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The mechanical response of metallic materials results from a complex hier-
archy of deformation mechanisms across length scales. The need to under-
stand these mechanisms independently has driven the miniaturization of
testing samples, including small scale samples and single crystal micropillars.
However, difficulties in machining and testing small samples have hampered
the evaluation of the mechanical response of mesoscale samples with dimen-
sions between tens to hundreds of microns. This paper innovates with a simple
approach for the manufacturing and test of dog-bone specimens with a mini-
mum gauge width up to 50 um. The results demonstrate a pronounced sample
size effects on the mechanical response for the dimensions analysed and
highlights the need to advance the characterization of mesoscale samples. We
also demonstrated the capability of testing the tensile response of single

crystals from engineering alloys.

INTRODUCTION

The mechanical response of metallic materials
arises from different deformation mechanisms that
coexist across several length scales. Concurrent
interactions among these mechanisms make it
difficult to characterize them independently and
requires multiscale experimental and modeling
approaches. Crystal plasticity simulations™? have
demonstrated the need of single crystal data to
correctly parameterize physics-based multiscale
models.

Recent research efforts have recently focused on
small-scale testing to assess microstructure—prop-
erty relationships of single- and poly-crystals.>™®
Unlike standardized approaches that are available
for dimensions up to a few millimetre (e.g., ASTM
standard),® no standards are available specifically
for mechanical testing of submillimetre specimens.
Researchers have advanced the miniaturization of
mechanical testing by developing millimetre-size

(Received November 11, 2022; accepted April 16, 2023;
published online May 8, 2023)

samples’ machined from scarce material sources
such as irradiated,®'° hydrogen embrittled,'* or
welded components.'?

One of the challenges of miniaturization is the
need for accurate machining and transference into a
different testing device. Researchers have explored
micron-scale sample testing by emsploying nanoin-
dentation,*'® micro-tensile stages, 16,17 and micro-
compressive testing,'®2° micro-cantilever testing®!
under in-situ conditions. These techniques are
naturally better suited for cutting and testing
volumes of a few microns in a single testing
machine. Hence, they rapidly become impractical
for samples of several tens of microns or more. At
these length scales, the mechanical properties of
metals are relatively unexplored despite being
relevant to a range of macroscopic properties (e.g.,
microstructure, dislocation substructures).

In the last two decades, increasing demand of
micro-engineering components has improved micro-
machining process, which made miniaturization of
metallic, ceramic and polymeric components possi-
ble. Appropriate controlling units have enabled
nano-scale precisions with a number of microma-
chining methods.?>?* A relatively common
approach to fabricate micron-sized specimens
employs Focused Ion Beam (FIB) milling (e.g.,
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Ga*, Xe* etc).>?>2% Small ion sources reduce the
spot size?’ and allow for ultra-small designs, but
they typically have low removal rate (~20 um3s™),
which makes the process expensive and impractical.
In addition, FIB can result in surfaces contamina-
tion and damage that leads to pseudo-surface
hardening, grain size or texture change.?®%°

Other approaches such as Microelectrical Dis-
charge Machining (u-EDM),?**! laser beam micro-
machining®*3* or TriBeam systems (femtosecond
laser and FIB combined in SEMs)?***% have been
used sucessfully. However, equipment high cost,
implantation damage, and variability in material
properties (conductivity, reflectivity) hinder their
universal generalization.

More  traditional = mechanical = machining
approaches have been miniaturized successfully
and at relatively lower costs. For examagle, abrasive
waterjet (AWJ),?* polishing-grinding,”’~° electro-
chemical machining,*® have produced small-scale
samples. Probably the most accurate machining
approach corresponds to cutting methods such as
microturning, microdrilling, micromilling, and
micro grinding. In particular, computerized numer-
ically controlled (CNC) vertical machining sys-
tems*! can result in high precision specimens at a
more economic cost and flexibility for a wide range
of materials.

Following sample preparation, there are numer-
ous challenges in testing the mechanical response.
As the specimen size goes down, conventional
mechanical testing equipments lack the resolution
(mainly in displacements), making them unsuit-
able for testing. Much literature has used micron-
scale samples with piezo-actuated loading set-ups or
in-situ micro/nano indentation set-ups to deform
micron-scale samples. These systems can measure
displacement more accurately using in-situ config-
urations, but they often present limitations in the
loading capabilities (e.g., only monotonic loads, lack
of fully reversed loading, unavailability of standard
grips ete).

A major concern when testing small samples is
the measurement of strain, as conventional gauges
or clips cannot be fitted to the specimens. Instead,
experiments have relied on non-contact strain mea-
surements such as digital image correlation (DIC),
differential digital image tracking (DDIT), interfer-
ometric strain displacement gauge etc. DIC and
DDIT have the advantage of quantifying strain
fields but they require sharp images with distinctive
patterns.

This paper presents a miniaturization approach
and demonstrates a simple and robust method to
manufacture and test dog-bone specimens with
gauge widths ranging from 50 ym to 500 ym (me-
soscale samples). We developed a high-precision
manufacturing route using micromilling to produce
single- and poly-crystalline samples, which were
tested in a regular screw-controlled mechanical
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testing machine. The results demonstrate that the
technique can characterize size effects in single
crystal from engineering alloys.

MESOSCALE SAMPLE
Fabrication Protocol

Given the flexibility to machine most materials at
lower costs, we developed a CNC micromilling
protocol to produce mesoscale tensile samples
shown in Fig. 1. This specimen has a width to
length ratio of 4:1, which follows the standardized
design in ASTM E8/E8M.° Since the width of the
grip section is very large compared to the gauge
width, double notches were added for the safety of
sample during handling.

The manufacturing process begins by cutting as-
produced metals into sheets using slow-speed cutter
followed by polishing. Specimen fabrication contin-
ued using a KERN EVO Micromilling unit with
positioning accuracy and resolution of 1 um and
0.1 um, respectively. The tool has a 3/5 axis micro-
milling and drilling unit, equipped with cutting tool
setting, auto tool change. A camera positions the
tool and monitors the sample removal process while
a probing tool limits the cutting dimensions. All
micromachining steps employ dry machining.

A two-step procedure was followed for specimen
preparation. First, coupons (12 mm x 2 mm X
0.4 mm) were cut using a 1.5 mm diameter coated
flute type cutting tool (CSS 2015 - 0300 UT COAT)
with a flute length of 3 mm. This tool is capable of
machining copper as well as high hardness steel.
With a new groove shape of the cutting tool, cutting
chip discharge properties are improved and new
coating has provided significant improvements in
terms of fracture and wear resistance. The burrs
generated after the cutting coupons were removed
by polishing the coupons with a 2000 grit abrasive
paper only from the sample surface. The edges of
the specimens were not subjected to any polishing to
avoid any distortion due to handling.

Next, the coupons were fixed in a custom-made
sample holder (Fig. 2a) to constraint movement
during the metal removal process. The fixture has
a rectangular slot with same dimension of the
coupon and was clamped with a 0.5 mm thick brass
plate with a 5 mm x 10 mm slot. The centers of the
slot and coupon coincide, keeping the middle area of
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Fig. 1. lllustration of the miniaturized specimen geometry employed
in this study. /and d are gauge length and width respectively. (image
not in scale, all dimensions are in mm) (Color figure online).
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coupon open for machining. The complete assembly
was then placed inside the KERN EVO unit and the
probing tool was used to find the centre of the slot. A
0.3 mm diameter carbide cutting tool having a flute
length of 0.6 mm (C-CHES 2003 - 0060) was then
used to machine the specimen of desired dimen-
sions. This square-type end mill is also capable to
machine wide range of materials (up to 55 HRC) and
gives high quality finishing at a cost effective price.

A computerised routine machines the dog-bone
shape in four steps as shown in Fig. 2b. The input
program controls the lengths of the cuts to the
desired sample dimensions. Table I presents the
cutting parameters, which were adjusted to mini-
mize burrs and improve surface quality. Similar to
the coupons, the burrs after the sample preparation
were removed with a 4000 grit abrasive paper. On
an average, the preparation of a specimen takes less
than one hour.

The fabrication route successfully produced spec-
imens with gauge widths from 50 ym to 1 mm and
specimen thickness from 400 to 500 ym. Given that
smaller samples can withstand lower cutting forces
from the endmills to avoid buckling and failure of
specimens, we limited the gauge width and

Front view

Top view

(@)

Starting position of After 1% pass After 2" pass
cutting tool
[ ]
| o I ﬁT |

After 4 pass
(b)

Fig. 2. (a) Sample holder used to hold the material during machining,
(b) Schematic representation of steps of material removal to obtain
the sample.

After 3 pass
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thickness to 50 ym and 400 um, respectively. Note
that the thickness can be further reduced by
polishing.

Dimensional Accuracy and Damage
Characterization

The specimens were first observed under optical
microscope to measure the dimensions and confirm
no visible cracks/damages induced by micromilling.
Figure 3a shows an example of specimens with
aimed gauge widths of 75 ym and 500 ym. Mini-
mum burrs were formed and no bending/buckling
were observed in gauge sections. The dimensional
accuracy was better than 99.5% on average as
shown in Fig. 3b. Also surface roughness was
measured for the machined surfaces. The common
measure of surface roughness are Ra (average
between peaks and valleys on the surface), Rz
(average of consecutive highest peaks and lowest
valleys) and Rq (root mean square average of height
variation from the mean line). Random specimens
were chosen and the non contact optical metrology
estimated values of Ra, Rq and Rz are (0.17 +
0.04) ym, (0.21 £ 0.06) pm and (1.19 + 0.23) ym
respectively. Such low values clearly indicate a
smoother surface.

Typically, micromachining leads to rapid heating
and quenching process on the surface, which results
in ultrafine grain structure.*? Subsurface damage
induced by micromilling was characterized by quan-
tifying the misorientation, fragmentation, and
recrystallization of surface grains. Single crystal
specimens were fabricated to characterize surface
damage as shown in Fig. 4a, which depicts an EBSD
scan of the surface from single crystal nickel
specimen with milled edges. The damage layer is
typically less than 2 ym as demonstrated by the
Kernel Average Misorientation (KAM) measured
along three lines shown in Fig. 4b. Careful polishing
and subsequent electropolishing was performed for
all specimens which effectively removed this layer
without any noticeable impact on the bulk consti-
tutive response of the tested specimens.

Mechanical Testing

We performed mechanical tests on mesoscale
specimens using an Instron™ universal testing
machine (UTM) Instron™ 5944, equipped with a
500 N load cell. Standard Instron wedge action grips
were used to hold the samples during tensile load
application. Given that the laser extensometer

Table I. Summary of the cutting parameters used to machine submillimetre gauge sections

Process Cutting tool type

Making blanks
Specimen fabrication

¢ 1.5 mm carbide
¢ 0.3 mm carbide

Cutting speed

3000 rpm
15000 rpm

Feed rate Depth of Cut
100 mm-min™*

500 in" 0.1 mm per pass
mm-min

0.1 mm per pass
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Fig. 3. (a) Optical image of the fabricated specimens having 75 ym
and 500 um aimed gauge width respectively, (b) Dimensional
accuracy of gauge width fabrication in percentage along the gauge
length. Because of multiple sizes of specimens, gauge length was
normalized.

integrated to the UTM can not resolve submillime-
ter samples, compliance correction was applied to
the raw testing dataset following.*® The raw dis-
placement data in the elastic regime from experi-
ments are sum of deformation of specimen and
machine. This can be expressed as

hexp = Fexp [(hinitﬁm /AmEm) + (hinit,s/AsEs)] (1)

where h and F represent displacement and load
respectively, A is cross-section area and E is Young’s
modulus. Subscripts exp denotes raw data, init
denotes initial values, m and s denote machine and
specimen respectively. The only unknown is (hjnit m/
AL E,) which was considered as the correction
factor for machine compliance. Estimating this
factors using raw data, compliance correction was
applied to obtain specimen displacement only. Fig-
ure 5 shows as example of the correction to the
obtained load-displacement data which was used
further to calculate the stress—strain response.

RESULTS
Polycrystalline Specimens

We evaluated polycrystalline copper samples fab-
ricated with gauge widths ranging from 75 um to
3 mm and 500 um thickness. The microstructure of
a copper sample is shown in Fig. 6a. These speci-
mens were deformed at a strain rate of 102 s until
reaching the maximum load as shown in Fig. 6b.
The results demonstrate an evident size effect, in
which a smaller gauge width resulted in a signifi-
cant stress increase. A width of 500 yum and above
behaves close to macroscopic behaviour and can be
considered as the limit below which geometric size
dominates the mechanical behaviour.

Lodh, Keller, and Castelluccio
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Fig. 4. (a) EBSD scan of a single crystal Ni specimen after
machining. The color coding in figures is according to the standard
triangle. (b) KAM line profile along the lines (as indicated by arrows in
Fig 4a) revealing the extent of subsurface damaged layer. x = 0
indicates outer surface of specimen and the dotted vertical line
shows maximum extent of damaged layer ( ~2.5 um) (Color
figure online).

Single Crystal Specimens

Next, high purity single crystal nickel (> 99.999
wt% Ni) with (111) crystallographic orientation was
cut into small coupons of 12 mm x 2 mm x 0.5 mm.
Micro-tensile specimens with cross-sectional area of
100 pm x 500 um or 500 ym x 500 (gauge width x
thickness) and gauge length of 400 um or 2000 ym
respectively were fabricated as described earlier.
Specimens were uniaxially deformed up to maxi-
mum load (or until a load drop was observed
corresponding to appearance of necking in the
specimenl) at a crosshead displacement rate of 0.1
mm-min.
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Fig. 5. lllustration of the compliance correction of the tested data
using a nickel polycrystalline specimen.
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Fig. 6. (a) EBSD map of polycrystalline copper, (b) Flow curves of
500 pum thick polycrystalline copper with different gauge widths. A
substandard size specimen (ASTM ES8, substandard defined as
macroscopic here) from the same material is included for
comparison.

Figure 7 presents the stress—strain curves for
different specimen sizes and demonstrates a similar
effect of gauge width on stress as those shown in
Fig. 6b. Multiple specimens of similar sizes were
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Fig. 7. Flow curve of single crystal Ni (111) orientation with two

different gauge widths and thickness of 400 um. For comparison with
macroscopic deformation, results from Ref. 44 is included.

tested for polycrystalline or single crystals and the
deformation response was similar. The results for
the sample 500 um in width agree with the macro-
scopic single crystal response reported in the liter-
ature.** Hence, Figs. 6b and 7 suggest that a gauge
width of 500 yum can be regarded as a macroscopic
sample, but notable size effects are apparent when
the gauge is reduced to 100 yum. Interestingly, these
results are in agreement with the lack of size effect
for samples above ~250 ym by Keller and Hug,*’
but an effect from grain size around ~100 um by
Feaugas and Haddou.*®

Single Crystal Specimens for Engineering
Alloys

Production of single crystals is difficult for pure
metals and near to be impossible for many engi-
neering alloys. However, additive manufacturing
parameters can be adjusted to engineer microstruc-
tures and development architectured structures.*”
Hence, we employed an additively manufactured
process to produce large grains in Ni-20Cr alloy
from which single crystal mesoscale specimens were
machined. First, an EBSD scan was performed on
the whole strip to identify grains of about 500 ym
length and between 40 and 100 um width. The
grain(s) of interest (Gol) were marked by horizontal
lines using FIB which are visible under optical
microscope (Fig. 8a). Using these markers, speci-
mens were fabricated with 40 yum x 460 um (gauge
width x thickness) and a gauge length of 200 ym.
Deformation was carried out at a crosshead speed of
0.1 mm-min™ till 10% deformation (shown in Fig. 8b).
The results prove the capability of the developed
method to extract single crystal specimens from
alloys which is a challenging task and further
reliable testing of the fabricated samples.
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Fig. 8. (a) EBSD map of Ni-20Cr alloy with the interested grain
marked by FIB, (b) Tensile deformation of a single crystal Ni-Cr alloy.

DISCUSSION AND CONCLUSION

This work presented a simple, high precision, and
reliable specimen fabrication method for submil-
limetre mechanical specimens. We demonstrated a
novel experimental protocol that can consistently
assess the mechanical response of single crystals
and polycrystals from numerous metals and engi-
neering alloys. Notably, this approach was applied
to additive manufacturing material to produce large
grains and quantify the response of individual
crystals. Hence, the proposed mesoscale testing
approach can be combined with a number manu-
facturing routes (additive, heat treatments, elec-
trodeposition) to produce large columnar grains in
various metals e.g. titanium, stainless steels, nickel
based alloys and aluminum alloys.*®

Mesoscale tests can fill out a gap in experimental
data for samples between 50 ym to 500 ym. Samples
with these dimensions are valuable to characterize
scarce material or to understand deformation mech-
anisms not directly observed at macro or micro scale
testing. Hence, these experiments can result in
important data to validate independently the phy-
sics described by constitutive models. In particular,
our research has shown that,

Lodh, Keller, and Castelluccio

e Micromachining can successfully fabricate speci-
mens with gauge widths ranging from 75-500 ym
with double notches to reduce the chances of
buckling or bending. Specimens were fabricated
for aluminium, nickel and copper, either pure or
alloyed conditions, which demonstrates that the
approach can work for a wide range of materials
with appropriate cutting tools. Machining induced
a plastically deformed layer less than 2 ym in
thickness, which did not affect the constitutive
response and was removed by electropolishing,

e A grain-specific fabrication method is designed
as an extension to the developed method for
obtaining single crystal specimens from alloyed
materials which is limited in literature. The
method is cheaper than producing single crystals
through conventional ways and can be used for
engineering alloys,

e A conventional UTM can perform the mechani-
cal testing of these small specimens in contrast
to in-situ testing with special grips or nanoin-
denter,

e Specimens with gauge width ~500 ym seem to
saturate size effects and closely approximate the
macroscopic stress - strain response.
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