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	 The	 combination	 of	 piezoelectric	 aluminum	 nitride	 (AlN)	 films	 with	 flexible	 substrates	
made of stainless steel (SUS) foils has been applied in low-frequency and robust microdevices, 
especially in piezoelectric vibration energy harvesters (PVEHs).  To find guides in the design 
of PVEHs, the fatigue properties of micromachined specimens fabricated using SUS430 foils 
and AlN/SUS430/AlN heterolayered foils were investigated in this work.  In particular, the 
thickness dependence of AlN films on the fatigue behavior of AlN/SUS430/AlN heterolayered 
foils	 was	 investigated.	 	 AlN	 films	with	 different	 thicknesses	 of	 1	 and	 2	 μm	were	 deposited	
on	 50-μm-thick	 SUS430	 substrates.	 	 The	 specimens	 for	 fatigue	 tests	 were	 prepared	 as	
cantilevers by microfabrication processes.  First, Young’s moduli were measured.  Fatigue 
tests were subsequently conducted by resonant bending.  The fatigue behavior is discussed 
in this paper on the basis of both the stress–number of cycle (S–N) curves and the fatigue 
failures	on	the	surfaces	of	the	cantilevers.		The	fatigue	limits	of	SUS430	(50	μm),	AlN	(1	μm)/
SUS430	(50	μm)/AlN	(1	μm),	and	AlN	(2	μm)/SUS430	(50	μm)/AlN	(2	μm)	were	estimated	to	
be 264, 291, and 368 MPa, respectively.  The larger stiffness of the foils with a heterolayered 
AlN/SUS430/AlN structure indicated their larger fatigue limit than the SUS430 foil.  Fatigue 
failure	in	the	form	of	cracks	was	observed	on	the	surface	of	SUS430	for	AlN	(1	μm)/SUS430/
AlN	(1	μm)	when	vibrating	at	 the	maximum	stress	of	488	MPa	for	2.9	×	107 cycles.  Surface 
defects of intrusions and slip bands rather than cracks were observed on the SUS430 substrate 
for	the	heterolayered	AlN	(2	μm)/SUS430/AlN	(2	μm)	structure	when	vibrated	at	the	maximum	
stress	 of	 605	MPa	 for	 2.9	×	 107 cycles, resulting in its higher fatigue limit than that of AlN 
(1	μm)/SUS430/AlN	(1	μm).		No	surface	defects	on	AlN	films	were	observed	after	undergoing	
the aforementioned long-cycle vibration.

1. Introduction

 Micro-piezoelectric vibration energy harvesters (PVEHs) have prospective use as the power 
source in microelectromechanical systems.(1,2)  They can generate electricity from scavenging 
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on-site ambient vibrations.  To achieve robust and highly efficient devices under harsh ambient 
vibrations at low frequencies, aluminum nitride (AlN)/stainless steel (SUS) heterolayered 
materials were proposed to be used for PVEHs.  AlN films were successfully deposited on 304 
stainless	steel	(SUS304)	foils	with	a	thickness	of	50	μm	by	electron	cyclotron	resonance	(ECR)	
sputtering and reactive radio frequency (RF) magnetron sputtering.(3,4)

 The lifetime of PVEHs strongly depends on their resistance to dynamic vibrations since 
they	 are	 exposed	 to	 cyclically	 dynamic	 stress	 during	 long-cycle	 vibration.	 	 Defects	 in	 both	
AlN and SUS materials may occur due to the vibration, resulting in a decrease in the output 
power of AlN/SUS-based PVEHs and finally causing their failure.  Hence, investigation of 
the fatigue behavior of the materials is necessary for the design of PVEHs.  Previous studies 
showed the effects of the manufacturing process and material form (bulk or film) on material 
properties of AlN.(5,6)  There has been no investigation on the fatigue of sputtered AlN films 
on	flexible	SUS430	foils	although	the	fatigue	of	bulk	AlN	materials	has	been	well	studied.(7,8) 
In addition, the downscaling of micro-PVEHs results in differences in mechanical properties 
between the macro- and microscales for both metallic and nonmetallic materials.(9–13)  Also, 
the fatigue behavior of materials with heterolayered structures is affected by the material-layer 
composition.(14,15)		A	previous	study	on	the	fatigue	of	1-μm-thick	AlN	films	deposited	on	both	
sides	of	a	50-μm-thick	SUS304	foil	showed	that	 the	fatigue	limit	of	 the	materials	 in	 the	AlN/
SUS304/AlN structure was higher than that of SUS304 foils.(15)  Recently, metal foils with a low 
coefficient	of	 thermal	expansion	(CTE)	close	 to	 that	of	piezoelectric	films	have	become	more	
attractive for use as structural materials for micro-PVEHs.  SUS430 foils with a lower CTE 
than SUS304 and whose manufacturing can be scaled up as easily as SUS304 are the focus of 
our	 interest.	 	Although	 the	 fatigue	behaviors	of	SUS430	 foils	 and	1	μm	AlN	 films	deposited	
on SUS430 were studied,(16) the fatigue property of the deposited AlN films is unknown when 
their thickness is increased.
 In this work, we investigated the fatigue of SUS430 foils and foils with an AlN/SUS430/
AlN heterolayered structure for micro-PVEHs.  In particular, the effect of AlN thickness on 
the fatigue behavior of the heterolayered materials was studied.  AlN films with different 
thicknesses	 of	 1	 and	 2	 μm	 were	 directly	 sputtered	 on	 50-μm-thick	 SUS430	 substrates.		
Cantilevers were microfabricated for the investigation.  The Young’s moduli of SUS430 and 
the sputtered AlN films were tested first.  Then fatigue tests of SUS430 foils and AlN/SUS430/
AlN heterolayered materials were subsequently conducted by using a resonant fatigue testing 
system.(15,17,18)  The stress–number of cycle (S–N) curves, fatigue limit, and fatigue failure are 
discussed in this paper.

2. Experiment

2.1 Fabrication of specimens

 Cantilever specimens for fatigue tests were manufactured by microfabrication as shown in 
Fig. 1.(16)		The	thickness	of	SUS430	foils	was	50	μm.		AlN	films	were	deposited	on	both	sides	
of a clean SUS430 substrate by alternative current magnetron reactive sputtering.(19)  Two types 
of	heterolayered	structure,	AlN	(1	μm)/SUS430	(50	μm)/AlN	(1	μm)	and	AlN	(2	μm)/SUS430	
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(50	μm)/AlN	(2	μm),	were	prepared.		The	thickness	of	the	deposited	AlN	films	was	measured	
using a film thickness measuring device (Lambda Å, Dainippon Screen MFG Co., Ltd., STM-
620J).	 	 The	 average	 thicknesses	 were	 1.05	 and	 2.02	 μm.	 	 Then,	 the	 films	 were	 wet-etched	
with	 tetramethylammonium	hydroxide	 (TMAH	2.38%)	 in	 the	 temperature	 range	of	35–38	 °C	
[Fig. 1(b)].(15)  After the SUS430 substrate was micromachined to from the cantilever shape by 
electrochemical etching [Fig. 1(c)],(15,20) chromium (Cr) and gold (Au) films were deposited on 
a cantilever specimen for positioning when measuring the amplitude of the specimen during 
fatigue tests [Fig. 1(d)].  Finally, the copper proof mass was added at the tip of the specimen 
[Fig. 1(e)].  The cantilever was designed to be 5.3 mm in length and 5.9 mm in width.  The size 
of	the	proof	mass	was	2	×	6	mm2, and two different thicknesses, 1 and 0.5 mm, were used to 
tune the resonant frequencies of the cantilevers.  Figure 2 shows images of the microfabricated 
specimens.  The cantilevers were successfully micromachined without any defect at the edge.

2.2 Experimental procedure

 The resonant fatigue testing system developed in a previous study(15) was used.  This system 
can detect the amplitude of the vibrating specimen by using a laser displacement sensor (Keyence, 
LK-H050).		The	resonant	spectra	in	the	1st	vibration	mode	of	the	SUS430	(50	μm),	AlN	(1	μm)/
SUS430	(50	μm)/AlN	(1	μm),	and	AlN	(2	μm)/SUS430	(50	μm)/AlN	(2	μm)	cantilevers	without	
the proof mass were first tested by measuring the specimen amplitude varying with frequency.  
Three cantilevers were tested for each material to ensure the measurement repeatability.  The 
Young’s moduli of SUS430 foils were determined from its relationship with the resonant 
frequency as shown in Eq. (1) and then used for the calculation of the Young’s moduli of the 
sputtered AlN films using Eq. (2).(15,16,21,22)  To improve the accuracy of the calculation, the 
actual	length	of	each	cantilever	was	measured	under	a	microscope	(Hirox	KH-7700).	 	Finally,	
fatigue tests were conducted by measuring the deflection of the micromachined cantilevers 

Fig.	1.	 (Color	online)	Microfabrication	of	specimens:	(a)	cleaning	SUS430	and	depositing	AlN	films,	(b)	etching	
AlN	films,	(c)	etching	SUS430	foil,	(d)	depositing	Cr/Au,	and	(e)	adding	proof	mass.(16)

(a) (b) (c)

(d) (e)
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under cyclic vibrations.(17)  The fatigue of a material is discussed here on the basis of S–N 
curves.  The fatigue life was determined on the basis of a criterion proposed in a previous study.(15)  
The stress distribution in the cantilevers was calculated by finite element analysis (FEA) using 
ANSYS	Workbench	18.0.		The	obtained	Young’s	moduli	were	input	in	the	FEA.		The	maximum	
stress was used to plot S–N curves.  The details of FEA calculation and measurement were 
explained	in	the	previous	study.(15)
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where ESUS and EAlN are the Young’s moduli of the SUS430 foil and sputtered AlN film, respectively; 
fn is the resonant frequency of the cantilever; L is the length of the cantilever; kn∙L is the 
coefficient for a clamped-free boundary condition, under which k1∙L is equal to 1.875 in the 1st 
vibration mode; hSUS and hAlN are the thicknesses of SUS layer and AlN layer, respectively; ρeq 
is the equivalent density of the heterolayered AlN/SUS430/AlN structure;(23) b is the width of 
the cantilever; and V is the total volume of the cantilever.  

Fig. 2. (Color online) Images of microfabricated specimens: (a) overall image of cantilever, (b) enlarged image 
around	the	corner,	and	(c)	and	(d)	enlarged	images	of	etched	AlN	films	with	thicknesses	of	1	and	2	μm.	(a),	(b),	and	(c)	
are cited from Ref. 16.

(a) (b)

(c) (d)
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3. Results and Discussion

3.1	 Young’s	moduli	of	SUS430	foil	and	deposited	AlN	film

 Figure 3 shows the Young’s moduli of the SUS430 foils and sputtered AlN films calculated 
using Eqs. (1) and (2).  As shown in Table 1, the average Young’s moduli are 207.7 and 
305.6 GPa for the SUS430 foils and AlN films, respectively.  Compared with the measured 
results for the SUS304 foils and AlN films deposited on SUS304 from the previous study,(15) 
the average Young’s modulus of SUS430 shows larger values while that of AlN films deposited 

Fig.	3.	 (Color	online)	Young’s	moduli	of	SUS430	foils	and	AlN	films	deposited	on	SUS430,	and	comparison	with	
those	of	SUS304	foils	and	AlN	films	deposited	on	SUS304	(from	Ref.	15),	in	which	Young’s	moduli	of	SUS430	and	
1	μm	AlN	deposited	on	SUS430	were	taken	from	Ref.	16.

Table 1
Young’s	moduli	of	SUS,	sputtered	AlN	films,	and	heterolayered	AlN/SUS/AlN	structure.
Material Density (g/cm3) Young’s modulus (GPa) Bending	stiffness	(×	10−5 N m2)
SUS304(a) 7.85 ± 0.08 184.9 ± 1.2 1.14
AlN	(1	μm)	deposited	on	SUS304(a) 3.26(24) 342.9 ± 24.2 —
AlN	(1	μm)/SUS304/AlN	(1	μm)(a) 7.68 ± 0.08(b) 204.7 ± 2.7(b) 1.41(b)

SUS430(c) 7.63 ± 0.08 207.7 ± 1.9 1.15
AlN	(1	μm)	deposited	on	SUS430(c) 3.26(24) 326.4 ± 14.6 —
AlN	(2	μm)	deposited	on	SUS430 3.26(24) 284.8 ± 6.1 —
AlN deposited on SUS430(d) 3.26(24) 305.6 ± 24.9 —
AlN	(1	μm)/SUS430/AlN	(1	μm)(c) 7.47 ± 0.08(b) 223.7 ± 1.7(b) 1.39(b)

AlN	(2	μm)/SUS430/AlN	(2	μm) 7.32 ± 0.08(b) 229.5 ± 1.4(b) 1.60(b)

(a)Corresponding	values	for	SUS304	foils	and	AlN	films	deposited	on	SUS304,	which	are	cited	from	Ref.	15.
(b)Equivalent value for heterolayered AlN/SUS/AlN structure.  
(c)Cited from Ref. 16.  
(d)Average	value	of	AlN	(1	and	2	μm)	deposited	on	SUS430.		The	density	of	SUS	foils	was	measured	using	a	balance	scale	
(A&D, GR-120).
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on SUS430 shows lower values.  However, considering the error range, the Young’s moduli 
of the AlN films deposited on both SUS430 and SUS304 show similar variations.  Compared 
with that of the AlN film deposited on the silicon substrate by pulsed direct current reactive 
sputtering,(25) the Young’s moduli of the deposited AlN films in this study are lower.
 To evaluate the resistance of the material against bending deformation, the bending stiffness 
(EI, where E is Young’s modulus and I is the second moment of the area) of each material is also 
shown in Table 1, in which the equivalent bending stiffness of the heterolayered AlN/SUS/AlN 
structure was calculated.(22)  As the thickness of the sputtered AlN films increases, the bending 
stiffness of the cantilever also increases.  This is attributed to the stiffness of AlN being larger 
than that of SUS.

3.2 Fatigue properties

 S–N curves are first plotted to characterize the overall fatigue properties of the materials.  
Since no fracture occurred in all the fatigue tests, the approach described in detail in the 
previous study was used to determine the fatigue life and plot the S–N curves.(15)  Then, the 
fatigue failure of the materials after long-cycle vibration is discussed.

3.2.1 S–N curves

 Figure 4(a) shows the S–N curves of each material.  Similar to the tendency of S–N curves of 
SUS304	and	AlN	(1	μm)/SUS304/AlN	(1	μm),(15) the S–N curve of SUS430 shows two stages, 
while that of AlN/SUS430/AlN shows three stages.  The fatigue life of the heterolayered foils 
increases	 gradually	 with	 decreasing	 maximum	 stress	 when	 the	 applied	 maximum	 stress	 is	
relatively	high	(350	MPa	in	the	case	of	1	μm	AlN	film	and	450	MPa	in	the	case	of	2	μm	AlN	

Fig. 4. (Color online) S–N	curves	of	 (a)	AlN/SUS430/AlN	heterolayered	 foils	with	different	 thicknesses	of	AlN	
films	 (0,	 1,	 and	 2	 μm)	 and	 (b)	 comparison	 between	AlN	 (1	 μm)/SUS430/AlN	 (1	 μm)	 and	AlN	 (1	 μm)/SUS304/
AlN	(1	μm),(15) in which S–N	curves	of	SUS430	and	AlN	(1	μm)/SUS430/AlN	(1	μm)	are	from	Ref.	16.

(a) (b)
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film on SUS430).  Then, the fatigue life increases rapidly with decreasing stress.  Finally, 
the fatigue life reaches more than 108 cycles for all the three foils at a relatively low stress.  
At a stress higher than 450 MPa, the two heterolayered foils indicate similar fatigue lives.  
This is considered to be due to the large deformation caused by the large deflection of both 
materials.  However, at a stress lower than 450 MPa, the fatigue life of the heterolayered foils 
increases with increasing thickness of AlN films owing to the increased foil stiffness (Table 1).  
The Basquin relationship was used to calculate the fatigue limit of SUS430,(26) while the 
least-squares method was used to estimate the fatigue limit of the heterolayered materials.  The 
fatigue	limits	of	SUS430,	AlN	(1	μm)/SUS430/AlN	(1	μm),	and	AlN	(2	μm)/SUS430/AlN	(2	μm)	
were estimated to be 264, 291, and 368 MPa, respectively, indicating an increasing tendency 
with increasing thickness of the deposited AlN films.  This is considered to be attributed to the 
increased stiffness of the heterolayered foils with thicker AlN films.  Similar results that thicker 
AlN	films	exhibit	a	higher	fracture	strength	were	obtained	in	the	study	in	Ref.	25.
 Figure 4(b) shows the S–N	 curves	 of	 AlN	 (1	 μm)/SUS430/AlN	 (1	 μm)	 and	 AlN	 (1	 μm)/
SUS304/AlN	(1	μm).	 	The	fatigue	 life	of	AlN	(1	μm)/SUS430/AlN	(1	μm)	 indicates	 its	 longer	
cycle	 than	 that	 of	AlN	 (1	μm)/SUS304/AlN	 (1	μm)	when	 the	maximum	 stress	 is	 higher	 than	
400 MPa.  When the applied stress decreases, the fatigue lives of these two materials become 
close to each other.  This is considered to be due to the reduced amplitude of the cantilever at a 
lower stress.  The large amplitude of the specimen at a higher stress causes a large deformation, 
while the small amplitude results in a small elastic deformation.  Thus, the fatigue lives of these 
two heterolayered materials indicate a similar number of cycles at a stress lower than 400 MPa.  
Owing	to	the	smaller	bending	stiffness	of	AlN	(1	μm)/SUS430/AlN	(1	μm)	(Table	1),	its	fatigue	
limit	is	lower	than	that	of	AlN	(1	μm)/SUS304/AlN	(1	μm).

3.2.2 Fatigue failure

 To evaluate the defect of the cantilevers after long-cycle vibration, surface changes were 
observed	 in	 the	maximum-stress	 area	 [Fig.	 5(a)]	 of	 the	 cantilevers.(15)  Figures 5(b) and 5(c) 
show images of SUS430 foils after fatigue tests at two different stress levels.  The surface shows 
severer defects of intrusions when vibrating at 440 MPa than when vibrating at 275 MPa.  This 
is caused by the long-time plastic deformation when vibrating at a higher stress level.  
 Regarding the heterolayered materials, no surface defects were observed on AlN films 
after the fatigue tests at all stress levels up to 939 MPa.  This is attributed to the high fracture 
strength of the sputtered AlN thin films.(25)  In addition, no fracture occurred in these films 
after	 suffering	 a	 maximum	 cyclic	 stress	 of	 1.28	 GPa	 for	 104 cycles.(25)  However, surface 
defects were observed on the SUS430 layer.  Figures 5(d)–5(g) show the defects observed on 
the heterolayered foils vibrating at different stress levels.  Owing to the long-cycle vibration, 
the	 fatigue	 failure	of	cracks	was	observed	on	 the	 surface	of	SUS430	 in	AlN	 (1	μm)/SUS430/
AlN	(1	μm)	when	vibrating	at	the	maximum	stress	of	488	MPa	for	2.9	×	107 cycles [Fig. 5(d)].  
The faster initiation and propagation of intrusions inside the ductile material SUS430 are 
considered to be the reason for the occurrence of cracks.  However, no cracks were observed 
for the long-cycle vibration at a lower stress of 292 MPa as shown in Fig. 5(e).  In addition, the 
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Fig. 5. (Color online) Fatigue failures on SUS430 surface: (a) image of observation zone and mechanical loading 
direction,	(b)	and	(c)	SUS430	after	vibrating	at	the	maximum	stresses	of	440	MPa	for	3.0	×	107 cycles and 275 MPa 
for	1.5	×	108	 cycles,	 (d)	and	 (e)	AlN	 (1	μm)/SUS430/AlN	(1	μm)	after	vibrating	at	 the	maximum	stresses	of	488	
MPa	for	2.9	×	107	cycles	and	292	MPa	for	1.2	×	108	cycles,	and	(f)	and	(g)	AlN	(2	μm)/SUS430/AlN	(2	μm)	after	
vibrating	at	the	maximum	stresses	of	605	MPa	for	2.9	×	107	cycles	and	409	MPa	for	8.3	×	107 cycles, in which (c), (d), 
and (e) are cited from Ref. 16.

(a)

(b) (c)

(d) (e)

(d) (e)
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SUS430	surface	in	AlN	(2	μm)/SUS430/AlN	(2	μm)	also	showed	no	cracks	after	the	long-cycle	
vibration as shown in Figs. 5(f) and 5(g).  In particular, for the same number of vibration cycles 
of	2.9	×	107	 for	AlN	(1	μm)/SUS430/AlN	(1	μm)	[Fig.	5(d)],	 the	propagation	of	defects	on	the	
SUS430	surface	of	AlN	(2	μm)/SUS430/AlN	(2	μm)	 is	 slower	even	when	 the	stress	 is	higher.		
This is due to the larger stiffness (Table 1) of the foils with thicker AlN films.  Although no 
cracks occurred, the surface defects in forms of intrusions and slip bands were observed owing 
to the strain localization that developed in this area.(15) 

4. Conclusions

 In this study, the fatigue behavior of micromachined specimens fabricated using SUS430 and 
AlN/SUS430/AlN heterolayered foils was studied as guide in the design of PVEHs.  The effect 
of AlN film thickness on the fatigue behavior of AlN/SUS430/AlN heterolayered foils was also 
investigated.
	 AlN	 films	 with	 different	 thicknesses	 of	 1	 and	 2	 μm	 were	 successfully	 sputtered	 on	 the	
SUS430	 substrate	 with	 a	 thickness	 of	 50	 μm.	 	 Cantilever	 specimens	 were	 microfabricated	
for use in fatigue tests.  The Young’s moduli of the SUS430 foil and sputtered AlN film were 
determined to be 207.7 and 305.6 MPa, respectively.  Fatigue was discussed here on the basis 
of S–N curves and fatigue failures on the surfaces of the cantilevers.  The fatigue limits of 
SUS430	(50	μm),	AlN	(1	μm)/SUS430	(50	μm)/AlN	(1	μm),	and	AlN	(2	μm)/SUS430	(50	μm)/
AlN	(2	μm)	were	estimated	to	be	264,	291,	and	368	MPa,	respectively.		The	fatigue	limit	shows	
an increasing tendency with increasing thickness of AlN films.  Fatigue defects in forms of slip 
bands,	 intrusions	 and	 extrusions,	 and	 cracks	were	observed	on	 the	 surface	of	SUS430,	while	
no surface defects were found on AlN films.  The fatigue failure of the heterolayered foils was 
confirmed to be caused by the failure of SUS430 substrates rather than AlN films.
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