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ABSTRACT 
 
Fracture and fatigue tests were carried out on micro-sized specimens prepared from an electroless 
deposited Ni-P amorphous alloy thin film using a newly developed mechanical testing machine, and the 
size effects on the fracture and fatigue crack growth behavior have been discussed.  Cantilever beam 
type specimens (10 x 12 x 50 µm3) with notches were prepared from a Ni-P amorphous thin film by 
focused ion beam machining.  Fatigue crack growth tests were carried out in air at room temperature 
under constant load amplitude using the testing machine for micro-sized specimens.  Fatigue crack 
growth resistance curves were obtained from the measurement of striation spacing on the fatigue surface.  
Once fatigue crack growth occurs, the specimens failed after several thousand cycles.  This indicates that 
the fatigue life of micro-sized specimens is mainly dominated by crack initiation.  Fracture tests were 
performed for the specimens with fatigue pre-cracks ahead of the notches.  The plane strain fracture 
toughness, KIC, value was not obtained since the criteria of plane strain were not satisfied for this 
specimen size.  As the plane strain requirements are determined by stress intensity and yield stress of the 
material, it is rather difficult for micro-sized specimens to satisfy these requirements.  Plane stress and 
plane strain dominated regions were clearly observed on the fracture surfaces and their sizes were 
consistent with those estimated by fracture mechanics calculations.  It is necessary to consider the results 
obtained in this investigation when designing actual MEMS devices. 
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INTRODUCTION 
 
Micro-sized machines and microelectromechanical systems (MEMS) are expected to be applied to 
bio-medical and micro-photonics devices such as micro-catheters for brain surgery and optical switches 
for electro-optical communications.  The size of the components used in such MEMS devices is 
considered to be in the order of microns, and the mechanical properties of such micro-sized materials are 
considered to be different from those of bulk (ordinary sized) materials.  Therefore, the evaluation of 
mechanical properties including elastic modulus, tensile strength, fracture toughness and fatigue 
properties are essential for practical applications of such MEMS devices.  To date, there have been 
several studies which investigate the mechanical properties of small sized materials [1-3].  In particular, 
fracture toughness and fatigue crack growth properties of micro-sized materials are extremely important 
to enable reliable design of actual MEMS devices.  In our previous studies, we have developed a new 



type mechanical testing machine for micro-sized specimens, which can apply small amount of static and 
cyclic loads to the specimens [4, 5], and have obtained fatigue life curves of micro-sized Ni-P amorphous 
alloy specimens [6].  In addition to fatigue life, fatigue crack growth property and fracture toughness are 
also important for designing reliable and long-term durable MEMS devices.  In this investigation, 
fracture and fatigue crack growth tests have been performed on Ni-P amorphous alloy micro-sized 
specimens, and the size effects on the fracture and fatigue crack growth behavior have been discussed.  
 
 
EXPERIMENTAL PROCEDURE 
 
Material and Specimen Preparation 
The material used in this investigation was a Ni-11.5 mass%P amorphous thin film electroless plated on 
an Al-4.5 mass%Mg alloy.  The thickness of the amorphous layer was 12 µm and that of the Al-4.5 
mass%Mg alloy substrate was 0.79 mm, respectively.  A disk with a diameter of 3 mm was cut from the 
Ni-P/Al-Mg sheet by electro discharge machining.  An amorphous layer was separated from the Al-Mg 
alloy substrate by dissolving the substrate with a NaOH aqueous solution.  The amorphous thin film was 
fixed on a holder and two types of micro-cantilever beam specimens with dimensions of 10 (B) x 12 (W) 
x 50 (L) µm3 were cut from the amorphous layer by focused ion beam machining.  This specimen size is 
equivalent to approximately 1/1000 of ordinary sized bending specimens.  Figure 1 show a specimen 
prepared by the above procedures.   
 
Testing Machine 
Fatigue crack growth and fracture tests were carried out using a newly developed fatigue testing machine 
for micro-sized specimens.  Figure 2 shows a block diagram of the fatigue testing machine.  A 
magnetostrictive device is used as an actuator, which is able to produce displacements upto ±10 µm with 
an accuracy of 5 nm, and the maximum response frequency of cyclic displacement is 100 Hz.  The end 
of the actuator is connected to a metal shaft and a diamond tip of 5 µm in radius is attached to the other 
end of the shaft.  The displacement of the actuator is measured by a laser displacement meter with an 
accuracy of 5 nm and the displacement signal is used as feed back control.  The micro-sized specimen is 
set in a specimen holder and the holder is placed on a load cell as shown in Fig. 2.  Small amount of 
displacement is applied to the specimen through the diamond tip.  The amount of load applied to the 
specimen is measured by a strain gauge type load cell with a load resolution of 10 µN that is set under the 
specimen.  The horizontal location of the specimen stage can be moved to adjust the loading position 
precisely by a stepping motor with a translation resolution of 0.1 µm.  Further details of the testing 
machine are described in our previous papers [4, 5]. 
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Figure 1: Scanning electron micrograph of
micro-sized cantilever beam
specimen prepared by focused
ion beam machining.
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Fatigue Test 
In fatigue crack growth tests, notches with a depth of 3 µm were introduced into the specimens by 
focused ion beam machining.  This notch depth is equivalent to a/W = 0.25, where a is notch length and 
W is specimen width.  The width of the notch was 0.5 µm, and the notch radius is thus deduced to be 
0.25 µm.  The notch position was 10 µm from the fixed end of the specimen.  The loading position is 
set at 40 µm from the fixed end of the specimen.  Fatigue crack growth tests were performed in air at 
room temperature.  Fatigue tests were carried out at a frequency of 10 Hz and a stress ratio, R (R = 
Pmin / Pmax , where Pmin is the minimum load and Pmax is the maximum load applied over the fatigue 
cycle) of 0.5 under constant load amplitude (∆P/2, where ∆P = Pmax - Pmin) of 2 mN.  Although the crack 
length was not able to be measured directly in this testing machine, the change in specimen compliance 
can be measured during fatigue tests.  The initiation of crack growth was then determined by monitoring 
the specimen compliance. 
 
Fracture Toughness Test 
Fracture toughness tests were carried out on specimens with a notch (depth of 6 µm and notch radius of 
0.25 µm) and those with a fatigue pre-crack (length of 3 µm) ahead of a notch (depth of 3 µm).  In both 
the specimens, the total crack (or notch) length was adjusted to be a/W~0.5.  The notch position is the 
same as in the specimens for fatigue crack growth tests.  Fracture toughness tests were also carried out 
using the mechanical testing machine for micro-sized specimens. 
 
 
RESULTS AND DISCUSSION 
 
Fatigue Crack Growth Behavior 
Figure 3(a) shows a scanning electron micrograph of the specimen appearance after a fatigue crack 
growth test at a stress ratio of 0.5.  A fatigue crack initiates from the notch root.  The crack did not start 
to grow immediately after applying cyclic load and the crack started to grow after approximately 20,000 
cycles (this was confirmed by a compliance change of the specimen during fatigue test).  This indicates 
that even the notch with root radius of only 0.25 µm is not regarded as a natural crack for micro-sized 
specimens.  Figure 3(b) shows a high magnification of the center region of the fracture surface.  The 
upper part of Fig. 3(b) is a notch and the bottom region is a final fracture surface featured by a vein 
pattern which is observed on monotonic fracture surface in amorphous alloys [7].  The region between 
the notch and the final fractured region is thus a fatigue surface.  The fatigue surface is relatively flat and 
very fine equispaced markings are clearly observed on the fatigue surface.  The spacing between these 
markings are approximately 30 nm near the notch and 80 nm near the final fractured region, and 
increased with the crack extension.  It is not certain whether these markings correspond to striations, but 
these markings are aligned perpendicular to the crack growth direction and were not observed on the 

Notch

(a)

1 µm

Notch

Fa
tig

ue
 S

ur
fa

ce

(b)

Figure 3: Scanning electron micrographs of micro-sized specimen after fatigue crack growth test.
(a) close view near notch and fracture surface and (b) high magnification of fatigue surface.
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Figure 3: Scanning electron micrographs of micro-sized specimen after fatigue crack growth test.
(a) close view near notch and fracture surface and (b) high magnification of fatigue surface.



fracture surface by static bending tests [8], so these markings are deduced to be striations.  Such 
striations have also been observed on fatigue surfaces of metallic glass bulk specimens [9]. The formation 
of striations suggests that the crack has propagated by cyclic plastic deformation at the crack tip (i.e., 
blunting and resharpening of crack tip).  Actually, shear bands which are considered to be formed by 
plastic deformation were observed on the side surface of the specimen near the crack tip.  Consequently, 
the fatigue crack growth seems to be based on cyclic plastic deformation at the crack tip even in 
micro-sized amorphous alloys. 
 
If the spacing between the striations on the fatigue surface is assumed to be equivalent to the fatigue crack 

 

 
rowth rate less than 10-7 m/cycle.  This crack growth 

te is much lower compared to that of ordinary-sized specimens.  This means that once a fatigue crack 

igure 5 shows typical load - displacement curves for the specimens with a notch only and with a fatigue 
havior is different between these two specimens.  The specimen with a notch 

e
growth rate for the specimens, a fatigue crack growth resistance curve can be obtained from the 
measurement of the striation spacings.  Careful measurements of the striation spacings were made and 
fatigue crack growth rates (da/dN) as a function of applied stress intensity factor range (∆K) (where ∆K = 
Kmax - Kmin) were obtained.  Stress intensity factor (K) is calculated based on the equation obtained for a 
single edge notched cantilever beam specimen [10].  Figure 4 shows the fatigue crack growth resistance 
curve at a stress ratio of 0.5.  As once a crack started to grow, the specimen failed after only several 
thousand cycles for the micro-sized specimens, so ∆Kth (a stress intensity range at which a crack starts to 
grow) was not able to be determined.  Also, the number of data points is only three, but this is due to the 
difficulty in the measurement of striation spacings since the spacing is only between 20 - 70 nm. 
Therefore, It is not certain whether a Paris-Erdogan relationship (da/dN = A∆Km, where A and m are 
material constants) is applicable for these data.   

The final fatigue fracture occurred at the crack g

ee

Figure 4: Fatigue crack growth resistance curve of micro-sized Ni-P
amorphous alloy specimen.
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Figure 4: Fatigue crack growth resistance curve of micro-sized Ni-P
amorphous alloy specimen.
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ra
starts to grow then the fatigue fracture occurs only after several thousands of cycles.  Therefore, the 
fatigue life of micro-sized specimens is mainly dominated by crack initiation.  This also suggests that 
even micro-sized surface flaws may be an initiation site of fatigue crack growth and this will shorten the 
fatigue life of micro-sized specimens. 
 
Fracture Toughness Tests 
F
pre-crack.  The fracture be
only fractured in a brittle manner, while the specimen with a fatigue pre-crack fractured in a ductile 
manner.  The maximum load of the specimen with a notch only is approximately twice as that of the 
specimen with a fatigue pre-crack.  This may be due to the difference in stress concentration at the crack 



tip.  The stress concentration arising at a fatigue crack tip is larger than that of the notch tip.  This 
indicates that even the notch with a root radius of 0.25 µm is not able to be regarded as a crack for 
micro-sized specimens.  In addition, the ion implantation caused by focused ion beam machining may 
change the mechanical properties around the notch tip.  As the depth of ion implantation area is 
estimated to be less than 1 µm, the influence of ion implantation can be ignored by introducing a fatigue 
pre-crack of more than 1 µm in length.  Therefore, it is essential for evaluating fracture toughness to 
introduce a fatigue pre-crack for the material used in this investigation. 
 
Figure 6 shows a scanning electron micrograph of fracture surface of the specimen with a fatigue 

re-crack.  The slant fractured regions which appear to be shear lips are clearly observed near the side p
surfaces of the crack.  The width of the region is approximately 3 µm.  If these are shear lips, these 
areas should be plane stress dominated regions.  The width of shear lip is expressed approximately as 
2ry/3, where ry is the size of plane stress plastic zone (ry = (K/σy)2/π, where K is the stress intensity factor 
and σy is the yield stress of the specimen) [11].  The calculated value of shear lip width at the maximum 
load is 2.8 µm (the value of σy = 2.0 GPa in this amorphous alloy thin film was quoted [12] in this 
calculation).  These sizes are very close to the those of slant fractured regions in Fig. 6.  Therefore, 
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Figure 5: Load-displacement curves for micro-sized specimens
with a notch only and with a fatigue pre-crack.
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Figure 6: Scanning electron micrograph of fracture surface.
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these slant fractured zones are plane stress dominated region and the flat region corresponds to plane 
strain dominated one.  It is very interesting to note that there exists a plane strain region even in such 
micro-sized specimens. 
 
As crack opening displacement was not able to be measured for this specimen, the crack initiation load 
was not able to be determined.  The maximum load was then assumed to be the crack initiation load and 
this load was used to calculate a fracture toughness value.  The total pre-crack length was measured 
from Fig. 6.  The calculated provisional fracture toughness values (KQ) for the specimen with fatigue 
pre-crack is 7.3 MPam1/2.  However, this value is not a valid plane strain fracture toughness values (KIC), 
as the criteria of plane strain requirements (a, W-a, B > 2.5 (KQ/σy)2) were not satisfied for this specimen 
size.  As the plane strain requirements are determined by K and σy, it is difficult for micro-sized 
specimens to satisfy these requirements.  Consequently, another criterion such as J integral might be 
required to evaluate fracture toughness of such micro-sized specimens. 
 
 
CONCLUSIONS 
 
Fatigue crack growth and fracture toughness tests have been performed on micro-sized Ni-P amorphous 
alloy specimens.  Once fatigue crack growth occurs, the specimens failed after several thousand cycles.  
This indicates that the fatigue life of micro-sized specimens is dominated by crack initiation.  This also 
suggests that even a micro-sized surface flaw may be an initiation site of fatigue crack and this will 
shorten the fatigue life of micro-sized specimens.  It is essential for evaluating fracture toughness to 
introduce a fatigue pre-crack even for micro-sized specimens.  The plane strain fracture toughness, KIC, 
value was not obtained since the criteria of plane strain were not satisfied for this size of specimens.  As 
the plane strain requirements are determined by stress intensity and yield stress of the material, it is rather 
difficult for micro-sized specimens to satisfy these requirements.  Plane stress and plane strain 
dominated regions were clearly observed on the fracture surfaces and their sizes were consistent with 
those estimated by fracture mechanics calculations. 
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