Fatigue of LIGA Ni Micro-Electro-Mechanical System Thin Films
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This article presents the results of an experimental study of the mechanisms of fatigue in
270-um-thick LIGA (lithographic, galvanoformung, abformung) Ni micro-electro-mechanical
systems (MEMYS) thin films with columnar microstructure. Stress-life behavior is compared with
the previously reported data for LIGA Ni MEMS films and bulk Ni. The LIGA Ni thin films
are shown to have comparable fatigue lives to bulk annealed Ni. The underlying mechanisms of
fatigue crack growth are elucidated via scanning electron and focused ion beam (FIB)
microscopy. Stress-driven recrystallization was revealed near the fatigue crack-tip using FIB
microscopy. Microvoids were also found to form and coalesce in the recrystallized grains. This
led to subsequent fatigue crack growth at the microscopic and macroscopic scales. The crack
profiles revealed that fatigue crack growth was retarded by crack deflection and branching. The
implications of the results are then discussed for the analyses of fatigue in nickel MEMS

structures.
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I. INTRODUCTION

IN recent years, LIGA (lithographic, galvanofor-
mung, abformung) processing, which is the German
acronym for electrodeposition into PMMA (polymeth-
ylmethacrylate) molds has been used to fabricate Ni
microelectromechanical system (MEMS) thin films.!! 3%
These have emerged as candidate materials for applica-
tions in larger and thicker MEMS devices (>20-um
thick) with high aspect ratios.!!”! The potential applica-
tions include the following: microswitches, microgears,
and linkage mechanisms, micromotors, and accelerom-
eters for the deployment of airbags.*”!

In many of these potential applications, fatigue failure
can occur at stress ranges that are significantly below the
measured strengths under monotonic loading.*®” How-
ever, until recently,®" it has been difficult to diagnose
fatigue failure in LIGA Ni MEMS structures, such as Ni
MEMS accelerometers.**3?! This was due largely to the
limited number of fractographic studies of fatigue in
LIGA Ni MEMS thin films/structures at the time of
diagnoses.

Recent efforts have been made to study the fatigue
mechanisms in LIGA Ni MEMS thin films.[*>831:34]
The initial work was done by Hemker e /! and Cho
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et al.,"*! who measured the stress-life behavior of LIGA
Ni MEMS thin films and compared their results with
previously reported data for annealed and wrought bulk
Ni. Most recently, Allameh er al’"! have studied the
effects of specimen thickness on the stress-life behavior
and the fatigue fracture modes in LIGA Ni MEMS
structures. Furthermore, Boyce et al.?¥ have suggested
that fatigue cracks nucleate from an oxide film that
forms on the surfaces of slip bands that are induced on
the surfaces of cyclically deformed LIGA Ni MEMS
thin films. However, an integrated understanding of the
mechanisms of fatigue crack nucleation and growth in
LIGA Ni MEMS structures is yet to emerge.

This article presents the results of an experimental
study of the mechanisms of fatigue crack nucleation and
growth in LIGA Ni MEMS thin films with columnar
microstructures and a top layer of nanoscale equiaxed
grains. Following a brief description of material pro-
cessing and microstructure in Section II, the experimen-
tal techniques are described in Section III. The
underlying mechanisms of fatigue crack nucleation and
propagation are then presented in Section IV. The
implications of the current results are discussed in
Section V, before presenting the salient conclusions
arising from this work in Section VI.

II. MATERIALS

The LIGA Ni samples with columnar microstructures
were obtained from Sandia National Laboratories
(Alberquerque, NM). The samples consisted of dog-
bone-shaped Ni, fabricated by the LIGA process. This
fabrication process involved electroplating Ni into
PMMA molds that were realized by deep X-ray lithog-
raphy. Electroplating was carried out in a sulfamate
bath using a plating current density of 50 mA/cm?.
Further details on the LIGA process are given in
References 1 and 2.
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Fig. 1—Miicrostructure of LIGA Ni MEMS thin films: () FIB induced secondary electron image and (b) orientation microscopy image.

A focused ion beam (FIB) technique was used to
reveal the microstructure (Figure 1(a)). This shows an
initial seed layer of nanoscaled equiaxed grain structure
(average grain size ~20 nm). It is important to note here
that the nanoscaled grains correspond to the sidewall of
the Ni structure grown in PMMA mold. Also, below
this layer, the grain size increases with increasing
distance from the deposition side, until it reaches a
steady value of about 1 ym. Below this, the grain
structure changes to a columnar structure with micro-
scale features. The orientation microscopy image (Fig-
ure 1(b)) shows that the LIGA Ni thin film has a
predominant {001} microtexture.

III. EXPERIMENTAL PROCEDURES

A. Microtensile Testing

Microtensile tests were performed on the dog-bone
specimens. The tests were carried out under displace-
ment control, using an Instron model 5848 microtester
(Instron, Canton, MA). The specimens were deformed
continuously to failure at a strain rate of 5 x 107 s,
The local strains/displacements were monitored using an
in-situ video camera with a 3000 x 4000 pixel resolution.
The incremental images of gage section deformation and
the loads were monitored with an automated image
acquisition system.

B. Microfatigue Testing

The LIGA fatigue samples had the same dog-bone
shape as the microtensile samples, as shown in Figure 2.
The two triangular ends were used to secure the sample in
the grips of the microtester. The distance between the two
ends was 1200 um, of which the middle 400 um corre-
sponded to the gage section with a uniform width of
200 pum. The dog-bone shape samples had a thickness of
270 um. The samples were tested using a table top Instron
(model 5848) microtester equipped with a 50 N load cell.
The alignment of the gripping blocks and the loading of
the samples were done with a traveling monoscope that
was attached to a video monitoring system.
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Fig. 2—Schematic of the dog-bone shape sample used for microten-
sile and microfatigue experiments.

The tests were performed under load control at a
cyclic frequency of 10 Hz with a load ratio R = 0.1.
The load and cross-head displacement data were
recorded continuously along with the number of cycles
to failure.

C. Fatigue Crack Growth Testing

The fatigue crack growth tests were performed on
LIGA Ni compact tension (CT) and single edge notched
tension (SENT) specimens. The specimen configurations
are shown in Figure 3. Before the tests, fatigue precrack-
ing was done at a stress intensity factor range of AK
between 10 and 12 MPa+/m and a load ratio of R = 0.1.
This was used to generate a sharp crack tip. Load
shedding was then applied to reduce the possible retar-
dation effect due to an enlarged crack-tip plastic zone.

During the fatigue test, both specimens were con-
strained in an antibuckling jacket. The actual fatigue
crack growth test was carried out on an Instron model
5848 microtester. The test was conducted at a cyclic
load with a frequency of 10 Hz. Crack growth was
monitored continuously using a Questar telescope (Que-
star Inc., New Hope, PA) equipped with an image
acquisition system and an electronic positioning system.

For the CT specimen, the test was continued until the
fatigue crack size reached about 65 pct of the sample
width. The specimen was then fractured and examined
in a scanning electron microscope. For the SENT
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Fig. 3—Sketch of (a) the LIGA Ni CT specimen and (b) SENT specimen.

specimen, the test was stopped when the fatigue crack
size was about 50 pct of the sample width. The specimen
was then examined using the dual-beam focused ion
beam and scanning electron microscopy (FIB/SEM)
system (FEI Company, Hillsboro, OR) at Princeton
University.

For the SENT specimen, the fatigue crack wake and
tip configuration after load shedding are shown in
Figure 4. As the fatigue crack advanced from the notch
root and interacted with the material structure, a
tortuous crack wake was left behind, as shown in
Figure 4. Near the fatigue crack tip, surface microcracks
were found. In order to reveal the underlying fatigue
crack growth/fatigue crack-microstructure interactions,
a FIB cut was made ahead of the fatigue crack tip.

For the FIB cut, a 1-um-thick Pt sacrificial layer was
first deposited at the place of interest (shown as the
dashed line in the inset of Figure 4). The Ga " ion beams

8.7 mm

5.4 mm

(b)

were then used to etch out a microsized pit, with the
dashed line in Figure 4 being one of the pit edges. The
specimen holder was then rotated from the “cutting”
position, which was perpendicular to the incident ion
beam, to a “‘scanning’ position, which formed an angle of
52 deg with the incident ion beam, such that subsurface
microstructure can be revealed due to an ““ion channel-
ing” effect when scanned by low intensity ion beams.

IV. EXPERIMENTAL RESULTS

A. Microtensile Behavior

The microtensile data obtained from the tests on the
270-um-thick samples are presented in Figures 5(a) and
(b). These include both engineering and true stress-strain
curves. The true stress-strain curve (Figure 5(b)) reveals
that the 270-um-thick film has a 0.2 pct offset yield

Fig. 4—Fatigue crack generated from the notch in a SENT specimen.
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Fig. 5—Stress-strain curves obtained for LIGA Ni thin film: (@) engineering stress vs engineering strain and (b) true stress vs true strain.

Table I. Comparison of LIGA Ni Properties with Bulk Ni
0.2 Pct Offset Yield Ultimate Tensile Young’s
Study Thickness (um) Strength (MPa) Strength (MPa) Modulus (GPa)
Current study 270 ~340 ~510 ~170
Hemker and Last! 100 to 200 ~360 ~537 ~180
Mazza et al.'* 120 to 200 ~405 ~782 ~202
Boyce et al.P¥ 250 ~304 ~494 —
Sharpe et al.*!! 200 ~323 ~555 ~176
Xie et al.”’) 200 ~400 ~540 ~175
Lou et al!"® 50 ~385 ~497 ~189
100 ~475 ~587 —
200 ~450 ~547 —
Cho et al”) 300 ~370 ~ 544 ~163
Bulk Ni*%! — 59 317 207
stress of 305 MPa. The material also exhibits significant 650 " " " " " " " "
hardening, and the ultimate tensile strength is 500 MPa, 600 1
which is significantly greater than the 0.2 pct offset yield s * ;;g um (g:"ert“ Tt“gy) 1
stress. The Young’s modulus of the 270-um-thick film S 5°°‘; RN pm (Gho eta) (3
was determined to be ~170 GPa. This is comg)arable to £ 7 e ]
prior reports by Cho et al.,[5 Mazza et al.,'"> Hemker @ for ™~ o Hardened Nickel[s |
and Last” Lou er al.® Xie er al2” and Sharpe g or e NS ]
et al.*"as shown in Table I. For the 0.2 pct offset yield n %0F o :u:o:t ]
stress and ultimate tensile strength, the reported values § 250r S e |
for LIGA Ni thin films are much larger than those of E U RN
bulk Ni. 5 =~ ]
= '0r Annealed Nickel[5] |
50 B

B. Fatigue Stress-Life Behavior

The results of fatigue experiments are presented in
Figure 6. The results are compared with the previously
obtained fatigue data for bulk Ni in annealed and
hardened conditions®** and LIGA Ni MEMS data
reported by Cho ez al.! In the case of the 270-um-thick
columnar LIGA Ni samples, the fatigue endurance limit
of the sample (taken at a fatlgue life over 107 cycles) was
about 210 MPd Thls is in agreement with the findings
of Boyce et al.,*¥ who showed test runout (fatigue lives
greater than 10’ cycles) at a stress level of ~208 MPa and
a stress ratio R = —1 in bending. This is also close to the
fatigue endurance limit reported for bulk-annealed Ni.l°

The ratio of the fatigue endurance limit to the
ultimate tensile strength (endurance ratio) is about

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—Stress life data for the 270-um-thick LIGA Ni thin film at

R = 0.1.

45 pct for the 270-um-thick LIGA Ni MEMS films
with a columnar microstructure.”*#* The results of this
study are also consistent with the results of Cho
1B who tested LIGA Ni samples with compara-
ble thlckness (~200 um). However, the latter results
show lower endurance limits than those reported by
Mobhr et al. for Ni films (=10 gm).!

A power-law relationship between the applied stress
amplitude and the fatigue life is used subsequently to
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Fig. 7—Linear dependence of the logarithm of stress amplitude on
the logarithm of fatigue life for LIGA Ni thin film.

characterize the stress life behavior obtained for the
columnar LIGA Ni thin films. This empirical expression
is given by’

Oa :ﬁ(Nf)a [1]

where ¢, is the stress amplitude, N, is the number of
cycles to failure, and o and f§ are material constants.
Figure 7 shows the linear relation between the loga-
rithm of stress amplitude and the logarithm of fatigue
life. From linear regression analysis, o and f are found
to be —0.04 and 243. The results are comparable to the
results from Cho.”! Table II also lists the fatigue
parameters for Si thin films."*?! It is of interest to note
that the fatigue endurance limit for different thin films
can be estimated from Eq. [1]. The fatigue endurance
limits are evaluated at the fatigue stress life of 10”. The
results are compared in Table II, showing that the
endurance limits of LIGA Ni thin films are one order of
magnitude smaller than those of Si thin films.

C. Fatigue Crack Nucleation and Short Crack Growth

In an effort to identify the crack nucleation mecha-
nisms in the LIGA Ni thin film, the gage sections of the
microfatigue specimens were monitored in incremental
stages using SEM images of the surface and subsurface
regions that were revealed via FIB methods. The tests
were also stopped at intervals corresponding to different
fractions of the measured failure lives. Following each
incremental loading stage (corresponding to 0.05N
0.1Ng 0.2N; ... Ny, the gage sections of the deformed

samples were imaged in a scanning electron microscope.
These did not reveal evidence of surface-induced defor-
mation up to ~80 to 90 pct of fatigue lives.

Surface or corner cracks were generally observed to
nucleate within the gage sections of the fatigue speci-
mens at about 80 to 90 pct of the fatigue lives. These are
shown in Figures 8(a) through (c), in which the images
of the deformed and cracked gage sections are presented
for a 270-um-thick columnar sample that was deformed
for 1.5 x 10° cycles at a stress range of 259 MPa. Clear
evidence of edge crack nucleation is observed at the sides
of the specimen (Figures 8(a) and (c)), presumably as a
result of stress concentration. Surface crack nucleation
also occurs in the middle of the specimen (Figures 8(a)
and (b)), with the fatigue cracks extending 10 to 20 um
across the width of the specimen.

It is of interest to examine the subsurface morphology
of the nucleated cracks that were observed at the
surfaces of the specimens (Figures 9(a) and (b)). This
was revealed by examining the crack morphologies on
the fracture surfaces using the SEM. The SEM images
showed that the initiated cracks had classical semiellip-
tical profiles with faceted crystallographic morphologies
(Figure 9(a)). Subsequent early crack growth beyond
this regime occurred by transgranular crack growth
mechanisms, as shown in Figure 9(b). Further details on
the “long” fatigue crack growth mechanisms will be
presented in Section D using results obtained from tests
on CT specimens.

D. Long Fatigue Crack Growth

The long fatigue crack growth data obtained from the
CT specimen are presented in Figure 10. The logarith-
mic plot of da/dN against AK exhibits a sigmoidal
variation, as in most engineering alloys.***” The Paris
power-law relationship, showing a linear variation of log
da/dN with log AK, pertains to stable fatigue crack
growth from about 8 to 32 MPa+/m. This can be written
as follows:

da _ -8 22

N 3.7 x 107°(AK)""(mm/cycle) 2]
F([)Sro]bulk Ni, the Paris law relationship is expressed
as

da = 4 x 107°(AK)**(mm/cycle) 3]

dN

where AK is the mode I stress intensity factor range.
The subscript 1 is dropped for simplicity. (The same
convention applies in the rest of this article except in

Table II. Summary of Fatigue Parameters

Predicted Fatigue

Material Specimen Film Thickness (um) o p (MPA) Endurance Limit (MPA)
LIGA Ni thin films Current study 270 -0.04 243 283

Cho et al.’) 200 -0.06 251 204
Si thin films Kapel et al ™ 4 -0.03 3000 4000

Sharpe et al.*?! 3.5 -0.01 1000 2000
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Fig. 8—Crack nucleation in 270-um-thick LIGA Ni MEMS thin film deformed at a stress level of 259 MPa for 1.5 x 10° cycles: () fatigue crack
initiated on the top surface, (b) fatigue crack nucleated at the corner of the sample, and (c¢) crack initiation site at the corner of the sample.

Specimen failed after 3,251,900 cycles.

Fig. 9—SEM images of the cross section of fractured sample due to
fatigue: (@) faceted crystallographic morphology at the crack nucle-
ation site and (b) transgranular morphology in the long crack re-
gion.

cases where mixed mode loading is involved and the
specific modes are defined explicitly). It is of interest
to compare the crack growth behavior described by
Eqgs. [2] and [3] on the same plot. As is shown in Fig-
ure 10, LIGA Ni exhibits a greater crack growth
resistance, and hence slower crack growth rates than
bulk Ni in the intermediate AK regime, i.e., from 8
to 32MPa/m. The data obtained for LIGA Ni show
that fatigue crack growth rates are generally slower
than those in bulk Ni at the same AK levels in the
Paris regime.

Figure 11 reveals the microstructure changes associ-
ated with long fatigue crack growth in LIGA Ni thin

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 10—Fatigue crack growth curve for LIGA Ni.

films. Similar phenomena were observed on two differ-
ent specimens. This was revealed by digging a FIB pit
ahead of the crack tip. Hence, the underlying micro-
structure reveals the microstructural changes that occur
due to cyclic deformation ahead of the crack tip. In
Figure 11(a), a recrystallized grain is formed near the
surface on the left-hand side. This grain is over 10 times
larger than the normal columnar grains. Within the
recrystallized grain, microvoids were observed along
with the surface and intergranular microcracks in the
deformed columnar grains (Figure 11(b)).

The current results, therefore, suggest that fatigue
crack growth is associated with dynamic recrystalliza-
tion and deformation processes that give rise to micro-
void formation and surface/subsurface intergranular
crack growth during fatigue. Further work is needed
to determine the details of how such processes give rise
to stable fatigue crack growth in LIGA Ni MEMS thin
films. These are clearly the challenges for future work.

The fatigue fracture modes are presented in Fig-
ures 12(a) through (c). In the near-threshold regime, a
rough faceted crystallographic fracture mode was
observed with a high incidence of secondary cracking
(Figure 12(a)). This was followed by the Paris regime in
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Thin film

Fig. 11—The fatigue crack/microstructure interaction revealed by FIB: (a) recrystallized and deformed columnar grains and microvoids (AK ~
10 MPaVvm), (b) surface and intergranular microcracks, and (¢) schematic illustration of three-dimensional FIB cut orientation relative to the

fatigue crack front.

Fig. 12—Fracture modes at different AK regimes: (a) near-threshold AK regime, (b) intermediate AK (Paris law) regime, and (¢) high AK regime.

which fatigue striations were observed (Figure 12(b)).
As in conventional metals and their alloys, the fatigue
striation spacing increased with the increasing stress
intensity factor range, AK. Subsequently, a rough
striated fatigue fracture mode was observed at higher
AK values, and the incidence of secondary cracking
increased with increasing AK (Figure 12(c)).

Before closing this section, it is of interest to examine
the crack-tip shielding mechanisms that were revealed
by the side images of the CT specimens. These revealed

2346—VOLUME 38A, SEPTEMBER 2007

clear evidence of crack-tip shielding by crack deflection
(Figure 13(a)), crack branching (Figure 13(b)), crack
deflection induced by oxide inclusions (Figure 13(c)),
and secondary cracking (Figure 13(d)), which can result
in crack-tip shielding or antishielding.***"! Hence, the
observed crack growth resistance is attributed, at least
partly, to the shielding contributions from these mech-
anisms, as well as the intrinsic crack-tip plasticity
associated with fatigue crack extension mecha-
nisms.[*>*

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 13—Crack-tip shielding mechanisms in LIGA Ni thin film: (a) crack deflection, (b) crack branching, (¢) crack deflection induced by oxide

inclusion, and (d) microcracking.

V. DISCUSSION

The implications of the current work are quite
significant. First, the stress-life experiments and the
observations of crack nucleation suggest that crack
nucleation occupies a significant fraction up to ~80 and
90 pct of the fatigue life at the stress levels used in this
work. This corresponds to the number of cycles required
to nucleate a 10-um crack. Hence, the fraction of the
fatigue life expended in the crack growth regime may be
limited. Significant efforts are, therefore, needed to
improve our fundamental understanding of the disloca-
tion interactions and possible oxide-assisted phenom-
enal®¥ that can give rise to crack nucleation. These are
clearly challenges for future work.

Before closing, it is of interest to note that the
nanoscale grains on top of the columnar structure offer
the potential for improving the overall fatigue life. This
is because the small nanoscale grains are more likely to
improve the resistance to fatigue crack nucleation, while
the larger columnar grains are more likely to increase
the resistance to fatigue crack growth.*>*” However,
further work is needed to establish the stability of the
nanostructured layer of grains observed in the as-
deposited microstructure. Further work is also needed
to develop a basic understanding of the effects of
microstructure on the nucleation and growth of fatigue
cracks in LIGA Ni MEMS structure.

In any case, it is clear that the fatigue behavior of the
current microstructure is dominated by crack nucleation
phenomena in high-cycle fatigue. Because such phe-
nomena are difficult to model at present, an empirical
stress-life approach is recommended currently for
fatigue life prediction. The crack growth resistance can
also be ranked using the so-called long fatigue crack
growth data. However, it is important to note that such
data do not reflect possible short crack anomalies!**”!
that can occur during the early stages of fatigue crack
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growth. Further work is clearly needed to establish short
crack growth rate data and the possible short crack
anomalies that can occur in LIGA Ni MEMS thin films.

VI. CONCLUSIONS

The article presents the results of a study of fatigue in
a LIGA Ni MEMS thin film with nanoscale grains on
top of a columnar grain structure. The salient conclu-
sions arising from this study are as follows.

1. The stress-life behavior is comparable to that re-
ported previously for bulk-annealed Ni. The mate-
rial exhibits an endurance limit of ~210 MPa, which
corresponds to 45 pct of the tensile strength. Also,
the initiation lives correspond to ~80 to 90 pct of
the total fatigue lives.

2. The microscopic observations suggest that slip band
formation is associated with fatigue crack nucle-
ation. The nucleated cracks have nearly thumbnail/
semielliptical or corner crack morphologies with
faceted crystallographic morphologies.

3. The fatigue crack growth rate data are slower than
prior reported data for annealed bulk Ni in the
Paris regime. The Paris exponent of 2.2 is also
smaller than the Paris exponent of 3.3 for bulk an-
nealed Ni.

4. The FIB/SEM images of crack/microstructure inter-
actions suggest that dynamic recrystallization occurs
in the fatigue process zone. There is also evidence
of microvoid formation and intergranular cracking
in the fatigue process zone. This suggests a fatigue
mechanism in which coupled deformation and mass
transport processes result in cyclic damage in evolv-
ing microstructures in the vicinity of the crack tip.

5. The fatigue crack growth rate data exhibit three dis-
tinct regimes that are associated with characteristic
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mechanisms. In the near-threshold regime, a rough
crystallographic fatigue fracture mode is observed
in fractography, while fatigue crack growth in the
Paris regime involves fatigue striations. Finally, in
the high AK regime, a rough striated fatigue frac-
ture mode is observed along with a high incidence
of secondary cracks.
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