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Fig. 1.1 Electromechanical products with resin molding structure.
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Fig. 1.2 Cross-sectional view of linear servo motor.
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Fig. 1.3 A thermal fatigue crack of epoxy molding resin found in a semiconductor

package after thermal cycles.
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Fig. 2.5 Specimen of thermal test.

36



Machined slit

Epoxy resin

Fig. 2.6 Photograph of thermal fatigue test specimen.
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Fig. 2.7 Temperature history of thermal fatigue test.
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Fig. 2.8 Experimental result of DMA test.
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Table 2.1 Apploximated coefficients of prony series.

E, [Pa] T, [sec]
5.94E+08 1.00E-21
7.38E+07 3.16E-21
4.38E+08 1.00E-20
1.05E+08 3.16E-20
4 48E+08 1.00E-19
2.85E+08 3.16E-19
2.76E+08 1.00E-18
3.13E+08 3.16E-18
9 3.16E+08 1.00E-17
10 3.09E+08 3.16E-17
11 3.07E+08 1.00E-16
12 3.09E+08 3.16E-16
13 3.08E+08 1.00E-15
14 3.06E+08 3.16E-15
15 3.03E+08 1.00E-14
16 291E+08 3.16E-14
17 2.88E+08 1.00E-13
18 2. 88E+08 3.16E-13
19 2.80E+08 1.00E-12
20 2.73E+08 3.16E-12
21 2 .66E+08 1.00E-11
22 2.59E+08 3.16E-11
23 2.54E+08 1.00E-10
24 242E+08 3.16E-10
25 2.37E+08 1.00E-09
26 2.29E+08 3.16E-09
27 2.18E+08 1.00E-08
28 2.12E+08 3.16E-08
29 2.06E+08 1.00E-07
30 2.08E+08 3.16E-07
31 2.17E+08 1.00E-06
32 2.30E+08 3.16E-06

=] BN 1 =) V1) o RORS ] el Bl

33 2.37E+08 1.00E-05
34 2.34E+08 3.16E-05
35 2.29E+08 1.00E-04

36 2.36E+08 3.16E-04
37 2.83E+08 1.00E-03
38 3.61E+08 3.16E-03
39 4.17E+08 1.00E-02
40 4.38E+08 3.16E-02
41 5.04E+08 1.00E-01
42 641E+08 3.16E-01
43 8.68E+08 1.00E+00
44 1.13E+09 3.16E+00
45 1.38E+09 1.00E+01
46 1.55E+09 3.16E+01
47 1 49E+09 1.00E+02
48 1.13E+09 3.16E+02
49 1.75E+09 1.00E+03
30 1.51E+09 3.16E+03
31 2 88E+08 1.00E+04
52 1.97E+08 3.16E+04
53 1.85E+08 1.00E+05
54 2.87E+07 3.16E+05
55 9.86E+07 1.00E+06
36 3.03E+07 3.16E+06
57 2.00E+07 1.00E+07
38 3.16E+07 3.16E+07
59 1.73E+07 1.00E+08
60 6.07E+06 3.16E+08
61 343E+07 1.00E+09
Le 4.45E+08 =
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Table 2.2 Mechanical properties of epoxy resin.

Visco-elastic properties Eq. (1), (2)
CTE Fig. 2.12
Poisson ratio v=03

Table 2.3 Mechanical properties of invar.

F [GPa] v a [ X105K] 0,5 [MPa] o, [MPa] W [%0]
137 0.27 1.2 282 450 75
E : Young's modulus, v Poisson ratio, a . Coefficient of thermal expansion,

Gy, - 0.2% proof stress,

44

oy Tensile strength,

v ;. Reduction of area
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Fig. 2.12 Thermal expansion property of epoxy resin.
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Fig. 2.13 Photographs of specimen for thermal strain evaluation.
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Fig. 2.14 Comparison of experimental and numerical results of thermal strain

evaluation.
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Fig. 2.15 FE model of thermal fatigue test specimen (a =15mm).
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Fig. 2.16 An example of SIF determination by stress extrapolation method.
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Fig. 2.18 Relation between the stress/strain distribution and SIF in the vicinity of a

crack tip.
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Fig. 2.19 Schematic illustration of plastic zone in the vicinity of a crack tip.
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Fig. 2.22 Schematic illustrations of S-S curves of metal and polymer.
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Fig. 2.23 Observed fatigue crack after thermal cycle test.
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Fig. 2.24 Measured fatigue crack length during thermal cycle test.
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Fig. 2.26 Schematic illustration of stress relaxation during thermal cycles.
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Fig. 3.1 A thermal fatigue crack of epoxy molding resin found in a semiconductor

package after thermal cycles.

71



Epoxy matrix
Filler particle

\
O Qd% 008{)0 OOQDO

Q(%\—gg OSON p OO S

(1) interface (2) crack initiation
delamination

[Positive effect] [Negative effect]

Strain reduction, or Crack initiation because of

crack growth resistance stress concentration

Fig. 3.2 Positive/Negative effects of filler particles in epoxy resin matrix.
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Fig. 3.3 Fabrication flow of fatigue test specimen.
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Fig. 3.5 Load - Displacement curve of 3-point bending test.

Table 3.1 Mechanical properties of epoxy resin.

I [GPa] g, [MPa] 7,[C]
2.58 104 65
E : Young's modulus, o, . Bending strength,

T, : Glass transition temperature
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Fig. 3.6 Shape and dimension of specimen.
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(a) SEM micrograph
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(b) Schematic illustration

Fig. 3.7 Shape of initial notch fabricated by FIB.
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Fig. 3.8 S-N curve of the epoxy resin.
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Fig. 3.9 SEM micrographs of the fracture surface (o, = 40 MPa, Nf= 3.7 X 10%),

(a) Macro image, (b) Magnified view of area A shown in (a).
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(D) N=6.0X10* (c) N=8.0X10*

50 um = 50 um

(N=1.0X105 () N=12X105 {HN=1.7X10

Fig. 3.10 Optical micrographs of the fatigue cracks (Stress amplitude o, = 20MPa,
the scale of photographs (a), (b), (¢) is different from that of (d), (e), (f))
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Fig. 3.11 Optical micrographs of the fatigue cracks (Stress amplitude o, = 15MPa)
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Fig. 3.12 Fatigue crack growth curves.
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2a=198um

Fig. 3.13 Estimation of crack front shape from the fracture surface.
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Fig. 3.14 FE model for calculating SIF near the FIB notch root.
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Fig. 3.15 Relation between surface crack length vs SIF.
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Fig. 3.16 Fatigue crack growth rate curve.
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