction or damage to electronic compo-
nents inside the module causes either breaks of the electric circuit [3] or deviation of
parameters and finally, malfunction of the module. Such consequences are irreversi-
ble since encapsulated modules are not repairable. Mechanical stresses produced by
thermal impacts cause up to 40% of breakdowns in electronics and up to 60% failures
In aviation electronic packages, worsen their precision and distort parameters. The
costs of such breakages can be very high.

Although the other research [1,4,5] represented solutions for the strength prob-
lems in electronic components, development of calculative and experimental methods
remains actual for strength assessment in joint system of sealed components and the
sealant. Therewith consideration of thermal impacts and real values of physical and
mechanical characteristics of joint materials is necessary.

The represented research is aimed at developing stress estimation method for
encapsulated electronic packages subjected to thermal impacts.

Research objective representation
Encapsulated packages are designed by applying compound sealing enclosure to
printed circuit board populated with electronic components. The majority of encapsu-
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lated discrete electronic components vulnerable to stress are represented by solids of
revolution. Such components are resistors, ceramic tube capacitors, diodes, sealed
pins and others sealed with compound.

Sealing technology is performed by the following steps. Electronic packages,
which are PCBs with installed electronic components, and compound are heated to
polymerization temperature and therewith receive independent expansion. Then
packages get filled and hereby encapsulated with compound, and placed to thermo-
stat until polymerization is finalized, where chemical shrinkage of compound provokes
slight contact pressure and stress. At the final step the product is cooled to normal
temperature. Since then compound is bonded to electronic components and the
package represents a solid body with numerous heterogeneous inclusions.

As consequence of difference in coefficients of thermal linear expansion and oth-
er physical and mechanical characteristics the thermal impact produces contact pres-
sure in their contact boundary and hence generates stress in bonded materials.

In most common cases the electronic components represented as the solids of
revolution are surrounded by uneven layer of compound. Then the calculation
scheme will be represented as the cylinder virtually selected around electronic com-
ponent in the volume of compound. Hereby this scheme is brought to axially symmet-
ric problem of two cylinders interaction.

Lame-Gadolin theory application

Lame-Gadolin theory describes interaction of compound thick-walled cylinders
and considers axially symmetric problem. Thick-walled cylinder is assumed as cylin-
der whose wall thickness is greater than 1/10 of its average radius [6]. In the calcula-
tion scheme (fig. 2) the inner cylinder is forced by external surface contact pressure P
and by internal atmospheric pressure P, the outer cylinder is forced by internal sur-
face contact pressure P and by external atmospheric pressure P-..

Electronic component

2R,
2R,
2R:

Compound cylinder

Fig. 2. Axially symmetric problerh for compound thick-walled cylinders

The common case Is considered when electronic component and compound are
forced by pressures P4, P> and by temperature t = {(r, ) with respect to cylinder radius
r and time t. Thermal stresses caused by heating or cooling cylinders are added by
stresses caused by the pressure. Due to the axially symmetric forces the stresses

and strains are also axially symmetric.
The Infinitesimal element acdb is selected in the volume of cylinder as shown in
fig. 3. Normal stresses across element’s cylindrical surface of radius r are assumed as
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radial stresses o, which receive c,+do; increment at r+dr radius increment. Normal

stresses across the flat side faces are assumed as tangential stresses c;. The stress
direction shown in fig. 3 (b) is considered to be positive and the stresses — tensile.
The shear stresses are absent due to axial symmetry of the cylinder.

Assuming cumbersome formulas for stress estimation their deduction is skipped
so that final expressions are given in the further solutions.

Statically indeterminate structure
Static problem is normally solved by static equilibrium equations for the element

loaded by the following forces (fig. 3, ¢): o,rde-dz across the inner cylindrical face;

(c+dc;)(r+dr)do -dz across the outer cylindrical face; o;-dr-dz across the side faces.
Static equilibrium equation represents sum of all forces projected onto the X axis

Z X =—o,rdodz+ (o, +do, )(r +dr)dodz — 2(c ,drsin ?)dz =0.(1)

The transformation of (1) gives the expression
dc

r—r+o —c,=0. (2)
dr

(g+dg)(r+drjde
X =

Fig. 3. Strain and stress of infinitesimal element in the volume of cylinder
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Since there are two unknowns stresses o; and o;, but only one equilibrium equa-
tions, it does not have a unique solution. The structure is therefore classified as stati-
cally indeterminate. Considerations in the material properties and compatibility in de-
formations are taken to solve statically indeterminate systems or structures [6].

Compatibility in deformations defines mutual deformation in the contact boundary
between two jointed cylinders. The element (fig. 3, d) sustains axially symmetric strain
and causes radial displacements of all points in the cylinder. U stands for radial dis-
placement of cylindrical surface with radius r, then displacement of cylindrical surface
with radius r+dr is represented as U+dU.

Radial and tangential engineering extensional strains are expressed correspon-
dently as

_au. s=£. (3)

" dr ' p

Considerations in the material properties include coefficients of thermal linear ex-
pansion for the strain and stress calculations. Thermal change is represented by At,
which is radius rand time rvariant: At (r, 7) =t (r, 7) — tp, where t (r, 7) — temperature
distribution along the cylinder radius, fp — initial body temperature, r— time.

Hooke's law in expanded form expresses strain of element as sum of strains cau-
sed by pressures and thermal expansions. Radial, tangential and axial strains are
expressed correspondently as

1

£

e =—(0, —puo. —puo, )+ a At
> :
1
Sr:—E'—(GI—}JG:—].LGr)-l-CLAf, (4)
1 :
€. =E(G:—pcsr-uc,)+ocAt:const_

Solutions of these equations for stresses are represented as

E
C, = Lm0 —21) [(1 —e, +ue +pue. —(1+p)a At],
E
B, ey I 8, ~ (L e A, 5)
C. = [(1 —We_ +pe, +pue, —(1+p)a At] _

" (1+p)(1-2p)

Strain, stress and contact pressure in electronic component and compound

The formulas for radial stress o7, tangential stress o; and radial strain U in mate-
rial of electronic component (6—8) and compound (9-11) are represented in condition
that the low environmental pressures P; and P, are neglected with respect to much
higher contact pressure P.
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For the case when temperature drop At is stabilized calculation formulas for
stress and strain (6—11) become expessed as

G, =-— PR-ZZ—— l—ﬁ 6
" RI-R’ rt )’ =
PR} (R;
C, =— —+1], 7
| Rzz_Rlz("z J "
PR/ I+, >
U, =— - 1-2u, )— ‘R |, 8
I El(Rj_Rlzj[r( ul) Ny 1:| )
PR, (R
TR\ F ) >
3 4G |7
PR’ (R_f ]
G, = toge] melene ] | (10)
R} -R’\ R’
PR’ 1+u,)R? |
U, = 2R2 2 r(1—2u2)+( M | (11)
Ez(Rs "'R:z) 4 .

The stress diagrams in electronic component and compound calculated by formu-
las (6, 7, 9, 10) are shown in the figure 4.

Fig. 4. Tangential and radial stresses diagrams for:
a) electronic component; b) compound

Analysis of formulas (6, 7, 9, 10) specified maximal limit for outer radius of com-
pound cylinder R; to consider for calculation, which is 4 times higher than that of elec-
tronic component. Indeed, the further increment would only result in 1/16 strain inc-

rement. Besides, compound cylinder is assumed as endless large wall at 5-6% error
tolerance.
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The taken considerations provide stress calculation for sealed components irres-
pective to sealant profile on only condition that compound thickness is 4 times higher
than component's external radius. Since increasing pressure from compound out of
the zone of selected cylinder is insignificant with respect to maximal pressure found in
solution of symmetric problem it may be neglected in engineering calculations.

Formulas for stress and strain calculation in electronic components and com-
pound are functions of contact pressure P. In order to find contact pressure the con-
siderations in compatibility in deformations in the contact boundary between two joint
cylinders are taken

Uirer, =Us rer, - (12)
Substation of equations (8) and (11) into (12) and then solution with respect to P

gives the expression (13)
1+ p Jor, = (14, o, JAr (13)

i T T W
. E(R-R

E] (R:i' " Rlz )

Strength assessment

Since materials of resistor and compound are in complicated stressed condition
then their strength assessment should be performed by using strength theory [6]. Using
third strength theory or theory of greatest tangential stresses for assessing strength of
compound and ceramics of resistor represents the most interest.

Speaking specifically both resistor and compound are in three-dimensional stress.

Since the absolute value of longitudinal stress o, is considerably less than radial o,
and tangential o; stresses, it can be neglected and the stress condition is assumed as
two-dimensional.

Since o; > o, by the absolute value, for compound cylinder the following sta-
tement Is true

G, = (0, )r_p,» 0,=0, 0,=(0, )z (14)
Hence the strength condition is expressed as
2P.R?
i} c
Geq'v = (Gl o GS)max — 2 3._2 ‘<‘ [G] (15)

Analogous expression can be obtained for ceramic cylinder of resistor.

Conclusions

The Lame-Gadolin theory that considers interaction of compound thick-walled cy-
linders in form of axially symmetric problem has been substantiated for the stress cal-
culations in electronic components represented as the solids of revolution surrounded
by the layer of compound and subjected to simultaneous action of pressure and tem-
perature.

The statement has been made that maximal limit for outer radius of compound
cylinder considered for calculation is 4 times higher than that of electronic component,
hereby its further increment would result only in under 1/16 strain increment, what al-
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lows selecting a cylinder from compound around electronic component with the speci-
fied radius and with no respect to its profile.

The mathematical model has been developed for stress estimation in the joint of
electronic component and compound, which allows strength assessment for elect-
ronic components, represented as the solids of revolution, and also compound, at the
arbitrary form of encapsulation, subjected to thermal impacts.
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