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Nanoindentation techniques have been used to reliably characterize mechanical properties at
small scales for the past 30 years. Recent developments of these depth-sensing instruments have
led to breakthroughs in fracture mechanics, time-dependent deformations, size-dependent plasticity,
and viscoelastic behavior of biological materials. This special issue contains 11 papers covering
a diverse field of materials deformation behavior. Miiller et al. [1] developed a new nanoindentation
method to evaluate the influence of hydrogen on the plastic deformation of nickel. Effects of radiation
on ferritic-martensitic steels were studied by Roldan et al. [2]. The applications of the depth-sensing
indentation method in the mechanical reliability of microelectronic packaging products, such as
through-silicon via (TSV) structures and lead-free solder, were performed by Wu et al. [3] and
Long et al. [4], respectively. Gan et al. [5] and Chiu et al. [6] investigated the fracture behavior of
cementitious cantilever beam and InP single crystals. Studies of nanometer scale deformation of
metallic glass materials (Zr-Cu-Ni-Al and La-Co-Al alloys) [7] and BiySes thin films [8] were also part
of the collected manuscripts. The mechanical deformation of mammalian cells and other biological
materials [9,10] were also discussed in this focus issue. Influence of surface pit on the nanoindentation
was studied by Zhang et al. [11]. The editors would like to thank these authors for their contributions
to this focus issue.
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Abstract: We have designed a new method for electrochemical hydrogen charging which allows us
to charge very thin coarse-grained specimens from the bottom and perform nanomechanical testing
on the top. As the average grain diameter is larger than the thickness of the sample, this setup
allows us to efficiently evaluate the mechanical properties of multiple single crystals with similar
electrochemical conditions. Another important advantage is that the top surface is not affected by
corrosion by the electrolyte. The nanoindentation results show that hydrogen reduces the activation
energy for homogenous dislocation nucleation by approximately 15-20% in a (001) grain. The
elastic modulus also was observed to be reduced by the same amount. The hardness increased by
approximately 4%, as determined by load-displacement curves and residual imprint analysis.

Keywords: nickel; nanoindentation; hardness; brittleness and ductility; hydrogen embrittlement

1. Introduction

Conventional mechanical testing methods have been used for quantitative studies of the influence
of hydrogen on mechanical properties, e.g., yield stress, ultimate tensile stress and fracture strain [1].
However, these techniques are not very successful in obtaining mechanistic information because
they simultaneously probe a large volume of the material and only provide an averaged result as
if the volume were homogeneous. In fact, macroscopic samples contain inhomogeneities such as
vacancies, dislocations and grain boundaries, which are known to play an important role in hydrogen
embrittlement [2—4]. In contrast to macroscopic experiments, local testing methods enable us to
decrease the probed volume of material, perform measurements for a quasi-homogeneous volume
of material and hence decrease the possible sources of scattering in the results [5-7]. Additionally,
as a result of the small probed volume, the hydrogen concentration can be assumed to be constant.
In the past, we have used various local, in situ experimental techniques, such as electrochemical
nanoindentation, in situ compression and bending of micro-pillars, to study the contribution of solute
hydrogen on elastic properties, dislocation nucleation and hardness of alloys. These techniques enabled
us to achieve an understanding of the mechanisms of hydrogen embrittlement (HE) for a material in
a certain medium. Furthermore, we were able to rank the sensitivity of different alloys to hydrogen
embrittlement in a specific medium irrespective of the impacts of grain boundaries, phase boundaries,
pores, etc. [5-7].

However, there is still room for improvement to make electrochemical setups easier and
experiments more reproducible. Our previous in situ nanoindentation approach comprised a layer of
electrolyte on the specimen surface, which was penetrated by the tip during indentation. This had
several disadvantages: (i) capillary forces acting on the tip; (ii) an inability to use the optical microscope
of the machine for positioning; (iii) either an electrolyte flow causing vibrations or a static electrolyte

Micromachines 2019, 10, 114; d0i:10.3390/mi10020114 3 www.mdpi.com/journal /micromachines
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film, in which no chemical reaction products are washed away from the surface; (iv) corrosion of the
tested surface and, accordingly, (v) limited time for hydrogen charging as well as mechanical testing.
In this paper, a new testing setup for studying the impact of hydrogen on mechanical properties is
introduced. With this method, hydrogen is provided at the bottom surface of a thin sample while
nanoindentation is performed on the top surface. This method avoids most of the problems named
above and also allows the analysis of previously unobtainable properties with respect to diffusion.

2. Experiments

Pure (99.9%) polycrystalline, square-shaped nickel specimens were milled from the back,
heat-treated at 1240 °C for grain growth, ground in multiple steps, and finally electropolished with
a solution of 1M sulfuric acid solved in methanol. These steps minimized the possible amount of
residual stress and plastic deformation in the material, especially near the surface, where no sources for
inhomogeneous dislocation nucleation were desired. The resulting specimen geometry had a thickness
of approximately 200 um in the region of interest (marked as the area with superimposed electron
backscatter diffraction (EBSD) map in Figure 1), which was smaller than the average grain diameter
(~500 um). The sample was then glued to the dedicated cell made from polyvinyl chloride (PVC).
The holes in the base plate of the cell allowed us to securely install it in the indenter, ensuring it was
positioned identically before and after hydrogen permeation. The detailed specimen preparation and
configuration of the electrochemical setup have been published elsewhere [8].

Figure 1. Cross section of specimen and electrochemical cell. (1) Nickel specimen, (2) electrolyte
in-/output, (3) screw as counter electrode (4) holes for fixation in the nanoindenter.

The first electrochemical hydrogen charging step was carried out ex situ for two days with a
constant current density of 14.5 A/m?, applied by an IVIUM CompactStat (Ivium Technologies B.V.,
Eindhoven, The Netherlands). A 0.25 molar H,SO4 solution was used as the electrolyte, containing
5 g/L potassium iodide (KI) as hydrogen recombination poison. To remove hydrogen bubbles at the
charging surface, the sample was inverted and the solution was steadily pumped in and out. The risk
of outgassing was accounted for by charging in situ during measurements. For this purpose, a lower
current density of 0.25 A/m? was applied and the flow rate of the pumped solution was decreased to
avoid vibrations. Furthermore, a borate buffer solution (mixed using 1.24 g/L H3BO3 and 1.91 g/L
NayB4O7-10H,0, also supplemented with 5 g/L KI) was used instead of sulfuric acid. However, the
outgassing of hydrogen may also be considerably reduced by the existence of a homogeneous passive
layer [8,9], which was measured to be approximately 10 nm, using a JEOL JEM-ARM200F transmission
electron microscope (TEM).

As a proof of concept, a (001)-oriented grain was tested before and after hydrogen charging.
Nanoindentation was performed with a Hysitron Triboindenter (Bruker Corporation, Billerica, MA,
USA), equipped with Performech controller and a diamond Berkovich tip with a tip radius of
approximately 400 nm. The applied indentation parameters are summarized in Table 1, where “fast”
and “slow” corresponds to the loading rate.
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Table 1. Nanoindentation parameters.

Measured Parameter Max. Load Load or Strain Rate ~ Type of Test # of Indents
Pop-in slow 700 uN 50 uN-s~! Quasi static 60
Pop-in fast 700 uN 5000 uN-s Quasi static 60
Hardness fast 10 mN 0551 Quasi static 10
Hardness slow 10 mN 00551 Dynamic NanoDMAIII 10

3. Results and Discussions

We observed an elastic deformation of the thin membrane during nanoindentation despite the
low applied forces. Quantitative analysis of the results was performed after precise evaluation of total
system compliance, which can be interpreted as a series connection of three springs: (i) compliance
of the machine frame, (ii) PVC cell and the glues used to install the sample, and (iii) the deflection of
the thin nickel membrane. The first calibration was a standard calibration involving the indentation
of a fused quartz reference with high forces. The second spring constant was evaluated by testing
a bulky nickel sample installed on the same cell and attached with the same glue. To evaluate the
third spring constant or the effect of the bending of the whole membrane on the nanoindentation
curves, the continuous stiffness method (Hysitron NanoDMA measurement) was used. This technique
measures the elastic modulus at every indentation depth by continuously oscillating the tip. On a
reference specimen, we verified that the modulus of the nickel bulk is independent of depth. Hence,
the internal compliance value in all other data files were modified until their NanoDMA results also
met this requirement.

Figure 2 shows load-displacement curves before and after charging. The pop-in or displacement
burst phenomenon was related to the nucleation of dislocations around maximum shear stress under
the tip [10]. The probability of the pop-in event did not change after hydrogen charging (in both cases
more than 95%). The few curves in which no distinct pop-in could be detected are not displayed. A 15%
reduction of average Ppop—in values was determined to be attributable to hydrogen charging as well as
a slight increase in scattering. The scattering in Ppop—in is @ common observation in nanoindentation
experiments, originating from the thermal activation of homogenous dislocation nucleation [11,12].

a

Nt
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=3
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o
=)

Load (uN)

200 200

0 20 40 60 80 0 20 40 60 80

Depth (nm) Depth (nm)
Figure 2. Load-displacement curves recorded with the fast loading rate (a) before charging and (b) after
charging with hydrogen. Curves in which no pop-in could be detected were filtered.

Results indicate that the critical energy needed for dislocation nucleation was decreased, which
agrees with previous studies [5,7,13]. Because of the slight reduction of the average values of pop-in
load and because the population of the pop-in event did not change after charging, we can assume
that the dislocation nucleation was homogeneous, and the observed behavior could be related to the
debonding effect of hydrogen, known as hydrogen-enhanced decohesion (HEDE).

Another consequence of decohesion is the reduction of the elastic modulus, which was noticeable
as a reduction of the slope in the Hertzian regimes, where the curves follow the equation [14]:

P= %E,\/E x 13/2 1)
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in which E; is the reduced elastic modulus, R is the tip radius, P. is the applied load, and & the
indentation depth. The load-displacement (P — /) data before the pop-in can be fitted to this equation
with a fit parameter proportional to E,. To visualize the differences and make them independent of
R, a cumulative distribution of relative elastic moduli E, / Ey is plotted in Figure 3a, where Ej is the
average value before hydrogen charging. The reduction of reduced elastic modulus according to this
analysis is approximately 17 £ 10%, from 206 & 20 GPa to 171 & 17 GPa. Both individual values are in
a realistic range for nickel. The reliability of each data point obtained by curve fitting and the deviation
between individual points account for the uncertainty of this result. A more conventional method to
determine Young’s modulus in nanoindentation experiments is to fit the unloading segment with the
model introduced by Oliver and Pharr [15]. Using this approach for our measurements, the moduli
before and after charging were both approximately 200 GPa and were well inside the statistical error
interval of each other.

a) 1 : . o b) T 10
® Before charging .' ° 1 Before charging (fast indent)
= After charging ] I — After charging (fast indent)
208 . = - - - - Before charging (slow indent) 8
= L ’ - - - - After charging (slow indent)
Qo L]
8 5 = =
[ 6z
506 . "l 77 £
o u o' =
> L o o
= L] 3
S04 . / 4 O
3 -
-
8 : !
0.2 — Fi o 2
- ° Ll
" £
0 : ° ' 0
0.6 0.7 0.8 0.9 1 1.1 1.2 0 100 200 300 400 500 600

Relative reduced elastic modulus Displacement (nm)

Figure 3. (a) Plot of reduced elastic modulus determined from Hertzian loading. (b) Load-displacement
data of hardness measurements (averaged across 10 indents).

The occurrence of a measurable difference in Young’s moduli due to hydrogen is controversial.
For example, Lawrence et al. determined a comparable reduction by about 22% in nanoindentation
experiments on nickel with the conventional Oliver-Pharr method [16]. In other studies, the difference
was much smaller or even negligible, e.g., in molecular dynamics simulations of hydrogen in nickel [17].
Nevertheless, the analysis of elastic moduli is very much possible in our setup after the previously
mentioned compliance correction.

Using the reduction of both Ppop,—in and Ey, we can also calculate the reduction of the shear stress
necessary for dislocation nucleation. According to the Hertzian model, the maximum shear stress
under the tip is given by:

2N\ 173
6PE, ) )

Tmax = 0.31 X ( P )

in which both P and E, are reduced by 15-17%, so the stress decreases by the same amount. The
calculated values of approximately 5-7 GPa are close to the expected theoretical shear strength of
nickel [18], which confirms that the cause of the pop-in was indeed homogenous dislocation nucleation.

Figure 3b shows the P-h curves performed to study the impacts of strain rates and dissolved
hydrogen on the plastic behavior of Ni. Each curve is an average of ten indents, which was calculated
and plotted. Similar to other solute atoms, hydrogen can contribute to the pinning of dislocations by
forming Cottrell atmospheres around dislocation cores [19,20]. The resulting reduction of dislocation
mobility becomes clear if we compare the hardness before and after hydrogen charging. Measurements
after hydrogen charging systematically show a decreased indentation depth at the maximum load.
Increasing the loading rate also results in a smaller depth and therefore higher hardness, but this
effect appears to be independent of hydrogen concentration. After measuring the projected area of
the residual imprint of every indent, we determined a 4.3% increase in hardness due to hydrogen
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charging. Our results indicate that the application of various strain rates does not change this pining
effect. Accordingly, the dislocations are constantly aged to saturation at room temperature at both
tested strain rates. This means that when a dislocation escapes from a pinning point, the hydrogen
diffusion is fast enough (relative to the dislocation velocity) to immediately follow and pin it again.

Another observation that reinforces the proposition of reduced dislocation mobility is a substantial
reduction of pop-in width (also called excursion length) after hydrogen charging. As Figure 4 shows, a
pop-in that happened at the same load P would, on average, cause a much smaller excursion length.
This is attributable to the dislocations which show a drag force caused by hydrogen, decelerating the
tip so that it stops earlier. Although excursion length is often assumed to solely represent the number
of nucleated dislocations [21], we believe that the gliding of dislocations plays an important role in the
measured pop-in width. Therefore, although hydrogen can ease the nucleation of dislocations, the
reduction of the slope of the curves in Figure 4 after hydrogen charging could be related to the sessile
behavior of dislocations.
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5 . . . . .
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Figure 4. The impact of loading rate and hydrogen on the pop-in width and pop-in load.
4. Conclusions

The increase in hardness indicates a decreased mobility of dislocations due to the solute drag
effect of hydrogen. However, hydrogen charging reduces the elastic modulus and the pop-in load
and, accordingly, facilitates the formation of dislocations. The tested specimen geometry and charging
conditions have proven to be successful and may be able to further analyze the influences of grain
orientations and grain boundaries resulting from the testing of a thin layer charged from the back.
The concept is promising for future research on diffusion coupled with changes in the mechanical
properties of a variety of conductive materials.

One disadvantage introduced by the proposed setup is the consequence of the thin specimen
geometry. The coarse-grained nickel layer is prone to deformation. Although its influence could be
easily eliminated from nanoindentation curves, it leads to a long preparation procedure in which care
must be taken in every step. Some of the electrochemical uncertainties also remain: The bottom of the
sample may still be exposed to corrosion and the local hydrogen concentration at a certain point on
the top can depend on inhomogeneities through which the hydrogen has to diffuse. In combination
with potential discrepancies in delays between ex situ and in situ charging (and therefore outgassing),
this remains a limitation on the quantitative reproducibility of specific results.
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Abstract: In situ nanoindentation experiments have been widely adopted to characterize
material behaviors of microelectronic devices. This work introduces the latest developments
of nanoindentation experiments in the characterization of nonlinear material properties of 3D
integrated microelectronic devices using the through-silicon via (TSV) technique. The elastic, plastic,
and interfacial fracture behavior of the copper via and matrix via interface were characterized using
small-scale specimens prepared with a focused ion beam (FIB) and nanoindentation experiments.
A brittle interfacial fracture was found at the Cu/Si interface under mixed-mode loading with a phase
angle ranging from 16.7° to 83.7°. The mixed-mode fracture strengths were extracted using the
linear elastic fracture mechanics (LEFM) analysis and a fracture criterion was obtained by fitting the
extracted data with the power-law function. The vectorial interfacial strength and toughness were
found to be independent with the mode-mix.

Keywords: TSV; nanoindentation; FIB; micro-cantilever beam; mixed-mode; fracture

1. Introduction

Thermal mechanical reliability plays a critical role in microelectronic devices, affecting their
performance and service life spans. In situ mechanical characterizations are essential to predict the
thermal-mechanical behaviors of these devices. The associated techniques and approaches rapidly
emerge along the technology growth in 3D integrated circuits and devices [1-7]. One of the typical
approaches is nanoindentation [6,8,9], which utilizes a small-scale probe with controlled force and
displacement applied directly to the substrates or micro- and nanostructures [10,11]. Utilizing various
sizes and shapes of the probe, the small-scale nonlinear material behavior can be characterized.
This work focuses on the latest development of the nanoindentation techniques applied to 3D
integrated microelectronic devices with a through-silicon via (TSV).

As microelectronic devices become smaller and more complex, 3D integration becomes necessary
for more efficient engineering and design. This integration consists of the micrometer copper
vias passing through silicon die, serving as both electronical connections and mechanical supports.
The copper vias are typically deposited by the electroplating approach and have complex grain
structures. Under such conditions, the TSVs share different material properties, comparing to the bulk
copper. Surface treatments are often conducted to the TSVs to avoid diffusion and enhance mechanical
strength at Cu/Si interface. To have a comprehensive understanding of the mechanical behavior of the
TSV and related interface, in situ small scale characterizations are required.

Nanoindentations have been widely adopted for in situ characterization of mechanical properties
of thin-films and nanostructured materials [6-11]. The elastic and plastic properties can be readily
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extracted using the force-displacement responses produced by nanoindentation with various tip shapes
and sizes [12-14]. In addition, miniature specimens prepared using focused ion beam (FIB) fabrication
techniques can also be utilized to obtain a more systematic understanding of the deformation
mechanisms at small-scales. Therefore, the combination of nanoindentation and FIB fabrication
presents a unique opportunity in probing the mechanical behavior of TSV structures and interfaces
in 3D integrated microelectronic devices. In this paper, a cantilever beam approach for extracting
the mixed-mode interface strength is proposed. Miniature cantilever beams with various lengths
were fabricated using a FIB. Both analytical and numerical models were developed to extract the
mixed-mode interfacial strength at the TSV /Si interface. The extracted results were then fitted with the
power-law failure criterion [15-18] producing an input for failure prediction and reliability evaluations.

2. Materials and Sample Preparation

The as-received TSV structure has periodic blind Cu arrays in a (001) Si wafer with a depth of
780 pm. The nominal via diameter and depth were 10 and 55 pm with a pitch spacing of 40 um
along the (110) direction and 50 um along the (100) direction of the wafer, as illustrated in Figure 1.
Two types of miniature specimens were prepared: The micro-pillar and cantilever beam specimens.
The micro-pillar specimens were prepared by dicing and polishing the silicon wafer to have one
row of the via away from the free surface by a distance of 20 um. For each micro-pillar specimen,
the top 100 nm was removed to avoid the effect of surface roughness. The silicon around the selected
via was then subsequently removed, following a pattern of a concentric ring with a 3 um thickness,
as illustrated in Figure le. The inner ring was set at the same size as the via diameter, the outer ring was
then about 16 um in diameter. Due to the tapering effect, the top diameter of the via after the milling
was about 6 pm, which formed 2 degrees of tapering angle along the via length. The micro-cantilever
beam specimens were milled out of the silicon matrix near the copper via using a similar beam
energy (ranging from 3-300 keV) used for the micro-pillar specimens. The side view of the prepared
micro-cantilever beam is shown in Figure 1f. More details of the fabricated micro-cantilever beam
are shown in Figure 2. A total of six types of micro-cantilever beam specimens were prepared with
various lengths ranging from 1 to 30 um. The width and height of the beam were set to be close to
1 pm. A specially designed square loading pad was also fabricated at the end of the beam with a size
of 5.1 um (note that the length of the loading pad was excluded from the total length to obtain the
beam length). A probing crater with a diameter of 2.5 pum was carved into the loading pad to avoid the
slipping of indenter tip during loading. At the Cu/Si interface, a pre-milled notch with a length of
100 nm was created, serving at the pre-crack. A total of 3 specimens were fabricated for each type of
the micro-cantilever beams.

© 3
L

55[um
Si Cu
nge

Micro-Pillar Compression

50 um

‘-ﬁﬂﬂiuu

40 ym

Micro-Cantilever Beam

Figure 1. Through-silicon-via (TSV) specimens: (a) Focused ion beam scanning electron
microscopy (FIB-SEM) dual beam system, (b) TSV in silicon substrate, schematics of (c) micro-pillar,
(d) micro-cantilever experiments, SEM images of (e) micro-pillar adapted with permission from [8],
(f) cantilever beam specimens.
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Figure 2. Micro-cantilever beam specimens: (a) Isometric view and structural components, (b) top
view, and (c) side view with dimensional details (L = 4 um).

3. Nanoindentation Experiment

The nanoindentation experiments were conducted wusing the Hysitron TI-95
Tribo-indenter® (Bruker Corporation, Billerica, MA, USA) on micro-cantilever specimens with
a flat-punch tip having diameters of 2 um. The micro-pillar results for analysis were obtained from our
previous work [8]. The experimental details and subsequent extraction methods have been described
in our previous work [8,19]. For the micro-cantilever beam experiment, the flat punch tip was placed
inside the loading crater of the loading pad to apply displacement-controlled loading. A loading
rate of 0.5 nm/s was applied until the contact between the cantilever beam and the sample’s surface
was reached. It is worth noting here that the mechanical backlash was corrected during the tip-optic
calibration process. A pre-loading with a maximum load of 1 uN was applied at the end of the beam
to ensure proper contact.

4. Analysis

4.1. Plastic Behavior of Cu

The force-displacement response obtained from a previous experiment [8] is shown in Figure 3a.
Observing these results from the previous work, significant plastic responses were observed,
as indicated by the permanent deformation after each unloading. As explained in the previous
work [8], the residual deformations were also confirmed by the SEM images, shown in Figure 3a.
To extract this observed elastic—plastic property, a finite element analysis was conducted, considering
the tapering caused by non-uniform stress distribution [8,19]. The Ramberg-Osgood power-law
relationship [20] was adopted in the numerical models to compare with experimental results. The J-2
flow theory was used to model the Cu plasticity. The 4-node quadrilateral axis-symmetrical elements
in commercial finite element code ABAQUS®(Abaqus Inc., Providence, RI, USA) were used for the
finite element modeling. The Ramberg-Osgood power-law relationship has been widely used for the
description of plastic strain hardening of nanoindentation experiments, the stress versus plastic strain
curve based on this law showed good agreement with experimental data [21-23]. In this relationship,
the stress versus plastic strain response follows the description below,

30 (oo \" !
gp= o—| = 1)
P= 7E\o
where ¢, is the plastic strain, o, is the equivalent stress, 0y is the yield stress (which is found to be

around 216 MPa), n is the Ramberg-Osgood parameter—which was found to be three from the fitting
results [8,19]—and E is Young’s modulus (which is found to be 110 GPa), were obtained with the
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Oliver-Pharr approach, using a conical probe has a tip radius of 500 nm. This method is well applied
to axis-symmetrical indenter geometries. The reduced modulus is given by:

= LS )

Er 2/A(h)

where, S = (‘;—Z) is the contact stiffness obtained from test data, A (/) is the contact area at contact
max

depth, h¢, given by he = hyay — SP’% ¢ equals 1 for flat-ended punch. The Young’s modulus can then

be obtained with:
1—10?
E=——a ©)

E E

where v and v; are the Poisson ratio of sample and indenter, respectively.

The extracted elastic—plastic properties of the copper were used to evaluate the fracture strength
at the Cu/Si interface. More analysis details are shown in Figure 4, where both the von Mises stress
and equivalent plastic strains show non-uniform distributions. The non-uniform distribution was
an indication of the tapering effect and further demonstrated the needs of conducting finite element
analysis (FEA) to extract the plastic properties of Cu. This result also shows that the nonlinear
force-displacement response has geometrical effects. Stress and plastic strain contours for FE modeling
of micro-pillar compression are shown in Figure 4, where yield stress and the Ramberg-Osgood
parameter are taken to be 216 MPa and 3, respectively. The slight gradient shown in the contour plots
was due to the tapered cross-section of the specimen.

(a) 35 v (b) 600
Cycle
30 o 1 2 500
25
400 -
g
£ =
o «» 300
g g
S15 [ | £
P Cyce 200
101
1% Cycle
0 g 0 s : J
0 1000 2000 3000 4000 5000 6000 0 0.01 0.02 0.03 0.04 0.05
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Figure 3. (a) Force—displacement response of micro-pillar experiment, reproduced with permission
from [8], and (b) stress—plastic strain relationship from Ramberg-Osgood relationship.
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Figure 4. Finite element analysis of micro-pillar experiment, reproduced with permission from [8].

4.2. Micro-Cantilever Experiment

4.2.1. Failure Surface Characterization

The force versus displacement response for a typical micro-cantilever beam specimen is shown in
Figure 5. The early contact was established as shown by the turning point between the approaching
and loading response. A linear response was observed followed by a sudden failure, in terms of
the drop of the force from the peak value to zero. This sudden force drops indicated a brittle Cu/Si
interface. The failed surface shown in Figure 6 was characterized using SEM and energy dispersive
spectroscopy (EDS) as labeled out with the red box. The elements and weight percentage results are
shown in Table 1. As listed, most of the elements detected were Cu, which was followed by Si and
elements in the liner materials at the TSV /Cu interface (Fe, Ta, Os). This result is similar to that of
the shear failure surface from the previous work [8]. As previously concluded, the majority of the
Cu signal comes from the background Cu materials in the TSV, which indicated an interfacial failure
locus within the silicon matrix. The Young’s modulus for Cu and Si are 110 and 165 GPa, respectively.
The shear modulus used in the analysis for Cu and Si are 42.3 and 64.45 GPa, respectively, the Poisson’s
ratios are 0.3 and 0.28, respectively.
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Figure 5. Typical force-displacement response of micro-cantilever beam (L = 4 um).
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Figure 6. (a) SEM images of post-failure of cantilever beam, (b) top view details, (c) interfacial details
(element analysis conducted within the red-boxed region).

Table 1. Element and weight percentage of energy dispersive spectroscopy (EDS).

Element Weight %
Si 5.62
Fe 0.02
Cu 84.34
Ta 1.04
Os 0.01

4.2.2. Mixed-Mode Fracture
(1) Linear Elastic Fracture Mechanics (LEFM) Analysis

The stress analysis for the micro-cantilever beam experiment was conducted using both LEFM and
the non-linear fracture mechanical model (NLEFM), considering the effect of Cu plasticity. Analytically,
the far-field load-generated near-field stress had both normal (o) and shear (79) components. From the
Euler beam theory and ignoring the nonlinear shear deformation caused by root rotation, these stresses
can be obtained using the beam geometry and material constants of the silicon.

= @

= Gpr2’ T 2pp

The local stress at the crack-tip can then be computed using the near-field stress and the stress
intensity factor as

K = Kj +iKjp 5)
Re(KuiE) Im I(aie)
o= LT = (6)
27l 27l

11 (1-209) —pp(1-20)
2 (1-02)+pp(1-01)
parameters [24,25], y;, v; are the shear modulus and Poisson’s ratio for Cu and Si, respectively,

where i =1, 2, 1 represents Cu, 2 represents Si. | = 100 nm is the length scale for the investigated
problem. The stress intensity factors were obtained using the LEFM FEA analysis.

The mesh details for the LEFM finite element analysis are shown in Figure 7a, where the
plain strain 4-node bilinear quadrilateral elements were used in the region away from the crack-tip.
The size of FE meshes was chosen to be less than 1/3 of pre-notch length, which was set as 100
nanometers. The mesh configuration used in this mode provided four contour integral paths to
calculate J-integrals. The singular elements were then used near the crack-tip with a square root

where a is the crack length, € = ﬁlm(%), B = are the materials mismatch
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singularity [26]. The normal, shear stress and strain contours of the analyzed micro-cantilever
beams are shown in Figure 7b. The analysis was then conducted for the six types of specimens
with given tested failure loads (P) and geometrical characteristics. The phase angle was defined in

terms of stress [25] as ¢ = arctan ) ) and plotted against the thickness-over-length ratio for the

m(Ka'
Re(Kai€)
cantilever beams. The results (Table 2) showed that the variation in the beam height-over-length ratio
provides a phase angle ranging from 16.7° to 83.7°, covering almost the half range of the mode-mix,
ranging from 0 to +90 degrees. The normal and shear stress (¢0p, T9) obtained using Equation (6) at the

failure load are then the mixed-mode fracture strength corresponding with the associated phase angle.

The vectorial fracture strength can also be obtained by T = /02 + 72. The fracture toughness was also
calculated using the critical stress intensity factors calculated following the equation [24] below,

1— 2
= % (K%c + K%Ic) @)

It should be noted here that these crack-tip stresses are essentially the stresses at [ away from the
crack-tip. The effect of the plastic zone was omitted, since the calculated stresses at these distances
were much smaller than the yield strength of the Cu (216 MPa). However, the NLEFM analysis was
nevertheless conducted to justify the negligence of the plastic effect.

(a) i

s, 11
(Avg: 75%)

-5.000e+01

(b)

s, 512
(Avg: 75%)
+1.62de+02

Figure 7. (a) Illustration of micro-cantilever beam with pre-crack, (b) FEA mesh details (yellow
indicates Cu, grey indicates Si), (c) normal stress at the crack tip, (d) shear stress at the crack tip.

-2.185e+02

Table 2. Mixed-mode fracture analysis results.

L (um) ¢ (Degree) o9 (MPa) 7 (MPa) T (MPa) T (J/m?)

1 83.7 10.5 25.6 27.7 5.7

4 66.0 20.7 18.0 27.4 5.6

8 484 21.8 16.0 27.0 54

12 36.9 25.0 10.0 26.9 5.4

18 26.6 26.3 5.0 26.8 5.3

30 16.7 26.7 0.0 26.7 5.3
(2) NLEFM Analysis

The non-linearity of the interfacial mixed-mode fracture typically comes from two perspectives:
The cohesive behavior at the interface and the material’s non-linearity. Based on our previous work,
we concluded that the cohesive zone for the investigated Cu/Si interface was smaller than 100 nm.
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Therefore, the cohesive zone analysis was not considered, since the cohesive zone length was much
smaller than the characteristic length of the micro-cantilever beam. However, the material nonlinearity,
in this case the Cu plasticity, had to be considered in the modeling to ensure the results obtained using
LEFM were valid. In the NLEFM analysis, same geometrical characteristics and mesh configuration
were used as in the LEFM. The only modification was the replacement of the elastic behavior of
Cu with the measured elastic—plastic behavior from the micro-pillar experiment. All six types of
specimens were modeled by applying the measured failure loads. The typical equivalent plastic strain
contours are presented in Figure 8. The region where material has entered the plastic regime is labeled
by the red dashed circles. The radius of these circles ranged from 10 to 15 nm, which were smaller
than the 100 nm characteristic length scale used in the LEFM analysis, which validated the obtained
mixed-mode fracture results.

(a) ()

+0.000e+00

60 nm

Figure 8. Non-linear fracture mechanical mode (NLEFM) analysis results of micro-cantilever beam for
L =4 pm: (a) Far-field view, (b) localized view near crack-tip showing equivalent plastic strain contour.

5. Results and Discussions

5.1. Strain Hardening of Cu Via

The yield strength measured from the micro-pillar experiment was close to those measured at
the bulk scale. However, the Ramberg-Osgood parameter (1 = 3) measured at micro-scale was much
less than those typically measured at bulk scale (1 = 5), which indicated a possible size effect caused
by the reduced relative grain size. The average grain sizes measured for the TSV used in this study
was about 500 nm [8], which was slightly smaller than the typical grain size observed at the bulk scale.
The smaller grain size increased the total grain boundary area that contributed to the strain hardening
mechanism, as illustrated by Taylor’s theory [27-31]. This increased strain hardening behavior of
Cu can effectively “lock” the plastic strain development within a small region, as observed in shear
fracture of our previous work as well as in the micro-cantilever beam experiment. Therefore, it is
worth noting here that the Cu plasticity had limited effects on the interfacial fracture of Cu/Si interface.
The NLEFM results also confirmed that the crack-tip induced stress singularity caused a limited plastic
effect. This however, was constrained within an area smaller than the characteristic length of the
investigate interface. This constrain was also related to the limitation on the mode-mix, induced by
varying the length-over-height ratio of the micro-cantilever beam. The pure mode-I and mode-II cases
were not fully achieved, though closely approximated, avoided the growth of the plastic zone in the
Cu via.

5.2. Mixed-Mode Cu/Si Interfacial Behavior

The phase angle versus the beam length (L) is plotted in Figure 9a. A decreasing trend
was observed as the beam length increased. The range of the phase angle was from 16.7 to 83.7
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degrees, covering most parts of the positive mode-mix (0-90°), which indicated completeness of the
experimental data set in determining the fracture criterion at the Cu/Si interface.
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Figure 9. (a) Phase angle versus beam length, (b) vectorial fracture strength and toughness versus
phase angle.

The mode-mix (in terms of phase angle) versus the vectorial interfacial strength (T) and the
interfacial toughness (I') is shown in Figure 9b. A slight increase was observed for both values as
the phase angle increased (i.e., more shear contribution is present). However, both the strength and
toughness are relative, independent of the mode-mix. The average vectorial mixed-mode strength
was found to be less dependent on the mode-mix. The average failure strength (|T]) was about
27 MPa, which was much lower than the yield strength of Cu (216 MPa) and the fracture strength
of Si. Therefore, we suspected the liner materials at the Cu/Si interface contributed to this low
interfacial strength.

Given these results, a fracture criterion was then proposed for the tested Cu/Si interface.
Following the power-law failure criterion proposed by Carlsson et al. [15], the failure strength of
the Cu/Si interface can be described as the following equation.

A A
0p T\ _
(a) * (?c) =1 ®

where ¢, T, are the fracture strengths for pure mode-I (normal) and mode-II (shear) and A is a fitting
parameter, which was set at 1.8. The measured experimental data are then fitted with the proposed
failure criterion, as shown in Figure 10. The dashed blue line shows the fitting of experimental data
with 0c = 7. = Thyg. The red solid line shows the fitting of 0, = 28 MPa, 7. = 26.5 MPa. The better
fitting of the experimental was observed when setting different fracture strengths for pure mode-I and
mode-II. These results indicated that the mode-mix still had a moderate effect on the fracture strength,
although the vectorial value stayed almost constant. When the combined normal and shear stress in

18 18
the plane satisfy the condition of (%) + (Tlc) < 1, the fracture initiation was not likely to occur.
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Figure 10. Failure criterion and experimental data.

6. Conclusions

This work combines the micro-pillar compression and micro-cantilever experiments to extract
the mixed-mode fracture strength of the Cu/Si interface at the small scale (<100 nm). A series of
micro-cantilever beam specimens with various beam lengths were fabricated and tested covering
almost the full range of the positive mode-mix (0-90°). The following conclusions were drawn from
the experiment and analysis results:

(1) The mixed-mode fracture at the Cu/Si interface is brittle in nature. No significant cohesive zone
was observed, nor does the plastic hinge that is typically found for the micro-cantilever beam
consist of metal materials.

(2)  The effect of the plastic behavior of the Cu was negligible. The NLEFM analysis results showed
that this is mostly due to the constrained plastic region, which was much smaller than the
characteristic length (100 nm).

(3) The vectorial fracture strength and toughness were obtained from the analysis, which indicated
that the effect of the mode-mix was limited, which was suspected to be related to the constrained
plastic zone.

(4) A power-law fracture strength criterion could be used to fit the experimental data with close
agreement. The criterion could be used for the design and engineering of TSV structures in
combined loadings.

Future studies will focus on the evaluation of the effects of residual stress, interfacial defects,
and impurities of Cu on the mixed-mode interfacial strengths. In particular, the residual stress built-up
at the Cu/Si interface, due to elastic and coefficient of thermal expansion (CTE) mismatch, will cause
deviations on the extracted mixed-mode fracture strengths measured. Under extreme circumstances,
plastic zones can be formed at the interface, as well providing the possible reduction in the mixed-mode
fracture strengths. The residual stress generated during the fabrication process will be estimated and
taken into consideration in future studies.
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Abstract: Room-temperature creep tests are performed at the plastic regions of two different metallic
glassy films under Berkovich nanoindetation. Relying on the strain rate sensitivity of the steady-state
creep curve, shear transformation zone (STZ) size is estimated based on the cooperative shear model
(CSM). By applying various indentation depths, loading rates, and holding times, the testing effects
on the STZ size of metallic glasses are systematically studied. Experimental results indicate that STZ
size is greatly increased with increased indentation depth and shortened holding time. Meanwhile,
STZ size is weakly dependent on the loading history. Both the intrinsic and extrinsic reasons are
discussed, to reveal the testing effects on the nanoindentation creep flow and STZ size.

Keywords: metallic glass; nanoindentation; creep; strain rate sensitivity; shear transformation zone

1. Introduction

Metallic glasses are at the cutting edge of new-structure material research and have great potential
to be utilized as engineering materials for their excellent mechanical properties [1-4]. Due to its unique
atomic configuration, i.e., non-crystalline but with a short-range order structure, metallic glass is also
an important part of condensed matter physics. However, localized shear banding dominates in plastic
deformation and catastrophic failure always occurs under tension [5]. A great deal of research efforts
have focused on revealing the mechanism of plastic deformation and improving workability in metallic
glasses. Owing to the original work of Argon [6], the deformation unit with a local rearrangement of
atoms, also referred to as the shear transformation zone (STZ), has been widely applied to analyze
the low-temperature deformation of metallic glasses. Being different from a structural defect, STZ
is defined by its transience, i.e., it can only be identified from the atomic structures before and after
deformation. The details of STZ evolution are mostly studied using computer simulations, in relation
to its shape, configuration, and activation mechanism [7-10].

In recent years, following the cooperative shear model (CSM) by Johnson and Samwer [11],
Pan et al. developed an experimental method to estimate STZ volume relying on strain rate sensitivity
(SRS) through rate-jump nanoindentation [12-14]. In Pan’s work, STZ size displayed a strong
correlation with Poisson’s ratio and structure state [12,15], and could be closely tied to the ductility
of bulk metallic glasses. However, the experimental results determined using the rate-jump method
are in doubt. Bhattacharyya et al. revealed that pile-up in nanoindentation would significantly affect
the SRS values using the rate-jump method [16], hence the questionable STZ volume. Moreover,
strain rate sensitivities in some kinds of metallic glasses are extremely low, and even negative. Thus,

Micromachines 2018, 9, 636; d0i:10.3390/mi9120636 22 www.mdpi.com/journal /micromachines



Micromachines 2018, 9, 636

the measuring error would be significant for calculating SRS values and the corresponding result
concerning STZ size might be unreliable.

Indentation creep has been the most extended method for studying strain rate sensitivity [17]. The
holding stage during nanoindentation could be much more time-saving in comparison to the traditional
creep test, due to its high accuracy for recording creep displacement [18,19]. Nanoindentation creep
investigations have been widely performed in small-scale nanocrystalline materials [20-23]. In the
authors’ previous work, spherical nanoindentation creep behaviors in metallic glassy films with various
compositions were carefully studied [24]. Furthermore, STZ sizes and their correlations with intrinsic
parameters of metallic glasses such as sample dimension [25,26], structure state [27,28], residual
stress [29], and glass transition temperature (Tg) [24], were obtained, relying on the SRS of creep curves.
It has been recognized that nanoindentation creep behaviors are dependent on testing conditions in
both crystalline and amorphous alloys [30-36]. Now, one question naturally arises: Does the STZ
size of metallic glass also depend on extrinsic testing effects? With this in mind, two distinct metallic
glassy films are prepared, which could provide a clean and smooth surface for nanoindentation. In the
present study, the testing effects of indentation depth, loading rate, and holding time on STZ size are
studied using the creep method.

2. Materials and Methods

Zr-Cu-Ni-Al and La-Co-Al films were deposited on a silicon wafer in a DC magnetron sputtering
system at room temperature in pure argon gas. The 2-inch target alloys adopted in the chamber were
Zr64Cuy6NijgAlyg and LagyCoogAly, at.%, which was prepared from high-purity (99.99 wt.%) elements
using vacuum casting. The target was installed at the bottom while the silicon wafer was stuck onto
the sample platform, which was right above the target. The target-to-substrate distance was kept
constant, equal to 100 mm. The base pressure of the chamber was kept at about 5 x 10~7 Torr before
deposition and the working argon pressure was set at about 1 mTorr. The power on the target was
fixed at 120 W during the deposition and the sputtering time was two hours. The film thickness could
be directly measured from the cross-section using a scanning electron micrograph (SEM). By means
of an X-ray energy dispersive spectrometer (EDS) attached to the SEM, the chemical compositions of
as-prepared films were detected as Zrs5Cu;5Nij3Alyy and LassCoppAlps, respectively. The amorphous
nature was confirmed using X-ray diffraction (XRD) with Cu K radiation [24].

Nanoindentation experiments were conducted at a constant temperature of 20 °C on an Agilent
Nano Indenter G200 with the dynamic contact module (DCM), by which higher resolution in both force
and displacement and less sensitivity to the environment could be attained. The constant temperature
was controlled by the air condition. A standard Berkovich indenter was applied, the tip of which
was detected to be perfect using transmission electron microscopy (TEM), to avoid the tip bluntness
effect on the mechanical response [37,38]. The constant load-holding method was used in this study
to explore the creep flows and strain rate sensitivities under various testing conditions. The indenter
was held for 500 s at various depths of 50 nm, 100 nm, 200 nm, and 350 nm (only for La-Co-Al film),
with a constant loading rate of 0.2 mN/s. At a constant holding depth of 200 nm, the loading rate
effect on the creep flow was studied; during these tests, four different loading rates of 0.035 mN/s,
0.075mN/s, 0.2 mN/s, and 0.75 mN/s were employed. Furthermore, five different holding durations
of 155,50 s, 100 s, 500 s, and 1000 s were adopted to study the holding time effect on the value of
strain rate sensitivity and STZ size. All the above-mentioned testing parameters were carefully chosen,
in view of the potential disturbances of the substrate effect, tip bluntness effect, and the influences
of thermal drift and instrument error on experimental results. The creep tests were launched until
thermal drift was reduced to below 0.02 nm/s. Meanwhile, drift correction, which was calibrated
at 10% of the maximum load during the unloading process, was strictly performed. To ensure the
reliability of the creep results, twenty nanoindentation measurements were conducted for each test.
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3. Results and Discussion

Figure 1 shows the film cross-sections of both samples; the thicknesses of Cu-Zr-Ni-Al and
La-Co-Al films could be directly measured as 1.6 pm and 2.7 um, respectively. Figure 2 shows the
typical load-displacement (P-h) curves of 500-s creep tests with a holding depth of 200 nm and a
loading rate of 0.2 mN/s. The room-temperature creep deformation could be clearly observed at the
holding stage. At the onset of the holding stage, severe plastic deformation beneath the Berkovich
indenter had already occurred. This was, intrinsically, why creep deformation could easily occur even
in many high-melting point materials under nanoindentation at room temperature. The creep flows of
metallic glassy films could be more intuitively recognized from the relationship between the creep
displacements and holding time, as plotted in Figure 3a. The creep curves could be divided into two
distinct stages, as transient creep and steady-state creep. The approximate critical point for the creep
transition is marked with an arrow in Figure 3a for both samples. In comparison, the transient creep
stage was much shorter in La-Co-Al than in Zr-Cu-Ni-Al. At the transient stage, the creep displacement
increased relatively fast, but the creep rate dropped rapidly. Then, the creep displacement turned out
to be slow and increased almost linearly with time at the steady-state stage. Clearly, creep deformation
is more pronounced in La-Co-Al than in Zr-Cu-Ni-Al, which could be expected due to the lower glass
transition temperature (T) and hardness. The creep curves for both samples can be perfectly fitted
(R? > 0.99) using an empirical law [39]:

h(t) = ho + a(t — to)? + kt 1)

where /iy and t( are the displacement and time at the beginning of the holding stage, and 4, b, k are the
fitting constants.

Zr-Cu-Ni-Al

Figure 1. Typical cross-sections of: (a) Zr-Cu-Ni-Al; and (b) La-Co-Al films using scanning electron
micrograph (SEM), film thickness could be measured.
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Figure 2. Representative load-displacement curves of the 500-s holding creep tests with a maximum
displacement of 200 nm for Zr-Cu-Ni-Al and La-Co-Al films.
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Figure 3. (a) the creep displacements during the holding stage versus holding time, which can be
perfectly fitted using an empirical law, and the critical point of creep transition from transient stage
to steady-state stage is marked with an arrow; (b) the creep strain rate versus holding time; (c) the
hardness versus holding time; (d) the log-log correlation between the hardness and strain rate obtained
from the creep, strain rate sensitivity can be thus estimated by linear fitting of the steady-state part.
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The value of the SRS exponent m can be evaluated via [40]:

JdlinH
m= -
dlne

@

In the present Berkovich nanoindentation process, the strain rate during the holding stage can

be calculated as ¢ = %% and the hardness is defined as H = CIJ?
P

is rectified upon testing on the standard fused silica, equal to 23.6 here. h,, is the contact depth and
could be estimated as i, = h; — eP/S, where I; is the total nanoindentation displacement, ¢ = 0.72 for a
Berkovich tip, and S is the stiffness deduced from the unloading curve. Based on the fitting line of the
creep curve in Figure 3a, the variations in the strain rate and hardness as a function of the holding time
are obtained, as shown in Figure 3b,c, respectively. Figure 3d shows the log-log correlation between
the hardness and strain rate during the holding stage. Accordingly, m can be obtained by linearly
fitting the part of the steady-state creep (here, we adopted the last 200-s holding part). For reliability,
nine effective creep curves were employed to reach an average value of SRS for each sample.

The STZ volume can then be estimated accordingly using the cooperative shear model (CSM) of
Johnson and Samwer [11], based on the SRS obtained from the creep. In the CSM model, the activation
energy of the STZ is defined as:

C is the tip area coefficient and

3

Wstyz = 4ROG0’)%(1 — T/To) 280) 3)

Thus, the correlation between the STZ volume () and the activation volume V* can be obtained
through directly differentiation of the activation energy Wgrz, given by:

0

Q= i
6RoGo72(1 - 7/1)2&

Ve *)

where Ry ~ 1/4 and § ~ 3 are constants, T and 7 are threshold shear resistances at temperature T and
0K, Gy is the shear modulus at 0 K, the average elastic limit y¢c ~ 0.027, 79/G = 0.036, and the value of
T/7T( can be estimated using the constitutive equation:

/G = vc0 — 11 (T/ Tg) > 5)

where yco = 0.036 £0.002, y¢1 = 0.016 £ 0.002, the shear modulus G ~ ﬁ has a weak temperature

dependency for a metallic glass [11]. The STZ activation volume V* can be expressed as [40]:

v= 5L ©
mty
Here, Ty is the critical shear stress upon the traditional tensile or compressive tests, with an
empirical correlation of T, ~ H/ 31/3. The hardness value at the initial holding stage was adopted to
estimate the flow stress. Once the STZ activation volume V* had been determined, STZ activation
energy and volume could be calculated using Formulas (3) and (4). According to the dense-packing
)1/3, Ajand
r; are the atomic fraction and atomic radius of each element, respectively, the atoms contained in an
STZ could be estimated.

hard-sphere model of metallic glass [41], wherein the average atomic radius r ~ ():}’ Air?

3.1. Indentation Size Effect

Figure 4a,b shows the typical creep flows at various holding depths for Zr-Cu-Ni-Al and La-Co-Al,
respectively. It should be noted that a load-holding test was not conducted at 350 nm for the
Zr-Cu-Ni-Al film due to the potential substrate effect [42-44]. In order to recognize the indentation
size effect on creep behavior more directly, the starting points (including both the holding time
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and creep displacement) for all the creep curves were set to be zero. Clearly, the creep flow was
enhanced by increasing the initial holding depth. Furthermore, all the creep curves could be perfectly
fitted using Equation (1). The total creep displacement at each holding depth was recorded for
both samples, as shown in Figure 5a. The enhancement of the creep displacement by increasing
the holding depth was more evident in La-Co-Al than in Zr-Cu-Ni-Al. From the perspective of
structure agitation under nanoindentation, it is qualitatively claimed that the free volume content of
metallic glass would be increased with pressed depth, hence promoting creep flow at a larger holding
depth. In addition, the shear band density and excess free volume generated during nanoindentation
would be composition-dependent in metallic glasses [45], which could be the reason for the different
performances in relation to the indentation size effect in Zr-Cu-Ni-Al and La-Co-Al. Such indentation
size effect on creep deformation is commonly observed in nanoindentation creep, though its mechanism
is complicated. For a spherical indenter, the plastic deformation beneath the indenter would be more
severe as the pressed depth increases. More excess free volume would be generated in the plastic zone,
causing improved atomic mobility. It could be conceivable that a larger holding depth would facilitate
creep flow (creep strain) under spherical nanoindentation, while for a standard Berkovich indenter,
the imposed plastic strain and stress distribution during nanoindentation are self-similar at various
pressed depths. Theoretically, creep displacement would be proportional to the initial holding depth
and creep strain would be invariable under Berkovich indentation. Practically, the stress distribution
beneath the indenter is much more complicated than that in uniaxial testing and creep deformation
could not occur uniformly around the plastic region. Here, we define creep strain as Al/h., where Ah
is the total creep displacement and /. is the contact displacement at the beginning of the holding stage.
The correlations between creep strain and initial holding depth are shown in Figure 5b for both samples.
The creep strain was gradually decreased with the increased initial holding depth. This phenomenon
has been revealed in crystalline/amorphous nanolaminates, where the apparatus error of “indenter
overshoot” plays an important role at the very beginning of the holding stage [46]. Figure 5c,d exhibits
the hardness values at the beginning of the holding stage, which apparently decrease with increasing
pressed depth.

The SRS at various holding depths are computed using steady-state creep curves for both samples.
The obtained values are in the order of 10!, which is remarkably higher than those reported using
the rate-jump method. The rate-jump method is conducted under quasi-static loading and suffered
instantaneous plastic deformation, the results of which are always a magnitude less than those using
creep. Figure 6a,b clearly shows that SRS decreased with the increasing holding depth. Based on the
above values of SRS and hardness, the STZ volume and size of both samples could be determined.
As depicted in Figure 6¢,d, we can conclude that STZ size increases with increasing holding depth. The
calculated values of STZ size increased from 10 atoms to 53 atoms for Zr-Cu-Ni-Al, and from 9 atoms
to 46 atoms for La-Co-Al, as the holding depths increased from 50 nm to 200 nm and 50 nm to 350 nm,
respectively. The STZ volume and size were, respectively, in the range of 0.1~1 nm? and 10~60 atoms,
which corresponds well with previous studies on metallic glasses detected using experimental methods
and molecular dynamic simulation [47-49]. On the other hand, the STZ size of La-Co-Al is smaller
than Zr-Cu-Ni-Al at the same holding depth, which could be due to its lower Tg~500 K (730 K for
Zr-Cu-Ni-Al) [50]. The glass transition temperature is a vital thermodynamic parameter of metallic
glass, which is closely connected to the atomic structure and plastic deformation [51].
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Figure 4. Typical creep displacements versus holding time at various initial holding depths for
(a) Zr-Cu-Ni-Al and (b) La-Co-Al
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The indentation size effect on creep deformation and strain rate sensitivity (or stress exponent)
has been widely reported in both crystalline and amorphous alloys [30-33]. However, the
correlation between the activation volume of the plastic unit and pressed depth is rarely investigated.
In Jang et al.’s work [49], it was reported that the STZ size of a Zr-based metallic glass was unchanged
under spherical indenters with different radius using the statistical method. However, the initial
conditions such as stress distribution and plastic deformation in their work were changed with
different indenters, which significantly influenced the emergence of the first pop-in event. Strictly
speaking, this was merely the indenter radius effect rather than the indentation size effect on STZ
size. What is more, the indentation size effect on STZ size cannot be fully studied using the statistical
method or rate-jump method in nanoindentation, due to their testing principles. To the authors’ best
knowledge, the results presented here are the first report revealing the indentation size-dependent
STZ size in metallic glasses.

3.2. Loading Rate Effect

Figure 7 shows the typical creep curves during the holding stage under four different loading
rates. The initial holding depth is constant as 200 nm for both samples. A fast loading sequence is
thought to facilitate nanoindentation creep deformation during the holding stage [34-36]. However,
the loading rate effect presented here on the creep flow of metallic glass is composition-dependent.
For the Zr-Cu-Ni-Al film in Figure 7a, the creep deformation increases weakly when increasing the
loading rate from 0.035 mN/s to 0.2 mN/s, and proves much more pronounced under 0.75 mN/s.
Qualitatively, the stimulate effect on creep deformation by a high loading rate is more remarkable
at the transient stage (0~50 s) than the steady-state stage for the Zr-Cu-Ni-Al film. For the La-Co-Al
film in Figure 7b, on the other hand, the creep flows are observed to be history-independent. There is
no obvious distinction among the creep curves with various loading rates. Figure 8a,b summarizes
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the correlations between nanoindentation hardness and loading rate for Zr-Cu-Ni-Al and La-Co-Al,
respectively. The indentation hardness is increased with the increasing loading rate (strain rate) for
both samples, which confirms the positive strain rate sensitivity. In comparison, the growing rate of
hardness on the loading rate is much smaller in La-Co-Al than in Zr-Cu-Ni-Al, i.e., hardness increases
from about 3.32 GPa to 3.37 GPa for La-Co-Al (growing rate ~1.5%), and from 7.9 GPa to 8.3 GPa
for Zr-Cu-Ni-Al (growing rate ~5%), as the loading rate increases from 0.035 mN/s to 0.75 mN/s.
It is worth noting that the loading rate effect on hardness is consistent with that on creep flow for
both samples, i.e., positive for Zr-Cu-Ni-Al and insensitive for La-Co-Al. The promoting effects of the
loading rate on hardness and creep flow in Zr-Cu-Ni-Al are commonly observed in metallic glasses,
which could be explained from the perspective of structure agitation and the generation of excess
free volume. For the La-Co-Al film, on the other hand, such a tiny variation of hardness illustrates
that the process of plastic deformation and the structure state at the peak load do not change as the
loading rate increases. As a consequence, the creep behaviors of La-Co-Al would be insensitive to the
variation of loading sequences. The computed values of strain rate sensitivity from steady-state creep
curves are summarized in Figure 8c,d for Zr-Cu-Ni-Al and La-Co-Al, respectively. As the loading rate
increases from 0.035 mN/s to 0.75 mN/s, the average value of m generally increases from 0.07 to 0.13
for Zr-Cu-Ni-Al whilst it lies in the range of 0.22~0.18 for La-Co-AlL
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Figure 7. Typical creep displacements versus holding time with four different loading rates at the

initial holding depth of 200 nm for (a) Zr-Cu-Ni-Al and (b) La-Co-Al; the creep curves could be
perfectly fitted.
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Figure 8. Hardness at the onset of the holding stage, strain rate sensitivity, and STZ size as a function
of the loading rate for (a,c,e) Zr-Cu-Ni-Al and (b,d,f) La-Co-Al.

STZ volume and the atoms it contained were calculated for both samples, as listed in Figure 8e,f.
For Zr-Cu-Ni-Al, STZ, the size is reduced to about 40 atoms under 0.75 mN/s and enlarged to 60 atoms
under 0.035 mN/s. The results presented here could be connected to the loading rate-dependent creep
behaviors. In Choi et al.’s work, it was also revealed that the STZ size of a Zr-Cu-Ni-Al-Ti metallic glass
was decreased from 29 atoms to 17 atoms as the loading rate increased from 0.5 mN/s to 10 mN/s,
using the nanoindentation statistical method which relies on the cumulative distribution of yield
stress [52]. For La-Co-Al, on the other hand, the fluctuation of average STZ sizes with loading rate is
quite small, at around 32 £ 2 atoms. Clearly, the loading rate effect on the STZ size of metallic glasses
using the stress relaxation method is weak and composition-dependent. It was revealed that STZ size
is closely connected to the free volume content [49], STZ size increases from 25 atoms to 33 atoms
after sub-Ty annealing in a Zr-Cu-Ni-Al-Ti bulk metallic glass. As it is conceived that more excess free
volume is generated beneath the indenter at a higher loading rate, a smaller STZ size can be expected
at 0.75 mN/s for Zr-Cu-Ni-Al. For La-Co-Al, on the other hand, the free volume content might be
insensitive to the loading rate, as mentioned above, hence the small variation in STZ size.
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3.3. Holding Time Effect

As illustrated in Figure 3d, strain rate sensitivity is not a constant throughout the whole holding
stage, even under fixed testing conditions. Clearly, the value of SRS m increases with the holding
time. However, stiffness S is also changed with pressed depth, which is important for calculating
the hardness and strain rate. Strictly speaking, we could not directly obtain the correlation between
m and the holding time by differentiating the InH-In¢ curve, in which S is fixed for simplicity. In
order to ensure the accuracy of the holding time effect on STZ size, creep tests with various durations
were performed. Figure 9 shows the hardness at the onset of the holding stage for both samples, as
a function of the holding time. The decrease in hardness was due to the fact that S is increased with
pressed depth (holding time). Figure 10a shows the correlation between strain rate sensitivity and
holding time. In comparison to the result of the 500-s holding test, m is nearly doubled after 1000 s
holding, i.e., 0.21 for Zr-Cu-Ni-Al and 0.4 for La-Co-Al. As the holding time decreases to 100 s, m
precipitously reduces to below 0.04 for both samples, which can be more clearly recognized in the
inset of Figure 10a. Then, the decrease in m tends to be stable, which are 0.02 and 0.025 in the 15-s
holding tests for Zr-Cu-Ni-Al and La-Co-Al, respectively. The holding time effect indicates that strain
rate sensitivity could significantly grow from transient creep to steady-state creep. What is more, m is
always larger in La-Co-Al than in Zr-Cu-Cu-Ni at all events, while the m gap between the two samples
is gradually narrowed as the holding time is shortened, and the values are very close in the 50-s and
15-s holding tests. For long-term holding, the creep flow could turn into a steady-state stage, the
deformation behavior of which mainly depends on the intrinsic plastic resistance of the sample. For
short-term holding, however, the apparatus error-induced fluctuation plays an important role in the
recorded indenter displacement at the transient creep, such as the indenter “overshot” at the beginning
of the holding stage, which weakens the creep discrepancy between La-Co-Al and Zr-Cu-Ni-Al. Thus,
the variation in the m gap between the two samples in Figure 10a could be qualitatively explained.
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Figure 9. Hardness at the onset of the holding stage as a function of holding time for (a) Zr-Cu-Ni-Al
and (b) La-Co-Al
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as a function of holding time for (b) Zr-Cu-Ni-Al and (c) La-Co-AL

The STZ volume and atoms at each holding event are calculated and summarized in Figure 10b,c.
For both samples, STZ sizes shrunk from about 230 atoms to 18 atoms as the holding stage was
extended from 15 s to 1000 s. This strong holding time effect on STZ size could be conceivable as
being mainly due to the conspicuous enlargement of strain rate sensitivity. Being different from
the mechanism of the indentation size effect on STZ size, the holding time effect described here is
dominated by the extrinsic method. The different creep flow stages could be the key reason for the large
change in STZ size. The apparatus error for short duration, as well as the thermal drift in long-term
holding, could also be considerable for the duration-dependent STZ size.

4. Conclusions

In summary, nanoindentation creep measurements were conducted on as-cast Zr-Cu-Ni-Al and
La-Co-Al metallic glassy films with a standard Berkovich tip. Based on the strain rate sensitivity of
the creep curve, the shear transformation zone (STZ) size was estimated and its correlation with the
testing conditions was revealed. The effects of indentation size, loading rate, and holding time on STZ
size were systematically studied. Several conclusions could be drawn:

(1) The estimated STZ sizes using the creep method correspond well with the theoretical simulation.
Under the same testing conditions, STZ size is detected to be larger in Zr-Cu-Ni-Al than in
La-Co-Al, which could be due to the higher glass transition temperature (Tg).

(2) The indentation size effect can be clearly observed in both samples; STZ size increases quickly
with increasing pressed depth.

(3) The loading rate effect on STZ size is weak and composition-dependent. STZ size decreases
slightly in Zr-Cu-Ni-Al and changes little in La-Co-Al, even though the loading rate is increased
by more than an order of magnitude.
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(4) Holding time is particularly important in estimating STZ size. STZ size would artificially decrease
from several hundreds of atoms to no more than twenty as the holding stage increases from 15 s
to 1000 s.
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Abstract: The effect of post-helium irradiation annealing on bubbles and nanoindentation hardness
of two reduced activation ferritic martensitic steels for nuclear fusion applications (EUROFER97 and
EU-ODS EUROFER) has been studied. Helium-irradiated EUROFER97 and EU-ODS EUROFER were
annealed at 450 °C for 100 h in an argon atmosphere. The samples were tested by nanoindentation and
studied by transmission electron microscopy extracting some focused ion beam lamellae containing
the whole implanted zone (=50 um). A substantial increment in nanoindentation hardness was
measured in the area with higher helium content, which was larger in the case of EUROFER97
than in EU-ODS EUROFER. In terms of microstructure defects, while EU-ODS EUROFER showed
larger helium bubbles, EUROFER97 experienced the formation of a great population density of them,
which means that the mechanism that condition the evolution of cavities for these two materials are
different and completely dependent on the microstructure.

Keywords: nanoindentation; reduced activation ferritic martensitic (RAFM) steels; helium irradiation;
irradiation hardening; nuclear fusion structural materials

1. Introduction

The study of the effects of post-irradiation annealing on the evolution of the irradiation defects
in which He is involved has a special relevance since its mechanisms and the variables on which
those depend are not fully understood, becoming more complicated when the materials investigated
are microstructurally complex like the ones studied in this paper. The experimental results referring
to nucleation, fate, and consequences of helium irradiation on mechanical properties are especially
useful, because they provide information to establish a correlation between experimental results and
modelling [1]. In addition, these experiments may also be useful to provide experimental results
to validate solubility values and diffusion coefficient of He in its different forms (interstitial atomic
He, He-Vacancy clusters (HeV) of different sizes, or even more complex clusters of He and vacancies
along with lattice atoms of Fe, HeVFe [2], etc.) which are likewise indispensable when performing
modelling work.

In order to validate the theories and models on bubble growth after post-irradiation annealing,
it is necessary to examine the effects of some experimental parameters on the evolution of bubbles
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during annealing by means of experiments under comparable conditions in materials similar to those
studied in this research. With the methodology carried out, it has been possible to obtain two structural
materials implanted with different levels of He concentration that represent the irradiation expected in
a fusion reactor after its useful life (400 to 700 appm) [3,4]. Then, the materials have been annealed
at 450 °C, the temperature that has been observed to be critical in the degradation of mechanical
properties in materials submitted to irradiation [5]. Numerous authors have indicated at that at 450 °C
the greatest volumetric fraction is produced by the formation of cavities generated by irradiation
and, therefore, causing the highest degradation of mechanical properties [6-8]. Therefore, in order to
understand how temperature affects the evolution of cavities for a given time, an annealing treatment
has been applied at 450 °C for 100 h in EUROFER97 and EU-ODS EUROFER steels. He desorption
experiments with EUROFER97 [9,10] showed that in a temperature range above 450 °C, the dissociation
and diffusion phenomena begin to be critical, so to be able to understand the nucleation and growth
of He bubbles, it is necessary to evaluate the mechanisms that govern the diffusion of the He atoms
prevailing when the implanted materials are undergoing an annealing process, and to try to find
a model to frame that behavior. There are different diffusion mechanisms [11] and its relevance
depends on factors such as the nature of the He defect, the annealing temperature, and defects present
in the material. Each type of defect involving He (Interstitial He, Substitutional He, or HeV clusters)
will present different dissociation and migration energies and, therefore, different easiness to move
through the crystalline lattice of the material.

A direct consequence of modifying the microstructure of a material is the change of mechanical
properties. It is well known that in general terms, He irradiation produces local hardening [12-14]
and a very useful technique to measure this change is nanoindentation, since He irradiation produces
a very shallow layer of modified material. This technique has been widely used to measure hardening
due to irradiation [8,15], and it also can be used to establish a correlation between microstructural
defects and the aforementioned hardening using a model, such as the dispersed barrier hardening
one [16,17]. On one hand, cavity density and size are experimental parameters that can be obtained
by TEM (Transmission Electron Microscopy). On the other hand, nanoindentation results evidence
the effect of voids, cavities, He bubbles, and dislocations produced after He irradiation as they act as
barriers for the dislocations generated by the indenter [18]. So, a model combining both would explain
the materials hardening mechanisms.

The reduced activation ferritic martensitic (RAFM) steels EUROFER97 and EU-ODS EUROFER
have not been studied extensively after implantation and annealing, although some tests have been
performed on similar alloys such as F82H [19]. These materials are very important from the point
of view of a nuclear fusion reactor, as they are the most promising structural materials as they are
able to withstand the extremely harsh conditions which will be produced in the reactor during
operation [20,21]. So, this research is a starting point to understand the growth of the complex defects
during the annealing treatment at high temperatures of irradiated steels, which may eliminate the
pre-nucleation structure and transforms it into a bubble nucleus (or embryo). The subsequent growth of
this embryo or of this already formed bubble will be carried out by means of the mechanisms mentioned
above if the necessary conditions of time, temperature, and concentration are met: migration and
coalescence [22] or Ostwald ripening [23-26].

2. Experimental Procedure

2.1. Materials

The materials investigated in this research were the reduced activation ferritic/martensitic steels
EUROFER97 and EU-ODS EUROFER. Both alloys have identical chemical composition (wt. %): 0.11C,
8.7Cr, 1W, 0.10Ta, 0.19V, 0.44Mn, 0.004S, balance Fe. However, EU-ODS EUROFER contains 0.3% of
Y,0O3 particles. On one hand, EU-ODS EUROFER has a ferritic matrix with a large range of grain sizes,
showing an average value of 0.98 £ 0.48 um, although it is possible to find grains as large as 4 um
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and others smaller than 0.5 pm. An EBSD study was published elsewhere regarding this matter [27].
Yttria particles with 20 nm size in average were added to the matrix, but their distribution was not
completely homogeneous, finding both, small clusters of them and large areas with no particles.
On the other hand, EUROFERY7 presents a fully martensitic matrix, whose primary austenite grain
size is between 6.7 and 11 pm and the average size of its martensite laths is between 0.3 and 0.7 pm.
In addition, EUROFER97 has equiaxed morphology, in contrast to EUODS EUROFER with ferritic
tangle grains. The steels have been studied in the normalized (980 °C/27 min air cooled) plus tempered
(760 °C/90 min air cooled) condition for EUROFERY7 (Heat E83698) and normalized (1150 °C/60 min
air cooled) plus tempered (750 °C/120 min air cooled) for EU-ODS-EUROFER (Heat HXXX1115),
denominated in this paper as the as-received states. A more detailed chemical composition and
microstructural characteristics for both materials are given elsewhere [28,29].

2.2. Irradiation and Thermal Treatment

Ion irradiation with He-ions was performed on a 5 MV voltage terminal in a Tandetron
accelerator manufactured by High Voltage Engineering Europa (Amersfoort, The Netherlands) at room
temperature. A stair-like profile configuration was used for the implantation energy, starting with
15 MeV and ending with 2 MeV, decreasing the beam energy in 1 MeV steps. The ion fluence used
for all the energies was 1.67 x 10'® He-cm 2. The resulting He concentration profile was simulated
by means of MARLOWE Code [30,31] as shown previously [15,27]. The mean damage produced
on the sample was estimated to be around 1072 to 102 dpa, with an average He injection rate of
0.25-0.3 appm He/s.

During implantation, the temperature of the samples was constantly monitored with a thermographic
camera and one thermocouple attached to the sample holder. The maximum temperature measured during
implantation was 70 °C.

After irradiation, the specimens were annealed at 450 °C for 100 h in a controlled argon atmosphere.

2.3. Nanoindentation Tests

The equipment used for nanoindentation was a Nano indenter XP manufactured by MTS
Systems Corporation (Eden Prairie, MN, USA) equipped with a Berkovich diamond indenter tip.
The indentation module used was the one called Quasi-static (QS). The specimens for nanoindentation
tests were mechanically polished, finishing with an acidic aluminum oxide suspension in order to
achieve a deformation-free surface.

The indentations on the implanted samples of both steels were performed on the transversal
section to the irradiation beam, in order to evaluate the change of the hardness values along of
implantation depth to get a hardness profile as a function of the He content after the heat treatment.

He load used was 5 mN, which is the load previously used by Roldan et al. [15,27] to measure
the hardness variation on He implanted specimens. However, the methodology to obtain results was
improved in terms of time-saving, using in this work only one indentation row tilted 10° with respect
to the implantation surface. The distance between consecutive indentations was in all tests above
3 times the imprint size. The Oliver & Pharr method was used to determine the mechanical properties
from the indentation curves [32,33].

At the beginning of the study, an analysis of the state of the indenter tip is highly recommended.
Figure 1 shows an image obtained by optical profilometer in which it is possible to evaluate the
curvature radius of the very tip of the indenter, which is critical for the correct evaluation of the
indentation data, especially at shallow depths [34,35]. In this case, the quality of the tip was good
enough, just showing some dirt, which is easily removed in fused silica during the alignment of the
equipment before making the indentations in the specimens.
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Figure 1. Berkovich indenter tip analyzed by optical profilometer to check the rounding and wear of
the very tip.

2.4. Transmission Electron Microscopy

Microstructural investigations on implanted samples of both alloys have been carried out using
lamellae extracted by Focus Ion Beam (FIB) in a Zeiss Auriga Compact with a field emission scanning
electron microscope (FESEM) of 30 keV. A minimum Ga ion energy of 5 keV was used in the last
step of lamella thinning in order to remove as much as possible the Ga damage on the surface [36,37].
Due to the different He concentration along the irradiated volume, it was very important to extract
a lamella long enough to allow studying the effect of the annealing with different He concentration,
since it is a critical parameter when He bubble fate is studied. Transmission electron microscopy (TEM)
investigations were performed with a JEM 2100 HT at 200 keV and JEM 300 F at 300 keV (manufactured
by JEOL, Akishima, Japan). In order to calculate a volumetric distribution density of bubbles, it is
necessary to determine the thickness of the lamellae, so convergent beam electron diffraction (CBED)
was used [38-40].

3. Results

The studies of EUROFER97 and EU-ODS EUROFER after He implantation previously performed
showed a maximum increase of hardness of 41% and 21%, respectively, and corresponded to the zone
with the highest He concentration [27]. In the following paragraphs the effect of a post-irradiation
annealing of 450 °C during 100 h with regard to nanoindentation hardness and irradiation defects will
be described in detail.

3.1. Nanoindentation

3.1.1. EUROFER97

The hardness results obtained for EUROFERY7 implanted with He from 2 to 15 MeV and
consequently annealed at 450 °C for 100 h is represented in Figure 2a in black squares. The dotted red
line represents the hardness values for the as implanted condition and the blue dashed line corresponds
to the as received state. It is possible to observe that in the annealed state there was a remarkable
increase in the hardness values from those of the as received and annealed states, reaching up to 9 GPa,
which turns out to be an increase of 157%. There was also a gradual reduction of hardness when the
indenting in areas with lower irradiation, reaching the as-received hardness values (~3.5 GPa) at about
25-30 um from the implantation surface.
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Figure 2. Hardness values vs. distance from the implanted surface of (a) EU-ODS EUROFER and
(b) EUROFERYY irradiated with He from 2 to 15 MeV: Black dotted line represents the values for the
annealed state at 450 °C for 100 h. Red dotted are the hardness values for the implanted at RT previous
annealing and blue dashed line represents the as received hardness values. All the measurements were
performed at 5 mN.

3.1.2. EU-ODS EUROFER

In a similar way to EUROFER97, EU-ODS EUROFER was implanted with He from 2 to 15 MeV
and annealed at 450 °C for 100 h. The results from the indentations applied with a load of 5 mN
are shown in Figure 2b. In this case, the hardness increments experienced are lower than those
observed for EUROFER97, since the as received hardness value of EU-ODS EUROFER was 4.6 GPa,
and the maximum hardness value measured on the annealed specimen was 8.49 GPa, which results in
an increase of 84.5%. However, beyond 30 pm from the implanted surface, the hardness values that
diminish from the surface, reached the same hardness values of the as received state. Again, the effect
of the annealing is evident as the slight increase observed after irradiation is lower than that observed
after the annealing heat treatment.

3.2. TEM Characterization

TEM investigations were performed on the implanted surface to up to 30 microns in depth in
order to evaluate He nucleation and growth due to the heat treatment, and to eventually correlate
those observations with the nanoindentation results obtained.

The observation area was divided in 3 zones, each one with a different He content as observed
in Figure 3. Zone A, the one with the highest He content, included the peaks from 3 to 5 MeV
(716-657 appm He), zone B included the peaks from 6 to 8 MeV (619 to 548 appm He) and the last
zone, C, contained the peaks from 9 to 11 (518 to 445 appm He). It was not possible to study the 2 MeV
energy peak, since the first 3 to 5 um resulted damaged in the fabrication process of the lamella.
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5
b
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Figure 3. He concentration profiles simulated by MARLOWE indicating the 3 zones in which the
lamella was divided for its microstructural characterization by means of TEM.
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3.2.1. Cavity Characterization on EUROFER97

The microstructural study by TEM was performed analyzing a lamella following the implantation
direction and, in consequence, along the gradual He content reduction. Figure 4 shows a TEM
overview of the lamella extracted from EUROFER97 implanted from 2 to 15 MeV and annealed at
450 °C for 100 h.

Heions™,

5m
—_—

Figure 4. TEM micrograph of the EUROFER97 lamella implanted from 2 to 15 MeV and annealed at
450 °C for 100 h homogeneously thinned along with a detail of the zone A which is the area with the
highest He content (716 to 657 appm He).

The cavities were identified using through-focus series method [41] which in addition allows
a first approximation of their size. In the in-focus image, most cavities were not clearly detectable,
which means that the cavity size was less than 5 nm, approximately as seen in Figure 5 [42,43]. In the
so-called zone A, corresponding to the zone with the peaks of 3 to 5 MeV with a He content of 716
to 675 appm He, the steel matrix of EUROFER97 was completely full of small cavities, which were
randomly distributed.

Figure 5. TEM focus sequence of the zone A of EUROFER97 annealed at 450 °C for 100 h and a He
content from 716 to 657 appm. The focus variation was about &1 um: (a) under focused, (b) in-focus,
and (c) over focused.
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The vast majority of the cavities exhibited a diameter between 1 and 2 nm, and, only in some
isolated cases was the diameter slightly larger, but never reaching 3 nm. Taking into account a lamella
thickness of around 60 nm, as determined by CBED [38,39], the population density was 9.65 x 103 m=3.

The study of cavity distribution did not reveal any preferential nucleation at grain/subgrain
boundaries, nor at precipitate—matrix interfaces.

As mentioned at the beginning of this section, if the analysis moves forward following the
implantation direction, the implanted He amount decreases gradually up to reach the so-called zone B
with a He concentration between 619 to 518 appm. Figure 6 shows cavities found in this zone whose
sizes are quite similar to the ones detected at the previous zone, 1 to 2 nm. The cavity distribution was
still random and no preferential nucleation was detected. In this zone, the population density was
2.25 x 10?2 m~3, so it was slightly lower than the one measured in zone A, although the cavity average
size was quite similar.

Figure 6. TEM micrograph of EUROFER97 steel annealed at 450 °C for 100 h showing the distribution
of bubbles within the matrix in zone B of intermediate He concentration (619 to 548 appm). The arrows
indicate bubble nucleation at the M3C¢ matrix interface.

In the mentioned figure, the presence of two precipitates type M3Cy with some cavities attached
to their matrix-precipitate (indicated with red arrows in the same figure) can be also observed, and in
their surroundings. Due to the lack of zones with no cavities around the precipitates (known as
depletion zone), it is not possible to confirm completely that those microstructural features were
acting as defect sinks before the annealing. As it has been experimentally observed by TEM [44-46],
when a microstructural feature acts as a sink, it attracts a HeV cluster flux towards it, creating an area
with no defect clusters around the sink. This zone would have certain length that would depend on
the vacancy (or HeV cluster) absorption rate which in turn is proportional to the precipitate diffusion
and the difference between the defects of the matrix and of the sink surface [47,48].

Finally, to complete the whole TEM characterization of the EUROFER97 lamella, zone C, with He
content between 518 and 445 appm He, was analyzed. In Figure 7, it is possible to see in the lower
right corner, a black area that was too thick for the electrons to get through. It corresponds with the
lamella edge that was welded onto the TEM grid. Unlike A and B areas described previously, groups
of very small cavities randomly distributed across the matrix were observed. Some of those clusters
have been indicated with arrows and red ovals. The cavity diameters were not larger than 2 nm and
the population density was much lower than the one calculated for the other areas, 1.63 x 102 m~3.
In contrast to zones A and B, some free from cavities areas were detected within this zone. It is difficult
to determine exactly where these areas were located regarding the direction of implantation, this fact
may suggest that in spite of performing an annealing treatment at 450 °C for 100 h, either the time or
temperature were not high enough to induce cavities to diffuse in such a way that they would spread
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all across the irradiation surface, enhancing nucleation or even the growth of already formed ones,
in order to obtain a more homogeneous distribution.

Figure 7. TEM micrograph of EUROFERY7 steel annealed at 450 °C for 100 h showing the distribution
of bubbles within the matrix in zone C at the lowest He concentration (518 to 445 appm He). Red arrows
and ovals highlight some cavities.

3.2.2. Cavity Characterization on EU-ODS EUROFER

Figure 8 shows an overview of the EU-ODS EUROFER lamella extracted from the implanted
and annealed bulk specimen. As can be observed, the lamella was fabricated with some separators
highlighted with blue arrows in the figure, with the aim of helping with the identification in TEM of the
different areas with different He content, as it is required to correlate microstructure with penetration
depth and with He content. The red arrow indicates the ion implantation direction and the zones with

different ion implantation dose are marked as A, B, and C.

Figure 8. TEM micrograph overview of the lamella obtained from the EU-ODS EUROFER steel
annealed at 450 °C for 100 h evenly thinned. The red arrow indicates the implantation surface. A, B,
and C indicate areas with different He content and blue arrows show separators.

An exhaustive TEM study was performed in the zone A and in it, some bands of cavities are
visible (Figure 9), which may match with a former Bragg’s peak. This area is the closest one to the
implantation surface and its width is around 7-8 um. In addition, in this zone, many cavities randomly
distributed across the matrix with a very heterogeneous diameter were detected.
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Figure 9. A representative TEM Micrograph of zone A (716 to 657 appm He) of EU-ODS EUROFER
steel annealed at 450 °C for 100 h. Highlighted in red the areas of higher cavity density.

EU-ODS EUROEFER present Y,0Oj3 particles dispersed in the matrix, and due their size and contrast
on focus condition in TEM they could be confused with the largest cavities. However, performing the
through-focus series, the aforementioned particles” contrast does not change and cannot be considered
in the statistics for cavities.

The size of the cavities was measured, although those with diameters lower than 2 nm were
not considered due to the difficulty to measure them accurately (the error may be higher than 15%)
and because the volumetric fraction is low in comparison with that of larger cavities [49]. Figure 10
shows the coexistence of cavities of different diameters randomly distributed within the ferritic matrix.
In addition, there were not clear indications of cavities at grain boundaries or yttria particles.

Figure 10. Under-focused TEM micrograph from zone A (716-657 appm He) of EU-ODS EUROFER
annealed at 450 °C for 100, including the diameters of some representative cavities.

The size distribution histogram is plotted in Figure 11. The average size was 4.7 £+ 1.2 nm,
with cavities even larger than 10 nm, in contrast to EUROFER97 zone A where the average size
was 2 nm.
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Figure 11. Cavity diameter distribution within the zone A of EU-ODS EUROEFER (657-716 appm He)
and annealed at 450 °C for 100 h.

As in the case for EUROFER97, assuming that all the cavities are sphere-like, population density
was determined considering only the cavities larger or equal to 2 nm. The calculated value was
1.84 x 1022 m~ that corresponds to a volumetric fraction of 0.17%.

The next area of interest, zone B in Figure 8 and with a He content between 619 and 548 appm,
is characterized by having a more homogeneous cavity size distribution than the one measured in A,
with a Gaussian-like size distribution (Figure 12). Most of the detected cavities presented a diameter
between 3 and 4 nm (>35%) and no one with a diameter larger than 7 nm (in contrast to zone A where
cavities larger than 10 nm were observed).
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Figure 12. Cavities detected within the zone B of EU-ODS EUROFER (548-619 appm He) annealed at
450 °C for 100 h.

Although the cavity distribution seems to be random, within zone B, cavities attached to the
Y,O3-matrix interface and grain boundaries were observed (Figure 13). Those observations may
be attributable to the random nucleation process itself that may take place before the annealing
and the low mobility during the annealing (high migration energy [50]) of large vacancy-helium
clusters. Therefore, it is not possible to assert if the addition of yttria particles under these experimental
conditions enhance the defect suppression.
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Figure 13. TEM micrograph belonging to zone B (548-619 appm He) of EU-ODS EUROEFER steel
annealed at 450 °C for 100 h. A grain boundary and two MX type precipitates are highlighted with no
clear indication of cavities in their surrounds. In addition, two yttria particles with no cavities along
with another one with two cavities attached are also pointed out.

After an exhaustive TEM analysis of different areas belonging to zone B, the distribution density
of cavity sizes was calculated following the same procedure than for the zone A, obtaining a value of
3.65 x 1021 m~3, average size of 3.2 £ 1 nm and a volumetric fraction of 0.12%. In Figure 14 the size
distribution of the cavities in zone B is shown.
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Figure 14. Cavity diameter distribution within the zone B of EU-ODS EUROFER (548 to 619) and
annealed at 450 °C for 100 h.

Finally, in zone C with helium content between 445 to 518 appm, the detection of cavities was
more complicated. One of the possible reasons added to the lower implanted helium concentration
is that the lamella was slightly thicker in this region than in the previous zones (~70 nm on average).
This peculiarity is very common and limits the capability of detecting cavities with diameters smaller
than 4 nm.

In zone C, the decrease of cavity density was clearly observed (Figure 15a,b). In general terms,
EU-ODS EUROFER presented very similar cavities randomly distributed in the matrix with a size

~2 nm. However, a few larger cavities up to 5 nm were detected as well (highlighted in red in
Figure 15a).
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Figure 15. TEM micrograph representative of zone C (518 to 445 appm He) of EU-ODS EUROFER steel
annealed at 450 °C for 100 h showing (a) very few medium size cavities and (b) the overall distribution
of small cavities.

Unlike zones A and B, where cavity nucleation was not observed at the grain boundaries
(Figure 16), in zone C, some boundaries containing aligned cavities were clearly present. In the
right area of Figure 16, two grain boundaries have been highlighted with red ovals, in which a possible
alignment of cavities can be observed; they are very similar to those found by Luo et al. [51]. It is
difficult to confirm it unequivocally, but as mentioned above, it has been observed by several authors
that when grain boundaries act as sinks and trap cavities, an area without cavities appears around
these boundaries [48]. In this case, not only there is an area around the grain boundaries free of cavities,
but at the right of the red line there appears to be none of relevant size, suggesting that they may be
smaller in size, again undetectable by TEM. The value for the distribution density was 9.65 x 10?> m~3
and the volumetric fraction was 0.002%.

Figure 16. TEM micrograph from zone C of EU-ODS EUROFER steel annealed at 450 °C for 100 h
where a possible end of a Bragg peak is indicated as well as different cavity groupings.

Comparing the results for the three zones it is possible to extract that the lower the helium content,
the lower the cavity size, with the most typical cavity size being 4 to 5 nm in zone A, 3 to 4 nm in
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zone B, and 2 nm in zone C. On the other hand, the maximum sizes observed also have changed,
decreasing from 10 nm or larger in zone A to a maximum of 6-7 nm in zone B, whereas in zone C,
very few cavities were much larger than 2 nm, however, the maximum size detected was 5 nm.

4. Discussion

Regarding nanoindentation results, it has been determined that EUROFER97 and EU-ODS
EUROEER steels after irradiation and subsequent annealing at 450 °C experienced a significant
increase of hardness. The maximum values are practically identical in both materials, between 8.5 and
9 GPa (Figure 2) measured in the so-called zone A with a high He content. In EU-ODS EUROEFER steel,
hardness values progressively increase to almost 30 pm depth (~450 appm He), while in EUROFER97
steel, hardness values increase up to a distance of approximately 20 to 30 um, which is the area of
maximum He content (between 400 and 500 appm He). That would correspond in the case of EU-ODS
EUROEFER steel with the entire lamella depth (zones A, B, and C) and in the case of EUROFER97,
the greatest increase occurs mainly in zone A, although also in zone B and to a lesser extent in zone
C. The aforementioned increase in hardness in both materials occurs because there are elements that
acted as obstacles preventing the sliding of dislocations generated by the indentation. These obstacles
are of a very diverse nature: existing dislocations in the material, yttrium oxides (in the case of
the EU-ODS EUROFER), precipitates, high quantity of grain edges (small grains), and, of course,
the defects produced by irradiation that have evolved due to the annealing treatment, which in this
case are HeV clusters, becoming eventually He bubbles (or cavities). When taking into account only
the effect of He in the increase of hardness, it is necessary to analyze both the size and the distribution
of cavities as possible obstacles for dislocations produced by the indentation volume.

The variation of hardness values of the EU-ODS EUROEFER steel is proportional to the size and
density of the cavities found in the different areas analyzed. In zone A, the material presents the
largest cavity mean size and the widest distribution density, which causes the observed hardness
increase. Comparing the results obtained before and after annealing, EU-ODS EUROFER clear change
of the irradiations defects observed, since after annealing it experienced a growth of the cavities at the
expense of a decrease in distribution density, as is clearly seen in Figure 17a,b.

However, it has been observed that in zone C with a He content between 479 and 445 appm He,
EU-ODS EUROFER steels presented some cavities after annealing, not being detected in the window
of low implanted He content at room temperature of both materials [27]. Due to the large number of
defects (in the form of vacancies and interstitial) present on the EU-ODS EUROEFER steel, the thermal
diffusion of these defects takes on a special relevance since they move while interacting with the HeV
clusters generated by the implantation due to the annealing treatment applied.

In the case of the EUROFERY7, a very high increase in zone A (high He content), which has a high
density of cavities, was experienced. Figure 17c,d compares the cavities detected in areas with a He
content of ~700 appm He in EUROFERY7 steel before and after annealing. In this image it is possible
to see how the size of the cavities is similar (1 to 2 nm), but the distribution density of these defects
from a qualitative point of view seems much higher after the thermal treatment. It should be noted
that the annealed steel image was acquired at higher magnifications and, therefore, the cavities appear
larger, yet taking a random area in both micrographs results in higher distribution density in the
annealed sample.

These hardness values are gradually decreasing, within zones B and C, until they reach values
similar to those implanted at room temperature. It should be noted that in the area with the lowest
He content of the samples implanted at room temperature without heat treatment no cavities were
detected [27], which was the same observation extracted from EUROFER97. However, in the annealed
sample there is a substantial increase in population as can be seen in Figure 17d. These results may
indicate that due to the effect of temperature there was an increase in nucleation of possible bubble
embryos that were detectable by TEM, the mobility of clusters depends completely on their size
(the smaller ones present a higher mobility).
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Figure 17. TEM micrographs of the microstructure of EU-ODS EUROFER (left) and EUROFER97
(right) steel with a He content of ~700 appm He (a) and (c) implanted at room temperature with
stair-like profile from 2 to 15 MeV and (b) and (d) implanted at room temperature with stair-like profile
from 2 to 15 MeV and annealed at 450 °C for 100 h.

Other critical factors are the number of defects in the matrix as well as the microstructural
characteristics presented in the material (grain boundaries, precipitates interfaces ... ). In the case
of materials subjected to neutron irradiation [52,53] or another species that generates cascades of
displacements, the formation of vacancies is favored by to the formation of Frenkel pairs by irradiation.
This leads to a supersaturation of vacancies, since the self-interstitial atoms are very mobile and can
form dislocation loops and be trapped by sinks, which will have different effects on the microstructure
of the material, and therefore on the mechanical properties. This supersaturation of vacancies increases
the diffusivity of He by providing pathways of diffusion [52,54]. In the case of post-irradiation
annealing, there was no increase in vacancies due to new cascades, so the parameters that control
the evolution of the bubbles are the vacancies already produced by the implantation of He prior to
annealing in combination with thermal vacancies, the temperature and thermal treatment duration,
He concentration, and, of course, the type of material and its microstructural characteristics (phases,
composition, own defects, concentration of vacancies...). With respect to the results mentioned above,
it is possible to explain the very different behavior between EU-ODS EUROFER steel and EUROFER97.
The first one presents a much higher concentration of vacancies, which, although not measured
experimentally, are assumed to be present due to the manufacturing route: powder metallurgy plus
the addition of yttria particles. This material has experienced a considerable increase in the size of
the cavities in the area with the highest He content (zone A) with respect to the sample of the same
concentration but implanted at room temperature [15,27]. In addition, during annealing, the size of
the cavities in zones B and C decreases, as well as their distribution density. The chosen temperature
activated the diffusion of vacancy clusters of both the material itself and HeV clusters produced by
irradiation and favored the reabsorption of these in the already formed bubbles. As the concentration
decreases, the amount of nucleated bubbles prior to annealing decreases, and therefore the surface
pressure is lower, causing this mechanism to slow down. On the other hand, in EUROFERY7, it has
been observed that the distribution density increased with respect to implantation at room temperature;
however, the average radius remains constant, between 1 and 2 nm. This fact seems to indicate that the
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decrease in vacancies compared to the EU-ODS EUROFER, implies a decrease in the diffusion process
even though the temperature was 450 °C.

Representing cavity size and population density measured in every zone of the implanted depth,
it can be observed that EUROFER97 (Figure 18) does not experience cavity growth: in the three zones
the diameter is 1 to 2 nm but there is an enormous increase of population density. There was possibly
a growth of small bubble embryos (very small HeV clusters).
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Figure 18. Cavity size and population density measured along the implantation depth profile for
(a) EUROFERY7 and (b) EU-ODS EUROFER.

After the exhaustive analysis, we tried to match the experimental observations to either of the two
theoretical model proposed to explain the evolution of He bubbles after post-irradiation annealing:
Ostwald ripening [23-26] and the theory of migration and coalescence (MC) [22].

The Ostwald ripening model, first described in 1896 [26], explains a very common phenomenon
occurring in solid or liquid solutions in which homogeneous structures (such as crystals or sol particles)
change size over time. This concept has been applied to the cavities formed by HeV clusters, as follows:
it is two relatively close cavities of two different sizes formed by an agglomeration of He atoms and
vacancies. These structures are energetically stable except for the He atoms that are located on the
surface, which are more energetically unstable than those ones inside. As time goes by, these atoms
will dissociate from the smaller cavity, causing a decrease in size, having a lower surface energy than
the large cavity and will be introduced into the matrix, increasing the number of atoms in solution.
When the matrix is oversaturated with He atoms from the cavity that is shrinking, they will be
redeposited into the larger cavity around them, causing it to grow. In addition to the dissociation
and reabsorption of He atoms, Ostwald ripening also requires the dissociation and reabsorption of
vacancies. So, this process which is subject to the dissociation of two species (He atoms and vacancies)
will depend on which of the two dissociation energies is larger [55].

On the other hand, the MC theory attributes the growth of the bubbles to the merge of bubbles
that, following a diffusion path through the matrix, finally join forming a larger cavity. Ono et al. [56]
studied Fe and Fe9Cr samples implanted with He at 10 keV with different fluences and temperatures
and applied afterwards an annealing treatment to the samples in steps of the same time from 400
to 1000 °C. In the mentioned paper, it is possible to see the path followed by a mobile cavity when
an annealing treatment at 750 °C is applied to a pure Fe sample irradiated with He at 300 °C with
a fluence of 6 x 10! ions/cm?. This work provides evidence that bubble mobility is Brownian
(or random) and thermally activated, as well as experimental evidence that the bubble mobility in
Fe9Cr is lower than in pure Fe. This is in agreement with the aforementioned on the importance of
alloying elements in terms of cavity mobility. EUROFER97 and EU-ODS EUROFER are not model
alloys with a simple microstructure where the cavities can diffuse through the matrix easily, since there
are many barriers that prevent the movement. However, in short range order, cavities close to one
another may move and coalescence in a more pronounced way when the density of small cavities is as
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high as that detected in this paper. These observations fit with the results obtained in modelling works
regarding the relation between complexity defect and mobility [2,57].

In EU-ODS EUROEFER (Figure 18b), the annealing temperature seems to activate the diffusion
of vacancies (both thermal and the ones produced by irradiation) which may favor the reabsorption
in already formed bubbles. As He content decreases, the number of cavities already formed also
diminishes and therefore the internal pressure as well as the number of atoms in solution and vacancies
decrease, slowing down the process. These observations may fit Ostwald ripening. Even so, what can
be assured is that the vacancies together with the own defects of the EU-ODS EUROEFER steel offer
preferential sites to form HeV clusters. In addition, the fact that they do not migrate towards grain
and/or yttria edges suggests that this is a very local evolution favored by an average temperature.
Even so, what can be assured is that the vacancies together with the own defects of the EU-ODS
EUROEER steel offer preferential sites to form HeV clusters. There are signs of a growth of cluster
embryos, as there is an increase in the density of cavities in the EUROFER97 compared to those
implanted at room temperature, but this evolution does not follow either the MC model or the Ostwald
maturation model. In the case of the EU-ODS EUROFER, it does appear that the size of the cavities
increases with concentration after annealing, with a decrease in density, apparently indicating that
Ostwald maturation is favored by a high number of vacancies, according to Trinkaus [52].

Temperature affects the diffusion of defects as observed by modeling. Many authors [2,57] have
observed that the mobility increases with temperature, and it is very dependent on the complexity
of the defect. Some observations have experimentally demonstrated [48,58—60] that the most mobile
species are the He interstitial atoms rather than vacancies, even at room temperature. They concluded
that alloying with up to an amount in the order of ppm may affect the distribution and size of
cavities, thus modifying the distance of the zone around the grain edges without bubbles, which is
smaller in purer materials than in commercial ones. Comparing these results with those obtained
with EUROFER97 and EU-ODS EUROFER, which present a much more complex microstructure in
terms of secondary phases and defects, it has been observed that the alloy elements are not affected as
much as the model alloys since both materials present the same atomic concentration of the chemical
elements. Therefore, the most notable difference is due to the different microstructures and the
manufacturing process.

By increasing the concentration of He in the material during implantation, there is an increase of
the internal pressure. This could explain the different behavior of the bubbles after post-irradiation
annealing as there were different He concentration ranges and therefore different surface pressures.
In addition, it is known that the surface is a source of vacancies which are available to relax the internal
pressure of bubbles close to the surface [55]. Consequently, a slow growth can be attributed to bubbles
with high internal pressure, which can increase in size through migration and coalescence. On the
other hand, bubbles that grow rapidly can present Ostwald maturation, which seems to present its
maximum value when the pressure is relaxed by the vacancies caused by cascades of displacements
produced by irradiation or taken from the surface [55]. Stoller et al. [61] observed that as the annealing
temperature increased, the size of the bubbles increased and their density decreased instead. They also
detected black dots in the matrix that could be mostly small interstitial clusters [62]. Subsequently,
Golubov et al. [63] modeled Stoller’s experiment (cited above as [61]) using the theory of bubble
migration and coalescence. Without assuming that they remain in mechanical equilibrium during
annealing, they concluded that this assumption was quite realistic at high temperatures. Therefore,
the bubbles remain over-pressurized during annealing, and this high pressure suppresses surface
diffusion and, consequently, growth. On the other hand, by increasing the temperature, the mobility
of the vacancy clusters increases, favoring their growth at the same time as their distribution density
decreases, as observed experimentally in samples annealed from 700 to 900 °C [61].

On the other hand, having observed zones without cavities, as well as grain boundaries,
precipitated interfaces or in the case of the EU-ODS EUROEFER, yttria oxides, free of cavities,
suggests that reabsorption or growth to be visible in the TEM of new cavities is a short-range,
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local process, unlike a dislocation network that would be found within the so-called long-range
defects. The migration of V-type clusters is carried out by jumps towards the nearest vacancy neighbor,
passing through an intermediate metastable state, with its migration energy depending on size as it has
been shown above, until reaching V5, when they are considered practically immobile [64]. It is a fact
that He implantation damages EU-ODS EUROEFER to a lesser extent, since the increase in hardness
(which is a direct consequence of irradiation damage) is lower. However, unlike some modelling
works [65,66] demonstrating the radiation resistance is only due to yttrium oxide dispersed though the
matrix, it is hard to prove since there are other factors such as dislocation density, secondary phases,
or inherent vacancies.

5. Conclusions
The most important conclusions extracted from this work are the following:

e  The annealing treatment at 450 °C for 100 h has led to an increase in hardness values of 157% for
EUROFERY7 steel and of 84% for EU-ODS EUROFER with respect to the as-received condition
when a load of 5 mN is applied with a Berkovich tip.

e It was experimentally demonstrated that for faster tests, a row matrix is valid to analyze the
surface transverse to the implantation, as long as it covers the entire implanted surface and no
indentations are duplicated.

e  Experimental observations by TEM indicate that EUROFERY7 steel experienced an increase in
population density of cavities as a function of He concentration. The values of distribution density
have been quantified, assuming that most cavity sizes were between 1 and 2 nm. The estimate
of the calculated distribution density was 9.6 x 10> m~3 in zone A, 3.25 x 10*®> m~3 in zone
B, and 1.63 x 102 m~3 in zone C. These values suggest that the population density is directly
proportional to the concentration of He implanted after the annealing heat treatment at 450 °C
for 100 h.

e  The EU-ODS EUROFER steel, on the other hand, shows a notable increase in the size of the cavities,
which decreases depending on the concentration of He implanted. It should be borne in mind that
only cavities larger than 2 nm were taken into consideration; those ones with a smaller diameter
were not taken into account due to their low influence on the swelling phenomenon (or volumetric
fraction). In zone A, the average size was 4.7 nm with a distribution density of 1.846 x 102 m3
and a swelling of 0.17%. In zone B, the mean diameter was 3.2 nm, its population density was
3.656 x 1021 m—3, and swelling of 0.12% was calculated, and, finally, in zone C, the average size
of the cavities was between 1 and 2 in almost all cases, with some cavities of 4 and even 5 nm.
Therefore, its distribution density was calculated analogously to EUROFER97 (9.656 x 10?2 m~3)
and its volumetric fraction was almost negligible (0.002%). The effect of the inherent vacancies
in the EU-ODS EUROFER steel seems to play a very important role, as it is possible that the
annealing temperature chosen favors the mobility of these defects, thus enhancing the creation
and growth of He cavities. It has also been observed that their size depends strongly on the
concentration of He implanted.

e Itisnot possible to conclude which mechanism governs the nucleation and growth of cavities
after a process of annealing at 450 °C for 100 h in both materials when only considering the
maturation of the Ostwald and migration and coalescence (MC) models. In order to do so, further
experiments would be required to study other annealing times and temperatures and different
He concentrations in order to obtain a more complete spectrum of cavity evolution or, if not,
to establish a model that fits better than those mentioned in the paper.
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Abstract: Cement paste is the main binding component in concrete and thus its fundamental
properties are of great significance for understanding the fracture behaviour as well as the ageing
process of concrete. One major aim of this paper is to characterize the micromechanical properties
of cement paste with the aid of a nanoindenter. Besides, this paper also presents a preliminary
study on the fatigue behaviour of cement paste at the micrometer level. Miniaturized cantilever
beams made of cement paste with different water/cement ratios were statically and cyclically
loaded. The micromechanical properties of cement paste were determined based on the measured
load-displacement curves. The evolution of fatigue damage was evaluated in terms of the residual
displacement, strength, and elastic modulus. The results show that the developed test procedure
in this work is able to produce reliable micromechanical properties of cement paste. In addition,
little damage was observed in the cantilever beams under the applied stress level of 50% to 70% for
1000 loading cycles. This work may shed some light on studying the fatigue behaviour of concrete in
a multiscale manner.

Keywords: cement paste; miniaturized cantilever beam; micromechanics; fatigue; nanoindenter

1. Introduction

Concrete is the most widely used construction material in the world [1]. As a heterogeneous
material, concrete is mainly made of cement, aggregate, and water. It is well acknowledged that
the fracture of concrete is a complex phenomenon due to its innate multiphase and multiscale
heterogeneity [2]. As a result, the multiscale modelling method is generally adopted to investigate the
fracture behaviour of concrete at different length scales [2,3]. By explicitly considering the material
structures and material properties of individual constituents at the finer scale, the macroscopic
mechanical properties of concrete can be predicted. Therefore, as one of the primary inputs for
the multiscale approach, the local mechanical properties of constitutes are needed.

In particular, the cement paste serving as a major component is of great significance with respect
to the fracture process of concrete. At the micro level, it is generally recognized that the cement paste
includes several different phases: Pores, low density calcium-silicate-hydrate (C-S-H), high density
C-5-H, and anhydrous clinker minerals [4,5]. During the last decade, many efforts have been devoted
to characterizing the micromechanical properties of cement paste [5-9]. Among them, nanoindentation
is a commonly applied method for determination of the local elastic modulus and hardness [5,6].
However, one major concern of this technique is that the local strength of materials is indirectly
obtained from the measured hardness, while the correlation between the hardness and strength of
cement paste has not been experimentally examined so far [10]. Furthermore, the local mechanical
properties of cement paste obtained from nanoindentation tests are largely affected by the spatial
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heterogeneity of the material [10]. Therefore, the necessity of a more robust test method to determine
the micromechanical properties of cement paste is addressed. Recently, Schlangen et al. [11] and
Zhang et al. [12] developed a new test procedure to prepare small cement paste cubes (100 um) with
the application of a precision micro-dicing instrument and then to investigate their structural response
using a nanoindenter. This promising work successfully provides the experimental evidence for
calibration and validation of multiscale modelling techniques. Moreover, to better understand the
fracture behaviour of cement paste at the microscale, multiple types of tests should be conducted.
Therefore, this concept of small scale testing on cement paste has also been extended to perform
splitting tests [13] and three-point bending tests [14]. Similarly, Némecek et al. [9] also conducted small
scale bending tests on cantilever micro-beams (20 um) fabricated by focused ion beam technology
and the tensile strength of an individual component in the cement paste was directly measured.
However, a major disadvantage of this method is the time-consuming fabrication process of the
specimen, which results in a small number of specimens that can be tested. It should be noted that at
the microscale, a large scatter of the mechanical properties of cement paste can be expected [15,16].
It means that a sufficient number of tests should be performed to guarantee the statistical reliability [13].
In this paper, the beams with a square cross-section of 380 um x 380 um were fabricated by a micro
dicing saw. The mechanical properties of cement paste at the microscale were measured by conducting
bending tests on miniaturized cantilever beams with the aid of a nanoindenter. The main benefits of this
approach are that the mechanical properties can be reliably determined in an easy and straightforward
manner. Furthermore, a sufficient number of samples can be tested in a relatively short period of time.

Different from the fracture behaviour under monotonic loading, fatigue fracture of concrete is a
process of progressive, permanent internal structural changes, which inevitably result in the changes
of the performance of concrete with the elapse of time. This ageing phenomenon of concrete is mainly
attributed to the growth of internal microcracks, which eventually coalesce into macrocracks and lead
to complete fracture after a sufficient number of cycles [17,18]. Meanwhile, the time-dependent growth
of microcracks will accelerate the formation of different gradients in concrete [19,20], and hence, further
increase the proneness of concrete to ageing [21]. Although numerous studies have been conducted
on the fatigue behaviour of concrete, most of them deal with the global approaches by means of
S-N curves or fracture mechanics [22-25]. The common shortcoming of them is that the inherent
heterogeneity of concrete is neglected, and thus the realistic behaviour of concrete under fatigue
loading, e.g., the propagation of microcracks, is difficult to be predicted. In order to gain a better
understanding of the fatigue fracture of concrete, the multiscale approach is expected to be a proper
choice [26-28]. According to the study of [27], a mesoscopic model based on the real microstructure
was established to investigate the evolution of fatigue damage in concrete, in which the different
fatigue damage functions of individual components were assumed. However, the independent fatigue
behaviour of different components has never been tested experimentally. To fill this gap, a preliminary
study on the fatigue behaviour of cement paste at the micrometre length scale was also carried out in
this paper.

2. Materials and Methods

2.1. Materials and Sample Preparation

In this study, standard grade CEM 142.5 N Portland cement and deionized water were used to
prepare the cement paste. The cement was mixed with water to yield three different water/cement
ratios (0.3, 0.4, and 0.5). After mixing, the mixture was cast in plastic cylindrical moulds with a
24 mm diameter and 39 mm height. In order to reduce the amount of entrapped air, the fresh paste
was carefully compacted and stirred layer by layer on a vibrating table. Afterwards, the sample
was covered with a plastic foil and rotated at a speed of 2.5 rpm at room temperature (20 °C) for
24h, aiming to mitigate the influence of bleeding. All specimens were cured in a sealed condition at
room temperature for 28 days. After that, specimens were demoulded and then cut into slices with a
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thickness of 3 mm. The solvent exchange method was adopted to arrest the hydration reactions of
samples by immersing them in isopropanol [29]. A detailed procedure of arresting hydration can be
found in [14].

For the fabrication process of miniaturized cantilever beams, several steps were followed: Firstly,
the two ends of slices were further ground using a Struers Labopol-5 thin sectioning machine. To obtain
smooth and parallel surfaces, grinding discs with two different grit sizes of 135 um and 35 pm were
used in sequence. The final thickness of the sample was approximately 2.15 mm; the next step is to
generate the miniaturized cantilever beams from the thin samples. This is achieved by utilizing a
precision micro-dicing machine (MicroAce Series 3 Dicing Saw, Loadpoint Limited, Swindon, UK),
which is mainly applied to cut semiconductor wafers. By applying two perpendicular cutting directions
and same cutting space, a row of cantilever beams, including at least 20-30 beams, with a square cross
section of 380 um x 380 pm were obtained. The cantilevered length was approximately 1.65 mm and
the thickness of the baseplate was less than 500 um. The cutting process is schematically shown in
Figure 1. Afterwards, the cross-section of the beams was examined by using an environmental scanning
electron microscope (ESEM). The fabrication process yields an overall accuracy for the cross-sectional
dimensions of £5 um (Figure 2b).

0.25 mm [+
//
y

/

Resin blade =——>
S DRCe / Cantilever beam

(cross section: 380 umx380 um)

AccV SpotMagn Det WD |—— ] 500 um AccV SpotMagn Det WD p————— 100 um
200kV 50 65x BSE 10.2 1.0 Torr 200KV 50 200x BSE 100 1.0 Torr

@ (b)

Figure 2. Environmental scanning electron microscope (ESEM) image of: (a) A row of cantilever beams;

(b) cross-section of a cantilever beam.
2.2. Static Bending Tests

For each w/c ratio, a total of 30 cantilever beams were tested under static bending. An Agilent
G200 nanoindenter operating with a continuous stiffness measurement (CSM) function was selected
to conduct the static bending tests. The CSM technique allows for the continuous measurement of
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mechanical properties of materials, thus eliminating the need for unloading cycles [30]. In this study,
an oscillating force with a harmonic displacement of 2 nm at a frequency of 45 Hz was adopted for
the CSM method. The set-up of the static test is illustrated in Figure 3. A nut was first fixed on a
metal block, which acts as the supporting base. Then a row of cantilever beams was horizontally
attached on the flat wall of the fixed nut using cyanoacrylate adhesive (Loctite Superglue 3). A flat
end cylindrical diamond indenter with a diameter of 315 pm was used instead of the mostly used
Berkovich indenter (a sharp pyramid tip) for the standard nanoindentation test [11,31,32]. In this
way, the possible penetration of the indenter into the specimen was eliminated. The built-in imaging
technique of the nanoindenter was used to accurately locate the load point at the central axis of the
beams. The load point was always kept around 150 um from the free end of the beam. The loading
procedure was displacement controlled with a 50 nm-s~! loading rate. The cantilever beams were
loaded until failure and the load-displacement curves were collected by the nanoindenter. After failure,
the distance between the load point and the fracture point on the cantilever beam was measured for
the calculation of the stress.

Fixed nut

Adhesive

Baseplate
Indenter
Cantilever beam

Figure 3. Schematic diagram of test set-up.

2.3. Fatigue Bending Tests

Fatigue tests were performed using the same experimental apparatus (Agilent G200 nanoindenter)
as static tests. In total, nine cantilever beams with a w/c ratio of 0.5 were tested under the same upper
and lower load. The tests were load-controlled with a constant upper load of 100 mN. The ratio, R,
between the minimal and maximum load was 0.05. Figure 4 illustrates a schematic diagram of the
load-cycle curve used in the fatigue tests. The tests were carried out using the constant amplitude
triangular load with a frequency of 0.33 Hz. Note that due to the material heterogeneity, the realistic
stress level (tensile stress divided by the static strength) for each specimen is varied even under the
same maximum load. For the sake of simplicity, the average value of 63% is adopted to describe the
applied stress level. Due to the limitation of test duration in the nanoindenter, four identical load
blocks with 250 loading cycles (in total 1000 cycles) were performed on each beam and all of them
were conducted in succession without any rest period. Since the fatigue load must be unloaded to
zero after completing each load block, the residual displacement was recorded to connect with the
succeeding block. Besides, before the end of each load block, the indenter was held for around 50 s at a
lower load for the purpose of thermal drift correction [33]. After reaching the target number of cycles,
the beams were statically loaded until failure. The load-displacement curves for fatigue tests as well as
static tests were recorded by the nanoindenter.
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Figure 4. Schematic diagram of the load-cycle curve.

3. Results and Discussions

3.1. Static Bending Tests

The load-displacement curves for different w/c ratios are presented in Figure 5. A high degree of
repeatability is found for measurements on 30 cantilever beams with the same w/c ratio. It can be
seen that the load-displacement curves show two distinct stages. In the first stage, the displacement
increases linearly with the increase of load until the maximum load is reached. It is then followed by a
rapid burst of displacement in the second stage, where a nearly brittle fracture occurred. Since the
displacement control of the nanoindenter is not fast enough to capture the post-peak behaviour of
the specimen, it results in an overshoot of the indention tip, thus presenting a horizontal line in the
load-displacement curve [34].

Pre-peak region  Catastrophic failure
300 P gl i
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0 T T y T T
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Pre-peak region  Catastrophic failure
2504 |
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Figure 5. Cont.
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Figure 5. Load-displacement curves of beams with a w/c ratio of (a) 0.3; (b) 0.4; and (c) 0.5.

Figure 6 shows the ESEM images of cantilever beams before and after the bending test. It appears
that the tested beam has a rough fracture surface and may be resulted from the randomly distributed
defects (pores). It should be noted that the cracks usually initiate at the weakest point near the fixed
end of the cantilever beams and eventually lead to the complete fracture.

otMagn Det WD j————f 200 gm
100x  BSE 100 1.0 Torr

(@)

Figure 6. ESEM images of beams (a) before fracture; (b) after fracture

The load-displacement curve data is used to estimate the mechanical properties of the cement
paste, i.e., the strength and elastic modulus. For static beam experiments, the strength is commonly
defined as the tensile stress in the failure plane extreme fiber under maximum load, Fmax [35].
Assuming the beam is loaded without torsion, the strength of beams, f, is given by:

 Famd h
fi= I, 2 (1)

where d is the distance between the load point and the fracture point, /1 is the side length of the square

cross-section, and Iy = h* /12 is the moment of inertia. For the calculation of the elastic modulus, E,

the linear region of the load-displacement curve is used. Note that the effects of shear deformation

can be negligible only when the length to depth of the beam is large enough (normally >5.0) [9,36,37],

which is, however, not the case in this study (around 4.3). Therefore, according to the Timoshenko

beam theory [35], the elastic modulus in consideration of the shear effect can be computed as:
¥ 2(1+v)L "

E=—"k+

2
3l kL2 @
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where L is the effective length of the cantilever beam; k is the beam stiffness, which is defined as
the slope in the linear region of the load-displacement curve; and v and « are the Poisson’s ratio of
the cement paste and shear coefficient for rectangular cross-section, respectively. Considering the
values reported in the literature [3,7,38-40], v = 0.25 and « = 5/6 are used in this study. In addition,
it should be borne in mind that the measured load-displacement curves also include the influence
of the baseplate and adhesive, which may potentially underestimate the stiffness of the beam [36].
To evaluate the effects of the baseplate and adhesive on the overall stiffness, a finite element model
using commercial software, ABAQUS, was established. The model consists of approximately 9000,
three dimensional, eight-node brick elements (C3D8R), with a geometry as shown in Figure 3. In this
model, the thickness of the adhesive was assumed to be 50 um, and the elastic moduli of the cement
paste and adhesive were set to 15 GPa and 3 GPa, respectively. The thickness of the baseplate used in
the model varied from 100 pm to 500 um. Meanwhile, a single cantilever beam with a fixed end was
also simulated for comparison. An example of the numerical model, including the mesh and boundary
conditions, is illustrated in Figure 7. The simulation results reveal that the additional deflection caused
by the adhesive is not more than 0.5-0.6% of the total beam deflection, which is thought to be negligible.
However, the extra deflection caused by the baseplate accounts for around 5-20% of the total beam
deflection, largely depending on the thickness of baseplate. For the sake of simplicity, in this study,
the extra deflections caused by the adhesive and baseplate are not taken into account in the estimate
of the elastic modulus. Nevertheless, continuous improvement of the test procedure is required to
further minimize the discrepancies in measured material properties, which is not attributed to the
materials themselves.

Surface load _,

P

Cantilever beam

-2.935e-01

(b)

Figure 7. The elastic analysis of (a) the cantilever beam with the baseplate and adhesive; (b) a single
cantilever beam.
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The calculated mean value and standard deviation of the strength and elastic modulus are
summarized in Table 1, together with the data reported in the literature [14] (in brackets). As expected,
both the strength and elastic modulus decrease with an increasing w/c ratio. It can also be seen that
the calculated elastic modulus agrees well with the literature results mentioned by [14], while the
calculated strength is almost 1.5-2.0 times higher than the results in the literature. It is believed that
the longer beam (i.e., 12 mm) used in [14] is the major reason for the discrepancy in the calculated
strength despite the possible influence of different boundary conditions. The observed decrease in
strength for larger samples is a common feature for quasi-brittle material and can be explained by the
size effect [41-43].

Table 1. Calculated mechanical properties, compared with previous work [14].

w/c Ratio Strength (MPa) Elastic Modulus (GPa)
0.3 31.34 + 3.70 (20.28) ! 18.85 + 3.23 (16.68)
0.4 25.27 4+ 3.23 (15.31) ! 13.97 4+ 1.98 (12.79) !
0.5 2237 +£2.31(11.71) ! 10.80 4 2.44 (9.09) !

1 The value in brackets are from the reference [14].
3.2. Fatigue Bending Tests

3.2.1. Load-Displacement Curve

The typical measured load-displacement curve of the fatigue test is shown in Figure 8. The figure
shows that the load-displacement relation for each cycle is approximately linear, and also the residual
displacement are accumulated with the increase of loading cycles. The variation of stiffness during
loading characterized by the slope of the loading curve for all fatigue tests are plotted in Figure 9,
together with the line of best fit. It is found that the loading stiffness changes very little with the
number of cycles, which is associated with a slow accumulation of damage during the fatigue loading.
It should be noted that the fatigue response of material is very sensitive to the flaws and defects [44—46].
Consequently, when compared with the mortar or concrete at the larger scale, the cement paste at the
micro scale exhibits higher fatigue resistance due to less initial defects, such as the porous interfacial
transition zone (ITZ) [47].

120
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Figure 8. A typical load-displacement curve for the fatigue test.
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Figure 9. The loading stiffness versus the number of cycles for all fatigue tests (different colors represent
different specimens).

Although no evident decline of loading stiffness can be identified in all fatigue tests, the
relation between the displacement and number of cycles exhibits a typical fatigue damage evolution
curve [18,48-50], see Figure 10a. The increasing displacement under each loading block can be
divided into a transient primary stage and a steady secondary stage. It can also be seen from
Figure 10b that the growth rate of displacement decreases rapidly in the primary stage and reaches a
constant value, with relatively small fluctuations in the secondary stage. These two stages are mainly
related to the formation and progressive growth of internal microcracks in cementitious materials,
respectively [24,51].
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Figure 10. A typical curve of (a) displacement versus the number of cycles; (b) growth rate of
displacement with cycles.

3.2.2. Growth Rate of Residual Displacement

As an important indicator of the fatigue damage, the residual displacements at a lower load
are extracted from the load-displacement curve. A typical curve for the development of residual
displacement under four identical loading blocks is plotted in Figure 11. Despite the discontinuity
between each load block, the development of residual displacement shows an overall increasing trend
with nearly the same slope. This indicates a stable propagation of microcracks in cantilever beams
even with the interruption of cyclic loading. Figure 12 presents the constant growth rate of the residual
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displacement for each load block as well as the average value of all tests (6.47 £ 1.01 nm/cycle). Note
that the data with large deviations are excluded in the calculation of the average value. Figure 12
indicates that the growth rate of each load block shows a high degree of consistency. Nevertheless,
the value between each specimen is relatively scattered, mainly due to the natural heterogeneity of
cementitious materials.
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Figure 11. A typical curve for the development of residual displacement (N1, Ny, N3, and N4 denote

the four load blocks).
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Figure 12. The growth rate of residual displacement for all specimens (N1, N, N3, and Ny denote the
four load blocks).

3.2.3. Residual Mechanical Properties

To quantitatively assess the degree of fatigue damage, all damaged cantilever beams were loaded
statically to failure. The percentage reduction of the strength and elastic modulus for each beam were
plotted against the stress level in Figure 13. The obtained average percentage reduction of the strength
and elastic modulus are 15.29% and 15.78%, respectively.
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Figure 13. The relation between the percentage reduction of mechanical properties and the stress level.

As expected, a large scatter can be observed in this diagram. For instance, the percentage reduction
of strength ranges from 1% to 20% even under the same stress level of 67%, while the percentage
reduction of the elastic modulus lies in a wider range of —10% to 36%. A downtrend inferred from
Figure 13 indicates that the higher stress level leads to the lower percentage reduction of mechanical
properties, which seems to be unrealistic. On the other hand, since the number of tests is relatively
small, it is not enough to make a rational judgement of the results. Nevertheless, the observed scatter
in Figure 13 implies that the applied stress level may not be a proper parameter to correlate the residual
mechanical properties at this length scale. The cause of the failed interpretation of the results is mainly
attributed to the assumption of a constant strength. However, cement paste at the micro scale contains
different size of pores and initial defects [5,7,52]. Most of them are formed during the hydration
process [53] or induced by the external factors, such as casting and vibration. For instance, a large
air void can be detected in the cross-section of the cantilever beam, as shown in Figure 14. Therefore,
the randomly distributed pores may result in the difference of original strength. This is consistent with
previous numerical work [52], in which the predicted mechanical properties of cement paste at the
microscale were largely influenced by the real microstructures.
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Figure 14. The ESEM image of a large air void detected in the fractured cross-section of cantilever beams.
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To consider the individual variation of strength of each specimen, the ratio of applied stress to
residual strength (denoted as Ry) is adopted to evaluate the fatigue damage. The relation between the
residual mechanical properties and the ratio, Ry, are shown in Figure 15. A clear trend can be found
that the percentage reduction of strength and elastic modulus increase with the increase of the ratio,
Ro. It indicates that the employed parameter is likely to give a proper analysis of the data, but this only
applies to the beams undergoing low fatigue damage. It should also be kept in mind that to acquire a
reliable prediction of fatigue behaviour of the cement paste, a large number of tests is needed.
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Figure 15. The relation between the percentage reductions of (a) strength; (b) elastic modulus against
the ratio, Ry.

4. Conclusions

In this study, the nanoindenter technique was used to investigate the micromechanical properties
of cement paste. This work also represents the first attempt in studying the fatigue behaviour of
cement paste at the micrometer length scale. From the results of the current study, we can conclude
that the employed test procedure is able to obtain reliable mechanical properties of cement paste at
the micro scale. In addition, the cement paste at the microscale exhibits higher fatigue resistance due
to less initial damage. The fatigue damage evolution can be quantitatively assessed in terms of the
residual displacement and the residual mechanical properties. In consideration of the heterogeneous
microstructure of cement paste, the ratio of stress to residual strength is suggested to properly analyze
the evolution of fatigue damage. This study provides new insights into the fatigue behaviour of
cement paste, which may shed some light for future studies on the multiscale modelling of the ageing
process of concrete subjected to fatigue loading. Systematic and additional studies are required to
test the effect of the w/c ratio, loading history, and rest period on the fatigue behaviour of cement
paste at the microscale. More importantly, the fatigue behaviour of ITZ at this scale needs to be
further investigated.
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Abstract: The indentation-induced deformation mechanisms in InP(100) single crystals were
investigated by using nanoindentation and cross-sectional transmission electron microscopy (XTEM)
techniques. The results indicated that there were multiple “pop-in” events randomly distributed
in the loading curves, which were conceived to arise primarily from the dislocation nucleation
and propagation activities. An energetic estimation on the number of nanoindentation-induced
dislocations associated with pop-in effects is discussed. Furthermore, the fracture patterns were
performed by Vickers indentation. The fracture toughness and the fracture energy of InP(100) single

1/2

crystals were calculated to be around 1.2 MPa-m'/? and 14.1 J/m?, respectively.

Keywords: InP(100) single crystal; Pop-in; nanoindentation; transmission electron microscopy;
fracture toughness

1. Introduction

Nowadays, nanoindentation is extensively used to characterize the mechanical properties (such
as hardness and elastic modulus) and elastic or plastic deformation behaviors of various nanoscale
materials [1-6] and thin films [7-12]. In general, from the nanoindentation responses manifested in the
load-displacement (P-/) curves, one can obtain the primary mechanical characteristics of the materials
being measured. For instance, the onset of plastic deformation behaviors in crystalline materials
is often characterized by sudden bursts of displacements at a nearly constant indentation load in
the P-h curves. These phenomena, known as “pop-in,” have been ubiquitously observed and often
considered to be a result of dislocation activity during the nanoindentation process [13,14]. Lorenz
et al. [15] proposed that the pop-in event is originated from homogeneous dislocation nucleation
beneath the indenter tip. This scenario is reasonably in line with the low probability of encountering
the pre-existing dislocations. Furthermore, previous cross-sectional transmission electron microscopy
(XTEM) observations [14,16,17] evidenced the intimate correlations between pop-in events and
dislocation activities in many nanoindentation studies [14-17].

Owing to its high electron velocity and the direct bandgap (~1.35 eV), zincblende-structured
indium phosphide (InP) has been regarded as one of the most important III-V semiconductors.
Currently, applications based on InP have been realized in a wide variety of electronic and
photonic devices and systems, such as high-power and high-frequency electronics, solar cells,
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photodiodes, photodetectors, light-emitting diodes (LEDs), field effect transistors (FETs), and
micro-electro-mechanical systems (MEMS) [18-20]. From an application point of view, in addition
to its optoelectronic properties, a full understanding of the mechanical properties of InP is equally
essential in order to widen its applications and manipulate the performance of devices.

For InP(100) single crystals, however, two different types of P-h curves obtained from
nanoindentation studies were reported, namely single-discontinuity [21] and multi-discontinuities [22].
Such behavior remains intangible because the onset of nanoscale plasticity can be strongly influenced
by various factors, such as indenter tip radius, temperature, and crystal plane [23,24]. Therefore,
in order to understand nanoindentation-induced pop-in mechanisms and clarify the outstanding
issues of nanoscale plasticity in InP(100) single crystals, a combination of XTEM and selected area
diffraction (SAD) analyses were carried out in this work. The number of nanoindentation-induced
dislocation loops in InP(100) single crystals was estimated within the context of the classical dislocation
theory [25]. Moreover, the Vickers-indentation induced fracture toughness and fracture energy of InP
(100) single crystals were calculated and discussed in details.

2. Materials and Methods

The (100)-oriented single-crystal InP used in this work was purchased from Semiconductor
Wafer Inc. (Hsinchu, Taiwan) The nanoindentation tests were performed using a Nanoindenter
MTS NanoXP® system (MTS Cooperation, Nano Instruments Innovation Center, Oak Ridge, TN,
USA) with a diamond pyramid-shaped Berkovich indenter tip having a radius of curvature of
~50 nm. The mechanical properties of single-crystal InP(100) were obtained using the continuous
stiffness measurements (CSM) technique, commonly practiced in the nanoindentation community [26].
Hardness and Young’s modulus of single-crystal InP(100) were obtained using Oliver and Pharr
method [27], as shown in Figure 1.
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Figure 1. Nanoindentation results of single-crystal InP(100): (a) load-displacement curve showing
the multiple “pop-ins” (arrows) during loading, (b) hardness-displacement curve and, (c) Young’s
modulus-displacement curve.

The hardness of the measured material is defined as the applied indentation loading divided by
the projected contact area, H = Py, / Ay, where A, is the projected contact area and Py, is the maximum
indentation load. For a perfect Berkovich indenter, the projected area is given by A, = 24.56h2 with .
being the contact depth. In addition, the elastic modulus of the material can be calculated based on
the relationship proposed by Sneddon [28]: S = 2BE; /A, /+/. Here, S is the contact stiffness of the
material and {3 is a geometric constant, with 3 = 1.00 for the Berkovich indenter. The reduced elastic
modulus, E,, can be calculated from the following equation:

1 1—v? 1—10?
£ (%), ()., ®

with v and E being Poisson’s ratio and Young’s modulus, respectively. The subscripts “d” and “InP”
indicate the properties of the indenter and material, respectively. For the diamond indenter tip,
E; =1141 GPa, v = 0.07 [27], and v},p = 0.25 were assumed for single-crystal InP(100).

After being deformed by an indentation load of 150 mN, XTEM samples of InP(100) single crystals
were prepared using a dual-beam focused ion beam (FIB) station (FEI Nova 220) with the lift-out
technique. Pictorial illustrations of the FIB milling procedures are displayed in Figure 2. The sample
was then picked up by a carbon membrane and placed on the TEM grid using a sharp glass tip under
an optical microscopy (OM) outside the FIB station. The XTEM lamella was examined in a FEI TECNAI
G? TEM operating at 200 kV.

Vickers indentation testing was carried out in single-crystal InP(100) to characterize the cracking
behavior with five indents at a loading of 1.96 N by using a hardness tester (Akashi MVK-H11,
Kanagawa, Japan). All indentations were made in ambient air at room temperature with a relative
humidity of about 55%. The cracking patterns were examined and analyzed with an optical
microscope (OM).
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Figure 2. A typical procedure of focused ion beam (FIB) milling for single-crystal InP(100) is shown.
Sample preparation starts with a line of nanoindentations. After depositing a protection layer of Pt (a),
two big trenches are etched on either side of the indentation line by a high current ion beam (7~20 nA)
(b) Further, the middle strip is thinned (c). An ion dose of 50 pA is used for final clearing steps and,
finally thinned to a thickness of ~100 nm (d).

3. Results

3.1. Nanoindentation Responses

A typical CSM P-h curve of single-crystal InP(100) reflecting the elastic behavior and plastic
deformation during nanoindentation is shown in Figure 1a. The results clearly show that there are
several pop-ins occurring at different loading stages, as indicated by the arrows located at different
indentation loadings, which is consistent with a previous report [22]. Hardness and Young’s modulus
versus penetration depth curves obtained from the CSM analyses for single-crystal InP(100) are
displayed in Figure 1b,c, respectively. Both curves exhibit very similar depth-dependent trends,
namely an initial quasi-linear increase to a maximum value within the first 10-15 nm, followed by a
subsequent steep decrease in the 20-30-nm range, and finally reaching a constant value. It is interesting
to note that the steep decrease after the first stage essentially coincides with where the first pop-in
event is observed, indicating that a bursting activity of dislocation might have occurred.

For a uniform material, hardness and Young’s modulus do not change significantly with increasing
penetration depth. The initial increase seen in Figure 1b,c is owing to the fact that the practical indenter
tip is of a finite radius of shape point. This effectively sets the limit on the indentation depth that is
necessary to obtain reliable hardness and Young’s modulus records of the measured material. As shown
in Figure 1b,c, hardness and Young’s modulus reach a constant value at a similar moderate indentation
depth. Thus, the values of hardness and Young’s modulus obtained at this stage can be regarded
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as intrinsic properties of single-crystal InP(100). In this report, both mechanical parameters were
determined by taking the average values within a penetration depth ranging from 60 nm t0100 nm.

Hardness and Young’s modulus of single-crystal InP(100) thus obtained are about 7.5 GPa and
101.8 GPa, respectively. These values are both substantially larger than those reported by Bradby
et al. [21], where hardness and Young’s modulus for InP(100) were ~5.1 GPa and ~82 GPa, respectively.
We note that in their experiments, a spherical indenter with a radius of ~4.2 um and a load up to
50 mN were used, whereas in the present study a pyramid shape Berkovich indenter with a tip
radius of ~40 nm (facing 65.3° from the vertical axis) and a typical load of less than 2 mN were used.
It is reasonable to speculate that in the present study the probed deformation region could be more
localized, which might also give rise to the apparent discrepancies between the mechanical parameters
obtained from different experimental set-ups and operation modes.

Within the dominant deformation mechanism in the context of dislocation, the multiple “pop-ins”
(indicated by the arrows in Figure 1a) can be regarded as the trigger of sudden collective activities of
dislocation [29-31] (such as dislocation generation or movement bursts), giving rise to the seemingly
discontinuous plastic deformation during nanoindentation. Such massive dislocation activities are also
consistent with the conjectures of the resultant “noisy” features seen in the depth-dependent curves of
hardness and Young’s modulus (Figure 1b,c), as well as those reported by Almeida et al. [32] and Jian
et al. [22]. The multiple “pop-in” behaviors had also been observed in Reference [32]. From Figure 1a,
the first “pop-in” is observed on the loading curve at a load of about 0.08 mN in the present work, which
is substantially smaller than that (~0.2 mN) reported previously by Almeida et al. [32]. It is noted that
the indenter used in Reference [32] was a cono-spherical-type tip with a radius of ~260 nm equipped
in a Hysitron Triboscope nanoindenter system. It is possible that different operating modes, indenter
geometrical shapes, and size of radius may lead to the vastly dissimilar nanoindentation results.

However, as mentioned above, when a spherical indenter with a larger tip radius was used, only
a single “pop-in” event was observed [21]. This discrepancy, as we discussed above, might originate
primarily from the differences in operating modes and the geometric shape of the indenter being used
to probe the nanoindentation properties of the same material. The other feature to be noted is that no
evidence of reverse discontinuities in the unloading segment (the so-called “pop-out”) can be identified
in the present case. This indicates that the pressure-induced phase transformation commonly observed
in single-crystal silicon [33] is probably not happening in InP, although the zincblende crystalline
structure of InP is in fact not that different from the diamond structure of Si. In any case, in order to gain
a more comprehensive understanding of the underlying indentation-induced deformation mechanism,
direct microstructural investigations such as SEM and XTEM analyses are certainly indispensable.

3.2. XTEM and SAD Analyses

Figure 3a shows a SEM image of the InP(100) single-crystal surface after being indented with a
load of 150 mN, featuring the characteristics of Berkovich nanoindentation-induced cracks. Although
it appears that the paths of cracking propagation are not straight and the propagation directions
are somewhat random, the directions, nevertheless, can be roughly divided into <100> and <110>
directions [22]. A bright-field XTEM image of the area immediately beneath the tip of the Berkovich
indenter is shown in Figure 3b. It is clearly evident that the slip bands are oriented at ~54.7° to the
(100) surface, indicating that the dislocations have been gliding along the <110>{111} slip systems
expected for the zincblende-structured InP. The rosette arm patterns ubiquitously observed in materials
with similar crystal structure [32,34] are also evident, as indicated in Figure 3b. A closer examination
by select area diffraction (SAD) further reveals that the deformation zone immediately beneath
the indent consists of a mixture of slip-bands and micro-twins. This is clearly illustrated by the
double spots and streaks seen in the [011] zone-axis SAD pattern displayed in Figure 3c. The SAD
pattern also indicates that the dislocations and twins are lying parallel on the {111} planes. The direct
microstructural observations by XTEM, thus, clearly confirm that indentation-induced deformation
in single-crystal InP(100) is exclusively dominated by dislocation activities, and mechanisms such
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as phase transformation and amorphization are not involved in the nanoindentation process. In the
present study, the Berkovich nanoindentation-induced multiple “pop-in” behaviors exhibited on the
loading curve are attributed to the formation of slip-bands and micro-twins in single-crystal InP(100).
Whereas, based on their observations, Almeida et al. [32] proposed that the multiple “pop-in” behaviors
resulted from the Lomer-Cottrell locks, work-hardened region, and a high density of dislocation loops
formed beneath the cono-spherical tip. From this viewpoint, the geometrical shape of the indenter
tip may have played an important role on the activation of the slip system or/and the formation of
dislocations. This may also explain the different number of pop-in events often observed in materials
with the same crystal structure during nanoindentation, such as zincblende-structured InP [21,22,32]
and hexagonal-structured GaN thin films [14,16].

200¢

rosette arm

InP(100)

Figure 3. An indented InP(100) single crystal under an indentation load of 150 mN. (a) SEM micrograph
showing the cracking behaviors. (b) Bright-field XTEM image: micro-twins are indicated by solid white
lines; dash lines are used to guide the eyes for lattice fringes. (c) SAD pattern of sample underneath the
Berkovich indenter.

Moreover, from Figure 3b, the number of dislocations (N) generated by the indenter can be
roughly estimated using the following expression: N = h;/b,, where h; is the residual depth of the
indenter and b, is the component of the dislocations along the loading axis [35]. Taking /iy ~1200 nm,
it is estimated that there were about 3000 dislocations formed underneath the indenter tip in this
work. This number is about an order of magnitude smaller than the dislocation loops with critical
size generated during first pop-ins obtained using thermodynamics energetic estimation (see below).
However, considering that the above estimation was made based on the TEM image taken after the
entire indentation was completed and the applied stress was removed, this, in fact, is quite consistent.
This is because with further increasing load, the dislocation loops formed during the first pop-in
may slide and merge to form twins and slip-bands, resulting in multiple pop-ins in the later stage of
indentation and reducing the number of dislocations in the residual indentation depth, as revealed in
the TEM image. Further, the average dislocation densities (o) were estimated using the relationship
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0 =2N/Lt [36], where L is the total length of random lines projected on a given area of XTEM image
and t is the foil thickness. In this experimental result, p is thus estimated in the order of about 101 m—2.

3.3. Homogeneous Dislocation Nucleation

In the scenario described above, the first pop-in event appearing in the loading segment naturally
reflects the onset of plasticity in single-crystal InP(100) manifested by sudden dislocation nucleation
and propagation. In other words, the corresponding loading is likely intimately associated with the
critical shear stress (Tmax), and the energy associated with the pop-in depth may directly account
for the number of indentation-induced newly nucleated dislocation loops. Following the analytical
model by Johnson [37], Tmax can be related to an indentation load (P.) at which a discontinuity in the
load-displacement curve takes place, through the following equation:

6PCE$)1/3

Tmax = 0.31( R2

@
where R is the radius of the indenter tip. Thus, the obtained Tmax for single-crystal InP(100) is
about 2.3 GPa. We assume that the Tmax is responsible for the homogeneous dislocation nucleation
underneath the indenter tip. Therefore, the shear stress that initiates plastic deformation and the
energy required for generating a dislocation loop to prevail the deformation can be estimated from the
present data. The free energy (U) of a circular dislocation loop of radius (r) is given as:

U = vygis2mr — thro? 3)

where 74, is the line energy of the dislocation loop, b is the magnitude of Burgers vector (~0.4 nm) [38],
and T is the external shear stress acting on the dislocation loop. The energy required to create
a dislocation loop in a defect-free lattice is described in the first term on the right-hand side of
Equation (3) and is also equal to the increased lattice energy due to the formation of a dislocation loop.
The second term of Equation (3) is nothing but the strain energy released via work done by the applied
stress (T) to expand the dislocation loop over a displacement of one Burgers vector. The lattice strain
in the vicinity of the dislocation for r > rcore, thus 45, is given by Reference [25]:

Ghz 2—v InP 4r
Ydis = B 1—opp {]n(a> - 2} 4
where G is the shear modulus, and for single-crystal InP(100) G ~ 31 GPa [39]. The value of the radius

of dislocation core 7 is usually assumed to be about one lattice constant. By using Equations (1),
(3) and (4) can be rewritten as:

2 —
u= %<M> <lni 72)1’77’[171’2”[} ®)

1—opp Tcore

This relates the material properties and observed pop-in load to the free energy responsible
for dislocation nucleation. The resolved shear stress (7.) is usually taken as the half of Tmax [39].
The U has a maximum at a critical radius (r.) above which the system gains energy by increasing r.
According to Equation (5), this maximum energy decreases with increasing load and a pop-in, i.e.,
the homogeneous formation of a circular dislocation loop becomes possible without thermal energy at
U = 0 [40]. With this condition and setting dU/dr = 0 for a maximum, this yields 7. = 245/ br and
Te = (e3rcm) /4. Consequently, 7core ~ 0.43 nm and 7. = 2.15 nm are obtained. The value 7. =~ 0.43 nm
is slightly smaller than a =~ 0.587 nm for InP, however, it is consistent with the atomic distance along
the <110> orientation (~0.42 nm), indicating that the above analysis is reasonable. The fact that the
critical radius of the dislocation loop 7, (=2.15 nm) needs to extend over a distance of about 5 times the
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dislocation core to become stable is also interesting. This suggests that the system is more prone to
accommodate strain energy with larger dislocations loops.

The number of dislocation loops formed in the first pop-in can be estimated from the associated
work (Wp) done during nanoindentation. As depicted in Figure 4, W;, is estimated to be about
0.2 x 107!2 Nm, implying that ~3 x 10* dislocation loops with a radius larger than . have been
generated during the pop-in event. This number is relatively low and consistent with the scenario
of homogeneous dislocation nucleation-induced pop-in, instead of activated collective motion of
pre-existing dislocations [15]. Moreover, as discussed above, this number is also in line with the
number of dislocations estimated from the TEM image taken from the region of residual indentation
depth. Alternatively, one can take the total dissipation energy as the energy to estimate the number
of dislocations with critical radius being generated during entire nanoindentation practice. In that
case, as many as ~10° dislocation loops may have been formed during nanoindentation. However,
this number can only be regarded as an upper limit because it is quite unlikely that all the dissipated
indentation energy is completely transferred to form dislocation loops within the deformation region
in single-crystal InP(100).

Indentation load (mN)

0 5 10 15 20
Penetration depth (nm)

Figure 4. The corresponding pop-in event (red arrow) from Figure 2a is zoomed in. The plastic strain
work is Wp: critical loading x sudden incremental displacement.

3.4. Vickers Indentation Induced Fracture Behavior

Fracture toughness (K¢) can be readily measured by the induced cracks at the corners
of indentations made on the substrate materials. This method is known as the indentation
microfracture [41-43]. Figure 5 shows the Vickers-indentation-induced cracking pattern on
single-crystal InP(100) at a loading of 1.96 N. It can be found that the ratio of average cracking
length (I = (cq + c2)/4, where ¢ and ¢, are defined in Figure 5) to the half-diagonal of the indentation
(a) meets the criteria of Palmqvist cracks with 0.25 </a < 2.5. Therefore, the formula proposed by
Niihara et al. [41,42] was adopted to calculate the K¢ of single-crystal InP(100) here, as follows:

EI;1P>2/5 Py (6)

H u\ﬂ

where P, is the applied load. The K¢ of single-crystal InP(100) obtained is about 1.2 MPa-m'/2.
Comparing to the Kjc values of 0.42~0.53 MPa-m'/2 for InP reported by Ericson et al. [44], the present
result seems slightly too large. However, considering that K¢ is strongly dependent on specimen
geometry and usually decreases with increasing thickness to reach a minimum value known as Kjc,
we believe that a factor of 2-2.5 difference is quite reasonable. Finally, the fracture energy (Gc¢) can also
be calculated using the equation G¢ = K% [(1 — U%nP) /E ]np] [45], yielding approximately 14.1 Jm~2

Kc = 04009<
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for single-crystal InP(100). This number indicates that InP is, in fact, quite ductile, which is also
consistent with the dislocation-dominated deformation discussed above.

Figure 5. Vickers indentation at 1.96 N in single-crystal InP(100): Palmqvist cracks emitting from
Vickers indentation, where a is the half-diagonal of the indentation and [ = (¢; + ¢;)/4 is the average
length of the radial cracks for each indentation.

4. Conclusions

To sum up, the nano- and micro-scale deformation mechanisms and behaviors of single-crystal
InP(100) were studied by combining indentation, SEM, and XTEM techniques. From the XTEM
results and SAD analysis, the nanoindentation responses of single-crystal InP(100) involve the the
formation of slip-bands and micro-twins. Preliminary energetic estimations indicate that the number
of dislocation loops induced by nanoindentation to trigger the plastic deformation accounting for the
first pop-in event was in the order of 10* with a critical radius ¢ ~ 2.15 nm. Furthermore, from Vickers
indentation tests, the obtained values of K¢ and Gc of single-crystal InP(100) were about 1.2 MPa-m'/?
and 14.1 Jm~2, respectively.
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Abstract: It is challenging to evaluate constitutive behaviour by using conventional uniaxial tests for
materials with limited sizes, considering the miniaturization trend of integrated circuits in electronic
devices. An instrumented nanoindentation approach is appealing to obtain local properties as
the function of penetration depth. In this paper, both conventional tensile and nanoindentation
experiments are performed on samples of a lead-free Sn—-3.0Ag-0.5Cu (SAC305) solder alloy. In order
to align the material behaviour, thermal treatments were performed at different temperatures
and durations for all specimens, for both tensile experiments and nanoindentation experiments.
Based on the self-similarity of the used Berkovich indenter, a power-law model is adopted to
describe the stress—strain relationship by means of analytical dimensionless analysis on the applied
load-penetration depth responses from nanoindentation experiments. In light of the significant
difference of applied strain rates in the tensile and nanoindentation experiments, two “rate factors”
are proposed by multiplying the representative stress and stress exponent in the adopted analytical
model, and the corresponding values are determined for the best predictions of nanoindentation
responses in the form of an applied load-indentation depth relationship. Eventually, good agreement
is achieved when comparing the stress—strain responses measured from tensile experiments and
estimated from the applied load—indentation depth responses of nanoindentation experiments.
The rate factors 1§y and ¢, are calibrated to be about 0.52 and 0.10, respectively, which facilitate the
conversion of constitutive behaviour from nanoindentation experiments for material sample with a
limited size.

Keywords: nanoindentation; constitutive model; rate factor; dimensionless analysis; solder

1. Introduction

As described by the observation of Moore’s law, the miniaturization of electronic devices is still
continuously ongoing, despite material and manufacturing challenges [1]. It is difficult to obtain the
constitutive behaviour of new emerging electronic packaging materials at such a local scale. Even
though conventional tensile experiments can be performed to obtain the stress—strain relationship,
the specimens have to be designed with a sufficient size to be conveniently clamped. The requirement
of specimen geometry is difficult to meet for some die-attach pastes, such as silver nanoparticle
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paste, with the evaporation during the sintering process. The microstructure and also the material
properties of sintered material in a great volume is distinguishingly different from the die-attach form
in actual applications, due to the coalescence of sintered nanoparticles [2]. The material properties
of lead-containing solders have been well-known and applied with an outstanding mechanical
reliability; nevertheless, these solders have been replaced by lead-free solder alloys in recent years
around the world. Compared with lead-containing solders, the lead-free alloys’ capacity to resist
thermo-mechanical fatigue and electromigration is better, but is also detrimental to mechanical shock
and whisker growth [3]. As reviewed by Zhang and Tu [4], extensive studies on the composite Pb-free
solders by adding nanoparticles has been conducted to strengthen the physical and solder mechanical
properties, such as wettability, creep resistance, and hardness. Xu et al. [5] demonstrated that the
Sn-Ag-Cu solder paste added by FeCo magnetic nanoparticles can be reflowed locally with alternating
current magnetic fields, so that the interconnects form in area array packages, and the eddy current
heating in the printed circuit board is minimized.

In light of the miniaturization trend of electronic devices, it is challenging to obtain the constitutive
behaviour by using conventional uniaxial tests for small-sized material samples, as adopted during
packaging applications. Instrumented nanoindentation is a suitable approach to quantify the material
properties at a smaller scale, which is feasible for the die-attach materials, especially with a limited
size of electronic devices. Long et al. [6] determined the strain-rate sensitivity of several types of
die-attached materials, using nanoindentation with multiple strain-rate jumps accompanied by a
continuous stiffness measurement. Zhang et al. [7] investigated the size effect of surface pit defects
on the yield load of thin film, by using the quasi-continuum method to simulate nanoindentation.
Bo et al. [8] determined the mechanical properties of cells using the stress-relaxation curve from
the indentation process with an atomic force microscope. Recently, Rengel et al. [9] measured the
mechanical behaviour of a hydride blister to reduce the mechanical and fracture properties of nuclear
fuel cladding. Lee et al. [10] performed nanoindentation under the temperature range between 25 °C
and 300 °C to determine the activation energy for the plastic flow in a nanocrystalline CoCrFeMnNi
high-entropy alloy. Chu, et al. [11] investigated the mechanical properties of Fe-Zr welded joints,
as well as dependence with the microstructures using nanoindentation. Hsueh et al. [12] revealed the
size effect and strain-induced double twin in duplex stainless steel, prepared using the activated gas
tungsten arc welding technique. Using both indentation and tensile tests for fully dense nanocrystalline
nickel, Schwaiger et al. [13] found that the strain-rate sensitivity of deformation is strongly related to
the grain size. Phani and Oliver [14] demonstrated that uniaxial creep behaviour over a wide range of
strain rates and temperatures agrees well with the uniaxial creep behavior using high temperature
nanoindentation. Humphrey and Jankowski [15] measured and compared the strain-rate dependence
of the tensile strength on the grain size in crystalline nickel foils, using both tensile and micro-scratch
methods. However, it is controversial to correlate the constitutive behaviour measured by tensile tests
with the material behaviour measured by nanoindentations, despite the intensive investigations of
mechanical properties measured using the instrumented nanoindentation approach [16-20]. In terms
of the equivalence of measured material constitutive relationships, it is rare to further quantitatively
investigate the constitutive behaviour obtained from tension and indentation methods.

This discrepancy in stress-strain relationships obtained from tension and indentation experiments
motivated this paper, in order to find a reliable approach for consistently estimating the constitutive
properties from nanoindentation experiments, by calibrating the involved material parameters against
the results from tensile experiments. As the aim of this study, the constitutive behaviour measured
by nanoindentations is convincingly used for finite element simulations, to examine the mechanical
reliability of electronic packaging structures rather than performing tension experiments with the
time-consuming preparation of tension samples, which are probably of a size that does not comply
with the actual applications. By emphasizing the electronic packaging applications, a representative,
lead-free Sn-3.0Ag-0.5Cu (in wt. %; SAC305) solder material is employed to provide a uniform matrix
under nanoindentation, in order to rule out the microstructure effect. The solder alloy SAC305 is a
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typical strain-rate-sensitive, visco-plastic material, and deemed as one of the potential alternatives
for consumer electronics [21,22]. Nevertheless, it should be pointed out that the proposed approach
herein is generalized for metals and alloys, provided that the prepared material samples have a dense
microstructure without significant residual stress.

2. Sample Preparation and Experimental Setup

The SAC305 bulk solder alloy is manufactured by Alpha Assembly Solutions (South Plainfield,
NJ, USA) to be free of cast in impurities or included oxides. The SAC305 solder samples for tensile
and nanoindentation experiments were prepared in the form of a dog bone and mounted plate,
as shown in Figure 1la,b, respectively. The experimental equipment were a Bose ElectroForce 3330
mechanical test machine and a Nano Indenter G200 by Agilent Technologies (Santa Clara, CA, USA).
The bulk solder was machined to achieve the desired dog-bone type of specimen shown in Figure 1a,
which was designed by referring to American Society for Testing and Materials (ASTM) E8/ES8M [23].
The samples for nanoindentations were approximately 10.0 mm x 10.0 mm x 2.0 mm, and were
mounted in polyvinyl chloride (PVC) tubes by dental base acrylic resin powder, as shown in the
magnified inset of Figure 1b. Despite being from the same material source, thermal treatment was
applied in order to align the material property for both types of specimens, by using an air furnace
with a temperature stability of £1.0 °C. This thermal treatment is important for avoiding the effect
of micro-defects and residual stress on the mechanical properties of the material sample of interest
when correlating the experimental results from tensile and nanoindentation experiments. As found by
the authors [24,25], the thermal treatment minimizes the residual stress and stabilizes the mechanical
property of the annealed solder. In this study, the applied annealing temperatures were 80 °C, 125 °C,
165 °C, and 210 °C, and the durations were 2 h, 6 h, 12 h, 24 h, and 48 h. It should be noted that
the high-temperature annealing temperature at 210 °C is slightly lower than the melting point Ty, of
217 °C for SAC305 solder.

[ AglentTechnologies  Nano Indenter G200

140 / . \
_____ R [ - li,\ \

41225

(b)

Figure 1. Experimental equipment and material sample. (a) Tensile experiment (unit: mm);
(b) nanoindentation experiment.

The applied strain rate of tensile experiments is 5 x 10~* s~1 under displacement control, in order
to obtain the quasi-static behavior of SAC305 solder material. The stress—strain relationships can be
directly obtained and readily adopted for finite element simulations of electronic packaging structures.
In nanoindentation experiments, using a diamond Berkovich indenter (Agilent Technologies,
Santa Clara, CA, USA) in the shape of a three-sided pyramid, the strain rate of 0.05 s~! is applied,
with the maximum indentation depth of 2000 nm, to eliminate the influence of surface roughness.
It should be noted that if a much lower strain rate is applied, to be compatible with the value of tensile
experiments, an indentation will take a few hours or even more. This is extremely time-consuming,
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and also significantly deteriorates the accuracy of nanoindentation results (such as the determination
of the contact area), due to the limitation of thermal drift correction of the nanoindentation instrument.

For each indentation, the applied load-indentation depth response can be divided into three
stages, as shown in Figure 2—that is, the loading, holding, and unloading stages. By controlling
the indenter speed at various penetration depths, the strain rate of 0.05 s~! is maintained at the
temperature of 27 °C, until the maximum depth of 2000 nm. Later, the obtained load—depth curves
for repeated experiments are averaged to objectively measure the mechanical properties of SAC305
material. Figure 2 shows that the highlighted area W of loading stage can be calculated by integrating
the response during the penetration between 0 nm and 2000 nm, and also the contact stiffness S can be
determined from the initial slope of the applied load-indentation depth response.

30 T T T T T
Holding stage
254 E
0\—0-0
—_ °g° I
% 201 ) || Contact
g rd Stiffness
o J I
8 151 & g s
T . C)
3 Loading stage & /
5 9 \
7 o/ Unloading ]|
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Figure 2. Typical nanoindentation response in the form of applied load-indentation depth.

3. Experimental Results

3.1. Averaged Nanoindentation Response

Atleast five indentations were performed for each sample among the various annealing treatments.
The averaged nanoindentation responses, in the form of applied load—indentation depth curves,
are summarized in Figure 3. It was found that annealing treatment is capable of affecting the
mechanical behaviour of material under indentation. According to the findings for other metal
and alloy materials [26,27], residual stress can be eliminated to a certain extent after the thermal
treatment at a high temperature, which will stabilize the microstructure and also the subsequent
mechanical properties. Consistent with findings in the literature, the annealing temperature of 210 °C
in this study led to a consistent reduction of nanoindentation response (as shown in Figure 3) compared
with the unannealed and other annealing temperature conditions, because the applied temperature
of 210 °C is closer to the melting point (i.e., 217 °C for SAC305 solder). Additionally, it was also
observed that a longer thermal treatment is more effective. Therefore, it is believed that the annealing
effect results from thermal accumulation in the form of an equivalent mass diffusion, if the given
temperature is sufficiently high. The input energy promotes the alleviation of micro-scale defects to
achieve a homogenous eutectic microstructure. Meanwhile, the induced increase of grain size—and
thus, a coarser microstructure—will decrease the resistance to dislocation motion, lower yield strength,
and working hardening rate [28,29].
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Figure 3. Averaged applied load-indentation depth response to nanoindentation.
3.2. Young's Modulus and Hardness

Based on the continuous stiffness measurement [30], Young’s modulus and hardness can be
measured as functions of indentation depths, by superimposing a small oscillation to the indentation
load controlled by a frequency-specific amplifier to ensure constant amplitude and driving frequency.
Based on the harmonic oscillator, the stiffness K. is provided in Equation (1) by Hay et al. [30]:

1 1
(Fo/ZQ) COS(P - (FO/ZO) COS(P'free - Kf.f

Kc = 1/ (1)

where K is the elastic stiffness of the frame; ¢ is the phase angle by which the response lags the
excitation; and zg/ Fy is the dynamic compliance, to represent the ratio of the displacement oscillation
to the applied excitation. The subscript free indicates that the natural frequency of the indenter is in
its free-hanging state, so the term (Fy/zg) cos ¢| free Can be determined as K — mw?, where K is the
stiffness of the spring supporting the indenter shaft, m is the indenter mass, and w = 27tf represents
the angular frequency of the indenter oscillates. Therefore, the reduced Young’s modulus E, and
hardness H can be determined by Equations (2) and (3) [31]:

_Vr K
Er=% 7o @
P
H= )

where A, = 24.56h2, and is the projected contact area at the contact depth ,; the shape constant is
B = 1.034 for a Berkovich indenter; and P is the indentation load. The Young’s modulus E can be
further calculated by Equation (4).

2
E—(1v2>/L}rlEdvd} )
where v is 0.42 for the Poisson’s ratio of SAC305, and v,; and E; are the Poisson’s ratio and Young's
modulus of diamond, respectively, for the used Berkovich indenter, and are taken as 0.07 and 1140 GPa.

As shown in Figures 4 and 5, these values of Young’s modulus and hardness are stabilized after the
initial indentation depth of 1000 nm, with some effects due to subtraction, surface stress, and roughness.
In the present study, the Young’s modulus and hardness can obtained by averaging the corresponding
values between 1000 nm and 1100 nm. As summarized in Figure 6, the Young’s modulus seems to
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be more random compared with hardness. The thermal treatment at a higher temperature intends
to decrease hardness significantly and consistently, while the treatment duration does not dominate
this effect. However, it should be noted that pile-up deformation of indentations may induce the
greater elastic modulus calculated from indentation responses, despite some alleviation approaches to
recover the linearity of the indentation load and the square of the indentation depth; these alleviation
approaches may be done by removing the initial part of the measured load—indentation depth curves,
especially for shallow indentation depths.
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Figure 4. Measured value of Young’s modulus as a function of indentation depth.
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Figure 6. Mechanical properties of the Sn—-3.0Ag-0.5Cu (SAC305) solder: (a) Young’s modulus;
(b) hardness.

4. Theoretical Analysis

By focusing on the essential relationships between different physical quantities, dimensional
analysis has been widely applied in engineering and science areas to identify physical meanings and
measurement units, and track these dimensions during formula derivations. In order to reveal the
intrinsic mechanism, the dimensionless approach proposed by Ogasawara et al. [32] was adopted
herein, due to its fewer parameters with clear physical meanings. The constitutive model in form of a
power law og (eg) = R(&° + eg)" is parameterized based on dimensionless analysis, in which oy, is the
representative stress; R and # are the hardening rates and exponent, respectively; e = ¢/ E is the elastic
strain; and e is the representative strain, defined as the plastic strain during axisymmetric deformation.
The essence of the proposed approach is provided in Equations (5) and (6) for characterizing the
dominate information in the loading and unloading parts of the applied load—penetration depth curve,
respectively. However, enrichments are made for the parameters o and n that take into account the
strain rate effect, as discussed below.

Tensile experiments emphasize the macroscopic-scale deformation behaviour of materials as the
average over a great number of microstructural length scales and features, while nanoindentation
experiments focus on the local-scale characteristics. In fact, a good agreement can be made between
nanoindentation and uniaxial experiments by controlling the indentation strain, using the ratio of
loading rate and the applied load proposed by Lucas and Oliver [33]. Atkins and Tabor [34] introduced
the concept of representative indentation strain to compare the indentation experiments with uniaxial
experiments. They found that the constraint factor is greatly dependent on strain rate, and may lead
to a significant discrepancy between the indentation and uniaxial experiments. As compared by
Maier et al. [35], the strain rate sensitivity measured by indentation tests is in good agreement with that
measured by uniaxial compression tests. Obviously, the strain rates in the tensile and nanoindentation
experiments in this study are different, so the strain rate effect is evaluated with further enrichment to
unify the constitutive behavior, as shown in Equations (5) and (6) by multiplying the rate factors ¢,
and ¢, with the parameters g and 1, respectively:

Wt _

M=—— " = 0208217 + 2.6502&% — 3.7040Z + 2.7725 (5)
Sax oo (0.0115)

S
Q= _ — AP 4+ BF2+CE+D 6
26, E ¢ ¢ ¢ (6)
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where ¢ = In(E/ (-0 (0.0115))) with the plane strain modulus E = E/ (1 — v?), Young’s modulus
Em and Poisson’s ratio v; and the representative stress is o, with the representative strain of 0.0115 for
a Berkovich indenter. The indentation work done is Wy = (;5 ¥ Pdg, determined by area integration
from the beginning until the maximum penetration depth of émax in the loading part, and the contact
stiffness S is the initial unloading slope of the applied load—penetration depth curve. Both W; and S
have been illustrated in Figure 2. It can be seen in Equation (5) that the maximum penetration depth
Jmax dominates the dimensionless variable I'l, which is associated with the loading part. In Equation (6),
for the unloading part, the dimensionless variable Q) is a function of ¢ = ,,-n, with the hardening
exponent of n enriched by the rate factor of ¢, in a series of coefficients that are numerically obtained
by extensive finite element simulations as follows: A = —0.0478382 + 0.04667¢ — 0.01906, B =
0.645582 — 0.63258 + 0.2239, C = —2.29882 + 2.02568 — 0.4512, and D = 2.0508% — 1.5020 + 2.109.

The value of indentation work done (W;) and contact stiffness (S) can be determined, as shown
in Figure 7, from the applied load-penetration depth curve in Figure 3, as directly recorded from
the nanoindentation instrument. Unlike the random distributions for the other thermal treatments,
the indentation work done on the samples annealed by the temperature of 210 °C follows a linear
relationship with the duration, while the contact stiffness approaches a stable value of about 0.662 with
the increasing annealing duration, at the temperature of 210 °C. The unknown variable o (0.0115)
and 7 can be conveniently obtained by finding out the intersection of the two curves from the left
and right sides of Equations (5) and (6), respectively. Then, the hardening rate R can be determined
by substituting the parameters in a power-law constitutive equation for the representative strain
egr = 0.0115. It should be noted that a reduction of 30% is made for the value of contact stiffness, as the
slope in the initial unloading part is difficult to be quantified, and the automatically recorded values
are usually found to be artificially high. This minor assumption does not invalidate the physical basis
of the adopted methodology, but ensures the existence of solutions to Equation (6) when solving the
hardening exponent 1 based on Equation (6).
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Figure 7. Determined properties from nanoindentation responses: (a) contact stiffness during the
unloading stage, and (b) work done during the loading stage.

The determined values for the representative stress og, the hardening exponent 7, and the
hardening rate R are provided in Figure 8. Apparently, with increasing duration at the annealing
temperature of 210 °C, the representative stress is asymptotically approaching a stabilized value of
about 25.23 MPa; the hardening exponent n approximately linearly decreases, and the hardening rate
R follows a power-law equation as it decreases. The parameters in Figure 8 are well-described by some
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fitting formulae, which are therefore inferred to be physically meaningful with regards to dominating
the constitutive behaviour.
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Figure 8. Critical parameters of constitutive model: (a) representative stress, (b) hardening exponent,
and (c) hardening rate.

Figures 9 and 10 show that good agreement can be achieved based on comparisons of stress—strain
responses measured from tensile experiments and estimated from the applied load—indentation depth
responses of nanoindentation experiments. Similar to the published works by Fu et al. [17], there is
a certain discrepancy between the predicted and measured curves, especially for the elasto-plastic
transition stage. This is very difficult to extract accurately in such a short regime, as explained by Patel
and Kalidindi [36]. Nevertheless, in order to best reproduce the stress—strain relationship obtained from
the tensile experiment, using the dog-bone type specimens at the strain rate of 5 x 107 57!, the rate
factors 1, and p,, are determined in Figure 11 to enrich the parameters o and 7 in the nanoindentation
experiments at the strain rate of 0.05 s~ 1. The general trend of the rate factor i is found to be stabilized
at the value of 0.52, and the rate factor ¢, is about 0.10 if the duration is sufficient at the annealing
temperature of 210 °C. It is apparent that for both tensile and nanoindentation experiments, the thermal
treatments—especially at a sufficiently high temperature for the material sample—are important for
stabilizing the mechanical behavior, and align the material property for both types of specimens. Thus,
the proposed approach is believed to be reliable for estimating the stress-strain relationships from the
nanoindentation responses.
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5. Conclusions

In this study, the constitutive behaviour from tensile and nanoindentation experiments was
analytically correlated for SAC305 solder samples annealed by various temperatures and durations.
Conclusions can be drawn as follows:

e A high annealing temperature close to the melting temperature, with a sufficient duration,
benefits the alleviation of residual stress and the stabilization of microstructure, with fewer
micro-defects. The constitutive behaviour of SAC305 solder annealed at 210 °C can be used for
parameter calibrations.

e  Rate factors ¢, and ¢, are proposed and determined to be 0.52 and 0.10, to respectively multiply
the representative stress and stress exponent for characterizing the integrated work done and the
contact stiffness for the loading and unloading stages of nanoindentation responses.

e  The proposed analytical methodology and rate factors can be applicable to other metals and
alloys, provided that the material sample of interest is without significant residual stress.

Further studies will be considered to evaluate the generalized rate factors based on the
dimensionless approach, so that the stress—strain relationships at a practical range of strain rates
can be estimated by performing nanoindentations at a strain rate.
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Abstract: The nanomechanical properties and nanoindentation responses of bismuth selenide (Bi;Se3)
thin films are investigated in this study. The Bi,Se; thin films are deposited on c-plane sapphire
substrates using pulsed laser deposition. The microstructural properties of Bi;Ses thin films are
analyzed by means of X-ray diffraction (XRD). The XRD results indicated that Bi;Ses thin films are
exhibited the hexagonal crystal structure with a c-axis preferred growth orientation. Nanoindentation
results showed the multiple “pop-ins” displayed in the loading segments of the load-displacement
curves, suggesting that the deformation mechanisms in the hexagonal-structured Bi,Ses films might
have been governed by the nucleation and propagation of dislocations. Further, an energetic
estimation of nanoindentation-induced dislocation associated with the observed pop-in effects was
made using the classical dislocation theory.

Keywords: BiySes thin films; nanoindentation; hardness; pop-in

1. Introduction

Recently, topological insulators (TIs) have attracted enormous research attention owing to their
intriguing fundamental physical properties, such as their conduction mechanisms [1,2], as well as
their potential applications in the emergent fields of spintronics [3], optoelectronics [4] and quantum
computation [5]. Among various TI materials based on Bi compounds [6,7], bismuth selenide (Bi;Se3) is
one of the most popular representative candidates in three-dimensional TIs [7,8] suitable for electronic
applications, because of its large bulk energy gap of 0.3 eV and a single Dirac cone in the Brillouin
zone [1,7]. In addition, Bi;Ses also exhibits excellent thermoelectric properties at roomtemperature [9]
and low-temperature regime [10]. For the fundamental study and device application, it is essential to
grow Bi,Ses thin films with high-quality and desired mechanical properties [11,12].

Epitaxial BipSes thin films have been successfully prepared by molecular beam epitaxy
(MBE) [13-16]. Compared to MBE deposition, pulsed laser deposition (PLD) offers advantages such
as a higher instantaneous deposition rate, relatively high reproducibility, and low costs. Thus, PLD
has become one of the most widely used deposition techniques for growing thin films containing
multi-elements. Both epitaxial and polycrystalline Bi;Ses thin films have been successfully prepared by
PLD [9,17-20]. In particular, PLD-grown Bi,Se3 thin films on InP (111) substrate presented triangular
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pyramids with step-and-terrace structures and growth along the [0001] direction [17]. Though lattice
misfit over 13%, the Bi,Sejs films were epitaxially grown on Al,O3 (0001) with in-plane the relationship
Meanwhile, the BiySe; films prepared by metal organic chemical vapor deposition and thermal
evaporation exhibited polycrystalline morphologies and c-axis preferred oriented structures [21,22].
In this study, PLD technique is adopted to grow textured Bi;Se3/Al,O3 (0001) thin films and study
their nanomechanical properties.

The mechanical properties of thin films in nanometer-scale are of great interest since they can
be significantly different from their bulk counterparts. Especially, when thin films are used as
structural/functional elements of certain nanodevices, robustness to stringent mechanical impacts
arising from various fabrication processes is also of pivotal importance. Thus, studies on the
correlations between the microstructural and mechanical properties of thin films are indispensable.
Nanoindentation has been widely used as a powerful depth-sensing probe for measuring the
primary mechanical property parameters, such as hardness and elastic modulus, as well as in
revealing the plastic deformation behaviors and mechanisms of various nanoscaled materials [23-26],
thin films [27-31] and single-crystal materials [32,33]. Herein, we report the nanomechanical properties
of BiySe; thin films deposited on c-plane sapphire substrates by PLD using nanoindentation with
the aid of the continuous contact stiffness (CSM) mode. In addition to obtaining the characteristic
nanomechanical properties of Bi,Sej3 thin films, we also performed detailed analyses on the first pop-in
event displayed on the load-displacement curves of nanoindentation to elucidate the underlying
plastic deformation mechanisms and the associated dislocation physics [34-37].

2. Materials and Methods

The BiySe; thin films investigated in the present study were deposited on Al,O3 (0001) substrates
by using PLD at a substrate temperature of 300 °C with a helium ambient pressure of 220 mTorr.
In particular, in order to obtaining near stoichiometric films at the relatively high substrate temperature
of 300 °C, the Se-rich target with a nominal composition of Bi;Seg was used. For the PLD process,
ultraviolet (UV) pulses (20-ns duration) from a KrF excimer laser (A = 248 nm, repetition: 5 Hz) were
focused on a polycrystalline Bi,Seg target at a fluence of 6.25J/cm? and a target-to-substrate distance
of 40 mm. The deposition time was 20 min, which resulted in an average BiySes film thickness of
approximately 360 nm (the growth rate of approximately 0.6 A /pulse).

The crystalline structure of the obtained Bi;Ses thin films was examined by X-ray diffraction (XRD;
Bruker D8, Bruker, Billerica, MA, USA) using theCuKo radiation, A = 1.54 A. The surface morphology
and film compositions were analyzed by a field emission scanning electron microscopy (FESEM; JEOL
JSM-6500, JEOL, Pleasanton, CA, USA) and an Oxford energy-dispersive X-ray spectroscopy (EDS)
attached to the SEM instrument, respectively. The analyses were conducted using an accelerating
voltage of 15 kV, with the dead time of 22-30% and collection time of 60 s, respectively.

The nanoindentation tests were carried out at a Nanoindenter MTS NanoXP® system (MTS
Cooperation, Nano Instruments Innovation Center, Oak Ridge, TN, USA). A three-sided pyramidal
Berkovich-type diamond indenter tip with radius of curvature of 50 nm was used for all indentation
measurements. The mechanical properties of BiSes thin films were measured by nanoindentation
with the continuous contact stiffness (CSM) mode [38]. The indenter was loaded and unloaded three
times to ensure that the tip was properly in contact with the material surface, and that any parasitic
phenomenon was released from the measurements. Then, the indenter was loaded for the fourth and
final time at a strain rate of 0.05 s~!, with a 5 s holding period inserted at the peak load in order to
avoid the influence of creep on unloading characteristics, which were used to compute the mechanical
properties of BiySes thin films. Finally, the indenter was withdrawn with the same strain rate until
10% of the peak load was reached. At least 20 indents were performed. We also followed the analytic
method proposed by Oliver and Pharr [39] to determine the hardness and Young’s modulus of BiySes
thin films. In order to investigate the cracking phenomenon, cyclic nanoindentation tests were also
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performed. For the first cycle, the indenter was loaded to some chosen load and then unloaded by
90% of the previous load. It then was reloaded to a larger chosen load and unloaded by 90% for
the second cycle. Noticeably, in each cycle, the indenter was hold for 10 s at 10% of its previous
maximum load for the thermal drift correction and for assuring unloading completion. The same
loading /unloading rate of 10 mN/s was used. The thermal drift was kept below +0.05 nm/s for
all indentations.

3. Results

In Figure 1a, XRD patterns show the dominant (0 0 3n) diffraction peaks of Bi;Se3 films in addition
to a minor BiySes (0 1 5) peak and a Al;O3 (0 0 6) peak of the substrate, indicating the film growth along
the [0001] direction. This is due to the rhombohedral crystal structure of Bi;Se; (space group Dg d(Rgm)),
in which a hexagonal primitive cell consists of three layers of —(Se()-Bi-Se(?-Bi-Se(l))-lamellae
(called quintuple layers, QLs) stacking in sequence along the c-axis [15]. The interaction between
the neighboring QLs is mainly the Se()-Se() van der Waals bond (Figure 1b). The interlayer
Se(D-Se(M bonding not only is substantially weaker than the intralayer ionic-covalent bonds within
individual QLs but also results in a lowest surface energy on the {001} planes, which leads to observed
preferred (001)-oriented crystal growth behavior [9]. As shown the inset of Figure 1a, the full width
half maximum (FWHM) of the (0 0 6) peak from the XRD rocking curve was found to be 0.49°,
which suggests the presence of certain disorientation between grains (see also Figure 1b). This FWHM
was comparable to that of BipSe; film grown on Al,O3 by PLD [17]. Moreover, the in-plane orientation
of the films were examined by XRD ®-scan on {0 1 5} planes of the Bi;Sej3 films at a tilt angle (x) of 57.9°.
The films did not show any diffraction peaks, indicating their in-plane polycrystalline characteristics.
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Figure 1. (a) X-ray diffraction (XRD) patterns of a bismuth selenide (BiySe3) thin film grown on c-plane
sapphire using pulsed laser deposition (PLD). The inset in (a) shows the XRD rocking curve of (006)
peak for the film. (b) Crystal structure of BiSez (QL is quintuple layer).

Intriguingly, the films presented polycrystalline morphology with mutually crossed nanoplatelets
(Figure 2a), which are somehow similar to those of Bi;Tez grown by electrodeposition [40]. It has been
proposed that the formation of mutually crossed Bi, Tez nanoplatelets can be mainly attributed to the
anisotropic bonding nature and growth facet planes with appropriate chemical stoichiometry [40].
This formation mechanism may be also prevailing in the present Bi;Se; films due to the similar
anisotropic bonding nature of BiSe; and BiyTez. The film exhibited layered structure and uniform
thickness of ~360 nm, as shown by the cross-sectional SEM image in Figure 2a. The upper inset of
Figure 2a summarizes the EDS result of the film. Clearly, the film obtained stoichiometric composition
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of BiSejs (i.e., 40.56 at.% Bi and 59.44 at.% Se). The surface roughness can be represented by center line
average (R;), as shown by the AFM image in Figure 2b. The R, of the film was 8.54 nm.

Figure 2. (a) A plane-view SEM image of the Bi,Se; thin film deposited on c-plane sapphire. Lower
inset: a cross-sectional SEM image of the film; upper inset: The energy-dispersive X-ray spectroscopy
(EDS) spectra and relative compositions of the film. (b) AFM image of the film, R, is the center line
average roughness.

Figure 3a displays the typical load-displacement curve of the present Bi,Se; films obtained by
CSM. The corresponding indentation depth-dependent hardness and Young’s modulus are shown
in Figure 3b,c, respectively. As is evident from Figure 3b, the indentation depth-dependent hardness
of BiySes thin film can be roughly divided into two stages. Namely, the hardness, after reaching
the maximum in the first 10 nm, precipitously decreases with further increasing indentation depth
and eventually reaches a constant value at 2.1 & 0.1 GPa after the first stage. It is noted that the
present results are well within the 30% depth/thickness criterion for nanoindentation test suggested
by Li et al. [23,41]. Thus, the effects arising from the substrate or film/substrate interface are excluded.
In this respect, the “noisy” depth-dependent hardness, especially in the first stage, might be arisen
from the extensive dislocation activities in this stress range. Similar tendency in the depth-dependent
Young’s modulus is observed (Figure 3c), presumably due to the same mechanism. The Young's
modulus of the present BiySez thin film is 58.6 £ 4.1 GPa. It is interesting to note that both the
hardness and Young’s modulus of present PLD-derived Bi;Se; thin films are much larger than that
of single-crystal Bi;Se3 reported by Gupta et al. [12], where the respective values of 85.09 MPa and
6.361 GPa were obtained. The reason for the apparent discrepancy is not clear at present. Nevertheless,
in addition the apparent differences in microstructure, such as grain boundaries (see Figure 2a),
we also note that the load and penetration depths carried out in Reference [12] were both much larger
than that employed in the present study. Recently, it has been found in a hybrid double perovskite
(MA), AgBiBrg that Young’s modulus decreased considerably with increasing indentation depth [42],
which partially explains for the larger Young’s modulus in this study than that of in Reference [12].
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Figure 3. (a) A load-displacement curve showing the multiple “pop-ins” during loading part,
(b) hardness-displacement curve and, (c) Young’s modulus-displacement curve are obtained from the
nanoindentation continuous contact stiffness (CSM) results of BiySes thin film.

From Figure 3a and the cyclic load-displacement curve in the inset of Figure 4, signatures of the
multiple pop-ins are clearly observed in the loading part, as indicated by the arrows shown in both
figures. It is noted that similar behaviors were also observed in nanoindented Bi,Se; single crystals
and was interpreted as being due to heterogeneous nucleation of dislocations beneath the indenter
tip [12]. Since the multiple pop-ins is generally closely related to the sudden collective activities
of dislocations [43] (such as dislocation generation or movement bursts), we believe that massive
dislocation activities are the predominant deformation mechanism in this material, which, in fact,
is also consistent with the conjectures of the resultant “noisy” features seen in the depth-dependent
curves hardness and Young’s modulus described above.

It is also interesting to note that no “pop-out” event is observed in both the unloading curves
displayed in Figure 3a and in the inset of Figure 4. Such pop-out behavior is often interpreted as a
manifestation of indentation-induced phase transition (for example: nanoindentation-induced phase
transformation of single-crystal Si [44]), which is not found in our case. However, as revealed by
the SEM image shown in Figure 4, it is evident that significant cracks and pile-ups phenomena
along the three corners and edges of the residual indent are also observable. The multiple pop-ins
were observed in a large array of materials and were demonstrated to result mainly from massive
nucleation and/or propagation of dislocations during loading [45], or micro-cracks initiated around
the indentation tip [46]. Hence, it is clear that not only the first pop-in event may reflect the onset of
plasticity due to the dislocation activities, but the cracking and pile-up event could also be dominated
by the similar mechanism in the present Bi;Se; thin films under nanoindentation. On the other
hand, the pressure-induced structural phase transition in BiySe3 using high pressure Raman and
XRD experiments [47] has evidenced that the magnitude of required pressure to induce phase
transitions is significantly higher than the apparent room-temperature hardness of hexagonal Bi,Se3
thin film measured here. It is worthwhile mentioning that in many hexagonal structured materials,
such as, sapphire [48] and GaN thin films [49-52], the primary nanoindentation-induced deformation
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mechanisms have been consistently identified to be the nucleation and propagation of dislocations.
It is, thus, plausible to state that deformation behavior in the present Bi;Ses thin films is most likely
governed by the similar mechanisms.

Figure 4. Nanoindented SEM micrograph of Bi;Ses thin film showing cracks propagate along
the corners and pile-up beside the edges of the Berkovich indent. The inset shows the cyclic
load-displacement curve at a load of 50 mN. Notice that the multiple “pop-ins” is observable (indicated
by the arrows) in loading segments.

Within the scenario of the dislocation nucleation and propagation, the first pop-in event appearing
in the loading segment naturally reflects the onset of plasticity for Bi;Ses thin film, which also provides
prominent information about the critical shear stress (Tmax) the energy associated with the nucleation
of dislocation loops. Following the analytical model proposed by Johnson [53], Tmax can be related to
the indentation load (P.), at which a discontinuity in the load-displacement curve takes place, through

the following equation [53]:
1/3
031 E
Tmax = 7 |:6Pc (fr) :| (1)

Here, R is the radius of indenter tip and E, is the effective elastic modulus, respectively.
The maximum shear stress for Bi;Ses thin films investigated in the present study is about 0.7 GPa.
To the first approximation, the work done by this Tmayx is mainly associated with the dislocations
nucleated within the deformation region underneath the indenter tip. Assuming the nucleation is
homogeneous during nanoindentation [34], then, according to the classical dislocation theory [54],
the stress at which the first “pop-in” taking place and the energy “dissipated” in it can be regarded,
respectively, as the shear stress required to initiate plastic deformation and the energy required for
generating a dislocation loop to prevail the deformation. The free energy (Ug) of a circular dislocation
loop with radius r can be written as:

Up = ygijs2mr — Thr? )

where 7 4js is the energy per unit length of the dislocation loop, b is the magnitude of Burgers vector
(~0.4 nm) [55] and 7 is the external shear stress acting on the dislocation loop, respectively. The first
term on the right-hand side of Equation (2) describes the energy increased by forming a dislocation
loop of radius r in an initially defect-free lattice. The second term is nothing but the strain energy
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released via work done by the applied stress (7) to expand the dislocation loop over a displacement of
one Burgers vector. The linear energy density (y4;s) for a dislocation is given by [54]:

Gb* [2—vf 4r
’Ydis_&r(lvf) {111@*2} 3)

where G, vf and 7¢ore are the shear modulus (=24 GPa), the Poisson’s ratio (assumed to be 0.25) of

Bi)Ses thin film, and radius of dislocation core, respectively. Substituting Equation (1) and Equation (3)

into Equation (2) gives:
Gb?r (2 — vy 4r 5
Ur = 1 <1_vf><lnycor82>7tbr Te (4)

Here, 7. is the resolved shear stress of Tmax on the active slip systems of the material and is
usually taken as half value of Tmax [56]. Equation (4) clearly indicates that Uy contains terms with first
and second power of r. Thus, there must exist a critical radius, r., at which Uy of the system reaches a
maximum value. When the radius of the dislocation loop exceeds r., further expansion lowers Uf,
hence is thermodynamically favorable. In contrast, if r < ¢, the loop would shrink to reduce the energy.
Consequently, when the loading reaches to the “pop-in” point, homogeneous formation of circular
dislocation loop becomes possible without thermal energy at Ur = 0 [57]. The condition (Ur = 0) allows
T¢ to be determined from through Equation (2) and Equation (3), yielding rc = 274;s/ (bTmax)- Since 7¢
has a maximum value as dt./dr = 0, one obtains: r. = (e3rc0re) /4. The values of r¢ore and 7. for the
present BiySe; thin films were calculated to be 1.08 nm and 5.4 nm, respectively.

By assuming that the nucleation of dislocation loops is entirely responsible for the indentation-
induced plastic deformation and no thermal effect is involved, one can further estimate the number
of dislocation loops formed during the first “pop-in” event by using the associated work-done (Wp).
As depicted in Figure 5, the estimated Wy, is ~0.11 x 107!2 Nm, suggesting that ~8 x 10° dislocation
loops with critical diameter might have been formed. Although the estimated number is relatively low
compared to that of typical polycrystalline thin films (~10® cm~2) [58], it is, nevertheless, consistent with
the scenario that the “pop-in” is induced by massive homogeneous dislocation nucleation, instead of by
the activated collective motion of pre-existing grown-in dislocations [34]. Alternatively, one can take the
total dissipation energy as the energy to estimate the number of dislocations with critical radius being
generated during entire nanoindentation practice. In that case, as high as ~3 x 10° dislocation loops may
be formed during nanoindentation. This number, albeit not entirely realistic, may be considered as the
upper limit within the context of dislocation dominant deformation mechanism.

Indentation load (mN)

0 10 20 30
Penetration depth (nm)

Figure 5. The corresponding first pop-in event from Figure 3a is zoomed in to depict the plastic
strain work, Wp, which is approximated as the product of critical loading and the sudden incremental
displacement indicated by the shaded area.
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4. Conclusions

To sum up, XRD, SEM, AFM and nanoindentation techniques are used to investigate the
microstructural and surface morphological features, as well as the nanomechanical properties of Bi;Se3
thin films. The results show that the Bi,Se; thin films are polycrystalline with highly (00])-orientation
(texture films) and stoichiometric compositions. The hardness and Young’s modulus of BiSes thin
film are obtained 2.1 & 0.1 GPa and 58.6 & 4.1 GPa, respectively. Similar to many hexagonal-structured
semiconductors, the primary deformation mechanism for the present Bi;Ses thin film is governed by
nucleation and propagation of dislocations or the formation of cracking events. Preliminary energetic
estimations indicated that the number of dislocation loops induced by nanoindentation to trigger
the plastic deformation accounts for the first pop-in event was in the order of 10° with a critical
radius (r. = 5.4 nm). Although the estimated dislocation density is relatively low compared to that of
typical polycrystalline films, it is, nevertheless, in line with the scenario of homogeneous dislocation
nucleation-induced first “pop-in” event.
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Abstract: Tantalum is one of the most important biomaterials used for surgical implant devices.
However, little knowledge exists about how nanoscale-textured tantalum surfaces affect cell
morphology. Mammalian (Vero) cell morphology on tantalum-coated comb structures was studied
using high-resolution scanning electron microscopy and fluorescence microscopy. These structures
contained parallel lines and trenches with equal widths in the range of 0.18 to 100 um. Results showed
that as much as 77% of adherent cell nuclei oriented within 10° of the line axes when deposited
on comb structures with widths smaller than 10 um. However, less than 20% of cells exhibited the
same alignment performance on blanket tantalum films or structures with line widths larger than
50 um. Two types of line-width-dependent cell morphology were observed. When line widths were
smaller than 0.5 pm, nanometer-scale pseudopodia bridged across trench gaps without contacting
the bottom surfaces. In contrast, pseudopodia structures covered the entire trench sidewalls and the
trench bottom surfaces of comb structures with line-widths larger than 0.5 um. Furthermore, results
showed that when a single cell simultaneously adhered to multiple surface structures, the portion
of the cell contacting each surface reflected the type of morphology observed for cells individually
contacting the surfaces.

Keywords: tantalum; mammalian cells; morphology; biomaterials; nanoscale

1. Introduction

As a biomaterial [1], tantalum uses include radiopaque bone marker implants and cranioplasty
plates [2]. Its alloys have shown promise as orthopedic implant materials due to their osseointegration
and bone ingrowth characteristics [3-5]. These metal implants can be used in dense form [6,7] or in porous
scaffold structures [4,8-11] for hip and knee arthroplasty [4], spine surgery [4], knee replacement, and
avascular necrosis surgery [4,9]. Porous metal scaffolds are used to enhance bone tissue ingrowth and to
improve stability performance. The elastic modulus and hardness of 100 nm-thick tantalum thin films are
176.1 4+ 3.6 GPa [12] and 12.11 £ 0.46 GPa [12], respectively. Tantalum has a weighted surface energy of
~2.427/m? [13], which is larger than titanium’s weighted surface energy of ~2.0 J/ m? [13]. Balla et al. [10]
showed that human fetal osteoblast cells exhibit better cellular adhesion, growth, and differentiation
performance on 73% porous tantalum compared to on titanium control samples. Furthermore, cell
densities were six-fold larger on porous tantalum compared to titanium under the same culture conditions.
As aresult, tantalum thin films are also used to coat porous titanium [14] and carbon scaffold structures [15]
to promote implant surface osseointegration and ingrowth characteristics. Although cell responses on
bulk specimens are well-established, little knowledge exists about how nanometer-scale textured tantalum
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surfaces affect cell adhesion and morphology. This information is important as medical implant surfaces
may consist of nanometer-scale topographic structures produced during the fabrication processes, for
example through mechanical polishing and handling.

The mechanism of cell adhesion and the resulting morphology on different surfaces is complex,
often dependent on a wide range of factors such as the protein species adsorbed on the surfaces [16,17],
surface structure geometries [17-21], roughness [22-27], and surface energy of the substrata [22,28].
Recently, novel functional biocompatible ferroelectric materials, such as lithium niobate and lithium
tantalate, have been used to manipulate cell behavior [29-35]. In particular, the surface charge of
these materials is able to enhance osteoblast function, mineral formation [31], and create human
neuroblastoma cell patterns [35]. The influences of topographic-based parallel line surface structures
on cell adhesion, morphology, and behaviors have been studied by several researchers [36-49]. Some
of the literature results for topography-induced morphological changes are summarized in Table 1.
Substrate materials used in prior works are limited to polymers, silicon oxide, or silicon. In addition,
the range of line width examined in each prior study was often restricted to within two orders of
magnitude. The majority of studies thus far have been limited to effects and analysis on a micron
scale. There is little information probing effects occurring at or due to sub-micron features. A driving
hypothesis of the work presented here is that the range of line widths reported thus far in the literature
has limited the ability to gain a full understanding of the effects of surface patterning on cell behavior.
However, it is clear from Table 1 that the sensitivity of cell morphology and cell alignment as a result
of surface pattern geometries, such as line and trench widths, varies significantly among the cell type
and substrate material. No report currently exists regarding the behavior of mammalian cells on
nano-textured tantalum surfaces, in part due to the difficulties associated with producing these metal
specimens. However, tantalum is increasing in popularity as an implant material. Together with the
fact that controlling cell alignment on material surfaces improves the success rate of implants [50-53],
there is a need to further understand cell morphology on nano-textured tantalum surfaces.

Table 1. Results of cell alignment performance on various substrate materials and surface
pattern designs.

. . . Maximum Alignment
Reference Cell Type Substrate Line Width - Trench Width Line/Trench
Range (um) Range (um)

Width (um)
Human corneal o .
[44] epithelial cells Silicon oxide 0.07-1.9 0.3-2.1 0.85/1.15
Osteoblast-like -
[54] cells (MG63) Silicon 0.09-0.5 0.09-0.5 0.15/0.15
[48] HeLa cells Polydimethylsiloxane 2-30 1.5-3.0 2/2
[38] Humanneural = p 1 4irn oty Isiloxane 5-20 5-60 5/5
stem cells
Human
[37] mesenchymal Polystyrene stripes 5-1000 5-1000 20/20
stem cells
’ Adult neural Poly-D-lysine with
401 stem cells Printed laminin strips 0 30-170 30730

At the core of this study on cell behavior is how a cell responds to its environment. Cellular
organelle-like pseudopodia play an important role in contact guidance, focal adhesion, and
motility processes. These cell behaviors are regulated by complex protein-protein interactions and
pathways [55,56]. There are wide varieties of pseudopodia and their classifications are commonly
based on their morphology, resulting in a sub-classification of filopodia, reticulopodia, and axopodia.
These cytoplasmic projections are regulated by different molecular signal transduction pathways.

Hence, the primary objective of this work was to develop an understanding of how complex
tantalum-coated nano- and micro-scale comb structures influence mammalian cell morphology and
spreading mechanisms. The comb structures included parallel lines and trenches with widths in the
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range of 0.18 to 100 um. This study covers more than three orders of magnitude of line/trench widths
from nanometer to sub-millimeter scale and is thought to be the largest range by a single investigation
to date. Tantalum was chosen for this study in part due to its broad applications in implants [4],
mechanical strength [13], corrosive resistance, in vivo bioactivity, and bio-compatibility [57]. Tantalum
is even surpassing titanium as a material of choice for certain applications. A secondary aspect enabled
by this study was the examination of individual localized responses of cells adhering to multiple
patterned tantalum structures having vastly different geometries. In this work, special attention has
been given to the behavior of pseudopodia with diameters smaller than 100 nm. Morphology of
adherent cells were characterized using high-angle tilted high-resolution field-emission scanning
electron microscopy (SEM) and high-resolution fluorescence confocal microscopy techniques. Results
showed that cell adhesion and morphology depended not only on line and trench widths but also
on the depth pseudopodia penetrated into the trench space. The morphology of an individual cell
that simultaneously adhered to different surface pattern structures showed that cells had significantly
different localized morphologies and spreading behaviors within the context of a single cell.

2. Materials and Methods

2.1. Tantalum Comb Structures

Tantalum thin film-coated comb structure specimens were fabricated using an advanced
integrated circuit back-end-of-line processing method on 200-mm silicon wafers [58-60]. They were
supplied by Versum Materials, LLC (Tempe, AZ, USA). The fabrication steps for these silicon-based
devices are briefly summarized and illustrated in Figure 1. Parallel line comb structures with
equal-width trenches (T) and lines (L) were transferred to the silicon oxide films deposited on the
silicon substrate using lithography and dry etching techniques [58—61]. The rectangular-shaped comb
structure areas were no smaller than 1.8 mm? with widths larger than 1 mm. The tantalum seed
layer and copper were deposited on these patterned surfaces, and excess copper was removed using
chemical mechanical polish methods [61-63]. The remaining copper was stripped by submerging the
specimens in ~9.4 M nitric acid for ~45 min followed by rinsing with deionized water and ethanol.
This acid-stripping agent was a diluted solution from 70% nitric acid ACS Plus (Fisherbrand®, Fisher
Scientific International Inc., Pittsburgh, PA, USA). The line and trench dimensions fabricated are
summarized in Table 2. The trench depths (D) of all patterned comb structures were fixed at ~700 nm.

Al

lithography and silicon Ta seed (green) and Cu (orange)
oxide (blue) trench etch depositions
c d
. trenc
line

copper CMP copper strip
Figure 1. Schematic drawings illustrate the tantalum (green) comb structure fabrication method.
(a) Patterns were transferred to the silicon oxide films using lithography and plasma etching techniques.
(b) Tantalum seed and copper films were deposited on the etched patterns. (c) Excess copper was
removed by using the chemical-mechanical polishing techniques. (d) Remaining copper was stripped
with nitric acid. The comb structure contains line (L) and trench (T) of equal widths. All trenches had
the same depth (D).
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Table 2. Data summary of number of cells inspected (n), percent population of cells with 10° > ¢ > —10°
of the line axis, and axis length ratio (L/S). The culture media initial cell concentration used was
~0.5 x 10° cells/mL. Data spreads correspond to one standard deviation.

Line (L)/Trench Inspected Number of Coverage % of Populgtion
Structure (T) Width (um) Comb Structure Cells (cell/mm2) L/S Aligned £10° from
Area (mm?) Sampled (n) Lines
1 0.18 1.8 281 156 22+07 63.0+1.4
2 0.25 1.8 171 95 23+0.8 55.6 +4.1
3 0.5 1.8 235 131 21+06 532+74
4 1 1.8 197 109 2.7+09 777420
5 2 1.8 179 99 28+14 68.7 +4.9
6 5 1.8 238 132 24+12 68.0 +6.2
7 10 1.8 159 88 23+08 71.7 + 8.6
8 50 1.8 337 187 1.6+0.3 18.7+77
9 100 6.6 947 143 15+04 174+ 03
10 blanket Ta 1.8 303 168 15+04 86+55

2.2. Cell Culture and Deposition

Detailed cell culturing techniques have been presented elsewhere [18]. Briefly, Vero cells (CCL-81)
acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA) were cultured in an
equal volume of F12 (Corning, NY, USA) media and Corning®Cellgro™ Dulbecco’s Modified Eagle
Media (DMEM). The media was supplemented with 4-mM L-glutamine (Sigma-Aldrich, St. Louis,
MO, USA) and Gibco™ 10% (v/v) fetal bovine serum (FBS) by Thermo Fisher Scientific (Waltham,
MA, USA). Cell culture was performed in 25 mL media under 5% CO, atmosphere at 37 °C using
tissue-culture-treated 175 cm? flasks (Corning Falcon, Corning, New York, NY, USA). Before inoculation
with cells, copper-stripped specimens were sterilized with a 70% ethanol solution for 30 s. This
was followed with a Dulbecco’s phosphate-buffered saline (D-PBS) rinse. Unless otherwise noted,
copper-stripped specimens were then inoculated with ~0.5 x 10°~~1.0 x 10° cells/mL and incubated
in 6-well tissue culture plates (Nunc, Thermo Scientific, Hvidovre, Denmark) at 37 °C for 0.5 to 24 h.

2.3. Cell Fixation and Staining Processes

All tantalum specimens with adherent cells were rinsed with a D-PBS solution after the prescribed
length of incubation and fixed with a solution of 4% methanol-free formaldehyde (Sigma-Aldrich,
Oakville, ON, Canada) for 1 h in ambient conditions. The fixed cells were permeabilized in a 0.1%
Triton-X 100 (Sigma-Aldrich) solution for 5 min. Specimens were rinsed with PBS and blocked with
2 mL of 1% (w/w) bovine serum albumin (BSA) (Sigma-Aldrich). F-actin microfilament staining
was conducted by soaking specimens for 1 h in the deep red CytoPainter F-Actin stain (ab112127
Abcam, Cambridge, MA, USA) solution, which was diluted by a factor of 1000 in 1% BSA. A solution
of 0.4 ug/mL of the 4 ,6-diamidino-2-phenylindole (DAP], Life Technologies, Waltham, MA, USA)
was used to stain the DNA (5 min). All staining processes were performed in the dark to avoid
photobleaching and the specimens were rinsed twice with 2 mL D-PBS after each stain application. The
final solution contained four drops of Prolong Gold anti-fade reagent (Life Technologies). Specimens
were kept refrigerated at 4 °C. A Leica TCS SP5 confocal fluorescence microscope (Wetzlar, Germany)
at the University of Guelph, Ontario, Canada, was used to inspect stained samples with wavelengths
in the range of 436 to 482 nm (for DAPI) and 650 to 700 nm (for CytoPainter F-Actin).

2.4. Scanning Electron Microscopy

Prior to the SEM inspections, formaldehyde-fixed specimens were dehydrated by soaking them
successively in ethanol solutions with increasing concentration: 50%, 75%, 95%, and 100% (v/v).
Specimens soaked in the 50% and 75% ethanol were kept in the solution for 10 min each. The final
drying processes were completed by two 10-min soaking steps in each of the 95% and 100% solutions.
Specimens were dried and then stored in a nitrogen box. Cell cross-sectioning was conducted by using
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a three-point bend micro-cleaving technique under ambient conditions. Cell inspection and imaging
were carried out with a field-emission scanning electron microscope (SEM, Zeiss 1550, Carl Zeiss AG,
Oberkochen, Germany). The accelerated voltage was maintained at 7 kV. None of the SEM specimens
were coated with gold or other conducting materials.

2.5. Adherent Cell Alignment and Elongation Characterizations

The orientations of adherent cells were characterized by the angles (¢) between the long axis of
the cell nuclei and the comb structure line axes, as schematically illustrated in Figure 2. The angle of
a nucleus’ long axis is 90° when it is normal to the line axes (y-axis), whereas the nucleus is aligned
parallel to the lines at an angle of 0°. The amount of nuclear elongation was characterized by the
ratios between the dimension of the elliptical-shaped nuclei along the long (L) and short (S) axes.
Elongated cell nuclei have large L/S values, whereas cells with perfect circular geometry have length
ratios of 1. These parameters were manually measured using the built-in functions, Angle and Straight,
of Image Processing and Analysis in Java (Image]) software (National Institute of Mental Health,
Bethesda, MD, USA). To prevent possible influence from the edges of the patterned regions, only
measurements recorded from cells that were located further than 50 pm from the perimeter were
included in the analyses.

long axis (L)

Vero cell

SIXe aul| |BIRdN

Figure 2. Schematic drawing of a cell on patterned comb structure and their orientation and
elongation parameters.

3. Results

3.1. Test Structure Characterizations

Representative 70° tilted SEM micrographs of copper-stripped test structures with varying line
widths and spacing are displayed in Figure S1. The entire surface of the specimen, including sidewalls,
was coated with a thin (~20 nm) conformal layer of tantalum. The micrographs revealed that all the
copper had been removed and the trench side walls were vertically aligned with the substrate surfaces.
Both line and trench bottom surfaces were smooth without any observable processing residues. The
trenches were approximately 700 nm deep.

3.2. Cell Alignment and Elongation on Patterned Comb Structures

Representative top-down SEM micrographs of adherent cells on the comb structures and blanket
tantalum thin film surfaces are displayed in Figure 3. These cells were incubated on these comb
structures for 24 h. The comb structures included alternating parallel lines and trenches of the same
width. Even though patterns with line widths smaller than 1.0 um were indiscernible due to the
magnifications, the images had lines that were vertically aligned. Micrographs clearly showed
that adherent cells on comb structures, having 0.18, 0.25, 0.5, 1.0, 2.0, 5.0, and 10 um lines (L)
and trenches (T) of equal widths, were elongated along the line axes. In contrast, cells on the 50
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and 100 um comb structures maintained arbitrary shapes and did not show any strong orientation
preference, and exhibited a similar morphology to that on flat blanket tantalum surfaces. Cell alignment
characteristics on the comb structures were also verified with fluorescence confocal microscopy
techniques. Micrographs of adherent cells on comb structures with line widths of 0.18, 10, and 50 um
are displayed in Figure 4. The cell nuclei (blue) and F-actin microfilaments (red) were stained with
DAPT and phalloidin conjugate, respectively. Results showed that elongated adherent cells and their
nuclei were aligned with the line axes on the 0.18 and 10 pm comb structures. In contrast, the majority
of cells attached on the 50 um lines were oriented randomly, similar to those on blanket tantalum thin
film surfaces. These observations confirmed that the orientation of the cell nucleus followed the overall
adherent cell alignment direction. Additional fluorescence confocal micrographs of cells on 0.25, 0.5,
1.0, and 10 um comb structures are shown in Figure S2 to demonstrate the reproducibility of the cell
morphology. These micrographs show that the cell and nuclear elongation behaviors were consistent
with those observed in the SEM micrographs of Figure 3.

‘E 1 Ufnm! ‘1 i
l | "':f:,.,:‘:hl

line axes

Figure 3. Representative top-down scanning electron microscopy (SEM) micrographs of adherent
cells on different comb structures and blanket tantalum (Ta) film. Results show that adherent cells
are aligned to the line axes on structures with line widths in the range of 0.18 to 10 um. In contrast,
cells on the 50 pm and 100 pm structures do not align well with the line axes—they are similar to cells
randomly distributed on blanket Ta films. All cells were incubated on these specimens for 24 h.
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Low-magnification High-magnification

0.18 um

10 pm

50 um

blanket
Ta film

50 um. 20 um

Figure 4. Typical fluorescence confocal micrographs of adherent cells on blanket Ta thin film and comb
structures with line widths of 0.18, 10, and 50 pum. Cell nuclei appear blue ¢y ,6-diamidino-2-phenylindole;
DAPI), whereas F-actin microfilaments appear red (fluorescent phalloidin conjugate).

To quantify the cell alignment and elongation behavior, the orientation of the cell’s nucleus
relative to the line axis (¢) and its dimensions were measured. Figure 5a shows the percentage of
the population of cell nuclei that oriented at various angles from the line axes. Specimens with cell
nuclei randomly oriented should have an equal distribution in each bin i.e., ~11%. Error bars shown in
Figure 5a,b represent one standard deviation from the results of three random groups of cell nuclei.
The number of cells and the coverage density (cells/mm?) of each comb structure are reported in
Table 2. Results show that the adherent cells were randomly oriented on the blanket tantalum thin film
surfaces with no distinct preferred nuclear orientation. In contrast, cells on the 0.18 to 10 pm comb
structures favored alignment parallel to the lines.

To highlight this behavior, the population of cells oriented within 10° of the line axes is plotted
as a function of line width in Figure 5b. Results indicate that there were three possible alignment
regimes based on line widths: (i) 0.18 to 0.5 um, (ii) 1 to 10 um, and (iii) 50 to 100 pm. In region (i),
~53% to ~63% of the adherent cell population were oriented within the 10° angular range. As line
widths increased to between 1 and 10 um in region (ii), a larger portion of cells, ~68% to ~78%, were
aligned with the line axes. Increase in line widths beyond 50 um, region (iii), led to a sharp decline
in cell alignment performance with fewer than 19% of the cell population oriented parallel to the
line axes.
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Figure 5. (a) Plots of cell orientation (¢) distribution in percentage on 0.18, 0.25, 0.5, 1, 2, 5, 10, 50, and
100 um-wide line comb structures. As a comparison, this figure includes measurements from blanket

tantalum films. The number of cells inspected (n) on each pattern is displayed in an individual chart. Each

bar represents a 10° bin of deviations from the line axis in either clockwise or anti-clockwise directions.
For example, a cell nucleus deviated from line axis of -22° would fall into the third bin of each plot. These
results show that most adherent cells are aligned to the line axes on comb structures in the range of 0.18

to 10 um. Adherent cells orientations are increasingly randomized on comb structures with line widths
of 50 and 100 pum. (b) Percent cell distributions that aligned within +10° of the comb structure line axes.
(c) Plot of ratio of nucleus long and short axes as a function of comb structure line widths. (d) Plot of
nucleus axis length ratio (L/S) as a function of percent cell distribution aligned within 4= 10° of line axes.

The influence of line width on nuclear elongation was also characterized by comparing the average
axis length ratio (L/S) of the cell nuclei on various comb structures, as shown in Figure 5¢c. Results
showed that cell nuclei were significantly elongated when cells were adhered to comb structures with
line widths in the range of 0.18 to 10 um. The largest average length ratio recorded in this range was
~2.8, which occurred on the 2 um comb structure. In comparison, the length ratio of cell nuclei on
the blanket tantalum surface was 1.5 + 0.4. Nuclei on the 50 and 100 um comb structures did not
exhibit significant elongation with length ratios of ~1.5. The relationship between the axis length
ratio and the percentage distribution of cells aligned within 10° of the line axes is shown in Figure 5d.
Results showed that as more cell nuclei aligned to the line axes, the average elongation of cell nuclei

also increased.
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3.3. Nanometer Scale Morphology Analyses

3.3.1. Cells on Individual Comb Structures

Nanometer-scale cell morphology in the three cell alignment regions (i)(iii) were characterized using
high-resolution field-emission SEM techniques. Field-emission SEM was chosen because of the resolution
that could be achieved, i.e., smaller than 2 nm. Typical 70° tilted SEM micrographs of cells on 0.18, 0.25,
0.5,1.0,2.0,5.0, 10, and 50 um-wide line comb structures are shown in Figure 6. These high-angle tilted
micrographs captured the three-dimensional morphology of pseudopodia at the periphery of the cells.
Micrographs show nanometer-scale pseudopodia spreading in directions parallel and perpendicular to
the line axes on the 0.18 and 0.25 pm comb structures. Short pseudopodia filament-like structures that
were oriented perpendicular to the line axes are highlighted with red arrows. Some have diameters in
the order of ~50 nm and appear to be floating on the patterned structures. To verify this morphology,
cells were cross-sectioned by micro-cleaving and inspected using SEM. Typical 70° tilted micrographs
of cross-sectioned cells on 0.18 and 0.25 pm comb structures are shown in Figure 7a,b, respectively.
Peripheral pseudopodia, highlighted with red arrows, projected across the trench and adhered to adjacent
sidewalls. These structures adhered to locations ~80 nm below the top surface and did not contact the
trench bottoms—they formed bridges across the trenches. This type of morphology (denoted as Type
1) was also observed away from the periphery of the cell (~2.5 um) on the 0.5 um line comb structure
(Figure 7c). On the 0.5 um line comb structure of the periphery, the cells adhered to both sidewalls and
trench bottom. This type of cell behavior, denoted as Type 2, was the only morphology observed in comb
structures with line widths larger than 1 pum (Figure 6).

line width/spacing =

Figure 6. SEM micrographs 70° tilted of cells on comb structures with line widths of 0.18-50 um. Two
distinct types of cell adhesion morphologies are observed: Type 1—Adherent cells on 0.18 um and
0.25 um structures only contacted the top portion of lines but did not fill the trench gaps, and Type
2—Cells on comb structures with line widths larger than 1 pm exhibit conformal surface coverages.
Both morphology types were observed for adherent cells on the 0.5 um comb structures. All cells were
incubated on the structures for 24 h.
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Figure 7. SEM micrographs 70° tilted of cross-sectioned cells on comb structures with line widths of
(a) 0.18 pm, (b) 0.25 um, and (c) 0.5 pm. Two distinct types of cell adhesion morphologies are observed:
Type 1—Adherent cells on 0.18 um and 0.25 pm structures only contacted the top portion of lines but
did not fill the trench gaps; and Type 2—Cells exhibit conformal surface coverages. Both morphology
types were observed for adherent cells on the 0.5 um comb structures. All cells were incubated on the
structures for 24 h. Cell concentration was ~5 x 10° cells/mL.

To determine whether these phenomena occurred during the initial spreading process or only after
24 h of incubation, high-resolution SEM was used to probe the cells on 0.18 and 0.25 um comb structures
after 0.5 and 2 h of incubation. Micrographs in Figure 8 clearly show that the Type 1 pseudopodia
morphology occurred as early as 0.5 h post-deposition. The majority of the filament-like structures that
were observed bridged across the trenches and adhered to the adjacent sidewalls. Some filament-like
structures migrated up the trench sidewalls and covered the line’s top surfaces. No cellular material
was observed contacting the bottom of the trenches. Additional micrographs of adherent cells on 0.18
and 0.25 um comb structures after 0.5 h of incubation are shown in Figures S3a and S3b, respectively.
The low magnification images of adherent cells reveal that they were not fully spread and had a thick
interior region, though the morphology of the peripheral part of the cell was consistent with the images
from longer term incubation (Figure 7 and Figure S3c). This morphology does not appear to be the
result of the cell contraction process during reshaping as described by others [18].
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incubation time
0.5 hour 2 hours

comb structure line widths

Figure 8. Typical SEM micrographs show Type 1 cell morphology was observed on 0.18 and 0.25 um
comb structures after 0.5 and 2 h of incubation.

The influence of surface topographic parameters, such as trench depth (D), trench width
(T), and line width (L), on cell behavior and morphology was also investigated by other
researchers [16,37,64-68]. Loseberg et al. [66], Lamers et al. [65], and Ventre et al. [64] showed that
fibroblast and osteoblast cell alignment is generally induced by line structures separated by trenches at
least 35 nm deep. Lamers and colleagues [65,68], and Toworfe et al. [67] theorized that trenches less
than 35 nm deep fill with serum proteins and “smooth” the patterned structure. Line width has also
been shown to control cell morphology [16,64—68]. Loseberg et al. [66] and Lamers et al. [65] further
reported that line and trench widths larger than 80-100 nm are required to successfully align cells. Our
work is consistent with these findings, with cell alignment occurring on patterned surfaces having line
widths greater than 180 nm and trench depth of ~700 nm. Trench spacing is also important. Depending
on the spacing between lines, cells may conformally coat the trench or bridge across the trench [64].
Epithelial cells deposited on patterns consisting of 330 nm-wide and 150 nm-deep trenches separated
by 70 nm lines anchored on the lines and were not able to adhere to the bottom of the trench [16]. In
a recent review by Ventre et al. [64], cells are said to “float” on dense patterned structures without
contacting the bottom of trenches when line and trench widths are smaller than 100 nm and trench
depths are larger than 40 nm. These conditions are also consistent with the observations shown in
Figure 6 where cells on comb structures with trench and line widths smaller than 250 nm did not
contact the trench bottom.

As trench width increases, cells begin to descend into the trenches [16,45,64] leading to a conformal
coating of the surface by the cell. Ventre et al. [64] suggested that a general topographic structural
requirement for cells to descend into a trench includes trench widths larger than 1 pm and line widths
larger than 100 nm. Zahor et al. [45] showed elongated cells prefer occupying 5 pm-wide trenches
rather than the top of lines. Such preferential adhesion is consistent with the results observed in this
work (Figures 4 and 6), where the majority of cells deposited on the 10 um comb structures elongated
and descended into the trenches.

3.3.2. A Single Cell Adhered on Multiply Structures Simultaneously

Cell morphology can be influenced by the surface topography of the substrata on which cells
can adhere [54,64,69-71]. However, previous observations were based on cells adhered to a uniformly
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textured surface. It remained unclear how a cell would behave when exposed to a non-uniform
textured surface having multiple structures with different geometries. Low magnification top-down
and 70° tilted SEM micrographs of cells incubated for 24 h on a smooth blanket tantalum surface and
a 0.18 um comb structure are displayed in Figure 9a,b, respectively. The micrographs indicate that
approximately half of the cell and its nucleus adhered to the smooth surface, while the rest of the cell
adhered to the comb structure. This is thought to be the first study revealing how mammalian cells can
have different morphologies within the same cell when they simultaneously adhere to two different
engineered structures. Images showed that cellular materials on the flat surface were spread without
preferential orientation. In contrast, the portion of the cell that rested on the patterned line structures
elongated and aligned parallel to the line axes. Furthermore, some of the cellular material on the
flat surface, adjacent to the comb pattern boundary, appeared to have stretched along the line axes.
This may indicate that mechanical stresses were transmitted across the cell; however, the elongation
of the cell may have been hindered by the portion of the cell that was anchored on the flat surface.
Selected high magnification 70° tilted SEM micrographs of this cell are shown in Figure 9c—f. These
micrographs show that the portion of the cell on the comb structure exhibited a Type 1 cell morphology
with most cellular materials adhering to the top surfaces of the lines. Nanometer-scale pseudopodia
were observed to bridge across the trench gaps as illustrated in Figure 7. These results demonstrate
that cells regulated their morphology at a localized level. Additional micrographs of a cell that was
incubated on the 0.25 um comb structures for 0.5 h is shown in Figure S4. The majority of this cell and
its nucleus adhered to the flat tantalum surface, while the rest adhered to the comb structures. Type 1
spreading is clearly visible in the comb structure area. However, this cell did not elongate due to the
short incubation time.

blanket Ta = 0.1§ blanket Ta 0.18 um lines
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Figure 9. (a) Top-down and (b) 70° tilted SEM micrographs of an adherent cell partially on the blanket
Ta region and on 0.18 um structures. Portion of cells rested on the blanket tantalum (Ta) region (c—e)
showing regions where cell adhered on blanket Ta and comb structure. (f) A high magnification image
of cell pattern structure.
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3.3.3. Long-Stranded Pseudopodia Structures

In addition to the short pseudopodia filament-like structures shown in Figure 7, micrometer-long
single-stranded pseudopodia were also observed. The diameter of these cellular structures was in
the order of 50 nm. Representative low- and high-magnification micrographs of these cytoplasmic
projections on 0.18 and 0.25 um comb structures are displayed in Figure 10a,b, respectively. Results
showed that these long-stranded pseudopodia bridged across trench gaps on the 0.18 and 0.25 um
comb structures without contacting the trench bottom. This demonstrated that the morphology of
long cytoplasmic projections was similar to those short pseudopodia filament-like structures observed
at the cell periphery, as shown in Figure 8. Both exhibited a Type 1 structure when cells adhered
to comb structures with line widths of 0.18 to 0.25 pm. In addition, Figure 10 shows that the long
single-stranded pseudopodia morphology did not change with the distance from the cell periphery.

low magnification high magnification

Figure 10. Typical SEM micrographs of adherent cell pseudopodia on (a) 0.18 um and (b) 0.25 pm comb
structures under low and high magnifications. Type 1 characteristics were observed in all filaments
where they wrapped around the top portions of the lines.

3.4. Possible Cell Alignment Mechanisms

One potential contributing factor to the elongated cell morphology shown in Figures 4-7 could
have been due to larger mechanical constraints on cell spreading in the direction perpendicular to
the lines. When cells spread perpendicular to the line axes, cellular components must overcome the
physical constraints by crawling up and down trench sidewalls. These surface topographic features
reduce the cell spreading velocity and motility in the perpendicular direction. In contrast, there was
no topographic-induced constraint in the direction along the line axes where cells could spread readily.
Notably, the amount of mechanical constraint perpendicular to the line axis was pattern-dependent.
The number of sidewalls per unit length in the direction perpendicular to the line axes increased
with smaller comb structure line widths. Hence, the total distance that cells traveled on dense line
comb structure was larger than distances travelled on flat surfaces without any sidewalls, or on
comb structures with few sidewalls. Therefore, the amount of cell elongation and alignment was
larger on dense line patterns than on flat surfaces. For example, a simple mathematic calculation
can show that the total distance a cell spreads perpendicularly across the 1 um comb structures
is ~70% larger than the total distance a cell spreads on the flat surfaces. The slight reduction in
cell nuclei alignment performance on 0.18 to 0.5 um comb structures may seem contradictory to the
aforementioned hypothesis; however, this discrepancy may be explained by the different cell-spreading
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mechanisms (Type 1 vs. Type 2). Figures 7 and 8 show that during the Type 1 spreading process,
pseudopodia structures only contacted the top ~80 nm of the trench walls and then bridged across the
gaps between adjacent lines. The pseudopodia structures did not cover the entire trench sidewalls and
did not contact the trench bottom surfaces. Furthermore, the total distance pseudopodia travelled on
the 0.18 pum comb structures was actually ~18% smaller than that travelled on the 1 pm comb structure,
but still ~44% greater than that travelled on flat surfaces. Hence, although the cell nuclei on 0.18 um
structures were not as well-aligned as those on the 1 um comb structure, they performed better than
cells on blanket flat surfaces. The cell alignment mechanism proposed here is also consistent with
observations by Zhou et al. [41], who reported increases in cell alignment toward the line axes when
the cell membrane penetration depths into grooves was larger.

One interesting aspect of the Type 1 cell spreading mechanism is the empty trench space near
the cell periphery, which is in the order of hundreds of nanometers wide. These openings create
free-standing cell structures that allow a greater surface area to make contact with the surrounding
environment, in contrast to cells with the Type 2 spreading mechanism in full contact with the substrata.
It is unclear whether these openings produced by the Type 1 morphology could give rise to greater
access for contact with nano-particles, or in the context of surgical implants, whether Type I spreading
could increase the susceptibility to infection.

In summary, our results demonstrated that patterned tantalum coatings can be used to manipulate
cell alignment and morphology. These coatings can potentially be applied to porous scaffold structures
as a method to improve matrix material bioactivity or enhance bone regeneration in surgical implants.

4. Conclusions

Adherent mammalian cells (Vero) were elongated on tantalum-coated comb structures with
line/trench widths in the range of 0.18 to 10 um. As much as 77% of the cell nuclei aligned with
the line axes. Cell pseudopodia exhibited two types of morphologies that depended on the line
and trench widths. First, when widths were smaller than 0.5 um, nanometer-scale pseudopodia
structures bridged across the trenches without contacting the bottom surfaces. Second, cells conformed
completely with the surface topology on comb structures having wider line spacing. Results also
revealed that individual cells can exhibit multiple morphologies when simultaneously exposed to
varying engineered features.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/9/9/464/s1,
Figure S1: Copper stripped comb pattern structures, Figure S2: Fluorescence confocal micrographs of adherent
cells on 0.25, 0.5, 1.0, and 10 um comb structure after 24 hours of incubation, Figure S3: (a) 70° tilted SEM
micrographs of an adherent cell on 0.18 um comb structure after 0.5 hour of incubation; (b) 70° tilted SEM
micrographs of an adherent cell on 0.25 pm comb structure after 0.5 hour of incubation; (c) 70° tilted SEM
micrographs of an adherent cell on 0.18 pm comb structure after 9 hours of incubation, Figure S4: 70° tilted
SEM micrographs of a cell simultaneously adhered on flat surfaces and 0.25 pm comb structure after 0.5 hour
of incubation.
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Abstract: The nanoindentation on a pit surface has been simulated using the quasicontinuum method
in order to investigate the size effect of surface pit defect on the yield load of thin film. Various
widths and heights of surface pit defect have been taken into account. The size coefficient has been
defined as an index to express the influence of the width or height of surface pit defect. The results
show that as the size coefficient of width (of height) increases, at first the yield load of thin film
decreases extremely slowly, until the size coefficient of width equals approximately one unit (half
unit), at which point the yield load experiences an obvious drop. When the size coefficient of width
(of height) reaches approximately two units (one unit), the yield load is almost the same as that of the
nanoindentation on a stepped surface. In addition, the height of surface pit defect has more influence
than the width on the yield load of thin film.

Keywords: multiscale; quasicontinuum method; surface pit defect; size effect

1. Introduction

As the development of a nanotechnique, nanoindentation [1] has already been a relatively simple
and effective method for evaluating the material property of thin films. In order to get closer to the
real system, a number of scientists have recently studied nanoindentation through simulations and
experiments on thin film with defects such as inhomogeneities [2], grain boundaries [3,4], surface
scratches [5], and surface steps [6,7]. Victor V. Pogorelko et al. [8] have found that nanohardness
of coating is less than that of a single crystal Cu due to defects through their simulation. Telmo G.
Santos et al. [9] have investigated how to identify micro- and nano-surface defects. Additionally,
various kinds of surface defects have been artificially made to probe to friction and surface roughness
phenomenon [10-12]. It is known to all that surface pit defect is very common in epitaxial thin
films [13-15] and nanoimprint technology [16-18]. In fact, surface roughness has also been treated as
part of the mixed group of surface pit defects [19]. Therefore, some scientific workers have focused on a
pit surface to gain more information for the actual application of materials. Ni yushan et al. [20] studied
nanoindentation of Al thin film compared with a surface defect situation and a defect free situation.
The result shows that the initial surface defect has an obvious delay effect for the second dislocation
emission, which indicates that a pit surface indeed plays an important role in the property of materials.
Thus, it is necessary and significant to probe the influence of a pit surface in nanoindentation.

As the computer technology is highly developed, simulation methods, such as molecular
dynamics (MD), become an efficient way to simulate nanoindentation experiments. However, the
calculation accuracy and simulation efficiency of MD are limited by computer hardware, which make it
impossible to use for large scale simulation. The quasicontinuum method (QC) is a multiscale method
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that combines continuum mechanics and molecular mechanics. It applies the MD model at the intense
deformation region and a finite element model elsewhere so that the efficiency of the simulation is
greatly improved to ensure accuracy.

It is difficult to study the nanoindentation on a pit surface through experiments. Thus far, relevant
studies on this aspect are still rare to find. Our aim is to investigate the size effect of surface pit defect
on the yield load in nanoindentation using the QC method, and hope it is an important directive to the
defects testing or material application.

2. Methodology

The quasicontinuum method is applied in this simulation, which is brought by Tadmor [21]. It is
one of the multiscale approaches that it keeps an atomistic description at highly deformed regions,
whereas a linear elastic continuum method is implemented far away from this dislocation core. The QC
method proceeds through molecular static energy minimization over an atomistic (non-local) domain
and a finite element (local) domain. In this simulation, the Ercolessi-Adams potential (EAM) [22] is
employed to describe the atomistic behavior of the system, and a finite element method is used at the
linear deformation area of the material.

Figure 1 shows the nanoindentation model used in the simulation. The x-axis direction is direction,
the y-axis direction is [1 1 0], and the outer-of-plane z direction is [1 1 2] direction. This orientation
is selected to facilitate dislocation emission. The width of Al thin film is 200 nm, and the height is
100 nm, which has one order of magnitude bigger than the usual MD level. The indenter is rigid with a
width 4dg, where dj is 0.2328 nm (one atomic lattice spacing in [1 1 1] direction). The distance between
the adjacent boundary of the indenter and surface pit defect is selected to be 4d (Figure 1), which is
proved to be reasonable. When the surface pit defect is too close to the indenter, the deformation of
surface pit defect is so severe that the crack is propagated under the tip of surface pit defect; when it is
too far away from the indenter, the influence of pit defect on the yield load is too weak. According to
the research on nanoindentation on a stepped surface [7], the spatial extent of the step’s influence has
been found out to be approximately three times the contact radius (measured mean stress at yield as a
function of d/ay; absolute value of distance from the step normalized by elastic contact radius prior to
yield) on the surface, having step heights ranging from 5 to 30 A. When d/ ay < 2, the yield stress is
reduced by a neighboring step, while for d/ay > 3, the yield stress is unaffected. The nanohardness are
both calculated by the actual contact radius, though the indentation tip shape in this simulation and
the nanoindentation experiment is square and round-like, respectively. Consequently, the change law
of the nanohardness is reasonably similar if the ratio of surface defect distance to the actual contact
radius is taken into account (just as the experiment discussed). In this simulation, the contact radius is
2d (half of the indenter width) and the distance between the left boundary of surface pit defect and the
centre of the indenter is 6dy (4dg + 4dg/2 = 6dy), which greatly agrees with this reference (6dg/2do=3).
Figure 1a,b are the simulation model of the width effect of surface pit defect. Ten different widths
in this simulation are shown as D in Figure 1a, namely, 1dy, 2do, 3dy, 4dg, 5do, 6dg, 7do, 8dy, 9do,
and 10dy, and the height of surface pit defect is a fixed height 5hy; Figure 1b shows the comparison
model of surface step with height = 5hy; Figure 1c,d are the simulation model of the height effect of
surface pit defect, where Figure 1c shows ten different heights H of surface pit defect, namely, 1hy,
2hy, 3hy, 4hy, 5hy, 6hy, 7hyg, 8hy, 9hy, and 10hy, and the width of surface pit defect is a fixed value
5dg; Figure 1(d) shows the comparison model of surface step with height = 10hy. These parameters
of width and height are selected in order to make a more comprehensive investigation. Further, in
the out-of-plane direction, the thickness of this model is equal to the minimal repeat distance with the
periodic boundary condition applied. The boundary condition of this single crystal Al thin film keeps
it rigid at the bottom and free at the sides. The atoms under the indenter are forced to move gradually
into the material by the displacement-imposed boundary condition. Each load step of the indenter is
0.02 nm, with a final depth 1.2 nm, because it is relatively proper and effective to catch the dislocation
nucleation and mission with minimum total load steps. Because the width of the indenter is 1/200 of
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film width and the final depth is 1/100 of film height, it ensures that far-field boundary conditions do
not affect the behavior in the vicinity of the indenter.
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Figure 1. Schematic representation of the nanoindentation model of size effect: (a) width (D) changing
from 1dy to 10d of surface pit defect with the fixed height = 5hy; (b) the comparison model of surface
step with height = 5hy; (c) height (H) changing from 1hj to 10hy of surface pit defect with the fixed
width = 5d; (d) the comparison model of surface step with height = 10h.

The material of the model is single crystal Al thin film, and the crystallographic lattice constant

ay is 0.4032 nm. One atomic spacing in [1 1 0] direction (hy) is 0.1426 nm. Burgers vector g is
0.285 nm, shear modulus y is 33.14 GPa, Poisson v is 0.319, and (1 1 1) surface energy 111 is 0.869 ]/ m2.
Figure 2 shows the schematic of local and non-local representative atoms and tessellation during
nanoindentation on (1 1 2) plane of Al film with initial surface pit defect, where the red square is the
rigid indenter and the blue filled circles are the non-local representative atoms, while the green ones
are the local representative atoms. The system investigated here is very large by current atomistic
modeling standards. A standard lattice statics analysis for this system would treat millions of atoms
and would have to be performed on a parallel supercomputer. By using the quasicontinuum method,
the computational intensity is greatly reduced. Regarding this single crystal Al system with a size of
100 nm x 200 nm, only 5000 atoms are treated explicitly at most (15,000 degrees of freedom), and a
simulation can be finished on a common personal computer in a few days.
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Figure 2. Schematic of local and non-local representative atoms with initial surface pit defect.

3. Results

3.1. Width Effect of Surface Pit Defect on Yield Load

It has long been recognized that the yield load of materials is one of the most important indexes
of material properties. At the load-displacement curve, the yield load corresponds to the first highest
point at the initial linear portion, which indicates onset of the dislocation emission. Further, the yield
load of materials can be obviously influenced by defects such as surface pit defect. In the present
paper, ten different widths of surface pit defect are simulated, from D = 1dg to 10dy, in order to probe
the width effect of surface pit defect on yield load. Figure 3 shows the yield load curve as the width
of surface pit defect changes. It can be found out that the yield load of thin film with surface pit
defect generally displays a tendency to decrease, which is reasonable because the structure of thin
film is destroyed more and more severely by the increase of the width of surface pit defect. When the
simulated width increases from D = 1d, to 7d, the yield load decreases extremely slowly; after the
width reaches 7d, the yield load experiences an obvious drop from 14.8 N/m to 14.24 N/m. Then, the
yield load curve displays the phenomenon of a slow decrease again.
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Figure 3. The yield load of thin film as the width changing of surface pit defect (with a standard
deviation of 0.01 N/m). QC—quasicontinuum method.
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In order to conduct a comprehensive investigation of the width effect of surface pit defect, the
nanoindentation on a stepped surface has been carried out for comparison (namely, the simulation
width of surface pit defect is infinitely large), as shown in Figure 1b. The results show that the yield
load of nanoindentation on a stepped surface with H = 5hy is approximately 14.23 N/m, which is very
close to the yield load value of D = 10d (the red point in Figure 3). That is to say, when the width of
surface pit defect increases to 10d, the yield load of thin film almost reaches the yield load value of
nanoindentation on a stepped surface.

3.2. Height Effect of Surface Pit Defect on Yield Load

An investigation of the height effect of surface pit defect on yield load has also been carried out.
Ten different heights of surface pit defect are simulated, from H = 1hj to 10hy, with a fixed width
D = 5dy (as shown in Figure 1c). Figure 4 shows the yield load curve as the height of surface pit defect
changes. It can be found out that the change law of the yield load of thin film is very similar to the
situation of the width effect. As the simulation height increases from H = 1hy to 5hy, the yield load
decreases extremely slowly, until the height reaches 6hy, at which point the yield load experiences an
obvious drop from 14.79 N/m to 14.14 N/m. Then, the yield load curve slowly decreases again.
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Figure 4. The yield load of thin film as the height changing of surface pit defect (with a standard
deviation of 0.01 N/m).

The nanoindentation on a stepped surface with the 10hg step height has been investigated for
comparison, as shown in Figure 1d. The results show that the yield load of nanoindentation on such a
stepped surface is approximately 13.75 N/m (the red point in Figure 4). It can be easily found out that
when the simulation height of surface pit defect increases to 10hy, the yield load of thin film is about
13.93 N/m, which is already close to the yield load of nanoindentation on a stepped surface.

4. Discussion

4.1. The Investigation of Dislocation Nucleation and the Estimation of Peierls Stress

In order to probe the reason for such an obvious decline of yield load (D = 7d, to 8d section
in Figure 3, H = 5hy to 6h section in Figure 4), relevant snapshot of atoms under the indenter and
corresponding out-of-plane displacement plot are probed. The results show that when the thin film
yields, two dissociated <1 1 0> edge dislocations are emitted beneath the indenter after nucleation.
Considering there are too many snapshots, the situation of D = 1dj in width effect simulation and
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H = 1hy in height effect simulation are carried out for example. The dislocated structure beneath the
indenter is given in Figure 5, along with the out-of-plane displacements experienced by the atoms,
where dimensions and displacements are in 0.1 nm. The nucleated dislocations are easily seen through
UZ contours displayed in Figure 5. The out-of-plane displacements in the stacking fault regions
between the partials are a clear fingerprint of the location of the dislocations. The repeat distance in
the out-of-plane direction of the crystal structure is 0.4938 nm for this model. It can be found out that
the dislocations are composed of 1/6 <1 1 2> Shockley partials that bound a stacking fault. On the left,
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Figure 5. Snapshot of atoms under the indenter and corresponding out-of-plane displacement plot,
where UZ is atom displacement at out-of-plane: (a) width changing D = 1d at the yield of thin film;
(b) height changing H = 1h at the yield of thin film.

In Figure 5a, the dislocation dipole travels into bulk after nucleation at the load step of 0.5 nm,
and its centre settles at the depth of 5.2 nm. In Figure 5b, the dislocation dipole travels into bulk at
the same load step of 0.5 nm, but its centre settles at the depth of 6.08 nm. Further, when compared
with all these snapshots of atom structures in the simulation of size effect, it is found out that when the
size of surface pit defect changes, there is a different emission depth of dislocations (see Figure 5a,b,
for example). That is to say, most likely the different yield load of thin film in macroscopy corresponds
to the emission depth of dislocation in microscopy.

For the purpose of the explanation, such change law of the yield load, these emission depths of
dislocations are used as an equilibrium distance to further obtain an estimate for the Peierls stress
predicted by the EAM potential [22]. Because Peierls stress is actually the resisting force during
the dislocation movement resulting from the lattice structure, the change of the yield load can be
reasonably explained by Peierls stress. Aside from the lattice friction, there are two forces acting on the
dislocation: (i) the Peach—Koehler force (Fpk) due to the indenter stress field driving the dislocation
into bulk; (ii) the image force (Fy) pulling the dislocation to the surface. The force on the dislocation is
the sum of these two forces. The dislocation escapes the attractive region and propagates into the bulk,
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and is finally stopped by lattice friction. That is to say, the force on the dislocation will be balanced at
the equilibrium depth by the lattice friction force that results from the Peierls stress (0},) [23].

FpK + F] = bU’p (3)

To compute the Peach—Koehler force, shear stress field is required beneath the indenter. In this
simulation, there is a frictionless rectangular indenter acting on an elastic body occupying the lower
half-plane, y < 0, the shear stress in bipolar coordinates is [24]

Pr?sin 6

. 3
By =y SO~ 5 O ) @)

where P is the indentation load. According to the coordinate system of 24 indentation contact (the
width of indenter is 2a), as shown in Figure 6, at a depth h beneath the right indenter tip, there is
r=Va2+h2, 1 = hory = Va2 +h2, 0 = —tan"'h/a, 6 = —7/2, 6, = —tan"'(h/2a).
The resulting Peach—Koehler force is

Fox () = (b 0) x £ = boxy(h) ®)

where b is the Burgers vector, o is the applied stress tensor, and ¢ is the dislocation line vector.
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Figure 6. Bipolar coordinate for a 2a indentation contact.

The image force acting on one of the dislocations of a dipole of width d = 2a at depth /& beneath
the indenter can be shown to be
ub? 1 4K3(4h% —3d?)

b= n(l1—v)'4h (4h2+d2)3 ) ©)

According to the discussion above, Peierls stress in every size of surface pit defect has been
calculated and plotted. Figure 7 shows the variation of Peierls stress in the simulation of width effect.
It can be easily found out that when the width of surface pit defect changes from D = 1dy to 7dy,
the Peierls stress fluctuates narrowly at the value of 100 MPa. When the width increases to more than
8dy, the Peierls stress abruptly obviously drops down to about 70 MPa. Such change law is greatly in
keeping with the variation of yield load in the width effect simulation. In a similar manner, it can be
also found out from Figure 8 that when the height of surface pit defect changes from H = 1hg to 5hy,
the Peierls stress fluctuates narrowly at the value of 70 MPa. When the height increases to more than
6hy, the Peierls stress abruptly obviously drops down to about 50 MPa, which is also in accordance
with the variation of yield load in the height effect simulation. That is to say, such an obvious decline of
yield load (D = 7d to 8d section in Figure 3, H = 5hy to 6hg section in Figure 4) results from the severe
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reduction of the Peierls stress, which is caused by the size increase of surface pit defect. Consequently,
it is reasonable and useful to explain the variation of yield load through the Peierls stress.
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Figure 7. The variation of Peierls stress in the simulation of width effect (with a standard deviation of
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Figure 8. The variation of Peierls stress in the simulation of height effect (with a standard deviation of
0.1 MPa).

4.2. Size Coefficient

It can be figured out that the turning point (D = 7d in the width effect simulation while H = 5hg
in the height effect simulation) is different in this simulation. That is to say, the influence degree of
width parameter is different from the height parameter of surface pit defect. Thus, a further discussion
is carried out to quantify the size effect of surface pit defect. It is reasonable that the influence on the
hardness and yield load of thin film would be much more severe if the surface pit defect gets closer
to the indenter. That is to say, if the same degree of hardness damage is made by surface pit defect,
the larger size of pit defect is needed where it is farther away from the indenter. Consequently, in order
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to define a more precise expression of the size effect of surface pit defect, a size coefficient « should be
carried out as follows: L

=g @)
where “L*” means the characteristic length of surface pit defect (namely the width D in the width effect
simulation and the height H in the height effect simulation), and “d*” means the distance between
the center of the indenter and the left boundary of the surface pit defect (in this simulation, d* is a
constant 6dy).

In the width effect simulation, the critical width of an abrupt obvious drop of yield load is 7d, (at
the point D = 7dg in Figure 3). Thus, the size coefficient « is approximately 1.17 (5—: = dQ* = % = %)
When « reaches approximately 2 (s—: = dQ* = % = 1.7), as shown in Figure 3 at the point D = 10d,
the yield load of thin film is almost the same with that of nanoindentation on a stepped surface (the
red point in Figure 3).

In the height effect simulation, the critical height of an abrupt obvious drop of yield load is Shy (at
the point H = 5h in Figure 4). Then, the size coefficient « is approximately 0.51 (s—: = dﬁ* = % =0.51).
When « reaches approximately 1 (s—: = dﬁ* = % = 1.02), as shown in Figure 4 at the point H = 10hy,
the yield load of thin film is almost the same as that of nanoindentation on a stepped surface (the red
point in Figure 4).

It can be found out that the size coefficient of height is almost half of the size coefficient of width
in the abrupt obvious drop point of yield load decline, which suggests that the height parameter of
surface pit defect plays a more important role than width parameter.

In addition, from the point of the area of surface pit defect, it also can be proved that the height of
surface pit defect is a leading factor on yield load. Figure 9 shows the yield load of thin film changing
as the area changes. It can be easily found out that the slope of yield load curve through the increase
of height is bigger than the one through the increase of width. It indicates that the increase of height
makes the yield load decrease faster. When the area of surface pit defect increases from 5hydy to
25hgdy, the yield load through the increase of width is smaller than the one through the increase of
height. This is because during this internal area, the height value of surface pit defect in the curve of
height increase (red curve in Figure 9) is bigger than the other one (black curve). However, when the
area is larger than 25h(d, the yield load through the increase of height is smaller than the one through
the increase of width. This is because the height of surface pit defect in the curve of height increase is
over 6hg, while the height of surface pit defect in the curve of width increase is still 5hy. According to
the discussion above, the height of surface pit defect makes more influence than width in the yield
load of thin film, which indicates that the height of the pit is a leading factor on the influence of the
yield load in nanoindentation.
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Figure 9. The yield load of thin film as the area changing of surface pit defect.

5. Conclusions

In this paper, the QC method is employed to investigate the size effect of surface pit defect on
yield load in nanoindentation. The conclusion can be drawn as follows:

e As the width of surface pit defect increases, the yield load of thin film decreases extremely slowly,
until the size coefficient of width equals approximately one unit, at which point the yield load
experiences an obvious drop. When the size coefficient of width reaches approximately two units,
the yield load is almost the same as that of the nanoindentation on a stepped surface.

e As the height of surface pit defect increases, the yield load of thin film decreases extremely slowly,
until the size coefficient of height equals approximately half unit, at which point the yield load
experiences an obvious drop. When the size coefficient of height reaches one unit, the yield load
is almost the same as that of the nanoindentation on a stepped surface.

o The height of surface pit defect has more influence than the width on the yield load of thin film,
which suggests that the height of the pit is a leading factor on the influence of yield load. Such
investigation results in this simulation may have important directive to the defects testing or
material application.

Based on such a size effect of surface defect in nanohardness in the present paper, a further work
of surface defect effect might be interesting and worth focusing on if the surface defect is not a cavity
but another material, which is usually seen in alloy.
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Abstract: Nanoindentation techniques, with high spatial resolution and force sensitivity, have recently
been moved into the center of the spotlight for measuring the mechanical properties of biomaterials,
especially bridging the scales from the molecular via the cellular and tissue all the way to the
organ level, whereas characterizing soft biomaterials, especially down to biomolecules, is fraught
with more pitfalls compared with the hard biomaterials. In this review we detail the constitutive
behavior of soft biomaterials under nanoindentation (including AFM) and present the characteristics
of experimental aspects in detail, such as the adaption of instrumentation and indentation response
of soft biomaterials. We further show some applications, and discuss the challenges and perspectives
related to nanoindentation of soft biomaterials, a technique that can pinpoint the mechanical
properties of soft biomaterials for the scale-span is far-reaching for understanding biomechanics
and mechanobiology.

Keywords: nanoindentation; mechanical properties; soft biomaterials; viscoelasticity; atomic force
microscopy (AFM)

1. Introduction

Mechanical behavior of biological materials has come to the front stage recently, not only since its
importance from the mechanical and load-bearing viewpoints, but also in the way that it influences
other bio-functionalities [1]. Recent studies have directly linked major biological performances,
mechanisms, and diseases to the mechanical response from the biomolecular up to the organ level [2-7].
In addition to the many medical applications, mechanical characterization of biological materials has
also fueled the recent growth of materials science and engineering applications—bionics [8], whereas
the mechanical characterization of soft biomaterials, especially down to biomolecules, is more difficult
and fraught with more pitfalls compared with the hard biomaterials.

At present, aiming at characterizing soft biomaterials, a variety of testing techniques have been
developed and utilized widespread from bulk scale to the micro/nano-scale [9-14]. While every
technique has its pros and cons, nanoindentation (including AFM) is considered as a powerful tool
to conduct mechanical analyses, especially down to micro/nano-scale with nanometer depth and
sub-nanonewton force resolution [15]. Firstly, and the most attractively, its micro/nano-mechanical
contact methodology allow for region-specific mapping of biomaterials inhomogeneity [16,17],
and studying of cell mechanics [18]. Secondly, its unrestriction of tissue morphology avoids
special preparation of material samples, which can be taken advantage of in the field of in vivo
testing [19,20]. Thirdly, its capacity of coupling with other optical techniques provides a new horizon
for mechanical characterization [21,22]. Fourthly, compared with traditional testing methods with a
single-measurement mode, indentation can provide an ideal loading modality whose stress and strain
fields comprise tension, compression, and shear loading modes [23]. Further, as a non/micro-invasive
method, nanoindentation can also be utilized for some valuable samples, such as fossils that are
millions of years old [24].
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In regard to nanoindentation of soft biological materials, current measurements lack a
standardized testing routine owing to several challenges we are facing:

1. Soft biomaterials are significantly less stiff than typical engineering materials, which may be to
some extent in conflict with the range/resolution of some commercial instruments.

2. Most nanoindentation instrumentations are designed based on “dry state” testing, lacking
environmentally-controlled components to build physiological environment (such as fluid
submersion and thermal control).

3. For most commercial instruments with the optical microscopes, the interference between
the indenter/microscope and the sample surface may exist in the switch (movement) of
indenter/microscope owing to non-ideal surface. This may lead to a considerable challenge,
particularly in in vitro and in vivo testing.

4. There is a paucity of consensus on the appropriate data analysis to mechanical characterization
of soft biomaterials.

In addition to the above factors, some features of soft biomaterials, such as viscoelasticity
and adhesion, may also make some deviations when testing. These challenges have limited the
development and utilization of nanoindentation technique which, in turn, slow the footsteps of
characterization of soft biomaterials. In this review, we will discuss the above factors, and conclude
with the perspectives and opportunities of nanoindentation of soft biomaterials.

2. Soft Biomaterials

For most people, soft materials are materials where the deformation can be felt by hand or
seen with the naked eye without applying an excessive force [25], which reflects the feature in a
straightforward manner: it is much more compliant than many engineering materials. In fact, the words
“soft” and “hard” do not indicate anything in regard to hardness or plastic deformation exactly, and soft
biomaterials only imply non-mineralised in their healthy state [26]. Soft biomaterials, such as globular
proteins [27], cancer cells [28], arteries [29], cartilage [30], and the brain [31], vary in multiple length
scales from the molecular via the cellular and tissue all the way to the organ level, and the above
complex hierarchical structures make characterization within wide physiologically-relevant timescales
and the elastic modulus range (Figure 1).
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Figure 1. Multiple scales of soft biomaterials. (a) Length scales from the molecular to the organ level;
(b) timescales of different physiological processes; and (c) comparisons of the elastic modulus among
different typical materials. Reproduced with permission from [32].
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A number of constitutive models, such as linear elastic, hyperelastic, viscoelastic, and poroelastic
models, have been widely used to mechanical characterization of soft biomaterials. In fact, these models
can fall into different aspects of the constitutive response, in particular that distinguish them from
typical engineering materials.

First, many soft biomaterials exhibit nonlinear stress—strain (¢ — ¢) behavior, with an increasing
stiffness as the strain increases. Nonetheless, the stress can be considered proportional to the strain
under small deformations (Figure 2a), in which the relationship between stress and strain is governed
by a constant elastic modulus E (just as the elastic stage of typical engineering materials), and can be
fitted to linear elastic model (¢ = Ee)—the simplest type of material response. The threshold of the
linear range varies from different biomaterials and testing methods [33], and further discussion of the
linear level can be seen in Section 4.3. Another strategy of simplification of nonlinear behavior with the
linear elastic model is to divide the stress profile into several portions. At each portion, the mechanical
behavior can be considered linear and characterized with the linear elastic model [34].
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Figure 2. Constitutive responses of soft biomaterials. (a) Nonlinear stress—strain (¢ — €) behavior,
in which the stress profile can be considered linear under small strain; and (b) time-dependent
mechanical behavior: stress-relaxation (left) and creep (right).

To acquire more accurate constitutive data, hyperelasticity provides a means of modeling the
nonlinear stress—strain behavior of soft biomaterials. Many different kinds of hyperelastic models
could be used to characterize mechanical behavior, such as Neo-Hookean, Mooney-Rivlin, Ogden,
and Yeoh models [35,36]. As far as the above models are concerned, the Ogden model is classically
used for finite element simulations, and Neo-Hookean, Mooney-Rivlin, and Yeoh models are best used
at low, moderate, and high strain levels, respectively [37]. More details about different hyperelastic
models and their parameters determined from indentation can be found in the literature [37,38].

The second aspect of soft biomaterials is the time-dependent mechanical behavior, i.e., viscosity.
Viscoelastic model, displaying a combination of both elastic and time-dependent responses.
A viscoelastic material stores and dissipates mechanical energy simultaneously undergoing imposed
mechanical excitation, with the response of stress-relaxation or creep over time, as shown in
Figure 2b. Typically, the model formulated by a Prony series approximation can be used to describe
viscoelastic response:

G(t) = Goo+ Y Gj-e /T 1)
]
where G is the equilibrium shear modulus, T is the time constant for each exponential term, and G]- is
the associated magnitude of shear modulus. The initial shear modulus can be calculated by summing
Geo and G;. The above parameters can be predicted using a minimization algorithm [39]. Additionally,
nonlinear viscoelasticity can also been modeled during indentation [40].

As for most soft biomaterials, they are also hydrated, and a poroelastic (also called biphasic)
model can also be used to describe time-dependent behavior under physiological condition: the flow
of a fluid through a porous elastic solid [41]. In addition to the shear modulus G and the (drained)
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Poisson’s ratio v used to characterize the elastic behavior of the porous skeleton, Darcy (hydraulic)
permeability x, formulated between the fluid viscosity # and the intrinsic permeability k (k = x#), is an
important parameter to indicate the fluid—solid coupling and the fluid flow [42]. More details about
poroelasticity during nanoindentation of soft biomaterials will be discussed in the Section 4.5.
Another aspect of soft biomaterials is the anisotropy and the heterogeneity. Some soft biomaterials
exhibit direction-dependent and region-specific behavior based on their structural complexities at
multiple length scales [17,43,44]. Apart from inherent complexities of materials, some external
conditions may also lead to the above behavior [4546]. It is imperative to characterize this
structure-mechanical behavior with some specific analysis methods and models [46-48].

3. Methods

Two kinds of commercial instruments have been developed and utilized widespread for
indentation testing, especially down to micro/nano-scale: dedicated instrumented indentation
instruments (nanoindenter) and the atomic force microscope (AFM). In this section, we will introduce
the working principles of two different instruments, and discuss the analysis of experimental data
based on the force-indentation curves.

3.1. Nanoindenter

Nanoindentation, a form of depth-sensing indentation (DSI) testing technique, involves the
application of a controlled load/depth to the surface to induce local surface deformation (Figure 3).
During a typical testing, Load P, indentation depth / and time ¢ are monitored as the indenter is
actuated into the test material’s surface. The response of P — h — t trace is fitted to a range of different
constitutive models to identify mechanical properties of the sample.

I-I <— Loading Unit
~YWA—-MN\—+—  Springs

~<~——Detecting Unit

<— Indenter Tip
<——  Sample

_<— Sample Stage

<+— Load Frame
Figure 3. Schematic diagram of a nanoindenter instrument.

Usually, a nanoindenter consists of several essential components:

e Loading unit: typically actuated by the expansion of the piezoelectric element, magnetic coils,
or electrostatically [49].

e Detecting unit: sensors (capacitance or inductance) to record the displacement of the indenter.
In fact, whether the strategy applying force and measuring displacement through separate means,
or using the same transducer, the data of raw force and displacement are always coupled due to
the leaf springs [50].

e Indenter tip: for soft biomaterials, typically using dull indenters (such as spherical and flat-ended),
rather than sharp indenters (such as Berkovich and Vickers) to avoid penetration of the sample.

e  Sample stage: a two- or three-coordinate stage (x, y, or z) to move the sample.

e Microscopes: to observe and choose the point of the sample during testing.

e Control system: the computer with the software to operate instrument, analyze results,
and save data.
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e  Other additive components: such as custom irrigation system [51] and fluid cell [52] for
biomaterials.

Definitely, the design of instruments may be not identical to the above components, especially for
the custom instruments, but part of them and similar working principles are, at least, included [31,53].

3.2. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM), a part of the scanning probe microscopy branch, operates
based on the interaction between the sample surface and the small tip located on the end of a
sensitive cantilever. Apart from the basic goal of imaging surface morphology, AFM can also act
as a powerful instrument to conduct micro/nano-mechanical analysis. In particular, the mode of
mechanical characterization combined with high resolution imaging technique, allows a more targeted
investigation of biomaterials features, especially down to nanoscale.

The setup and the measurement of AFM have been covered in a number of works [54-56],
and a brief introduction is given here. During typical testing, the tip or the sample is moved to each
other with a piezoelectric, until the tip-sample contact occurs and the cantilever deflects (Figure 4).
The indentation force P can be described by Hooke’s law:

P = k.Ad ?)

where k. denotes the spring constant of the cantilever, and Ad is the corresponding deflection of
the cantilever.

Photodiode Laser
x\ p / Support
AN 7/
AN 7
Tip Piezo
Sample Cantilever IZ
Stage
xyz drive

Figure 4. Schematic diagram of an AFM instrument.

For stiff samples, which are several orders of magnitude stiffer than the tip, the displacement of
the piezo Az is equal to corresponding deflection of the cantilever Ad (Az = Ad), since the indentation
depth h is zero (h = 0). However, for many samples (e.g., soft biomaterials), the displacement of the
piezo Az is larger than the corresponding deflection of the cantilever Ad owing to the indentation,
and the indentation depth 1 can be expressed as following:

h=Az—Ad ®)

So far, the “deflection-displacement curve” of AFM indentation can be developed to
typical “force-indentation (P — /) curve” in nanoindentation, and analyzed likewise by different
constitutive models.

3.3. Force-Indentation (P — h) Curves

3.3.1. Oliver-Pharr Model

The analysis of force-indentation (P — /) curves of commercial nanoindnetation system is often
based on the work by Doerner and Nix [57] and Oliver and Pharr [58]. It is assumed that only the
elastic recovery occurs in the initial portion of the unloading, while the loading is an elastic—plastic
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contact mode. The relationship formulated between indentation force P and depth / during unloading
can be expressed a power law relation:

P =a(h— )" 4)

where /iy is the final residual indent of depth, a and m are power law fitting constants related to the
indenter geometry. The stiffness S, defined as the resistance in response to an applied force, can be
calculated by the slope of the upper portion of the unloading curve:

apr

S=— 5
n ®)
Further, the reduced elastic modulus E, (the combined modulus of the tip and the sample) can be

determined in the terms of the unloading the contact area A:

Vi S

2 VA
and the sample elastic modulus Es can be determined by decoupling the deformations of both indenter
and the sample as given by:

E = (©)

1 (1-v?) (1-29?)
Er B Es + Ei (7)
where v is the Poisson’s ratio, subscript s and i refer to the sample and indenter material respectively.
The above approach works very well for typical engineering materials and some hard
biomaterials (e.g., bone [59]), but for the materials with time-independent mechanical responses
(i.e., soft biomaterials here), Oliver—Pharr method is invalidated due to the creep to overwhelm the
elastic recovery [60], resulting in a near-vertical or even negative slope in the initial unloading region.
For this reason, some “corrections” have been adopted based on Oliver—Pharr analysis, such as high
unloading rates [61], long hold periods [62] and the data analysis based on the measured creep
rate [63—65]. Another limitation of Oliver-Pharr method is that the results necessarily rely on the
contact area (tip area function), which may lead to significant errors in the cases of the “tip radius”
effect [66,67] and the pile-up (or sink-in) effect [68]. Accordingly, some correction factors [69,70] or
new approaches [71] may be also taken into account to evaluate the actual properties of the material.

3.3.2. Hertz Contact Model

Hertz model, the most well-known and applied theory in mechanical characterization of materials,
was proposed by Hertz to solve the problem of contact between two smooth, ellipsoidal bodies [72].
Some assumptions employed for validity are required:

e  Small contact area and small deformations.
e  Isotropic and homogenous materials.
e  Adhesionless and frictionless surfaces.

Following the above assumptions, Sneddon made a significant contribution to the theoretical
framework to formulate the relationship between force and depth for a punch of arbitrary profile
penetrated [73]. Initially, Sneddon’s solution was developed for elastic contact of hard materials, and it
has been proved applicable to extend to determine the initial shear modulus and even hyperelastic
parameters of non-linear soft materials [74].

For the indentation by a flat-ended cylindrical indenter, the indentation force P and depth / can
be directly related through the following equation:

4R

Pcylinder = mch (8)
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where R is the cylinder radius, and G and v are the shear modulus and Poisson’s ratio of the soft
biomaterial, respectively. For a spherical indenter (Figure 5), the indentation force is:

8VR
Psphere = mGhMZ ©)]

where R is the sphere radius, and for a conical indenter:

4tanw

mch2 (10)

Peone =
where « is the cone half angle.

Sometimes, the above equations may need to be modified owing to the non-ideal effects
while mechanical characterization [31,75], such as the correction factor of size effect [76,77] and the
compensating factor for the tip [78,79]. When it comes to micro/nano-scale (such as cell indentation),
the above effect may be much more significant considering that the indentation depth is comparable
to the cell dimension. The Hertz contact model may become invalid owing to large deformation
or thin-layer effect, in which case some correction factors or new models need to be taken into
account [80-82].

Elastic
P unloading P4y
Elastic-
plastic
Elastic loading '
loading dP

h

Figure 5. Typical force-indentation (P — k) curve for spherical indenter, in which the Oliver-Pharr
model can be used in elastic unloading portion, and Hertz contact model can be used in elastic loading
portion. Reproduced and adapted with permission from [49].

For the characterization of time-dependent behavior, a Boltzmann hereditary integral, based on
associated solution for a linearly elastic material, was proposed to capture the time-dependent stresses
and deformations along the total temporal scale [83]. For the flat-ended cylindrical indenter with a
radius R, applying the hereditary integral in Equation (8), the time-dependent indentation force P(t)
and depth / relation is represented by:

4Rt dh
Poyiner(t) = 1= [ G(t=7) () 1)

Similarly, for the spherical indenter with a radius R:

ﬂ/t Gl — o) (Y7) 4 (12)

PsPhere(t) = 31—v)Jo dt

and for the conical indenter with a cone half angle «:

4tana [t dn?
Pcone(t) = m/o G(t*T) (;)d’f (13)
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In Equations (11)—(13), the time-dependent shear modulus G(t) can be expressed by a linear
viscoelastic model (see Equations (1)) to characterize time-dependent mechanical properties [84,85].

Overall, compared with the Oliver-Pharr model based on elastic—plastic deformation (or the
“correction” based on viscous-elastic—plastic deformation), the Hertz and Sneddon models, based on
elastic contact, may dominate the literature for soft biomaterials due to their simplicity and widespread
application [86]. The comparisons between the Oliver-Pharr method and Hertz contact model are
summarized in Table 1, in which some aspects, such as tip selection and control mode, will be further
discussed in the next section. The reader is also encouraged to review more analytical approaches
in/beyond the Hertzian regime provided in the literature [87].

Table 1. Comparisons between the Oliver—Pharr method and Hertz contact model.

Oliver-Pharr Model Hertz Contact Model

Typical engineering materials and

Application hard biomaterials

Soft biomaterials

Typically using sharp indenters Typically using dull indenters

Tip Selection (e.g., Berkovich and Vickers) (e.g., spherical and flat-ended)

Typically using

Control Mode Typically using load-control displacement-control

Loading (include holding when

Data Analyzed Unloading characterizing viscoelasticity)
. “Correfcted” Oliver-Pharr Boltzmann hereditary integral
Method for Time-Dependence analysis (Equations (11)~(13))

4. Test Protocols

Compared with the typical engineering materials and hard biomaterials, soft biomaterials are
much more compliant, with the elastic modulus values down to MPa or even kPa range. Considering
the inherent complexities of soft biomaterials, great care and consideration are required to characterize
mechanical behavior at multiple scales, especially when utilizing commercial instrumentation. In this
section, some limitations as to data collection and analysis are considered, and a set of guidelines
are presented.

4.1. Tip Selection

4.1.1. Tip Material

As is well-known, the materials of indenter tip are relatively stiff compared with the sample,
to ensure that the compliance of tip is tiny and can be ignored. Owing to the low modulus of soft
biomaterials, tip materials can be changed from the diamond or sapphire, which is widely used in
typical nanoindentaion, to steel [88], aluminum [33], or even silica [89] and silicon [31].

4.1.2. Tip Geometry

For indenting soft biomaterials, whose force—indentation regime is opposite to stiff materials,
small forces arise at relatively large displacements compared with large forces at relatively small
displacements [90]. Thus, a dull tip (spherical [43] and flat-ended [33]) is commonly used instead of a
sharp tip (Berkovich [91], Vickers [92], conical [93], and cube corner [94]). Some advantages of a dull
tip are as follows:

e A dull tip can achieve a larger contact area and therefore a higher force level compared with a
sharp indenter at the same indentation depth, which allows for the testing within range /resolution
of the instrument.
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e The high plastic deformations and stress concentrations induced by a sharp tip could lead
to sample damage (from tissue penetration to cell membrane rupture) and excess of linear
elastic limit.

e  Considering heterogeneity and complexity of soft biomaterials inherently, a sharp tip may lead to
significant differences among repetitive tests owing to too small tip-sample contact area. Thus,
one measurement with a dull tip can be considered as the average of many measurements with
the sharp probe, and consequently, less time to obtain robust statistics.

In spite of the wide application of spherical and flat-ended tips for characterizing soft biomaterials,
each one has its own advantages and drawbacks, and may be more applicable to specific conditions,
as shown in Table 2. The reader is also encouraged to review more details about different tips in the
literature [82,95].

Table 2. Comparison between sphere and flat-ended tip for characterization of soft biomaterials

Sphere Tip Flat-Ended Tip

e  Can simplify data analysis within a constant
e Can offer the stress without contact area during indentation.
Advantages high stress concentration at e  Can achieve more force value compared with
the contact perimeter. sphere tip at the same depth, which is crucial
to the instruments with low
signal-to-noise ratios.

4.1.3. Tip Dimension

By virtue of different tip dimensions, indentation instruments can provide the versatility
of functioning across the length spectrum ranging from bulk scale to the micro/nano-scale,
and even large-scale indentation (with millimeter-sized or larger tips) has also been widely used
for characterization of some extremely soft biomaterials (e.g., brain tissue [33]). Anyway, to avoid
complicating the interpretation of the data, a criterion is suggested here to be exercised while
indentation: the size of tip R << current length scale level of the measured sample Lgyrent level, and tip
size R >> the lower length scale level Ligyerievelr For example, if the goal is to characterize the
mechanical behavior at tissue-level, the tip size need to be much small compared with the tissue,
to adapt to the Hertz assumption of infinite half space (R << Lyjssye level), as well as larger than the
diameter of an individual cell or fiber (R >> Leey jevel)-

4.2. Control Mode

For most commercial nanoindenters, a load-controlled mode is utilized by default. However,
for soft biomaterials which are extremely compliant, adhesive and time-dependent, this mode can
be difficulties with the contact detection and data analysis, in which case displacement-control is
extremely useful.

Firstly, displacement-control can overcome unambiguous tip-sample contact detection. Whether
the contact is ascertained by a small force change or a small apparent stiffness change in the mode
of load-control, the characteristics of low modulus and time-dependence of soft biomaterials would
play against the change of force and stiffness respectively. Accordingly, tests starting below the sample
surface detection may happen, leading to significant overestimations of the elastic modulus of soft
materials via indentation [96]. On the contrary, the test can be initiated prior to tip-sample contact in
the displacement-controlled mode, when the probe is slightly above the sample, and some correction
of the contact point can be applied post-hoc.

Additionally, displacement-control can simplify data analysis of time-dependent behavior.
For most soft biomaterials, they are viscoelastic materials whose properties depend on the strain rate.
In the mode of load-control, the strain rate is not a constant during indentation due to displacement
creeping, which complicates the mechanical characterization of soft biomaterials.
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4.3. Transition from Linear to Nonlinear Behavior

In general, the assumption of small strain need to be satisfied when characterizing soft
biomaterials based on Hertz contact model, so it is not trivial to establish criteria for linear behavior
threshold. Albeit some plausible criterions have been proposed empirically, such as a threshold of
10% indentation strain [97], it remains vague and unclear for the transition from linear to nonlinear
stress—strain behavior [15]. Actually, the ranges of linearity differ from different materials and even
testing methods. For example, some studies limit the strain values below 1% to guarantee the
linear behavior for brain tissue via dynamic shearing testing [48,98]. As for indentation of brain
tissue, this level is increased up to 10% strain by Elkin et al. [99,100], or even 45% strain adopted by
MacManus et al. [31]. More recently, Budday et al. concluded different linear ranges of brain tissue in
one study, in which the threshold was limited to 10% strain in compression or tension, and 20% in
shear [101].

The situations are equally complicated when it comes to microscale. Leipzig and Athanasiou
characterize elastic behavior of chondrocytes at ~30% strain via compression [102], and a lower
level (15% strain) is suggested to be applicable in AFM indentation according to Darling et al. [103].
More strictly, this value is limited to 5% by Chen and Lu [80].

Hence, some criteria of linear behavior threshold should be referred cautiously, especially for
some high levels, and be explored specifically depending on different materials and testing methods.
Additionally, some correction factors or new models, extending beyond the Hertzian and linear elastic
models, can be developed and utilized to minimize the above issues [80].

4.4. Adhesion and Point of Contact (POC)

Adhesion, the most prevalent form of tip-sample interaction in the indentation of soft biomaterials,
may omit the true point of contact erroneously, which in turn interferes the measurements of mechanical
characterization (Figure 6). It is suggested that the adhesion between the tip and the sample is a
significantly important parameter and needs to be taken into account for mechanical characterization,
whether for a dedicated nanoindenter or AFM indentation [104,105].

Maximum

= POC Force

£ !

PTY TR .
g Work of Adhesion Baseline
L1 Adhesion Force

Indentation Depth
Displacement (nm)

Figure 6. Schematic diagram of the adhesion in AFM nanoindentation, in which the red line is the
approach and the blue line is the retract curve. Reproduced with permission from [86].

When adhesion is present, some non-interactive contact models, such as the aforementioned
Oliver-Pharr and Hertz contact models, may need to be modified to make the modulus values more
accurate [106]. This was pioneered by JKR (Johnson-Kendall-Roberts) theory [107], which introduces
an apparent Hertz load or the equivalent load. Subsequently, a seemingly contradictory theory,
DMT (Derjaguin-Muller-Toporov) theory [108], was proposed, which is assumed to follow the Hertz
model. Actually, The above two theories were identified in terms of sample compliance adhesive force
range, in which JKR theory describes the case of relatively compliant materials with large contact
size and adhesive force, and DMT theory stands the opposite with stiff materials, small contact size,
and adhesive force [109]. Further, the adhesive contact mechanics was developed by Maugis-Dugdale
(MD) theory, which is an intermediate case spanning the JKR and DMT limits [110,111].
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Aside from the theories based on adhesive contact, some methods for non-adhesive contact
have been employed for POC determination, and summed up in the literature [86,87]. These include,
but are not limited to, visual inspection [112], model fitting [105], extrapolation [112,113], and Bayesian
analysis [114]. Additionally, another strategy has been considered to characterize mechanical behavior
without needing to determine the POC. A method was initially proposed by A-Hassan et al. to compare
a known reference sample [115]. Later a protocol of data processing to linearize the Hertz and Sneddon
equations for different tips has been developed and used widely [33,116]. According to Equations
(8)—(10), shear modulus G can be determined by measuring the slope of indentation force for differen
tips Peylinder, (Psphere)Z/ 3 and (Peone)'/? versus indentation depth h:

1 _
chlinder = 1510196 R (14)
3 1—v
Gsphere = gSIOPea/ZW (15)
T 1-—
Geone = Zslope2 pr—— (16)

In this way, the shear modulus, defined in terms of remaining constant parameters of tip geometric
and Poisson’s ratio, can be calculated without POC.

4.5. Viscoelasticity and Poroelasticity

It is known that almost all soft biomaterials exhibit time-dependent behavior. Apart from some
aforementioned typical indentation methods to characterize time-dependent behavior, dynamic testing,
where a sinusoidal load rather than a trapezoidal load is applied to measure storage and loss modulus
directly as a function of loading frequency, is also widely used [117,118].

Consider that many soft biomaterials exhibit time-dependent behavior under specific
physiological conditions, some explicit analysis connected with physiological conditions are more
likely to be central to future studies of soft biomaterials, rather than considering water solely as a
solvent or an adaptive component. Compared with linear viscoelasticity, poroelasticity can clearly
model the multiphase nature of soft biomaterials. Additionally, different from the empirical fitting of
linear viscoelastic model, poroelastic model is mechanistic and can relate the rheological properties
to structural or biological parameters, which in turn can predict the changes in rheology due to
microstructural changes [32]. It also need to be mentioned that these two effects (viscoelasticity
and poroelasticity) act relatively independently and can be separated uniquely with exhibiting both
behaviors simultaneously [119]. This independence makes sense since one mechanism is dictated by
tissue dissipation and the other by fluid flow [26].

In the case of some complicated constitutive response, such as a nonlinear viscoelastic or a
poroelastic model, there may be no closed-form analytical expression of the indentation issue, and some
approaches of finite element analysis (FEA) are proved to be useful [90]: inverse optimization FEA
model [120], approximation of forward FEA simulations [121], and a fitted database [122]. In fact,
no matter what constitutive model is used to characterize time-dependent behavior, most data analysis
are performed “off-line” from the instrument software, which impedes development of commercial
instruments, especially in the field of biomaterials characterization. More details about the comparisons
between viscoelastic model and poroelastic model can be seen in [82].

4.6. Sample Hydration and Environmental Control

Another critical factor for mechanical characterization of most soft biomaterials is the hydration
state of the sample. Owing to the difficulties respect to instrument setup, data acquisition and
analysis in handling the hydration state of the sample, there have been to date, relatively few
studies under a hydrated state. However, a number of studies have concluded lower elastic modulus
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values for hydrated soft biomaterials with as much as an order of magnitude than that of the dried
counterpart [123,124].

There are two different basic strategies for hydrated testing of samples: “off-line” and “on-line”.
Samples can be hydrated in fluid prior to testing, and just removed from the fluid while indentation
within a short time period before the fluid evaporates [88,118]. This is the simplest hydration method,
but may be problematic in a way considering the susceptibility of biomaterials to ambient conversion.
Alternatively, samples can also be tested in a hydrated or submerged fluid environment, including
partially/fully submerged in fluid [33,42], surrounded by hydrating foam layer [29], hydrated by
specialized irrigation system [51], and covered by physiological saline-coated gauze [30].

Even if the samples have been hydrated, it is still unmet for environmentally-controlled
nanoindentation under the truly physiological state. First is the types of fluid environments.
Sometimes, water is used for sample hydration instead of physiological saline or other special solution
(such as artificial cerebrospinal fluid for brain tissue) to minimize the risk of fluid damage to the
instrument, especially for commercial instruments, but such substitution may lead to alteration of
mechanical response [125]. Further, most studies are performed at room temperature rather than body
temperature, and even current models for mechanical characterization perform poorly when fitting
such experimental data. Thus, some control of experimental design and better models are needed to
characterize soft biomaterials under a truly physiological state.

Consequently, considering the complexity of physiological activity, it may be better to some extent
to achieve environmentally controlled nanoindentation based on “biology” instead of “mechanics”,
i.e., it is more intriguing for in vivo testing, compared with in situ or in vitro testing.

5. Applications

5.1. AFM Indentation

By virtue of its high spatial and force resolutions, AFM has long been a critical technique for
characterizing biological systems, from biomolecules to complexes, which, in turn, has been a driving
force for the expansion of the repertoire of novel applications [126-128]. Today, AFM has become
increasingly sophisticated, especially combined with surface morphology and topography at the
micro/nano-scale [128-130].

5.1.1. Biomolecular Level

Mechanical characterization at the biomolecular level can provide the insight into how properties
and functions at more intricate biomolecular complexes (single cells and tissues, and organelles) arise
from a myriad of single biomolecules. For example, intermediate filaments offer mechanical stability
to cells when exposed to mechanical stress, and act as a support when the other cytoskeletal filaments
cannot keep the structural integrity of the cells [131]. AFM can also be applied for the mapping of target
RNA distribution using probe DNA-immobilized AFM tips [132], which is fundamentally important
to understand the regulatory mechanisms underlying cellular and tissue differentiation [133].

In addition to the single biomolecules, interactions of molecules (Figure 7) are also able to produce
significant effects on the functionality of larger-scale biomolecular complexes and tissues. DNA-protein
interactions, which play important roles in numerous fundamental biological processes such as DNA
replication, packing, recombination, DNA repair, RNA transport, and translation, can also be explored
by AFM [134].
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Figure 7. (a) Scheme of the tip functionalization and dendrimer adsorption on mica. (b) Main steps of
a force curve depicting a molecular recognition (specific) event. (D. Tip far from the surface. 2. Initial
tip—surface contact (approaching). (3. Tip-surface repulsive region. @. Molecular recognition
unbinding force. Reproduced with permission from [135].

Further, characterization of biomolecules can also provide the potential to supplement the field of
biomaterials with new resources for the design of novel materials and nanocomposites [136].

5.1.2. Cellular Level

Cell mechanics, one of the most important biophysical properties, can provide new perspectives
on pathologies and classic biological research questions [32]. AFM has been recognized as a powerful
technique to understand cellular processes in the applications of regenerative medicine and tissue
engineering [137]. Further, AFM indentation can offer various functionalities, starting from surface
imaging to detection of interaction forces, delivering quantitative mechanical behavior that can describe
changes characteristic in diagnosis of many pathological conditions, such as cancer [138]. Together
with surface topography, AFM can also offer accurate constitutive data about surface physico-chemical
properties, such as elasticity [139], friction [140], adhesion [141], and even nanoscale surgeries on live
cells (Figure 8) [20].
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Figure 8. Nanoscale operation of a living cell using AFM. (a) Schematic representation of a nanoneedle
on the AFM tip over a living cell. (b) Force-distance curves during approach and retraction from
a melanocyte. (c) Cross-section images for green and red emission processed from confocal slices.
Reproduced and adapted with permission from [20].
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In addition to the cell itself, the extracellular matrix (ECM) and the cell membrane involved
in communications between cells and surrounding matrix also has a critical role in regulating cell
properties and behavior. AFM can provide important insights on our current understanding of the
mechanics of cells, ECM, and cell-ECM bidirectional interactions [142-145].

The reader interested in more details of specific cells can refer to a number of AFM indentation
publications including: cardiomyocytes [146], liver cells [147], chondrocytes [148], neurons [149],
fibroblasts [150], and mesenchymal stem cells [151].

5.2. Dedicated Instrumented Indentation

Owing to the indirect loading and the compliance of cantilever combined with adhesive effects of
AFM indentation [90], more robust data may be provided via dedicated instrumented indentation,
especially at the tissue level (Figure 9).

For example, in the field of traumatic brain injury (TBI), detailed anatomically correct geometry
and accurate constitutive data of brain tissue are required to construct accurate brain models [31].
Brain models of TBI play an important role in the process of evaluating and understanding the complex
physiologic, behavioral, and histopathologic changes associated with TBI, which, in turn, is necessary
to establish numerical predictions and new therapeutic strategies in brain injury [152].

P
ﬂoplate passive vibration isolation table

DinoLite Digital Microscope

FT-$1000 Probe

_Mouse brain

Figure 9. (a) Major components of the custom built micro-indentation experimental apparatus, and (b) a
close-up of the force sensing probe and mouse brain specimen prior to indentation. Reproduced with
permission from [153].

Indentation technique can also be utilized in the fields of tissue replacement and repair. It is
shown that nanoindentation can be utilized for functional evaluation of cartilage repair tissue [30].
Owing to the in situ testing and nondestructive nature, indentation technique allows for subsequent
histological or biochemical analysis of the same tissue, which offers a more complete description of
repair tissue.
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Other applications involved in indentation to soft tissue include, but are not limited to, poroelastic
properties of articular cartilage [154], viscoelastic properties of liver tissues [155], remineralization of
demineralized dentin [156], and in vivo tests of skin [157].

6. Challenges and Perspectives

6.1. Open Questions and Challenges

Nanoindentation techniques have emerged as indispensable tools for mechanical characterization,
with the development of the versatility. However, apart from some inherent characteristics we
have mentioned above, there are still a number of challenges which are particularly significant in
soft biomaterials.

Firstly, and the most importantly, there is a paucity of consensus on the appropriate data analysis
to mechanical characterization of soft biomaterials. This issue can be illustrated by twofold factors:

e  Deviations among individual measurements in one research, owing to diversities in tissue
architecture and structural heterogeneity (Figure 10).

e Very large disparities in the results reported in different studies, essentially linked with variations
in the protocols [158].
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Figure 10. Example of deviations among individual measurements in the literature. n = 116 indentation
tests of cerebral white matter within six brains (B1-B6). Individual measurements are indicated as dots;
means and standard deviations are shown as bar graphs. Reproduced with permission from [17].

As such, it remains difficult to characterize and model soft biomaterials accurately, even though
there is a very large amount of information regarding mechanical characterization. The influence of
the first factor which is attributed to inherent complexities of soft biomaterials, can be reduced to a
certain extent by some repetitive experiments. In this regard, it seems to be more urgent to build a
standardized routine from sample preparation to test execution, hence, properly dealing with the large
disparities reported in different studies.

Secondly, the surface of some soft biomaterial is not flat and smooth ideally that comes in the
form of numerous asperities (Figure 11). It may invalidate the underlying assumption of some of
analytical theories, as well as bring some difficulties to test operation and data analysis, especially
for a dull indenter [72]. In this case, a relative large indentation depth may be applicable to some
extent [159,160]. It need to be mentioned that although some additional processing and preparation
methods (e.g., cryomicrotoming) can be adopted to reduce surface roughness, the mechanical
properties of the sample may be affected by the preparation or processing mechanism. Further,
it seems to be more fascinating for biomaterials to interpret the mechanical behavior thereof with
original morphology, i.e., in situ and in vivo tests.
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Figure 11. Examples of the non-ideal surface of soft biomaterials in the form of numerous asperities.
(a) Macroscale: the surface of porcine brain tissue with sulci and gyri, reproduced and adapted with
permission from [161]; and (b) microscale: the surface of human cervical epithelial cells with brush,
reproduced and adapted with permission from [162].

Thirdly, some assumptions of analytical relationships, such as isotropy and homogeneity, are poor
descriptions and are never perfectly met in practice. The application of above analytical models may
lead to certain degree of error herein. Since these aspects are directly related to the microstructural
features and variations thereof, an analytical model that could simultaneously account for all
involved complexities of soft biomaterials, such as nonlinear behavior, time-dependence, anisotropy,
and heterogeneity, may be far-reaching, but also be daunting due to the very large workload and
specialized knowledge.

6.2. Perspectives and Opportunities

Despite significant progress based on current research-driven user base, there is a general
agreement that a more detailed understanding of mechanics involved in accurate constitutive data
and anatomical distribution is required, thereby offering more opportunities for medical field such as
pathology and biochemistry.

For many soft biomaterials, mechanical characterization under in vivo environment may have
more important consequences in understanding the physical biology. Compared with the test ex vivo,
some alterations in mechanical properties may exist due to perfusion pressure, tissue degradation,
and boundary condition effects [158]. More recent study indicates that the mechanical properties
change drastically within only several minutes post mortem [163]. Accordingly, in vivo testing may be
a better (even the only) strategy to provide insight into mechanical behavior of some soft biomaterials.

The investigation of the testing under real service conditions and even some extreme environment
conditions is another critical step for future research. In fact, most soft biomaterials operate at multiple
and complicated loading conditions, and thus some measurements under ideal experiment condition
may overlook many potential details. In particular, some results derived under one loading-boundary
mode does not necessarily conform to the material response under another mode [161]. In addition,
the biomaterials under some extreme environment conditions, such as high electric field, high magnetic
fields, intense radiation, and extreme low /high temperature, may have some novel behavior [164],
which, in turn, provide a better understanding for the application in some fields, such as medical
research and space exploration.

Compared with most researches focused on the mechanical characterization, naoindentation can
also be developed as a powerful tool in the field of mechanobiology [165]. Recent findings have directly
linked development, cell differentiation, physiology, and disease to mechanical response both at the
cellular and tissue levels [166]. Insights into the mechanical signal transmission from the macroscale to
the nanoscale would allow us to better understand composition—structure—properties relationships
in biomaterials.

Elastographic techniques (e.g., magnetic resonance and ultrasound elastography), also acting as
noninvasive tools, can quantify the mechanical behavior of soft biomaterials in vivo as well [163].
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Despite the infancy of these techniques, lacking a thorough verification and validation [167], it is
expected that broad application prospects will arise in the fields of various pathologies if connected
with nanoindentation techniques.

7. Conclusions

In this review, we have discussed the topic of nanoindentation of soft biological materials.
Owing to some characteristics of soft biomaterials, including nonlinearity, time-dependence, anisotropy,
and heterogeneity, some test protocols regarding constitutive model and data analysis are different from
typical engineering materials. Although a standardized routine for nanoindentation of biomaterials
remains to be built, nanoindentation techniques have emerged as indispensable tools for investigation
of both biomechanics and mechanobiology. The applications of nanoindentation have contributed
far more than simply characterizing mechanical behavior from bulk scale to the micro/nano-scale.
There will be more opportunities for their use in other fields, such as physiology and pathologies.
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