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Fig. 2.3  Systematic error for a simulated translation test for bicubic interpolation function.
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Fig. 2.4  Schematic of the effect of subset length (L) on the attenuation of a sinusoidal function, and 

the result of sensitivity for displacement and strain against the subset length obtained from the 

first-order deformation model. 
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Fig. 2.5  A model of effective region.           Fig. 2.6  Distribution of the weight function. 
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Fig. 3.1  Experimental apparatus for observing a micro-region.
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Fig. 3.2  Surface image of the aluminum sprayed with black ink. 
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Fig. 3.3  Cumulative probability of the measured displacement by DICM using two consecutive 

images. 

 

 

 

Fig. 3.4  Characteristics of the light intensity sampled on the pixel. Time-dependency (left), 

Cumulative probability (right). The data length of light intensity is 10 bits. 
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Fig. 3.5  Measured displacement field for the translation of (-20μm, 20μm). 
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Fig. 3.6  Lens aberration model. Radial distortion (left), decentering distortion (right). 

 

 
Fig. 3.7  Coordinate system for the pinhole-camera model. 
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Fig. 3.8  Coordinate system for calibration method. 

 

 

 

Fig. 3.9  Distributions of image distortion. 
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Fig. 3.10  Measured displacement field for the translation of (-20 μm, 20 μm) combining with the 

proposed image correction method. 
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3.3  

3.3.1  
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3.2

3.12 (Print circuit board: PCB)

 

 

 

 

Fig. 3.11  Detailed configuration of the heating stage. 

 

 

 
Fig 3.12  Configuration of a print circuit board. 
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Fig. 3.13  Variation of the curvature of a PCB specimen during thermal cycle test. 

 

 

Table 3.1  Temperature histories for the DICM measurements of a PCB specimen. 
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Fig. 3.14  Distributions of measured strain field for state B. (a): schematic of measured region. 

Figures (b), (c) and (d) represent x, y and xy respectively. 
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Fig. 3.15  Homogenized strain along y-direction. 

 

 

 

Fig. 3.16  Comparison between curvature measured using the DICM and that measured using a 

laser displacement meter. 
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Table 3.2  Material properties of materials in a chip embedded board. 
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Fig.3.17  Schematic of a chip embedded board. 

 

 
Fig. 3.18  Obtained image and a measured region for the DICM. 

 

 

Fig. 3.19  Analysis model for the finite element method. 
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Fig. 3.20  Distributions of strain field around the corner of a Si chip measured by DICM. 
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Fig. 3.21  Distributions of strain field around the corner of a Si chip calculated by finite element 

method under plane stress condition. 
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Fig. 4.1  Fracture toughness versus bond thickness curve. 
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Fig. 4.2  Cavitations in damaged rubber modified epoxy resin observed by TEM. 

 

4.2.2  

A

NBR NBR

NBR Methyl Ethyl Ketone MEK JSR

NBR MEK 15wt% 85wt%

NBR Methyl Ethyl Ketone MEK

MEK MEK

100 g 5 g

83.3 wt% NBR12.5 wt% 4.2 wt%

 

Gurson f0

Mises

y 0

f0



 
 

4  
 

46

Gurson

4.3

4.1 f0 = 0.30, 0.35

f0

MSC MarcTM

Updated Lagrange  

 

 
Fig. 4.3  Stress-strain curves for tensile and compression tests (Three-dimensional analyses). 

 

Table 4.1  Material properties of the rubber modified epoxy resin. 
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Fig. 4.4  A compact tension (CT) adhesive joint specimen (W=48mm, B=8mm, a/W=0.5). 
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Fig. 4.5  A CT specimen of bulk epoxy resin (W=48mm, Thickness = 8mm, a/W=0.5). 
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Fig. 4.6  Load-displacement curve for each specimen. 

 

 

Table 4.2  Material properties of the aluminum. 

 

 

 

 
Fig. 4.7  Fracture toughness versus bond thickness curves obtained by the experiment and the 

analysis. 
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Fig. 4.8 Distribution of void volume fraction ahead of a crack tip. 
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Fig. 4.9  Configuration of the measurement system. 

 

 

 

 
Fig. 4.10  Captured image example. 
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Fig. 4.11  Load-displacement curve for each specimen during the observation. 

 

 

 

Fig. 4.12  Distributions of yy around a crack tip for a bulk specimen (1 pixel = 2.5 μm). 

 

 

 

Fig. 4.13  Distributions of yy around a crack tip for an adhesive joint with 3.5 mm bond thickness 

(1 pixel = 2.5 μm). 
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Fig. 4.14  Distributions of yy around a crack tip for an adhesive joint with 1.8 mm bond thickness 

(1pixel= 1.5 μm). 

 

 

 

Fig. 4.15  Distributions of yy around a crack tip for an adhesive joint with 0.7 mm bond thickness 

(1 pixel = 0.625 μm). 
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Fig. 4.16  FEM model of an adhesive joint with 3.5 mm bond thickness. 
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Fig. 4.17  Temperature variation of coefficient of thermal expansion for the rubber modified epoxy 

resin. 
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Fig. 4.18  Distributions of yy around a crack tip for an adhesive joint with 3.5 mm bond thickness. 
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Fig. 4.19  Distributions of yy around a crack tip for an adhesive joint with 0.7 mm bond thickness. 
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Fig. 5.1  Photograph of an experimental apparatus. 

 



 
 

5.2  65

 

Fig. 5.2  Surface images of an aluminum specimen observed by microscopes (LSM = laser 

scanning microscope). 
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Fig. 5.3  Measured displacement field by DICM using the images of two stationary states taken by 

an optical microscope. 

 

 

 

Fig. 5.4  Measured displacement field by DICM using the images of two stationary states taken by 

a laser scanning microscope. 
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Fig. 5.5  The error of displacement field for tpre = (50 μm, 0 μm)T. 

 

 

 

Fig. 5.6  The error of displacement field for tpre = (0 μm, 50 μm)T. Left: ex, right: ey. 
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Fig. 5.7  Schematic of image formation process in a laser scanning microscope. Light intensity data 

are sampled in 12-bit lengths on the 1024  1024 grid array. 
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Fig. 5.8  Schematic diagram of the rotation process. 

 

 

 
Fig. 5.9  Distortion maps of DS

0. The subset size M is 75 pixels, and the magnification is 2.5 

μm/pixel. 
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Fig. 5.10  Distortion functions of DS
1 . The subset size M is 2 pixels and the magnification is 2.5 

μm/pixel. 

 

 

 
Fig. 5.11  Distortion function of DTx estimated for the condition in a stationary state. The subset 

size M is 75 pixels, and the magnification is 2.5 μm/pixel. 
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Fig. 5.12  The error of displacement field with image correction for tpre = (50 μm, 0 μm)T. 
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Table 5.1  Standard deviation of deformation components in the measured region. The subset size 

M is 10 pixels and the magnification is 2.5 μm/pixel. 
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Fig. 5.13  Effect of the degree of mechanical rotation on the accuracy of DT detection. 
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Fig. 5.14 Cross-section image of a FC packaged specimen. 
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Fig. 5.15  Young’s modulus of buildup resin and underfill resin. 

 

 

 
Fig. 5.16  Coefficients of thermal expansion of the buildup resin and the underfill resin. 
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Fig. 5.17 Cutting condition of the specimen 
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Fig. 5.18  Photographs of an experimental apparatus with a heating chamber. 

 

 

 

Fig. 5.19  An image of painted surface applied to DICM measurement. 
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Fig. 5.20  A temperature profile during DICM mesurements. 

 

 

 

Fig. 5.21  Distributions of measured strain after heating from 25ºC to 125ºC. 
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Fig. 5.22  Analysis model for FEM. 

 

 

Table 5.2  Stress-strain relationship of Sn-Ag-Cu solder. 

 

 

 

Table 5.3  Material properties of the components of a FC package. 
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Fig. 5.23  Distributions of strain calculated by the FEA after heating from 25ºC to 125ºC. 
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Fig. 5.24  Modified results for FEA using the higher Poisson’s ratio 0.48 of the underfill resin. 
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Fig. 6.1  Out-of-plane deformation model of the subset. 
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Fig. 6.2  AFM apparatus employed in this 

study. 

Fig. 6.3  Surface image of etched aluminum 

specimen observed by an AFM (10  10 μm2). 

 

 

 

Fig. 6.4  Surface topologies within a single scanned line. 
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Fig. 6.5  Distributions of displacement field measured by DICM using two consecutive images. 
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Fig. 6.7  Distributions of displacement field measured by DICM using 0º-scanned image and 

90º-scanned image. 
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Fig. 6.8  A sequence for obtained AFM images. 

 

 

 

Fig. 6.9  Distributions of drift distortion at 0º-scanned image. 
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Fig. 6.10  Distributions of displacement field along the y-direction measured with and without 

image correction. 
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Fig. 6.11  The effect of the gradients of w in the correlation function on the accuracy of measured 

displacement. 
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Fig. A.1 Distorted finite elements around a crack tip for crack extension. 

 

 

Fig. A.2 Domain A surrounding a crack tip. 
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Fig. A.3 FEM model of an adhesive joint with 3.5mm bond thickness (for J-integral analysis). 

 

 

Table A.1 Number of total nodes and finite elements of each model for J-integral analyses. 
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