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Abstract  Microelectromechanical systems (MEMS) are made of components in the range of 1 to 100 
micrometers. These systems have a large application in electrical and electronic devices. The manufacturing of 
MEMS categorized under semiconductor device branch fabrication. The performance of such precision material 
very strongly depended on the mechanical and fracture properties of the composite material they get fabricated from. 
A MEMS thin strips are manufactured by bonding a thin copper film on a substrate of glass-reinforced laminated 
fabric with an epoxy resin binder. Generally, the tested samples are glass fiber laminates with a 1.5mm thickness 
having 35-micron copper layer. Two sets of samples were cut; first ones are in the form of a flat specimen with a 
small hole at the center for size effect tests whereas, the second ones are double edge notch (DENT) specimens for 
essential work of fracture tests. The fracture toughness of such material is measured using essential work of fracture 
tests. These types of material are considered a quasi-brittle material which mainly anisotropic material, therefore, the 
size effect is tested over this material. The results showed that the essential work of fracture for this MEMS material 
is measured as 72.883 𝑘𝑘𝑘𝑘/𝑚𝑚2 and is subject to size effect which make a reduction in nominal strength namely 15%. 
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1. Introduction 

Composite material nowadays has a competitive role in 
electronic [1] industry. Microelectromechanical systems 
(MEMS) have largely influenced by mechanical and 
thermal properties in case of reliability and performance 
[2]. A lot of studies had been conducted to modeling, 
design, selecting and production process of (MEMS), 
while studies in the characteristic of its reliability and 
durability in mechanical an fracture behaviors under loads 
are not fully understood [3].  

Hassan et al. [1] investigated the fatigue behaviors of 
thin copper film bonded to the steel substrate using two 
types of bonding technique; one of them is epoxy resin  
the other is the diffusion bonding. They concluded that  
the fatigue performance enhanced with the diffusion 
technique.  

Ballarini et al. [3] studied the fracture Jc for polysilicon 
specimen machined in a similar and identical way for 
MEMS. They reported that there is a factor 4 larger than 
release energy of a single crystal.  

Espinosa et al. [4] studies fracture toughness of MEMS 
material fracture toughness and thin film used in these 
fields. They measured fracture toughness behaviors of the 
ultra-nanocrystalline diamond. They established that 
initiation fracture for bland crack larger than that of a 
sharp crack tip, they give a correction factor value for the 
material using the model of Drory et al. [5]. 

Kahn et al. [6] measure the fracture toughness of 
polysilicon MEMS devices using finite element analysis 
for experimental results. These experimental results were 
obtained using an especial sharpened mechanism to ensure 
accurate crack initiation and propagation perdition. The 
fracture toughness of MEMs was measured in, finite 
radius notch, which is not the actual mems case, for the 
study of Sharpe, et al [7] and Tsuchiya et al. [8]. They 
fractured their specimen using a piezoelectric load cell.  

Abdellah [9] used essential work of fracture (EWF) to 
measure thin aluminum strip. A simple numerical model 
using finite element is extracted to predict the parameters 
of EWF. The experimental results were in good agreement 
with the proposed model, but the specimen was on  
the scale of a millimeter. Copper thin film bonded to a 
steel plate substrate is quasi-brittle material supposed 
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commonly subjected to size effect as reported in many 
other works [10-19]. 

Hassan et al [20] used cohesive zone model to predict 
size effect of glass fiber reinforced epoxy. The results of 
quasi-brittle material predicted well with the produced 
model. 

Mohammed et al. [21] investigated size effect of quasi-
brittle material using both analytical model and 
experimental test. They established good prediction for 
size effect and give reasons for these effects and find some 
resolved the problem of size effect. 

2. Goal of the Present Study 

The present work has two main goals, they are as 
follows; 

1-Evaluation of static surface release energy using 
essential work of fracture method 

2-Establish size effect over copper thin film bonded to 
composite structure used in MEMs fabrication 

The paper methodology is as follows; in the first 
section, material and experimental methods are outlined, 
second section deals with results and discussion and the 
conclusions are done in the final section. 

3. Material and Testing 

The Composite structure is made of a glass fiber 
reinforced epoxy laminate of 1.5 mm thickness. 24 layers 
of woven glass fiber are used as a substrate while a thin 
film of copper of nearly 35micron is bonded to the base 
material using epoxy resin film as shown in Figure 1. The 
chemical composition and mechanical properties of the 
copper and epoxy are listed in Table 1 and Table 2. The 
DENT specimen with 40 mm width according to [22,23] 
is tested as shown in Figure 2, to complete failure at a 
universal testing machine (model machine WDW-100) of 

maximum capacity 20 kN. The crack is cut, using Proto 
Mat S103 PCB milling machine from LPKF, with 1mm 
diameter end mill cutter. The DENT specimen is selected 
to avoid buckling, this because of the specimen symmetry 
(see Figure 2). The sharp load drop is affected by the 
specimen buckling [24,25,26,27]. The cross-head speed of 
the test is selected to be of 2 mm/min according to [28]. 
Five specimens are tested for each various ligament 
lengths of (2, 4, 8, 12, 16, 20, 24 and 28) at room 
temperature [29]. The mechanical energies yW  and ppW  
are calculated from the integration of the resulting  
load-displacement curves according to the following:  
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where 0δ , δ  are displacement at 0.02% offset and at 
failure repetitively and p  is the applied load.  

 f e pW W W= +  (3) 

The obtained total energy fW  (measured using Eqn. 3) 
is plotted corresponding ligament lengths L (see Eqn. 4). 
The displacement at fracture ( )bδ  can be plotted against 
ligament length L according to [22].  
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A MEMS plate is of 1.5 mm thickness, 150 mm length 
was cut into specimens of five different hole diameters, 
d=0.5 mm, 1 mm, 2 mm, 3 mm, 4 and 5 mm and with a 
width to diameter ratio (w/d) equal 6 [20,30]. The open 
hole tension test matrix is listed in Table 3. 

Table 1. Chemical composition of copper film and base glass fiber [1] 

phase Al Ni Sn Pb Fe Zn Mn 

Copper film 0.0005> 0.0005> 0.0005> 0.0005> 0.0005> 0.0005> 0.0005> 

Glass fiber E-glass -roving-pl=2200 gm/km 

Epoxy Resin-Kemapoxy(150RGL) 

Table 2. Mechanical properties [1] 

phase Young modulus, E (GPa) Thermal of linear expansion, 𝜶𝜶/𝑲𝑲 

Copper film 123 1.68 x 10-5 

Glass fiber 24(Length Wise), 21 (Cross Wise) 4.0 x 10-5 

Epoxy 1.2-4.5 ----------------- 

Table 3. Electrical properties  

phase Electrical Resistivity, ρ (Ω•m) Dielectric Strength, V/𝒎𝒎𝒎𝒎𝒎𝒎 

Copper film 1.68×10−8 [22] --------------- 

Glass fiber 10 [23] >762 [23] 

Epoxy >1x105 [24] 500 [24] 
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Table 4. Experimental matrix program 

Diameter Width Ratio w/d Number of specimens used 

d1=0.5 3 6 5 

d1=1 6 6 5 

d2=2 12 6 5 

d3=3 18 6 5 

d4=4 24 6 5 

d5=5 30 6 5 

d5=6 36 6 5 

d5=7 42 6 5 

 

 

Figure 1. Schematic diagram of MEMS specimen 

 

Figure 2. schematic drawing of double edge notched test (DENT) 
specimen [9] 

 

Figure 3. Open hole specimen for size effect test 

4. Results and Discussion 

Figure 4 show load-displacement diagram for each 

specimen ligament, it is well knowing that area under 
load-displacement relation give total work done in fracture 
and tearing of the deformed material. The total work done 
Wf is plotted for each corresponding ligament length 
according to that of equation 4. This plot is shown in 
Figure 5, which gives two main parts of the essential work 
of fracture; the essential work We which can be called 
fracture release energy and non-essential work which is an 
indication of plastic work done dissipated through 
specimen fracture ( )pw Lβ . The essential work of 

fracture is the intersection point between the linear line of 
fitting with the vertical (Y) axis and is measured nearly as 
72.883 𝑘𝑘𝑘𝑘/𝑚𝑚2. The failure mode for all tested specimen  
is net tension with orthogonal failure plan as seen in 
Figure 6. There was fiber tension and breakage for all 
specimen this is attributed to good adhesive of the used 
composite laminates. No delamination was observed 
through laminate structure or through copper thin film 
composite laminates interface, this is due to good 
dependability between the material. The release energy or 
the essential work of fracture has an increasing value 
compered to glass fiber reinforced epoxy only nearly in 
rang of 20-30 [31], this is really attributed to the exit of 
copper thin film which give some isotropy and make the 
hybrid composite more effective and can withstand the 
electronic application with subjected to high frequencies 
of electricity. The hybrid composite plate as quasi-brittle 
material is subject to the size effect. Figure 7 shows size 
effect over all the tested matrix specimens. It is observed 
that strength decreases with specimen size increase with 
nearly 15 % by increasing specimen size from 0.5mm 
diameter and 3 mm width to 7 mm diameter and 42 mm 
width specimens. This mainly returns to that the thin 
copper film glass fiber composite laminates are 
anisotropic material and with the size increase flaws 
increase inside the specimen and stress concentration 
factor increase around crack tip. However, the percent of 
decrease is less than that of glass fiber composite 
laminates only as the thin copper film give some isotropy 
to the global composites. The size effect nearly stable with 
the increasing specimen size at 4 mm diameter to 7 mm 
diameter the percentage very small nearly 3%. As clearly 
observed in Figure 8. Modes of failure for all tested 
specimen is neat tension around the holes with right angle 
to it (see Figure 9). No shear band observed, also no serve 
delamination was observed just at the crack plan with 
some fiber pull out and breakage. 
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Figure 4. load-displacement relation function with various ligament 
length 

 

Figure 5. EWF fitting for total work verse ligament length  

 

Figure 6. Modes of failure in DENT 

 

Figure 7. Stress-strain diagram for open hole composite structure 

 

Figure 8. Size effect curve in composite structure  

 

Figure 9. Modes of failure in open hole specimen 

5. Conclusion 

Thin copper layer bonded on glass fiber epoxy 
composites are considered as a hybrid composite material 
which is widely used in MEMS device industry. Fracture 
energy has great importance in such material when using 
this important parameter in the modeling and the 
prediction of the strength of these materials based on 
cohesive laws or even to characterize the mechanical 
properties. The release energy GIC for mode-1 is measured 
as 72.883 𝑘𝑘𝑘𝑘/𝑚𝑚2  using essential work of fracture 
technique. The tested composites are considered as quasi-
brittle hybrid material therefore, size effect is observed to 
decrease nearly strength of open holes to 15% for smaller 
size. These observations give designer necessary 
knowledge and information when using these materials in 
applications have applied loads or frequencies amplitude. 
This experimental work provides a new characteristic 
study of fracture mechanics concept and cracking in thin 
copper layer based composite laminates. 
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