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Abstract Tungsten promises great potential in very highperature applications due to its very high
melting point. Yet its brittleness, far above rooeemperature, limits its application. Investigatidmave
already shown that fracture toughness of polycHystéatungsten strongly depends on microstructural
characteristics like grain size and shape, andutexfTo gain a better insight into the basic meismas,
fracture toughness experiments are carried oteaicro-scale. First experiments focus on thaiarfte of
the crystal orientation with respect to crackingré] we report on micro bending tests on free #tgnd
notched, single crystal micro cantilevers. Withpesst to the {110}<10> crack system, the beam axis was
normal to the {110} crystal plane.
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1. Introduction

Tungsten is a very promising material for poweregation due to its outstanding properties at high
temperatures such as high strength, high Young8utg, and of course its high melting point. A
huge drawback, though, is its brittleness and bigtie-to-ductile temperature which limits the use
of tungsten significantly. Therefore, several stsdnave already been carried out to investigate the
fracture behavior and to provide suitable remedies.

An extensive study of the fracture toughness ofs$ten single crystals had been carried out by
Riedle and Gumbsch [1-3]. They considered the @mfte of crystal orientation, loading rate, and
temperature on the fracture behavior. Furthermatidies on the fracture behavior of
polycrystalline tungsten were reported by Gludowtal. [4], who investigated pure polycrystalline
tungsten as well as doped tungsten to gain diffemicrostructures at various temperatures.
Experiments on pure rolled polycrystalline tungstegre carried out by Rupp and Weygand [5].
They observed the influence of different grain kaany orientations on the fracture behavior. All
those investigations showed that fracture toughimesmmgle crystal and commercial polycrystalline
tungsten strongly depend on microstructural charetics and loading conditions. However, most
studies were carried out at the macro-scale with é&ceptions such as Wurster et al. [6] who
studied the fracture behavior of single crystallimegsten at the micro-scale.

The aim of this study is to observe the fractureaw@r of tungsten at the micro-scale to deepen the
insight into the fracture behavior of tungsten omiaromechanical basis. For this, free standing
single crystal bending cantilevers with a typicahension of 20 pum in width and 40 um in height
have been manufactured and tested using a nanoénd@a investigate the influence of different
crack systems, experiments will be carried out wlifferently oriented beams. Further experiments
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on bi-crystals will be conducted in situ using 8EM to see the influence of grain boundary. Here,
we report on the development of the testing procedis well as first results for beams that are
oriented to induce fracture in the {110}¥0> crack system. The investigations are accompanjed
crystal plasticity simulations [7] addressing tmerplay of cracking and plastic deformation at
small scale.

2. Experimental

Tungsten single crystals with 3 mm in width andgheéiand 5 mm in length were used for the
manufacturing of the free-standing micro bendingrbe. The samples were aligned in a specific
crystal orientation.

At the scale the experiments are conducted, thedatd geometry and procedure of the ASTM
E 399-90 for the determination of the fracture tougss does not apply, the plastic zone is too large
relative to the cantilever dimensions. Also, nandtadized testing device is available to conduct
standard fracture toughness tests at this lengtle-s@ herefore, a new specimen geometry was
developed which is shown in Figure 1. The geomistiy result of the available manufacturing and
testing conditions. To design the experiment ctosthe standard test, the relations of width, Iengt
and height are derived from the ASTM E 399-90 ftandard fracture toughness tests. As the
samples are going to be tested with a nanoinddrgerstanding cantilevers were chosen. The
length of the cantilevers is roughly 160 pm, theltiviis 33 pm and the height is 40 um. At this
scale the focused ion beam (FIB, FEI Company, N2@@ NanolLab) is an accurate and nearly
inevitable tool, yet at the targeted dimensions rather time consuming and inefficient. Therefore
the basic cantilevers were carved by a micro etadtdischarge machining (u-EDM) process. The
actual width of the gage section width is thinne@® um and the notch is cut to a depth of 20 um
at a distance of 50 um from the shoulder usingcaded ion beam (FIB). The radii between the
bulk material and the cantilever are roughly 20 which can be realized reliably by pu-EDM. Due
to the manufacturing process, however, the geometrigs from the design dimensions, and the
size and shape of each individual beam is inspdmtesstanning electron microscopy (SEM).
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Figure 1. Developed free standing micro bendingrbgaometry as a result of manufacturing and testing
restrictions.
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In the first preparation step, the samples were hawgically polished using a Struers TriPod

polishing fixture and Allied diamond lapping fo8 pm, 6 pm, 3 pum, 1 pm, 0.5 um). This results

in an almost plane surface and sharp edges. Thisdsssary, as the bending cantilevers will be
_2-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

carved from the edges of the single crystals. Rednddges would lead to cantilevers with
decreasing thickness.

A custom-built specimen holder based on a gonionveds used to align the samples accurately for
the u-EDM process. First, a thin plate with theckthiess of the cantilevers was prepared by a
horizontal cut parallel to the polished surfaceteAlards, every single cantilever was carved from
the thin plate by vertical cuts.

Due to the heat input and the re-deposition of emolnaterial, the u-EDM process results in a
rather rough surface of the micro cantilevers. Afsoro-cracks and changes of the microstructure
may be possible. The u-EDM exposed surfaces digiafat a diffraction pattern when investigated
by electron backscatter diffraction (EBSD). Howe\BSD investigations on a beam cross-section
after EDM showed that less than 1 um beneath tloatifrad layer the EBSD pattern indicates no
orientation changes, with respect to the initiakemal. Thus, we conclude that the beams remain
single crystalline after the EDM process.
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Figure 2. SEM micrographs showing the introducetd@mavhich is cut with the ion beam perpendiculathi® surface.
The SEM micrograph 2a shows the cleaned gage meatid the notch from the side. The insert showshamatic
cross-section of the notch. The SEM micrographttiws a top-view. The arrows show the individuallimils steps
for 5, 3, 1 um and the line milling mode.

To minimize the influence of u-EDM processing, RARs used to polish the gage sections of the
cantilevers. Successive cutting from the surfacgatds the middle of the beam by FIB was
conducted to remove the damage layer, to machmadbessary dimensions, and to smoothen the
surface of the beam. For all milling steps an aedion voltage of 30 kV was used. To remove the
main part of the material relatively high galliuomicurrents of 5 to 20 nA were applied. In order to
reduce the influence of the gallium ions in the enat the last cleaning steps were carried out by
lower gallium ion currents of 1 to 3 nA. Finallynatch was cut from the top surface with a depth
of approximately 8 um. For the notches a currert oA was used. In order to gain a deep and
sharp notch the machining process was carried museveral milling steps. The steps were
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successively narrowed from 5to3 and 1 um and dastmilling step, the final notch was
introduced using the line milling mode. The ion inewas always perpendicular to the surface.
Figure 2 shows the notch shape.

The successive milling process of the gage sesthmwed that the u-EDM induced micro-cracks.
However, they never reached deeper than 3 um. filnere¢he milling process was adjusted such
that roughly 4 um of the material was removed towee the influence of micro-cracking on the
fracture behavior. Figure 3 shows a typical surfatea micro-cantilever which was treated by
pu-EDM, micro-cracks can be observed.

Figure 3. The rough surface of the micro cantileasra result of the u-EDM process. Micro crackshia
surface can be observed. The white arrows hightighte of the micro cracks.

For the bending experiments two commercially addaanoindentation systems were used (MTS,
Nano Indenter XP and Agilent Technologies, G20M)e Tindenter tip was used to bend the
cantilever at a defined distance to the notch. Tlaeholding segment of 10 seconds was applied
before unloading. For all experiments a Berkoviphwas used. Afterwards the broken cantilevers
were investigated by scanning electron microsc&BM).

3. Results and Discussion

The force-displacement curves shown in Figure 4rgeto two beams that are oriented to induce
fracture in the {110}<10> crack system. The cantilevers were displacé®tpm (blue curve) and
15 um (green curve) at a distance of about 120nem the notch. As the maximum displacement
is reached, the holding segment follows and theimiax load is held constant. The curve shows
clearly an elastic-plastic transition but no abriged drop which would be indicative of brittle
fracture. Interestingly, a large deflection takéscp during the hold segment. Presumably this is
caused by an increasing crack length over time hvimcturn is correlated to an increasini
under constant load. Since this is a rather pecbkavior, it will be investigated further by
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changing the loading sequence of the test.
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Figure 4. Two force-displacement curves of two hett beams. One beam was loaded to a displacement of
12 um (blue curve) the other one to 15 um (greemedu(Figure 5a). With respect to the {110JkI> crack
system, the beam axis was normal to the {110} atysiane for both notched beams.

The curves show a rather ductile behavior, howeaar,investigation of the fractured surface
indicates partially brittle failure. Figure 5a showhe fractured beams and Figure 5b and c the
surface of the broken cantilevers. It clearly shdwile cleavage in the middle of the beam, while
at the upper edges signs of plastic deformatiorsese.
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Figure 5. a) Post-test overview of beam 1 and Zlbavage surface of beam 1 which was deflectedri2inder
displacement control and fractured further understant load. The beam did not fail completely. &aRage
surface of beam 2 which was displaced 15 um. ¢tdired completely during the holding segment

The fracture toughness cannot be calculated fofigwihe ASTM E 399-90 as it does not apply at
this small scale. Also, it is not trivial to detenma the weight function for this geometry. Therefor
we take a simplistic approach to estimate the diractoughness by looking at an energy relation.
Equation (1) relates the fracture toughnkgsand the energy release r&g were E is Young’s
modulus [8].

K§ = Gq " E, (1)
TherebyGq can be calculated after [9]:

_ d(W—Uel)

Gq dA

: (2)

Here, W is the work of the external forcek, the elastically stored energy andl the change of the
area of the crack which is taken here to be thieeeftacture plane. As the elastically stored eperg
Ug is subtracted from the external fora¥sthe shape modification energy only remains. Tia tze
work of the external forces, the load-displacenmnte was integrated. For the elastically stored
energy, the area enclosed by Hook’s’ straight &ind the curve at the maximum displacement was
calculated. For the calculation of the size of trecture plane the program ImageJ was used.
Therefore, the fracture surface, depicted in an 3fB&ge, was enclosed by a polygon. The resulting
surface area was calculated by the program in dimee of the SEM magnification. With this
calculation, values of the fracture toughnss: 31 MPa-rf?and 35 MPa- ¥ were obtained when
including the displacement during the hold segm&hese values are quite high and can be only
considered as an upper bound. For a lower boursgcand value was calculated neglecting the
holding segment. Thereby, values for the fractotghnesd{q of 6.7 MPa-rtf?and 5.9 MPa- i
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were obtained. These values are pretty low comptredata of Gumbsch and Riedel [1,3] of
12.9 + 2.1 MPa-#¥ for the fracture toughness of the {110/kd> crack system. However, the
experiments are not completely comparable as diftesample dimensions and loading conditions
were used. As shown in Figure 5, for our small daspt is seen that the plastic zone size is large
relative to the sample dimensions. Therefore, welevoather expect a larger value than the one
reported by Riedel and Gumbsch. This also confitresneed to improve the test method. Errors in
the fracture surface analysis cannot account miatge difference.

Improvements in the manufacturing process, testmgditions and also analysis are currently in
progress. For instance, the surface of the badierrabcan be treated by u-EDM. This would lead to
sharper edges. Therefore, cantilevers with deargasibss sections along the axis will be avoided,
compared to the polishing with the Struers TriPod diamond lapping foils. Also, a wedge tip will
be used instead of the Berkovich tip in order toiaslipping and other effects related to the point
loading.

Most importantly, another notch geometry will betésl. As it is not possible to introduce a sharp
crack via fatigue at this specimen dimension, av@hrenotch geometry will be tested in the future.
This should lead to a more controlled crack propagaas the resistance against crack propagation
will increase with increasing crack propagation. éxample of the FIB machined Chevron notch
geometry is shown in Figure 6. For fabrication, specimen was tilted so that the ion beam cut the
specimen at an angle of about 30°. The middle efatiith of the specimen, where the notch should
be placed, was marked by FIB. From this mark, ttemwas cut under the given angle, then the
specimen was rotated by 180° and the second p#reafotch was milled.

Figure 6. The introduced Chevron notch. The SEMrogicaph 6a shows the cleaned gage section andotbk n
from the side. The insert shows a schematic cresesm of the Chevron notch. The SEM micrographsbbws
the top-view.
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4. Summary

The fracture toughness of single crystalline tuaggor the {110}<10> crack system at the micro
scale has been investigated. Free-standing simgtat micro cantilevers were manufactured by
H1-EDM followed by surface cleaning and cutting achdoy FIB. The micro cantilevers were tested
with a nanoindenter. The cantilever axes were atignith the normal direction of the {110} crystal
plane, while the loading direction was parallefite <110> direction. The force-displacement curves
show a rather elastic-plastic behavior, whereasltiservation of the fracture surface reveals deictil
features at the edges of the crack surface antebdbes in the middle. ThKqy values were
estimated via an energy relation. The estimateduegl were in a range between
5.9 and 35 MPa-Hf as the lower and upper limits. Further improversa@iithe test method will be
made in the future including optimizing the beams testing method as well as the notch shape.
Furthermore, the investigations will be extendesals other crack systems as well as bi-crystals
and in situ experiments in the SEM.
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