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Measuring the fracture behavior of small specimens of semibrittle materials
such as tungsten is often difficult due to the lack of crack stability and a high
ratio of the crack tip plastic zone size to specimen dimensions. To overcome
this, microcantilever bending tests were used with a stable chevron notch
geometry coupled with elastic—plastic fracture mechanical (EPFM) analysis.
The chevron notch geometry was first validated by measurement of the (111)
cleavage toughness in single-crystal Si, then fracture resistance curves (R-
curves) were calculated via EPFM analysis of fracture data obtained from a
semibrittle W-1%Ta alloy. The accuracy of the fracture resistance curves
measured from W-1%Ta was evaluated by means of ASTM standard macro-
scopic fracture tests. The conditional fracture toughness (Kq.) prior to crack
instability was found to be five times larger than the macroscopic fracture
toughness (Kj.), due to the combination of plastic tearing of ductile ligaments
and the extensive microplasticity ahead of the crack tip. These results suggest
that use of chevron-notched microcantilevers is suitable for evaluating the
fracture toughness of brittle silicon but overestimates the fracture toughness

value for semibrittle tungsten.

INTRODUCTION

Fracture testing using focused-ion beam (FIB)-
fabricated microspecimens loaded by nanoindenta-
tion is now an established technique for investigat-
ing  fracture behavior at  microscale.™
Microfracture tests can bring the benefit of testing
the fracture properties of individual microstructural
constituents, such as grain boundaries, or signifi-
cantly reducing the radiated volume when dealing
with  neutron-irradiated  samples.*® Among
microfracture specimen designs, the prenotched
microcantilever has gained in popularity due to its
rather simple fabrication and straightforward frac-
ture mechanical analysis.®® Other microfracture
specimen designs, such as pillars,'® double can-
tilevers,'* double-clamped beams,i2 and double-
edged notched tensile bars,'® have also been devel-
oped. The applicability of each microspecimen
design usually depends on the brittleness of the
material and features of interest. A round-robin
study of tests using various microfracture specimen
designs for purely brittle materials was conducted
by Jaya et al.'* on silicon. The measured plane-
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strain fracture toughness (Kj.) values were within
the range of 0.7 MPa m°® to 1.2 MPa m®%, in good
agreement  with  the  macroscopic  value
of ~ 1 MPa m®%.1%

Microfracture studies have largely focused on
intrinsically brittle materials, for which linear-
elastic fracture mechanical (LEFM) analysis is
applicable due to the small ratio of the crack tip
plastic zone size to specimen dimensions. However,
for metallic materials, the crack tip plastic zone size
can range from a few microns to hundreds of
microns, which becomes significant in comparison
with the specimen dimensions. LEFM analysis then
underestimates the true fracture toughness due to
its neglect of the localized crack tip plastic defor-
mation. Elastic—plastic fracture mechanical (EPFM)
analysis, on the other hand, provides a more
complete quantification of the }G)Iasticity-associated
fracture process. Wurster et al.’® performed the first
elastic—plastic microfracture tests on prenotched
single-crystal tungsten cantilevers. The cantilevers
were deformed in situ in a scanning electron
microscope (SEM) using a displacement-controlled
nanoindenter. Both load-displacement data and
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SEM images were used to record the crack exten-
sion during testing and to inform the EPFM anal-
ysis. Ast et al.'” performed microfracture tests using
single-crystal NiAl cantilevers. Cantilever stiffness
values from cyclic and dynamic loading were used to
calculate the J-integral EPFM parameter. Both
works showed pronounced fracture resistance
behavior (R-curve) during crack growth in these
semibrittle materials. Ast et al.’® later performed
in situ single-crystal tungsten microcantilever tests
coupled with high-resolution electron backscatter
diffraction (HR-EBSD) analysis. This combination
of techniques allowed experimental validation of the
crack tip plastic zone size during cantilever bending
tests and confirmed that EPFM is a more suit-
able fracture mechanical analysis method than
LEFM to quantify the plasticity-assisted fracture
process. One should also note that Ast used straight
prenotches, hence the notch bluntness and lack of
crack stability during the initial stage of crack
growth may have influenced the fracture toughness
measurements.

The most important prerequisite for EPFM anal-
ysis under quasistatic loading is unambiguous crack
stability. However, this is difficult to achieve in
microfracture experiments due to several factors: (1)
most nanoindenters are intrinsically load con-
trolled, (2) FIBed prenotches are rather blunt
compared with real fatigue cracks or other atomi-
cally sharp ideal cracks, so an overload may be
required to start crack propagation, and (3) most
microfracture tests are conducted in bending mode,
which is an unstable geometry for crack propaga-
tion. Possible solutions are to utilize an inherently
stable specimen geometry, e.g., a double-cantilever
beam, or to use a dislplacement-controlled loading
apparatus. Liu et al.'* achieved stable cracking by
compressing a prenotched micro double-cantilever
beam (DCB) with a flat punch. However, only the
critical load at crack instability was used in that
work, and the fracture toughness calculation was
based on LEFM. Sernicola et al.'® extended the
DCB approach by using a displacement-controlled
indenter to facilitate stable crack growth and an
energy-based fracture mechanical analysis to calcu-
late the R-curve. This method relied on an in situ
SEM experiment where crack length could be
measured directly. However, several issues remain
in the DCB approach, including: (1) the non-free-
standing geometry, (2) friction between the indenter
and specimen surface, and (3) the interaction
between the crack tip and indentation stress field.

These issues are not present with cantilever
specimens, so an alternate method is to change the
notch geometry to one that promotes initial
stable crack growth in cantilever bending experi-
ments (e.g., a chevron notch). Mueller et al.?° were
the first to utilize the crack stability provided in
chevron notches in microcantilever fracture exper-
iments. The materials chosen for validation (fused
quartz and alumina) were inherently brittle, so

crack tip plasticity was very limited and LEFM was
sufficient to calculate valid fracture toughness
values. Chevron notches were used to initiate and
stabilize sharp precracks, which effectively reduced
the notch root effect and the possible %allium-
introduced amorphization at the crack tip.”

In this work, chevron-notched microcantilevers
were used to initiate sharp precracks and provide
stability for EPFM analysis of quasistatic crack
propagation in a semibrittle material. First, single-
crystal silicon microcantilevers and finite-element
(FE) modeling were used to validate the stress
intensity factors (SIF's) of this specimen design and
guide the chevron notch geometry. Microcantilevers
were then fabricated in semibrittle tungsten-1wt%
tantalum (W-1%Ta) alloy and tested by using a
modified load partial-unload method. The R-curves
and conditional fracture toughness (Kq.) values
were evaluated using the macroscopic fracture
toughness (Ki.) and ASTM standard E1820 to
calculate the minimum microscopic specimen size
required to provide valid data for the elastic—plastic
fracture toughness.

EXPERIMENTAL PROCEDURES
Materials

High-purity (99.99%) single-crystal silicon from
Goodfellow® (Huntingdon, UK) was used to produce
specimens to validate the chevron notch design. A
matchstick sample was cut via electrical discharge
machining (EDM) from industrial-grade tungsten-
1% tantalum (W-1%Ta) alloy produced by Plansee®
(Reutte, Austria) via powder consolidation and hot
forging. Both materials were mechanically ground
using SiC grit papers, followed by diamond paste
polishing. Lastly, the samples were chemomechan-
ically polished using colloidal silica to obtain a
stress-free surface for electron backscattered
diffraction (EBSD) analysis. Figure 1a and b shows
that the grains of the W-1%Ta matchstick were
elongated in the S-T orientation due to the direc-
tional hot forging, and the grains are more equiaxed
in the L—S orientation. Microcantilevers were fab-
ricated in S-T orientation so that several grains
(usually 5-7) could be included in a single
microcantilever.

Experimental Methods

A dual-beam Zeiss® Auriga FIB/SEM was used to
fabricate the microcantilevers. For initial U-shape
trenches, a milling current of 4 nA was used; this
was then reduced to 1 nA, 600 pA, and finally
100 pA for the undercuts and final polishing. For
the chevron notching, the current was reduced to
10 pA to prevent gallium-induced displacement
damage. Details of the notching procedures and
EBSD SEM images of a typical chevron-notched W-
1%Ta microcantilever are shown in Fig. 1c and f. A
G200 Nanoindenter (KLA, USA) equipped with a
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FIB direction
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Fig. 1. (a) W-1%Ta matchstick EDMed from the hot-forged ingot, (b) EBSD maps of both L-S and S-T orientation, (c—e) schematic of final
chevron notching procedure and typical cantilever geometry, and (f) EBSD map of typical cantilever.

NanoVision® stage was used to test the microcan-
tilevers. Each microcantilever was first scanned
under the indenter tip to produce a topological
image, which allowed accurate load positioning. The
beams were then deflected using a load partial-
unload method to measure the static cantilever
stiffness and work of fracture (WOF).

FINITE ELEMENT MODELING
OF CHEVRON-NOTCHED MICROCAN-
TILEVERS

3D Modeling of Chevron-Notched Microcan-
tilevers

The geometry-dependent stress intensity factors
(SIFs) and cantilever stiffness values were calcu-
lated numerically using ABAQUS™ CAE 6.14
(Dassault Systems, France). A typical meshed 3D
half-cantilever model and boundary conditions are
shown in Fig. 2a, and dimensions are presented in
Table I. The supporting base was included to take
into account the base deformation; and to improve
computational efficiency, only half of the cantilever
was modeled and the chevron notch width was
assumed to be zero. The mesh used solid 3D 20-node
quadratic-type elements (C3D20R), to provide suf-
ficient accuracy in the stress concentrated regions.
A half-cantilever model with the geometry described
in Table II contains approximately 80,000 elements.

J-Integral Calculation Using the Contour
Integral Method

ABAQUS calculates the geometry-dependent
SIFs using the contour integral method.?? In order
to perform a contour integral analysis on a 3D
crack, the crack front and crack direction must be
defined. An example of the von Mises stress distri-
bution along a crack front of arbitrary crack length
a (ag< a < ayp) is shown in Fig. 2b. The contour
integral analysis computed a J-integral at each
node along the crack front, then the J-integrals
were converted to the nondimensional SIF, Y, using
Egs. 1 and 2. Due to the numerical error from
distortion of the edge meshes near a free surface, Y
varies slightly along the crack front and rises
rapidly when approaching the cantilever surface.
Similar effects were also reported by Sarrafi-Nour®®
and Newman®® in FE-modeled chevron-notched
specimens. Therefore, to eliminate the extreme
values near free surfaces, Y was taken as an
average value from the midplane to approximately
80% (— 0.4 < z/2 < 0) of the crack front.

| EJ
K = 1_7027 (1)
KBVW

Y= p (2)
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Fig. 2. (a) Typical meshed half-cantilever model with supporting base and boundary conditions. (b) Stress distribution of a half-chevron notch of
crack length a, showing the variation of Y along the crack front (0.5 < z/2 < 0).

Table I. Typical dimensions of half-cantilever model (with supporting base)

L (um) B (um) W/2 (pm) 1 (um) P (um) H (pm) T (um) ao (pm) a; (um)
9 3 1.5 1 12 12 5 0-0.9 2.1-3
Table II. Test summary from two chevron-notched Si microcantilevers

# L¢) W@m) B@m) L@Em) a(m) a(@m) Ymn P.@N)  Ki (MPam®®)
A2 5 2.9 2.8 9.1 0 1.56 3.1 825.5 0.82

B2 5 3.1 2.9 8.5 0 1.52 3.2 772.7 0.87

where E is the elastic modulus, v is the Poisson’s
ratio, P is the load at which the J-integral (J) was
calculated, and B and W are the cantilever thick-
ness and width.

Optimization of the Chevron Notch Geometry

Quasistatic stable crack growth is a prerequisite
for EPFM analysis, hence the chevron notch geom-
etry should be optimized to ensure sufficiently
stable crack growth up to the critical crack length
(¢ = a/B). He and Evans 2° first reported that the
nondimensional SIFs were strong functions of the
chevron tip (g = a¢/B) and base positions (¢, = @1/B)
but were only weakly dependent on the cantilever
dimensions. Calomino et al.?® later reported that
the primary effect of varying oy and «; is on the force
required to initiate a sharp crack; e.g., a smaller o
with larger o; maximizes stable crack growth, but
also increases the tendency for premature failure
due to a narrower initial chevron ligament. For
constant oy and oy, the SIFs were almost

independent of cantilever dimensions. Here, a series
of FE simulations of various chevron geometries
with increasing crack length were used to achieve
notch geometries with sufficiently stable crack
growth (taken as a. > 0.5). Dimensions used in the
half-cantilever models are described in Table I.
Isotropic, homogeneous, linear-elastic properties of
tungsten  were implemented (E = 410 GPa,
v =0.3).2” The variables in the simulations were
the chevron tip position (¢p) and base position (oq).
The critical crack length at which crack extension
becomes unstable (o), Yimin, and fit polynomials for
Y and S versus normalized crack length (o) for four
chevron notch geometries are provided in Table SI
in the Electronic Supplementary Material. Due to
the beam profile and small amounts of drift that are
unavoidable during FIBing, it is impossible to make
exact chevron notch geometries to match the FE
simulations; hence, a set of notch geometries with
sufficiently stable crack growth (e > 0.5) and stiff-
ness drop with the expected crack growth
(~ 1000 N/m) were selected to match with the
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actual microfracture tests. Crack lengths were
calculated from stiffness changes measured in suc-
cessive partial load—unload cycles, using FE simu-
lations of stiffness with varying crack length, e.g.
Fig. 3b, for calibration.

Chevron notches with low base position («; < 0.7)
were not simulated, as redeposited materials can
introduce curved edges that would reduce the
triangular area and increase the likelihood of
premature fracture. As an example, the SIF and
stiffness plots for the chevron geometry (oo = 0.1,
o1 = 0.9) used in W-1%Ta cantilever tests are shown
in Fig. 3.

Validation Using Single-Crystal Silicon
Microcantilevers

Microfracture tests on single-crystal silicon with a
(110) surface were used to validate the FE-calcu-
lated SIFs. Microcantilevers with (111) crack plane
and chevron notch geometry of (¢ =0, o; = 0.7)
were fabricated via FIB, as shown in Fig. 4a, and
deflected by using a nanoindenter to complete
failure. The load—displacement curves are shown
in Fig. 4b, and the fracture surfaces for cantilever
A2 and B2 are shown in Fig. 4c and d, respectively.
The LEFM plane-strain fracture toughness (Kj.) for
a chevron-notched specimen can be calculated using
the unstable fracture load P. and the FE-calculated
Yoin (for Si, E = 169 GPa and v = 0.21 were used)
via Eq. 3.

Ymin
c B \/W’
where B and Wi are the cantilever thickness and
width, P, is the unstable fracture load, and Y,,;, is
the minimum nondimensional SIF.

Due to the sharp apex and increasing crack front

provided by the chevron geometry, a transition
between stable and wunstable crack growth is

Ki. =P (3)
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expected when the crack reaches o« (at which point
Y reaches a minimum). Such a stable-to-unsta-
ble transition is visible on the fracture surfaces. The
stress concentration at the chevron edges resulted
in a slightly curved crack front. Cantilever geometry
and test results are summarized in Table II. The
fracture toughness values (Ki.) calculated from the
two chevron-notched Si microcantilevers
(~ 0.85 MPa m®®) are in good agreement with the
macroscopic Ki. value for the same fracture plane
(~ 0.9 MPa m’%),?® validating the FE-calculated
SIFs from the microcantilever method.

MICROFRACTURE TESTS OF W-1%TA
MICROCANTILEVERS

Two geometries of W-1% Ta microcantilever were
tested: (1) triangular unnotched cantilevers for
measuring yield stress (oys), which is required for
the crack tip plastic zone size (ry) estimation, and (2)
pentagonal chevron-notched cantilevers for EPFM
analysis of crack propagation.

Triangular Microcantilevers

Triangular microcantilevers were tested using
the load partial-unload method, with a constant
loading/unloading rate of 5 uN/s. The load—displace-
ment data were converted into a maximum stress—
strain (SS) curve using simple beam theory via
Egs. 4 and 5. The elastic modulus, yield and flow
stresses were extracted from the SS curve, shown in
Fig. 5a. Due to the simple beam assumption, the
stress—strain data were only valid up to the yield
point. Most cycles showed an initial linear-elastic
regime, followed by yielding and constant plastic
flow. Yield was defined as occurring when the
apparent secant modulus reduced to 90% of its
initial value. The modulus measured from micro-
cantilevers (~ 370 GPa) was slightly lower than
literature values of 410 GPa. This is because simple
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Fig. 3. (a) Stress intensity factor and (b) cantilever stiffness as a function of crack length calculated by FE analysis for the chevron geometry
used in W-1%Ta cantilever tests. The minimum in (a) is the crack length at which crack extension with increasing load changes from stable to

unstable.
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Fig. 4. (a) Chevron-notched Si microcantilevers with (111) crack plane, (b) load—displacement curves and (c, d) fracture surfaces of Si
microcantilevers A2 and B2. Dotted red lines indicate the stable-to-unstable crack transition.
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Fig. 5. (a) Cyclic stress—strain curve and (b—d) posttest SEM images of elastic—plastic triangular W-1%Ta microcantilever.
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beam theory assumes a perfectly rigid cantilever
base, whereas in real tests there will be small
deflections in the base that increase the apparent
compliance of the beam, as shown previously from
the work by Armstrong et al.?®

24PL

Omax = Wa (4)
2B6
Emax = F (5)

Slip traces from mobile dislocations were clearly
observed at the top surface and bottom apex of the
triangular cantilever, shown in the posttest SEM
micrographs in Fig. 5b and d. Similar observations
were reported by Gong et al.’® in pure titanium
microcantilevers. In general, yield stresses mea-
sured from microcantilevers are strongly influenced
by the cantilever thickness, showing a “smaller is
stronger” trend. This is mainly due to the pile-up of
mobile dislocations at the neutral axis and the lack
of available dislocation sources for generating plas-
ticity.?! The base deflection is not expected to
influence the measured yield stress, as the yield
point is defined using the “relative” drop of modu-
lus. Results measured from two triangular W-1%Ta
and also data from W microcantilevers reported by
Gibson et al.>? are summarized in Table III (uncer-
tainties are propagated through dimension mea-
surements). The higher o, in W-1%Ta can be
attributed to the strengthening effect from the
tantalum addition.?®

Chevron-Notched Pentagonal Microcan-
tilevers

All load partial-unload tests were performed
using a G200 Nanoindenter (KLA, Milpitas, USA)
in closed-loop, load-controlled mode. The load—dis-
placement curves were corrected for the indenter tip
embedding. Details regarding the corrections are
provided in Table SII in the Electronic Supplemen-
tary Material. SEM/EBSD images, dimensions, and
test parameters of two cantilevers are given in
Fig. 6 and Table IV.

The load—displacement curves of two cantilevers,
W/Ta-A and W/Ta-B, are shown in Fig. 7a and d.
Both cantilevers were loaded incrementally until
instability. A significant amount of nonlinear defor-
mations was observed in the later cycles, which was
associated with stable crack growth and plasticity.

Li, Marrow, Roberts, and Armstrong

Cantilever stiffness values were calculated using
the corrected load—displacement curves, and are
shown in Fig. 7b and e. Even with the tip embed-
ding correction, the stiffness values calculated from
initial cycles are slightly lower than the FE-esti-
mated cantilever stiffness (« = 0, indicated as black
line showing the “initial” stiffness value without
any crack growth). This may be due to the fact that
the polynomial fit used to estimate the tip embed-
ding depth does not take into account the hardness
of the individual grain that the tip is in contact
with, hence the total embedding depth is not fully
corrected for due to local hardness variations
between grains. “Stiffness drop” values for two
cantilevers were calculated as the difference
between the stiffness of the unfractured cantilever
(notched but crack not yet initiated) and the final
unloading cycle stiffness (prior to unstable fracture).
The unstable fracture load, total stiffness drop, and
extent of stable crack growth (calculated using the
stiffness versus crack length relationship from the
FE simulations), are summarized in Table V. Frac-
ture surfaces of the two cantilevers are shown in
Fig. 7c and f.

In cantilever W/Ta-A, the fracture surface was
mostly dominated by ductile dimple-like features. In
cantilever W/Ta-B, the surface of cracks initiated at
the chevron apex was also dominated by ductile
dimple-like features, which changed to brittle cleav-
age-like features as the crack propagated. Crack
lengths at the stable-to-unstable transition calcu-
lated from stiffness drops for two cantilevers are
around 520 nm, significantly less than the crack
length expected from the FE-estimated crack length
o, (~ 1380 nm). Figure 8 shows another tested
chevron-notched W-1%Ta microcantilever without
any apparent stable crack growth. Significant tear-
ing of the ductile ligaments was observed at the
chevron apex where the cracks initiated, which can
be related to additional plastic work stored in the
cantilever and possibly led to premature failure; it
may be that the crack path followed a grain
boundary instead of the chevron ligament. The
load-controlled nature of the nanoindenter also
contributes to the early termination of stable crack
growth. Any nonlinear events, e.g., plasticity or
fracture, will force the indenter to move abruptly
until the maximum load is reached. One should still
expect reasonable elastic—plastic fracture properties
to be calculated from those cantilevers, since evi-
dence of stable crack growth is clearly visible from

Table III. Moduli and yield stresses obtained from W-1%Ta and W microcantilevers [32]

Triangular cantilever Thickness (ym)

Cantilever 1 (W-1%Ta) 2.8 £0.1
Cantilever 2 (W-1%Ta) 2.6 +£0.1
Gibson (W) 24+ 0.2

Elastic modulus (GPa) Yield stress (GPa)

367 + 35 52+ 0.2
370 £ 28 51403
418 + 86 27+04
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Table IV. Dimensions and test parameters for two W-1%Ta cantilevers

L B w S a0 (@y/ a1 (@) L (uN/ Load Increment Hold Unload
Cantilever (pm) (um) (um) (um) B) B) s) (uN) (s) %
W/Ta-A 11.2 3 3 0.5 0.1 0.9 5 50 30 50
W/Ta-B 11.2 3 3 0.5 0.1 0.9 5 50 30 50

the fracture surfaces. In summary, the posttest
SEM fractography showed that the region of
stable crack growth in the chevron-notched W-
1%Ta microcantilevers was accompanied by exten-
sive plasticity and should be taken into account in
later EPFM analysis.

Elastic-Plastic Fracture Mechanical Analysis
of W-1%Ta Microcantilevers

Elastic—plastic fracture mechanical (EPFM) anal-
ysis was used to calculate the fracture resistance
curves (R curve) for the two W-1%Ta cantilevers.
Using the J-integral,®* the analysis takes into
account both the elastic and plastic work that
accompanies crack extension. Calculation of the J-
integrals requires information on the crack length
and work of fracture (WOF) at each loading cycle,
which were determined by analysis of data from the
load partial-unload cycles, as described below.

The J-integral at each crack length J;) is divided
into both elastic and plastic components, as shown
in Eq. 7. The elastic component J;, was calculated
using the LEFM equation described in Eq. 6 and the
first part of Eq. 7. The analysis assumes that the
crack front is straight, and crack surfaces are fully

opened and continuous, e.g., no bridging ligaments.
The plastic component JJ,;;) was calculated in terms
of the work of fracture (WOF'), using the area under
the load—-displacement curve Ay, and the area of
crack surface created during each cycle, described in
the latter half of Eq. 7. Due to the chevron notch
geometry, the crack surface areas were calculated
conveniently using the crack length a, estimated
from the stiffness drop and the corresponding crack
front B(;.The constant 1 was set to 2 to take into
account the two crack surfaces.®® For ease of
comparison with macroscopic K values, the J-inte-
gral at crack instability was converted to the
conditional fracture toughness Kq. using Eq. 8
(assuming plane-strain condition). A schematic
load—displacement curve, which illustrates the
EPFM analysis, and the calculated parameters are
provided in Tables SIII and SIV in the Electronic
Supplementary Material. The microscopic R-curves
for the two cantilevers, obtained prior to instability,
are shown in Fig. 9.

P
© Y (6)

K, =
(@) B\/W
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Fig. 7. Load—displacement curves, cantilever stiffness versus maximum load (number indicates load—unload cycle) and fracture surfaces for
cantilever W/Ta-A (a—c) and W/Ta-B (d—f). The red dotted line on the fracture surfaces indicates the stable crack length expected from FE
simulation. Note that a smaller load increment (30 xN) for cantilever B was used.
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Table V. Test summary of cantilever W/Ta-A and W/Ta-B

Unstable fracture

Total stiffness drop Stable crack length

Expected stable crack

Cantilever load (uN) (N/m) (nm) length (nm)
W/Ta-A 536 370 + 4 525 + 10 1380
W/Ta-B 643 360 £ 5 507 £ 12 1380

The total stiffness drop and stable crack length were measured from the load partial-unload cycles, and the expected stable crack length
were calculated from FE models of similar geometry.

Fig. 8. (a) Posttest SEM of a chevron-notched W-1%Ta cantilever without stable crack growth, and (b) fractography showing ductile ligament
followed by brittle fracture.
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Fig. 9. R-curves for cantilever W/Ta-A and W/Ta-B. Crack initiation
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Table VI. EPFM results for two cantilevers

Cantilever J. (J/m?) Kq. (MPa m®?)
W/Ta-A 1524 4+ 26 26.2 + 2.3
W/Ta-B 1447 + 31 254 + 2.3

Koiy = | ——== 8

Q(i) (1- v2) ( )

In region 1 of Fig. 9, both curves show a steep initial
slope. In the semibrittle tungsten, crack initiation at
the chevron apex was associated with extensive
ductile tearing shown previously in Fig. 8; it is
likely that the plastic work calculated during the
initial cycles was mostly from the ductile tearing
rather than the actual crack extension. In region 2,
J increases gradually with crack extension, and it is
assumed that the work is now mainly associated
with generating new surfaces, and the local plastic
work around the crack tip. This would cause the
rather flat R-curve that is observed. The JJ values
attained just before crack instability were used to
describe the critical condition for crack instability,
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and the EPFM J. and Kq. values obtained for the
two cantilevers are summarized in Table VI.

DISCUSSION

Room-Temperature Fracture Resistance
of Tungsten

Similar fracture resistance behavior of tungsten
has also been reported elsewhere. Gludovatz et al.*®
reported a macroscopic R-curve behavior in indus-
trial-grade polycrystalline tungsten. They con-
cluded that the increasing fracture resistance was
due to the connection between different cleavage
planes in adjacent grains and crack bridging effects.
Localized plasticity near the vicinity of the crack
path was also observed, which contributed to the
fracture resistance during initial crack growth. In
this study, it is unlikely that connection between
cleavage planes in adjacent grains contributed to
the microscopic R-curve behavior, as the microcan-
tilevers typically only have one grain throughout
the entire thickness. Ast et al.?” similarly reported
R-curve behavior in straight-notched single-crystal
tungsten microcantilevers, which was found to be
strongly dependent on the cantilever size, due to the
presence of a plastic strain gradient and crack tip
plasticity. Cantilevers with intermediate thickness
of 9 um exhibited the highest fracture resistance,
whereas in larger cantilevers, a reduction of frac-
ture resistance was due to the less pronounced
plastic strain gradient. It should be noted that even
the highest J value at crack instability (~ 800 J/m?)
in their straight-notched cantilevers was still sig-
nificantly smaller than the value obtained from the
chevron-notched microcantilevers (1500 J/m?2). One
possible reason for this discrepancy is that the
straight-notched cantilevers are more susceptible to
unstable fracture due to notch bluntness, which
may prevent full development of crack tip plasticity.

The microscopic EPFM K. values obtained in this
study are approximately five times h'sgher than the
macroscopic LEFM K;, of ~ 5 MPa m®°.?®* The EPFM
analysis assumes that all plastic work contributed to
the stable crack growth. This is not necessarily the
case, as redundant plastic deformation will occur in
the microcantilevers: gross yielding (i.e., dislocation
traces), crack tip blunting, and ductile tearing of
bridging ligaments were observed. Hence, it is
expected that the microscopic Kq. overestimates the
true fracture toughness due to this contribution from
size-dependent plasticity. Furthermore, evaluation of
the Kq. by EPFM requires a critical ratio between the
specimen size and the crack tip plastic zone to be
exceeded, to ensure sufficient stress triaxiality at the
crack tip.>® For a valid Kq. measurement, ASTM
E1820 defines a minimum specimen size requirement
using Eq. 9, which is based on the effect of yield
stress on the plastic zone size.

BabO Z MQ? (9)
Oys

Li, Marrow, Roberts, and Armstrong

where B is the specimen thickness, b, is the initial
ligament size, / is a dimensionless constant of 100,
and gy, is the yield stress

Taking cantilever A as an example, using oy of
5.2 GPa (from unnotched triangular cantilever) and
J. of 1524 N/m, the minimum thickness required
would be approximately 32 ym. Similarly, the min-
imum thickness for cantilever B is approximately
28 um. Here, the cantilever thickness is only about
3 um, hence it is suggested that EPFM analysis
overestimates the fracture toughness and the true
value will lie between the LEFM-calculated lower
bound and EPFM-calculated higher bound.

Crack Stability in Chevron-Notched
Microcantilevers

The chevron-notched microcantilever is intended
to introduce a sharp precrack during loading, which
will grow stably due to the increasing crack front
until the SIF reaches its minimum. The results in
this work, however, showed a significant deviation
between the FE-predicted and experimentally mea-
sured extent of stable crack growth. For the Si
cantilever, the load—displacement curves showed
almost no nonlinearity, which should have been
observed if the expected stable crack extension had
occurred. The fracture toughness in the brittle Si
beams was therefore evaluated using the predicted
condition for instability and LEFM. For the W-
1%Ta cantilevers, the stable crack length measured
from the change in cantilever stiffness was signif-
icantly less than the FE-predicted length, suggest-
ing that crack instability is strongly influenced by
the plastic collapse of the ligaments. The chevron
notches in this work have a finite thickness of
approximately ~ 30 nm due to the limitation of the
FIB aperture size, which was neglected in the FE
simulations. The thicker chevron notch would also
contribute to the additional load for crack initiation,
and discourage stable propagation.

CONCLUSION

The aim of this work is to investigate the fracture
behavior of semibrittle W-1%Ta alloy wusing
microfracture experiments. This was done by intro-
ducing a chevron notch to promote precracking and
stable crack growth. A modified load-controlled load
partial-unload method was used for static cantilever
stiffness measurements. The fracture toughness
measured from chevron-notched Si single-crystal
microcantilevers was in good agreement with
macroscopic values, which validated the specimen
design. Subsequently, chevron-notched microcan-
tilevers were used to measure the fracture resis-
tance (R-curve) of semibrittle W-1%Ta using
elastic—plastic fracture mechanical (EPFM) analy-
sis. The conditional fracture toughness value (Kg.)
at crack instability was significantly higher than
the macroscopic Ki., and this is due to plasticity,
including the larger crack tip plastic zone to
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specimen size ratio and the additional plastic work
required to initiate fracture from chevron notches of
finite thickness. It is therefore suggested that
EPFM analysis calculates a higher bound value for
the fracture toughness of semibrittle materials.
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