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Abstract: Nanoindentation became a standard non-destructive technique to measure mechanical
properties at the submicron scale of various materials. A set of empirical rules were established
to guarantee the validity of the results. One of those rules is the separation between individual
indents that should be 20-30 times maximum indentation depth. This paper investigates the influence
of the distance between indents on the accuracy of mechanical properties for polystyrene with
a view to determine minimum optimal separation that is needed to measure various material
properties. A series of different depths with three different orientations was considered through both
the experimental and finite element method to explore the relationship between the distance and
indentation depth. Both methods demonstrated that hardness and modulus values for polystyrene
keep stable with the distance approximately 15 times the maximum indentation depth for the matrix
type set up, and nominal separation of 10 is enough when indents are executed in a single row
or column.
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1. Introduction

Nanoindentation has become a standard non-destructive technique to measure mechanical
properties of materials and their phases at the submicron scale, especially when standard methods such
as tensile, three-point-bending, and other tests cannot be used. The technique is successfully applied in
industry and research, and is used to characterize metals, ceramics, minerals, thin films and coatings,
polymers, composites, natural materials, biological tissues, and many more [1-6]. To guarantee the
validity of results, a set of empirical rules were established. Those include the 10% rule for indentation
depth on coatings and thin films, 5% surface roughness, 1 degree for surface tilt and alignment [7],
as well as spacing between the indents. In the literature about nanoindentation, a distance of at least
30 times the maximum indentation depth is suggested to avoid interference for Vickers and Berkovich
tips in real tests [8,9]. The validity of those rules was investigated to some extent experimentally and
in combination with finite element analysis (FEA). Probably the most investigated is the 10% rule.
A systematic experimental study of mechanical properties dependence on indentation depth of soft and
hard coatings on various substrates showed that the rule very much depends on the properties of the
substrate [10]. The validity of this rule was further investigated with the help of FEA studies [11,12].

The finite element method combined with nanoindentation experimental data became a popular
technique to support the investigation of the mechanical behavior of materials. Yangyi Xiao et al. [13]
used nanoindentation with a conical indenter to investigate the failure properties of a DLC/steel
system. Finite element simulation under the ideal situation was applied to acquire coating fracture
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and interfacial bonding strengths as well as evolutions of failures in the coating-substrate system [13].
A deconvolution method was proposed to develop elastic modulus of thin films in a film-substrate
bilayer system. This method optimized the load-displacement (P-h) cycle obtained from a finite element
nanoindentation model towards the experimentally measured curve [14]. The relationship between
the shape of the normalized loading P-h cycle and the indenter tip rounding radius was investigated
through theoretical analysis and FEA [15]. Mojumder et al. [16] studied the effects of crystallographic
orientation, indentation speed, indentation depth, and indenter size for pure aluminum using both
nanoindentation and the finite element method. The stress—strain behavior of ferrite and austenite in a
commercial 2205 duplex stainless steel had been explored by both experimental and FEA methods in [17].
A proposed reverse algorithm with spherical indentations was confirmed by the load—displacement
curve to simulate the deformation and load resistance for SiC in nanoindentation process using finite
element method [18]. Another technique is proposed to combine the results of continuous stiffness
measurements with spherical indenters, Hertzian theory and Berkovich nanoindentations to obtain
load-displacement of indentation curves to their corresponding indentation stress—strain curves [19].
The technique was implemented to fused silica, aluminum, iron and single crystals of sapphire and
Zn0. The effects of roughness on the reduced modulus of contact was explored using 3D FEA modeling
to map the apparent modulus on a real rough surface as measured by atomic force microscopy [20].

Very limited work was done on finding the optimal indent spacing. When investigating bulk
materials with large surface areas, to have large spacing between indents is not so important. The spacing
becomes a problem when small volumes of materials with specific features have to be measured. Using
finite element analysis and an analytical solution, Zhao and Ovaert [21] revealed that an accurate
modulus can be obtained with a distance greater than 40 times the indentation depth for a spherical
indenter and 10 times the indentation depth for a Berkovich tip on titanium and steel alloys. Sudharshan
Phani and Oliver [22] also found that a minimum indent spacing of 10 times the indentation depth
can offer highly accurate results for a Berkovich indenter on several materials like silica, aluminum,
polycarbonate, and copper. The authors also argued that there are no obvious differences in hardness
values as a function of indenter orientation and the number of neighboring indents.

No or very little FEA research considered the influence on the mechanical behavior due to
pileup, sink-in, and crack formation during nanoindentation, especially for polymer materials. To our
knowledge, no papers presently exist for analysis of the stress and strain based on the nanoindentation
with Berkovich tip for polymers without considering uniaxial test. In Xu’s and Chen’s work [23],
the accuracy of indentation stress—strain for Tabor’s and their method was confirmed by contrasting
against the uniaxial stress—strain results. Although they applied the spherical tip and only considered
metals, these two methods were applied in this paper due to the high result validity and the
adjustable parameters.

In this work, we investigate the influence of the separation and orientation between indents on
the accuracy of mechanical properties for polystyrene at three different maximum depths with a view
to find the minimum optimal separation. Both experimental and finite element methods were applied
in these studies. An indentation stress constraint factor is introduced to define stress and strain directly
from nanoindentation experiments. The loading—unloading curve from the finite element method was
compared against that from the experiment to prove the accuracy.

2. Materials and Methods

2.1. Materials and Nanoindentation Experiment

The nanoindentation experiments were performed on 1.2 mm thick amorphous and transparent
polystyrene (PS) sheets (GoodFellow, Cambridge, UK) with a tensile modulus of E = 2.3 — 4.1 GPa.
PS sheets were cut into samples with sizes of 20 X 20 mm, to be able to fully support them on the
indenter sample holder.
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Nanoindentation experiments were done using NanoTest Platform 3 instrument from
Micromaterials Ltd. (Wrexham, UK). Indentation was done using Berkovich diamond tip in a
depth-controlled mode. Maximum depth was set to 1, 5, and 10 pm, loading and unloading rate was
set to 10 s each, and holding/dwell time at maximum was 30 s. Three indents with different separations
were performed in a single row (0° orientation), in a single column (90° orientation), and a matrix of
3 x 3 indents was also executed to investigate the influence of neighboring indents at defined distances
and three orientations (Figure 1). The normalized spacing between indents was defined as a ratio of
indent spacing (d) to maximum indentation depth (%), d/, and varied from 1 to 30. At least 3 sets of
experiments for each orientation, depth, and spacing was executed. Optical images were obtained
using Leica Olympus PX 40 Microscope.

Figure 1. Schematics of indentation orientation and indent position in a single row (orientation 0°),
column (orientation 90°), and 3 X 3 matrix. d—spacing between indents.

All experimental data were analyzed using the Oliver and Pharr method [24] with integrated
analytical software provided by nanoindentation instrument manufacturer. Hardness, H, (Equation (1))
and reduced modulus, E,, (Equation (2)) for polystyrene were calculated from loading—unloading
curves:

Pmax
H=— 1
e M)

where P,y is the maximum load, and A, is the contact area at maximum load.
The Oliver and Pharr method [24] provides the elastic modulus, E, as follows:

- = +— 2

where v is the Poisson’s ratio of the sample (0.34 was used for PS), E; is the reduced modulus of the
sample, v; is the Poisson’s ratio of the diamond indenter (0.07), and E; is the Young’s modulus for the
indenter (1141 GPa).

2.2. Modeling Plastic Behavior/Region During Indentation

2.2.1. Determination of Plastic Properties for FEA

Loading-unloading curves from nanoindentation were used to calculate the hardness and modulus.
Plastic behavior is another important property that had to be considered in the modeling. Due to
the unavailability of uniaxial testing for our samples, stress and strain were determined through
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the loading—unloading curve from nanoindentation testing. Considering the research from Xu and
Chen [23], the effective indentation stress is expressed as:

1P
Off = a2 3)
C
and the effective indentation strain as:
B a
€eff = ———— Ec (4)
1-(ac/R)

where « is an indentation stress constraint factor,  is an indentation strain constraint factor, P is the
force acting on the indenter, a. is the radius of the contact, and R is the radius of indenter. This method
consists of two unknown parameters (« and f) to be determined using uniaxial true stress and strain
data. Two unknown parameters make it difficult to find the best match between experimental and
modeled loading—unloading curves. Taking this into account, as well as the fact that uniaxial stress data
were unavailable, the Tabor’s method of calculating indentation strain was considered to eliminate the
unknown parameter  and simplify the modeling process. The indentation strain is defined as [25]:

€ind = 0.2%. )

To model the indentation process, ABAQUS version 2019 software was used. The Young's
modulus of polystyrene required for nanoindentation modeling was calculated from experimental
data using Equation (2). The plastic property, yield stress, and plastic strain, applied to ABAQUS
were obtained from indentation strain ¢;,; and effective indentation stress o, £ which were calculated
from Equations (3) and (5) using the indentation stress constraint factor a determined from the
loading—unloading curve. To simplify procedure, the indenter was assumed to have a conical shape
with radii of R = 250 nm, and total included angle of 142.3° that gives the same nominal contact area
per unit depth as a Berkovich indenter.

Indentation strain, ¢;,4, and effective indentation stress, 0.7, with different indentation stress
constraint factor a were applied to finite element analysis in order to define the satisfactory indentation
curve. An example of obtaining most fitted parameters for ABAQUS analysis with & = 5 pm is
presented in Table 1 and Figure 2. The Young’s modulus of polystyrene, Eps = 4.495 GPa was obtained
from experimental interfacial modulus, Er = 4.866 GPa using Equation (2). Indentation strain ¢;,; and
effective indentation stress o, ff with different indentation stress constraint factor,«, obtained from
Equations (3) and (5) are shown in Table 1. The loading—unloading curves from ABAQUS compared
with the experimental curve are shown in Figure 2. The indentation strain and effective indentation
stress with a = 2.5 showed the highest accuracy at maximum indentation load/depth and was chosen
for finite element analysis for depth 1 = 5 um. The yield stress and plastic strain calculated from ¢;,; and
o.ff that were obtained at &« = 2.5 were applied as the plastic property for further ABAQUS modeling.

Detailed information on strain—stress values with different values as well as ABAQUS modeled
curves for h =1 pm and 10 pm can be found in Supporting Information S1. The indentation strain
and effective indentation stress with indentation stress constraint factor that showed the highest
accuracy, were chosen for further finite element analysis. Table 2 summarizes results used for FEA at
various depth.
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Table 1. Effective indentation stress and indentation strain with different indentation stress constrain
factor, @, ath = 5 um.

Eind Ocff (MPa)
a=2.6 a=25 a=24
0 1 1 1
0.004 15 16 17
0.011 43 44 46
0.017 66 69 72
0.023 92 95 99
0.028 109 114 118
0.034 134 139 145
0.040 157 163 170
0.046 181 188 196

0.051 201 209 217
0.057 224 233 243
0.060 236 246 256
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Figure 2. Loading—unloading curves with & = 5 um from experiment and ABAQUS with different a.

Table 2. Experimental hardness, modulus, and indentation stress constraint factor, «, as a function of

maximum depth.

Depth, h Hardness, H, Reduced Modulus, Young’s Modulus, Constraint Factor,
[um] [GPa] Er [GPa] Eys [GPa] o
1 0.255 + 0.043 4.924 + 0.045 4.354 1.87
5 0.260 + 0.035 4.886 + 0.031 4.322 2.50
10 0.246 + 0.027 4.342 + 0.035 3.840 3.00

2.2.2. Finite Element Modeling

The Berkovich-like shape indenter was applied in the finite element modeling using ABAQUS
to investigate von Misses stress distribution. The indenter was assumed as a three-sided pyramid in
shape with a sharp tip at the end. The size of the plate sample has been set large enough to simulate
the realistic situation, and ignore the effect on the surrounding and bottom surfaces in the analysis.
An example of the ABAQUS model with mesh is depicted in Figure 3. The indenter was modeled as a
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discrete rigid body using C3D10 quadratic elements with a reference point to control the indentation
process through defined displacement. The plate was meshed using C3D8R linear elements with the
bottom surface fixed in all directions. The surface-to-surface contact between the rigid indenter and the
plate sample was set with a friction coefficient of 0.3. The model followed von Mises yield criteria with
isotropic hardening and rate-independent. The constitutive model was assumed to be elastic—plastic
with linear elastic behavior up to the yield stress and plastic strain determined through the process

described in Section 2.2.1.
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Figure 3. 3D model and meshing arrangement for one indent.

Considering the accuracy of the result and computational resources, mesh size, one-fifth of the
depth, (e.g., mesh size = 0.2 um for depth = 1 um) was applied to numerical analysis. More detailed
information about mesh size selection can be found in Supporting Information S2.

3. Results and Discussion

3.1. Experimental Analysis for Indents in a Row with Orientations 0° and 90°

The experimental hardness and modulus values for all three indents done in a single row with
varying spacing at different depth are given in Figure 4. The average percentage difference values for
three indents obtained at the same distance, D%, shown in Figure 5, were calculated using Equation (6):

1 n
D% = Y -1 ©)
i=1

where 7 is the number of the data points and the average of the set D = iye

When comparing absolute values of single indents at different spacing (Figure 4), graphs clearly
show that once the spacing, d/h, is around 10, the hardness and modulus values between three indents
remain more or less constant independent on the maximum indentation depth. In addition, from
d/h ~ 10, the properties do not change with spacing for depth 1 and 5 um. For & = 10 um, with the
account for deviation, mechanical properties do not differ with spacing from d/i ~ 15. Furthermore, the
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average percentage difference between indents of less than 2% was obtained from nominal spacing as
small as 5 times the indentation depth (Figure 5). Figure 5a,b also illustrates property dependence
as a function of indent orientation. The influence of orientation is strong only at separations up to
4-5 times, and becomes ineffective at larger spacing if indents were done in a single row or column.
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Figure 4. Hardness (H) and reduced modulus (Er) for each indent measured in a single row (orientation
0°) at different indentation depth and spacing. (a,b) h =1 um; (¢, d) i = 5 um; (e,f) 1 = 10 um.
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h = 1um; 90°
[
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Figure 5. The average percentage difference values for three indents obtained at the same spacing
(a) orientation 0°, 1 = 1 um; (b) orientation 90°, h = 1 um; (c) orientation 0°, h = 5 um; (d) orientation 0°,
h =10 pm.

The closer the indent spacing is, the more affected the next indent will be, thus reducing the
validity of obtained data. The results for the first indent remain constant as it is done on a non-disturbed
surface, unless the indentation occurs at some defect point. The second indent will be influenced by the
first, and the third will be affected by both indents until d/h ~ 3—4, depending on the maximum depth.
Optical images demonstrating indent overlapping and corresponding typical load—displacement
curves for small separations for i = 5 um are given in Figures 6a and 7, respectively. In general,
hardness and modulus values are lower for indents 2 and 3 at the spacing d/i < 5-6 when compared
with the first indent, but they increase with increased separation. The exception is spacing d/h =1,
where values for indent 2 and 3 are higher or close to indent 1. PS is a glassy, brittle polymer that
during indentation deforms elastic-plastically inducing chain displacement, possible strain hardening,
creating some degree of pile-up and crazes. The variation in values at small indentation separation will
depend on the position of the next indent with respect to the first and the local surface changes created
during the process. With increasing indentation depth, and thus volume, those defects are increasing,
creating larger overlapping of the plastic zone. In addition, the degree of indent overlapping will
depend on the measurements set-up, i.e., single line vs. matrix, as demonstrated in Figure 6.
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(b)

Figure 6. Optical microscope images of Berkovich indentation with # = 5 um and different spacing

(a) indents in a single row; (b) indents in a 3 X 3 matrix. Scale bar is 50 um.
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During the plastic deformation at temperatures that are below glass transition, the chains of glassy
polymers obtain a limited degree of mobility under the applied stress, and the strain hardening will
depend on the degree of cross linking [26]. A molecular dynamic simulation study of indentation
on PS [27] demonstrated that during the plastic indentation stage, the movement of polymer chains
was restricted, providing a low atomic-level strain and very small volume affected region in terms
of chain slipping. It was attributed to the presence of benzene rings that restrict chain movement
that allow PS to withstand great loading forces. The most displaced and affected areas were close
to the edge with the top polymer surface. They also demonstrated that the indenter bluntness and
loading rates have a strengthening effect on PS. Considering all above, and taking into account that the
material surface adjacent to the indenter hardens during the deformation [28], it explains the higher or
unchanged hardness and modulus values at a separation of 1. At d/h =1, the second indent takes place
on one of the imprinted faces of the pyramid, and depending on the indent orientation might be close
to the pyramid edge (Figure 6a). The load-displacement curves (Figure 7) corresponding to df =1
clearly show the displacement to be smaller for the indents 2 and 3 at the same recorded loading force,
indicating the presence of a harder surface.

The materials that tend to work harden during the indentation, such as glasses and ceramics,
usually preferentially sink-in. The pile-up is largest for those that have little or no capacity to work
harden [29,30]. The experimentally measurable ratio of the final depth, hf, to the maximum depth, N4y,
was introduced to identify the threshold value at which the material will pile-up or sink-in. It was
found that irrespective of work-hardening characteristics and penetration depth, pile-up occurs when
hf/hmux > 0.7 [30]. In our case, the ratio of hf/hmux is 0.65 for a depth of 1 pm and 0.70 for a depth 5 and
10 pm, yet the pile-up of material is observed at all indentation depths on all three sides of the pyramid
imprint. It seems that this ratio is not the best indicator to determine material behavior in the case of
polymers, as was also shown in [31]. The pile-up, together with the formation of radial crazes or crack
type defects, is mostly prominent on the right side where the next indent will take place (Figure 6).
In the nanoindentation studies of polymeric scratched surfaces [32,33], it was noted that the indenter
encountered less resistance on the damaged surface than that of undeformed glassy polymers like PS
and PMMA. This “softening” was attributed to the presence of subsurface voids in the form of crazes
that were formed during the scratching. Our results indicate, that even though PS might experience
strain hardening during the indentation, there is still some degree of upward material flow that can
induce certain subsurface defects, with the not-so-closely packed chains that have softer regions. At d/h
= 2, the apex of the next indent will start on the edge (or close to it) of the imprint within the piled-up,
cracked/crazed region (Figure 6a). Loading—displacement curves (Figure 7) at these depths show larger
displacements due to the softer nature of the surface, with respect to the first indent obtained at the
same load. At this separation, the lowest mechanical properties were recorded for almost all depths
(Figure 4).

Irrespective of material work-hardening, piling-up, or sinking-in, permanent deformation occurs,
creating a plastic zone with certain shape and radius surrounding the indent. For piling-up and
non-strain hardening materials, the plastic zone will extend outside the radius of contact, while for
sinking-in materials, the zone will most likely be contained within the boundary of the indent [30].
In the case of materials with significant strain hardening, material within the plastic zone becomes
“harder” and subsequent indents will show an increase in hardness if plastic zones overlap [22].
From d/h = 34, material properties start to increase, at this spacing, the next indents will move away
from the piled-up area and will be indenting in the middle of a crazed region, or at the interface with a
piled/crazed and undisturbed region (Figure 6a), but still within the overlapping plastic zones. Typical
indentation curves for individual indents at d/h = 4 are shown (Figure 7). From d/h = 5, indents take
place away from the visually deformed surface, but the very corner of the pyramid still imprints on the
previous indent, or the piled-up/crazed region (Figure 6a). However, the loading curves for individual
indents from d/h = 5 become aligned with one another (Figure 7), giving relatively high accuracy
measurements for hardness and reduced modulus. In any case, the plastic zones of individual indents
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overlap until d/h ~ 10-15 (Chapter 3.3, Supporting Information 54), yet the deviation in results is below
1% (Figure 5). Sudharstan Pani and Oliver [22] stated that the strength distribution that resulted from
the deformation by the neighboring indent defined minimum spacing rather than strain-based criteria
due to the overlapping plastic zones. It was shown that, the highest normalized strength of 50 is
concentrated around the contact, which quickly reduces to 10 just outside the contact, and is negligible
at the plastic zone boundary.
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Figure 7. Typical load-displacement curves at low nominal separations. Example is given for h =5 um
recorded at constant load of 140 mN.

3.2. Experimental Analysis of Indents in a Matrix

During the experimental indentation, usually matrix with a certain number of indents is set
up. Thus, it is of an interest to explore the influence of the distance between indents with different
orientations and a number of neighbors. Here, three different orientations (0°, 90° and 45°) as shown
in Figure 1 are considered for a 3 by 3 matrix.

The average percentage difference values for three indents in the same row or column, D%, with
different orientations are shown in Figure 8. As per the schematics presented in Figure 1, for 0°
orientation, the three groups are defined as: the first group includes 1st, 2nd, and 3rd indent, the second
group—4th, 5th, and 6th indent, and the third group—7th, 8th, and 9th indents. While the groups
for 90° orientation are following: the first group—Ist, 4th, and 7th indents, the second group—2nd,
5th, and 8th indents, and the third group—3rd, 6th, and 9th indents. As expected, the hardness and
reduced modulus become stable with increasing separation and reduced indent overlap. Less than 1%
average difference between each indent was measured when the d/ ~ 7-8 for, h = 5 um (Figure 8c,e)
and 10 um (Supporting Information S3, Figure S3.1). Optical images of matrix indentation indicate
that d/h = 7-8 is already the first spacing where indents hardly touch with pyramidal shape corners.
However, it is also evident that a small portion of the indent will still be imprinted on the piled-up
or crazed part of the PS sample at nominal separation of 7 (Figure 6b), which was not observed for
indents performed in a single row (Figure 6a). This is expected, as with the matrix method in total
larger area and volume of material is disturbed during the indentation. The absolute values (Figure 9;
Figure 53.2) become more or less constant when d/ = 10, where indents are completely separated. As
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in the case of indents in a single rows or columns, indent orientation does not show any significant
influence at large separations. However, is it highly affected when indents are close, with the highest
deviation in values observed at orientation of 0° for 1 = 5 um and 10 pum. The influence of orientation
at 45° was not determined experimentally, as the matrix was too small to have sufficient data, but
it is expected to show a similar response as for the horizontal and vertical values. The effect of 45°
orientation was investigated with FEA and will be presented in the next chapter.

In the case of h =1 um, H and Er values between the indent sets show a higher deviation (~1-2%)
even at large separations. In addition, the influence of orientation is more pronounced in this case
even if it is not very significant at larger separations. Why the values deviate so much, is not clear.
Depth of 1 um for the nanoindentation is deep enough to be considered as measuring “bulk”, tip apex
imperfections can be ignored, and the diamond contact area approach the ideal equation. There might
be some influence of the indentation size effect for PS [34,35], as measured values tend to differ with
increasing depth, as shown in Table 2. The larger deviation at smaller depth might be related to the
sample itself. In this work, commercial flat polystyrene sheets were used. As samples are transparent,
visual inspection did not show any external or internal flaws. A closer look at the surface with
optical microscope showed only flat surfaces with no defects. Yet, it is not clear how the sheets were
manufactured, if plasticizers were used, and how all of it might affect the surface layer. The sample
ageing also cannot be excluded, even if they were kept in a closed container at room temperature away
from any heat sources. The influence of surface treatment on mechanical properties is not the scope of
the current article, and we leave this discussion for another work.
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Figure 8. Average percentage difference of hardness and modulus values for three indents within
a group for various maximum indentation depth and separation. (a) orientation 0°, & = 1 um;
(b) orientation 90°, h = 1 um; (c¢) orientation 0°, # = 5 um; (d) orientation 90°, h = 5 um.
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What is also important in matrix type measurements is the number of neighboring indents.
It does not matter how large the matrix is, the maximum number of 4 neighbors can be achieved
(Figures 1 and 6b). The results on hardness and reduced modulus for two different depths as a function
of the number of neighbors and spacing is shown in Figure 9 for # = 1 ym and 5 um, Figure S3.2 for
h =10 um.
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Figure 9. (a,c) hardness and (b,d) reduced modulus as a function of the number of neighboring indents
and spacing for maximum depth of (a) and (b) 1 um; (c) and (d) 5 um.

In general, the influence of nearby indents reduces with increasing separation, implying that
spacing affects the values more rather than the number of neighbors. When comparing the properties
behavior between different depths for PS, one can notice that with increasing depth, the constant H
and Er values between neighboring indents can be achieved at small separations. Similarly as reported
in [22], hardness and modulus for each neighboring indent become constant with d/h = 5-6 for a
maximum depth of 5 pm (Figure 9¢,d) and 10 pm (Support Information S3, Figure S3.2). The average
absolute mechanical property values are more or less constant at 4/ = 10 and above for h =5 um
(Figure 9¢,d). For a depth of 10 um, hardness between each indent and overall values behave in a
similar way, but modulus results approach consistency at d/i > 15 (Figure S3.2). This might be because
when indents were done at a depth of 10 um, more piling up was observed and the deformed area
surrounding the indent increased. When one compares results at maximum depth of 1 pm, the larger
data scatter is observed. Figure 9a,b shows that for depth of 1 um, constant results between neighboring
indents as well as average values are achieved at d/i > 15 for PS when two dimensional arrays are
set. The need for larger spacing for PS at lower depths might be because of the higher influence of
the strain-hardening effect [34] that results in the overlap of plastic zones of neighboring indents at
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those depths, even though optical images showed that each indent was well separated at depths of d/h
= 10 (Figure 6b). Although, as already mentioned above, a depth of 1 um is deep enough and, yet
for PS, the values of H and Er are still changing with the indentation depth. Nevertheless, overall
minimum separation found through experimental studies is lower than the advised 30 times maximum
indentation depth.

3.3. Finite Element Analysis for h = 1 um with Three Different Orientations

To investigate the influence of plastic zone, FEA analysis was performed based on experimental
data. Only two indents with different orientation are considered in ABAQUS due to its high
computational resources. The von Mises stress distributions with different orientations and selected
separation for depth, i = 1 um, are presented in Figure 10. The figure shows the top view and
cross-section, cut through the center of the max depth as indicated with a dotted line in the images in
the first row. In the last row, a von Mises stress vs. depth taken from FEA cross-section at the center
between two indents is provided. The depth in this case means the distance taken from the very top
surface going towards the sample bulk. Similar analysis was done for 1 = 5 pm (Figure 54.1) and 10 pm
(Figure S4.2), given in Supporting Information S4.

As shown in Figure 10, for a nominal separation of 5, the two indentations and their plastic zones
overlap significantly and von Mises stress is affected by both indents. The difference of hardness and
modulus values of PS when compared to those obtained at recommended distances (30 times the
maximum indent depth) is only about 4% and 2.7%, respectively. The difference of 3.5% for H holds
for d/h = 10-15, for modulus it drops to 2%. Hardly any deviation (< 0.5%) is measured at d/h = 20
and above. As shown in Figure 10, the stress contours of two indents start to separate at d/h = 15,
yet there is still a low von Mises stress at the regions present. The von Mises stress would overlap until
the separation between indents reaches at least 19 for all three different orientations. The stress plots
shown in the last row of Figure 10, also indicate that constant low stresses in PS can be achieved at
separations above 20 at maximum depth of 1 pm independent on indent orientation.

Another two depths, i = 5 um and 10 pm, with different orientation are also investigated and
presented in Supporting Information S4. Interestingly, the FEA is somewhat different. In those cases,
the plastic zone and large stress overlap is observed till dh = 7-8. Although the indentations are away
from each other with a distance of 10 times maximum depth, it provides that the von Mises stress
would overlap until the distance between indentations reaches 15 times the maximum indentation
depth. The von Mises stress plots indicate that the stress stays stable from the distance above 15.
The difference in hardness values changes from 6% at d/h = 5, to below 1% at d/i = 10 and above. While
modulus difference values change from ~10% at d/h = 5, to 3% at d/h = 10, and below 1% at d/h > 15
and above.

Comparing PS properties at various depth, it was observed that at maximum depth of # =1 pm,
the difference of the hardness values is higher than that of modulus. This might be explained as strain
hardening affect, as well as specific surface effects like ageing. Furthermore, FEA analysis clearly
indicates that there is still a very strong von Mises stress overlapping up to a separation of 15. Based
on the experimental and FEA results, d/ should be at least 15 to ensure H and Er data consistency for
low depths. When the indent depth increases, the difference in modulus values is higher that than of
hardness, for both & =5 um and 10 um. In this case, H values become constant at d/i = 10 when indents
are fully separated and plastic zones are hardly overlapping (Supporting Information 54, Figures S4.1
and 54.2), but modulus will be affected until d/: = 15. As discussed in Section 3.1, overlap of plastic
zone might not be the correct criterion for determining minimum separation, however in this case,
FEA analysis and experimental results agree that separation of 15 provides the most constant results.
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Figure 10. Von Mises stress [MPa] distributions for = 1 um with different orientations and different
nominal separations. (a) 0°, (b) 90°, and (c) 45°; (1) d/h =5, (2) d/h = 10, (3) d/h = 15, and (4) von Misses
stress vs. depth taken from the finite element modelling cross-section at the center between two indents.

Polymers are viscoelastic materials, meaning that material behavior is time-dependent.
Furthermore, different types of polymers will behave differently under the same experimental
conditions [34,36,37]. It was shown that hardness and modulus for the glassy polymer tend to
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decrease with slower loading time and increased holding time at maximum load [34,36]. It was also
demonstrated that the rate at which indents are performed and/or hold time at defined maximum
conditions can change the indent area by 20-40% for polymer materials [34,36], this in turn will increase
the deformed area/volume around the indent and influence the minimum spacing. In the majority of
cases, experiments usually are set up as matrix in a load-controlled mode, and because of the dwell
time added to compensate creep, the final depth, and thus indent area, will be larger than the estimated
one. For the indent example shown in Figure 6, d/ = 10, it was estimated that if the indent area
increases by 40% because of loading rate and creep set up, but the nominal separation between indents
will be set as 10, the actual indent separation will look like as so it is 7-8. For the matrix set up, the
distance is too close (Figure 6b), especially for polymers with high pile-up preferences, the deviation in
hardness and modulus in general is still large (Figure 9). Therefore, the recommendation would be to
have spacing of at least 15 for all polymeric materials independent on indentation depth. Furthermore,
for very soft polymers, the Berkovich tip might not be the best choice to execute these tests and flat
punch or spherical tips have to be utilized, and therefore, the optimal spacing will differ greatly than
the results reported here.

4. Conclusions

This paper explores the influence of distance between indentation on the material properties for
polystyrene through experimental nanoindentation and finite element method by using ABAQUS.
Considering different depths and orientation, the results presented in Section 3 confirm that the
properties are affected by the separation, and show little influence of orientation. The following
conclusions can be drawn:

1. The Tabor’s method allows to obtain the stress—strain through the loading—unloading curve from
the nanoindentation experiment directly using the finite element method. The material properties
will change according to the maximum indentation depth.

2. Berkovich tip orientation does not influence modulus or hardness values at separation above 5,
thus removing the importance of the alignment.

3. Experimentally and through FEA, it was shown that for PS, the minimum required spacing to
measure properties accurately is d/h ~ 10-15, depending if indents are performed in a single line
or matrix. When indents are executed in a single line or column, the nominal spacing of 10 is
sufficient for separate indents to have similar hardness and modulus values and is independent
on indentation depth. When a matrix set-up is used, d/i > 15 is required for a depth of 1 pm, and
at least 10 for deeper indents.

4. At separations below 10-15, hardness and modulus values were lower when compared to those
obtained at larger separations or with the first indent. PS tends to form pile-up and crazes when
it is plastically deformed, as well as strain harden. The properties will depend on the location of
the next indent: the areas having “softer” regions are those close to the pile-up, the “hardest”
areas are close to the apex of the first indent. No or little difference in properties is observed when
the indent takes place on optically undamaged surface, even though indents edges and plastic
zones overlap.

5. Taking into account the viscoelastic nature of polymer materials and their time-dependent
behavior that may increase the indent area for up to 40%, separation of at least 15 is recommended
for polymers at all indentation depths for single line or column, or matrix arrangement. Overall,
the required minimum spacing is lower than the original 30 times maximum depth rule.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/12/4262/s1,
S1. Stress-Strain determination (Tables S1.1; S1.2; S1.3, Figures S1.1; S1.2; S1.3); S2. Mesh Convergence Study
(Table S2, Figures S2.1, S2.2, S2.3); S3. Experiment Analysis of Indents in a Matrix for # = 10 pm (Figures S3.1,
S3.2); S4. Finite element analysis the maximum depth # = 5 pm and 10 pum with three different orientations
(Figures 54.1, 54.2)
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