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Abstract. Making use of atomic force microscopy (AFM) —known as the state-of-the-art technology
for handling matter on an atomic and molecular scale—, this paper describes the use of a
nanotechnology technique for characterizing properties of polymeric materials. AFM measurement
on two materials (polyamide and polystyrene) allowed to compare the performance of two distinct
multi-asperity adhesion models based on the JKR (Johnson-Kendall-Robert) and DMT (Derajaguin-
Muller-Toporov) theories, when assessing the Young’s Modulus (modulus of elasticity) of the
investigated materials. Experimental results confirm that the JKR model processed through a MatLab
algorithm produces more reliable results of the Young’s Modulus than the DMT model built-in in the
AFM software.

Keywords. Metrology; Atomic force microscopy; AFM; Polymeric materials; DMT model; JKR
model.

1. Introduction

Atomic force microscopy is a material analysis technique, which consists of scanning the surface of a
material sample with a probe, thus providing a topographic image with atomic resolution and
mechanical/physicochemical mapping of some relevant properties of the materials comprising the
sample. It is based on the atomic force microscope, which was conceived by its inventor, the Physicist
Gerd Binnig, Nobel Prize laureated in 1986. By revolutionizing the state of the art in measurements of
the normal force in micro and nanoscale, the technique qualifies for measurements of adhesion forces
less than 1 pN between the cantilever’s tip and the surface of the material sample being investigated.

The characterization of the physical, chemical, morphological, structural, magnetic, thermal, optical,
electronic and mechanical properties of materials at the macro, micro, and nanoscales is of great
importance for the research of materials for various applications. As known, nanotechnology is a state-
of-the-art research field that relies on handling matter on an atomic and molecular scale. The use of
different techniques such as laser scanning confocal microscopy (LSCM) [1], Raman Confocal
Microscopy [2], energy diffraction spectroscopy (EDS) [3] is commonly used and well established for
chemical analysis composition of row natural materials, polymers, and bio composite.

Nowadays, the nanoindentation is the convectional method for analysis of mechanical properties of
materials at micro and nanoscale [4,5], while AFM has been accepted in the research of polymeric
materials [6,7], and more significantly in soft materials [6,8,9]. AFM cantilever/tip can be used to
determine, for small deformations of the soft sample (typically 2 - 10 nm) forces varying from 0.2 to
about 100 nN/m [10-12].

Figure 1 illustrate a typical configuration of the atomic force microscopy technology, encompassing
a laser light, a piezoelectric/flexible cantilever arm with a small radius tip, lenses and a photodetector.
Critical in this technique, the cantilever tip is commonly fabricated from silicon or silicon nitride
(Si3N4) and mounted with a spring [13].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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Figure 1. The typical configuration of the AFM technique [14]

According to the standard AFM procedure, the material sample to be studied is mounted on a
piezoelectric base (sample scanner), free to move in three-dimensions [15]. The interaction between the
sample and the tip generates forces (contact and non-contact forces), described by the law of Hook.
Equation (1) defines the force F, expressed in terms of the material’s constant k and the displacement
Al, measured at an equilibrium condition.

F = kAl ()

The cantilever deflection caused by the contact and non-contact forces is measured by the
photodetector, coupled to a laser beam passing through a lens, focused on the quadrants of the
photodetector. The technique allows detection of the height (topography) and measurements of the load
and adhesion forces. When measured separately, these forces generate force-displacement curves, which
are interpreted by contact models.

Already buit-in in the processing software of the the atomic force microscope used, the Derjaguin-
Muller-Toporov Model (DMT) calculates the modulus of elasticity (Young’s Module) of many
engineering materials from the AFM signal, providing reasonable results, except in the range of 0.5 to
10 GPa, where determination of the modulus of elasticity yields higher dispersions [10-12]. Dukukin
[11,12] compared values of the modulus of elasticity measured by the AFM in its peak force tapping
mode, for two different approaches: the Derjaguin-Muller-Toporov (DMT) [16] and the Johnson-
Kendall-Robert (JKR) [17] theories. Both schemes rely on a spherical probe to perform the nanometric
indentation depth. Their studies performed by measurements in polystyrene and polyurethanes samples,
confirmed that the JKR model produces smaller dispersion and more reliable results, based on
previously known reference values.

Making use of the AFM approach, the current study compares measurements results carried out in
samples of polyamide and polystyrene, independently processed through the JKR and DMT models.

2. Theoretical background

Measurements of mechanical properties were performed by the AFM technique, in the peak force
tapping mode (PF-TM), allowing the cantilever deflection and the z-piezo displacement curves to be
obtained, over previously selected surface areas. The calculation of the elastic module based on the AFM
and nanoindentation techniques evokes the Hertz model of contact between two smooth elastic bodies
[18]. Essentially, the contact between a sphere and a surface can be modeled as an interaction between
a probe and a sample, taking into account the probe-sample adhesion and the contact area. The elastic
module nanoscales are, then, independently estimated by the DMT [16] and JKR [17] models.

2.1 The Derjaguin-Muller-Toporov Model (DMT)

Derjaguin, Muller and Toporov [16] —DMT model— describes a model of interaction between two
spheres, modeled as a nondeformed ball in contact with a rigid plane. In this DMT model, the loading
force is described by equation (2).
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where F; is the loading force; F, ;5 the adhesion and R* the radius of contact, given in equation (3).
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Associated with the DMT model, the modulus of elasticity (Young’s Modulus) is calculated by
Equation(4), where E* is the contact modulus; v and v;,, respectively, the Poison Ratio of the
investigated material and of the probe tip.
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2.2 The Johnson-Kendall-Robert Model (JKR)
Johnson, Kendall and Robert [17] —the JKR model— describes a model of interaction between two
spheres, taking into account the influence of the surface energy on the contact point and the force of
adhesion. Although not offering an explicit solution, it fits experimental force—indentation data, as

discussed by Dukukin [11,12]. Following this line of thought, the loading force F; is described by
Equations (5), (6) and (7), where E* is the contact modulus described by equation (8).
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Following, i(a) is the indentation depth; a, the nominal radius of contact; R*, the radius of contact,
described by equation (3), while W 45, denotes the work of adhesion given by equation (6).

For the JKR model, the modulus of elasticity E is given by Equation (9), where v is the Poison Ratio
of the material investigated.

E=(-v2) [%]_1 ©)

2.3 Comparison of the DMT and JKR theories

Maugis [19] proposes a parameter A —The Maguis parameter, defined in Equation (10) and ranging
from 0 to co—, as a criterium to choose among the DMT and the JKR models, aiming to obtain greater
accuracy in the calculation of the modulus of elasticity E.

R* 3
S (10)
A= [WadhE*Z]

In this Equation, g is the limiting surface stress. More conveniently for soft materials, the parameter
a —varying from 0 to 1—, also proposed by Maugis, allows to choose the more suitable model to be
used; i.e.: the DMT (when a tends to 0) or the JKR Models (when « tends to 1), therefore refining his
criterium for choosing which models suits better to assess the adhesion force [11,12,19,20].



10th Brazilian Congress on Metrology (Metrologia 2019) IOP Publishing
Journal of Physics: Conference Series 1826(2021) 012004  doi:10.1088/1742-6596/1826/1/012004

A
a=—@(e-zz%—1) (11

3. Materials and methods
Properties of the polymeric materials (polyamide and polystyrene) investigated are given in Table 1.

Table 1. Properties of the materials investigated

Material Type Poisson Ratio (1) Elastic Modulus(2)

(dimensionless) (GPa)
Polystyrene Film 0.38 2.7
Polyamide Vestamid-NRG 2101 0.41 1.8

(1) Reported by [20, 38]
(2) Nominal value reported by the Manufacturer

Three samples were used in the performed tests, one of polystyrene (0.7 mm thick, provided by the
Bruker Corporation) and two of polyamide (0.5 mm and 1.2 mm, obtained from commercially available
material used in the oil industry, mounted on a metallic coupon using an epoxy adhesive [21]). Figure 2
illustrates the tested samples submitted to the AFM technique.

Figure 2. Image 2a: standard polystyrene by Bruker and 2b: polyamide VESTAMID® NRG 2101

Measurements were performed by the AFM Bruker multimode, version 8, which generates high
quality images of the topography and reliable measurements of the mechanical properties at nano and
microscale. The overall system uses a nano scope V type controller and a nanoscope software, versions
7.3 and 8.1. All measurements performed were carried out under ambient room temperature (T =23 °C),
keeping the relative humidity in the 40 - 60 % range. During experiments, the standard cantilever was
set for a normal operation in the open-air environment, using the peak force tapping quantitative nano-
mechanics (PF-QNM) mapping, at 0.5 - 2 Hz of Z-piezo frequency. The physical properties of the probe
and of the cantilever tip were determined using the absolute calibration method described in [22]. All
AFM images were generated for a 2x2 pm scan size; scan rate: 0.998 Hz and 256 samples/line. Probe
used: RTESPA-525, with nominal resonance frequency of 525 kHz, nominal tip radius of 8 nm, nominal
spring constant of 200 N/m and side angle of 17.5° [23]. Cantilever tip effective radius = 32.22 +
3.56 nm; spring constant Ks =178 + 21.2 N/m; Deflection sensitivity Ds = 63.11 + 4.75 nm/V.

4. Results and discussion

This section describes measurements performed on the polystyrene and polyamide material samples
above characterized, making use of the atomic force microscope (AFM), operated in the peak force
QNM imaging mode.

4.1 Polyamide and polystyrene: preparation of samples and AFM measurements

Independently calculations of the modulus of elasticity were performed and compared, based on the data
generated by the atomic force microscope, whose output was further processed through the DMT and
JKR models. First, the samples were scanned within a zone area delimited by 2 x 2 um. Following the
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standard operation procedure, the scan was performed within an area displaying fewer defects, confined
within a much higher resolution of 500 x 500 nm. This means that a total number of 65536 (= 256 x
256) measurements were performed for each zone area scanned, therefore generating a huge amount of
data points, for each one of the repeats 6, for polyamide and polystyrene. In the sequence, repeated
values of the modulus of elasticity were directly obtained from the AFM measurements, through both
DMT and JKR models. While the DMT output image is directly generated by the AFM output signal,
the JKR image is processed through a Matlab algorithm, using the AFM raw data. Figures 3 and 4 shows,
respectively, experimental results associated with AFM tests carried out.

a) b)
3.()inm 3.0inm
-1.5 nm -1.2 nm
400.0 nm 100.0 nm
GPa
19 m .

3.5 GPa

100.0 nm

Figure 3. Surface AFM topography of the polystyrene film: (a) 2 x 2 um; (b) 500 x 500 nm; Young’s Modulus:
(c) through the DMT model and (d) through the JKR model.
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Figure 4. Surface AFM topography of the polyamide film (a) 2 x 2 um; (b) 500 x 500 nm; Young’s Modulus
through (c) DMT model and (d) JKR model.

In Figures 3 and 4, the images 3a refers to topographic mapping within a 2 x 2 pm zone area of the
sample; images 3b shows a magnification of the same image within a much narrower area (500 x 500
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nm); images 3¢ shows an AFM image illustrating the quantitative mapping of the modulus of elasticity
generated by the atomic force microscope, calculated through the DMT approach. Differently from the
previous images, images 3d were not directly generated by the atomic microscope, but rather produced
by a high-performance interactive algorithm developed in Matlab. This tool was used to calculate the
modulus of elasticity and to plot the correspondent quantitative mapping, based on the alternative JKR
Model. To make the JKR calculation possible, an on-line extraction software (Gwyddion 2.53)
processed the AFM data as an input for a new round of calculation of the modulus of elasticity.

Table 2 summarizes the final results obtained for calculations of the Maugis a parameter and AFM
measurements of the modulus of elasticity, based on the DMT and JKR models, the latter processed
through the Matlab software. Just as an additional reference, Table 2 also reports a nominal value for
the Polystyrene (1,6 + 0,4 GPa) identified in the specialized literature [11, 12], whose metrological
reliability was not clearly stated.

Table 2. Comparison of elastic modulus results: nominal versus DMT and JKR values

Nominal Measure('i valu.es reported in the Measured by the Atomic Force Microscope (AFM),current study
values specialized literature [20,21]
Material prowdefi by o Parameter Elastic Modulus o Parameter Elastic Modulus DMT deviation  Elastic Modulus  JKR deviation
Tested material . . measured through from the measured through from the
Equation (11) Equation (11) i X

manufacturers DMT JKR the DMT model nomial value the JKR model nomial value

(GPa) (dimensionless)  (GPa) (GPa) (dimensionless) (GPa) (%) (GPa) (%)

Polystyrene 2.7 0.96 1.6+0.4 2.7x0.5 *0.98 1.754 £ 0.029 35.0 2.541 + 0.042 5.9

Polyamide 18 - - - *0.98 1.192 £0.013 33.8 1.680 + 0.018 6.7

*For both materials, the value of the Alpha Parameter differs only in the fourth decimal place.

The fact that the Maugis a parameter approaches the value of 1 is a clear confirmation that the JKR
approach is the model that better suits the calculation scheme to assess the value of the modulus of
elasticity. As shown in Table 2, calculations of the modulus of elasticity through the JKR models
reproduces the nominal value within less than 7%, while calculations through the DMT model differs
from the manufacturers’ values substantially (> 30%). While supporting the JKR model, the overall
results of the study suggest that the DMT model is not suitable for characterizing both materials.

4.2 Expressing the uncertainty associated with AFM measurements

As distinctly stated in the international Vocabulary of Metrology (JCGM:2012), measurement
uncertainty comprises, in general, many components. Some of these may be evaluated by Type
A measurement uncertainty from the statistical distribution of the quantity values from a series
of measurements can be characterized by standard deviations, as described by Equation (12).

(12)

Where u, denotes the Type A component of the uncertainty associated with the AFM measurements
performed, i.e.: the stochastic component calculated from the standard deviation (STDEV) S of the “n”
measurements actually performed, understood as replicates of each measurement. The other
components, which may be evaluated by Type B —components of measurement uncertainty determined
by means other than a Type A evaluation of measurement uncertainty—can also be characterized by
standard deviations, evaluated from probability density functions based on experience or other
information.

However, considering the expressive mass of data that results from experiments carried out by the
AFM technique, the following aspects should be considered before assessing the expanded uncertainty
associated with the determination of the modulus of elasticity:

« the value measured by each interaction of the cantilever with the material sample allows to
determine a “local value” of the modulus of elasticity, i.e.: measured in a single pixel of the 65536
pixels of the demarcated area (500 nm x 500 nm) in the material sample submitted to analysis by
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the atomic force microscopy technique;

after finalizing a complete cantilever scan over the demarcated area in the sample (i.e.: over 65536

measurement points), the AFM equipment will have generated 65536 independent measurements
(“local values™) of the modulus of elasticity (E), one for each pixel of this demarcated area (500 nm
x 500 nm). Important, however, to keep in mind that, at the end of this first AFM cantilever scan
over the sample surface, the value of the Type A uncertainty, calculated through equation (12),
would be zero, since each of the 65536 points was measured just once.

Thus, in order to ensure reliability of the measurement and, consequently, to be able to associate an
uncertainty value to each of these “local” independent measurement results, it is necessary to carry out
replicates of the cantilever scan over the same demarcated area of the material sample. In the present
study (polystyrene and polyamide), six replicates (six scans) were performed in the same demarcated
area of the material samples, whose nominal values of the modulus of elasticity were previously
provided by their manufacturers. By repeating the scan six times, it becomes possible to calculate the
standard deviation and, therefore, the Type A component of the associated uncertainty (n = 6, Eq. 12).

Using the AFM technique, the modulus of elasticity was determined for each one of the 65536 points
demarcated on the surface of the material sample studied, allowing to assess the value of the Type A
uncertainty associated with each “local value” of the modulus of elasticity, calculated through Equation
(12). In the present study, however, due to the absence of the AFM equipment calibration certificate,
only the component of the uncertainty associated with the resolution of the AFM instrument was
considered as the Type B uncertainty. Considering the resolution defined by the algorithm built-in in
the AFM software (10 GPa), the ug component of the uncertainty becomes ug =2.88675E-07,
calculated through Equation (13).

(AFM Resolucdo)
Un =
B 2\/57

In the sequence, the combined uncertainty is calculated by Equation (14)

uc = |ud + uj (14)

While the expanded uncertainty, is calculated by Equation (15):

(13)

U=k=*u, (15)

In this expression, k denotes the coverage factor, for a confidence level (1-a) of 95.0% (or, for a

significance level of o = 5%). This k value is calculated taking into account the probability associated

with the #-Student distribution and the number of degrees of freedom (» = n - 1, for 6 replicates, i.e.: 5
degrees of freedom) n), yielding k =2.57.

Table 3 summarizes the results of all AFM measurements performed of the modulus of elasticity and
their associated uncertainties. The combined (Type A and Type B) measurement uncertainty associated
with the final values were assessed in compliance with the classical ISO/GUM approach [24].
Considering the huge amount of AFM data considered in the uncertainty analysis —six replicates of
65536 measurement points (256 x 256 pixels)—, Appendix A only reports an extract of the full AFM
data sheet for each one of the materials investigates (polystyrene and polyamide).

Table 3. Synthesis of the measurement uncertainty associated with the modulus of elasticity
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; Points per . Average Standard Standard uncertainty Combined uncert. Expanded uncert.
Sample Material ) Replicates .
replicate value Deviation u, up Ty = J“i 2 U= kg
n - (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Polyamide (JKR) 1.680050 0.016379 0.006687  0.000028 0.0067 0.018
65536* 6
Polyamide (DMT) 1.192079 0.011600 0.004736  0.000028 0.0047 0.013
Polystyrene (JKR) 2.540754 0.039917 0.016296  0.000028 0.0163 0.042
65536 * 6
Polystyrene (DM1 1.753977 0.027428 0.011197  0.000028 0.0112 0.029

k (Coverage Factor) = 2.57, for a confidence level of 95% [ISO GUM 2008]

*Total number of measurements (256 x 256 = 65536 ), performed in six replicates

Due to space limitations, and as an example, these data table extracts were presented only for the
JKR model, which produces more reliable results. As shown, at the end of these extracts, are shown the
average values for each one of the six replicates, whose average of the average (six replicates, totalizing
393216 measurement results) certainly is the value that better represents the value of the modulus of the
elasticity of the material sample studied. Regarding the calculation of the type A component of
uncertainty, this was calculated based on the standard deviation of the six averages of the 65536
measurements made for each of the six replicates (n = 6). Table 3 summarizes the final results of this
long-winded calculation.

5. Conclusion

Experimental results obtained during the implementation stage of the Atomic Force Microcopy
Laboratory of Catholic University of Rio de Janeiro, confirm the efficacy of the atomic force microscopy
technique used as a metrological tool for characterization of polymeric materials in the stress-strain
regime. Systematic AFM measurements carried out in samples of two different materials (polystyrene
and polyamide), operated in the peak force tapping mode, confirmed that, among the two models
investigated (DMT and JKR), the latter approaches closely the previously known nominal value
provided by the material sample manufacturers and produces smaller dispersion, therefore more suitable
for assessing the modulus of elasticity of the investigated polymeric materials.

The atomic force microscopy proved to be an extremely promising technique to be used as a
metrological tool of practical and scientific interest for material characterization, therefore capable of
mapping the surface morphology and assessing physical properties (e.g.: Young’s Module) of
engineering materials. However, concerning the metrological reliability of the technique, a more robust
analysis of the uncertainties associated with AFM measurements requires access to the AFM equipment
calibration certificate (unfortunately, rarely supplied when purchasing AFM equipment), thus satisfying
the unequivocal condition of traceability to the international system of units (SI).
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Appendix A. Extracts of the AFM measurement data
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Average

Standar

uy up U=kx*uc

n Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5 Replicate 6  Value Deviation
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
1 1.546296 1.543294 1.559812 1.514773 1.548443 1.545630 1.543041 0.015013 0.006129 0.000028 0.00613 0.016
2 1.138955 1.136759 1.148935 1.115719 1.140469 1.138412 1.136541 0.011063 0.004517 0.000028 0.00452 0.012
3 1.331875 1.329297 1.343627 1.304704 1.333705 1.331287 1.329082 0.012961 0.005291 0.000028 0.00529 0.014
4 1.146567 1.144368 1.156548 1.123145 1.148177 1.146023 1.144138 0.011140 0.004548 0.000028 0.00455 0.012
5 0.961167 0.959347 0.969562 0.941585 0.962463 0.960758 0.959147 0.009323 0.003806 0.000028 0.00381 0.010
6 0.775804 0.774297 0.782594 0.759998 0.776879 0.775466 0.774173 0.007530 0.003074 0.000028 0.00307 0.008
7 1.157987 1.155781 1.168153 1.134376 1.159598 1.157532 1.155571 0.011256 0.004595 0.000028 0.00460 0.012
8 0.972586 0.970760 0.981074 0.952816 0.973977 0.972175 0.970565 0.009421 0.003846 0.000028 0.00385 0.010
9 0.976393 0.974564 0.984974 0.956529 0.977784 0.975980 0.974371 0.009477 0.003869 0.000028 0.00387 0.010
10 0.980199 0.978368 0.988780 0.960242 0.981591 0.979786 0.978161 0.009513 0.003884 0.000028 0.00388 0.010
65527 1.855118 1.851514 1.871255 1.817359 1.857697 1.854316 1.851210 0.017971 0.007337 0.000028 0.00734 0.019
65528 2237246  2.232877 2.256833 2.191710 2.240453 2.236355 2.232579 0.021710 0.008863 0.000028 0.00886 0.023
65529 1.673617 1.670297 1.688168 1.639513 1.675883 1.672764 1.670040 0.016217 0.006621 0.000028 0.00662 0.017
65530 1.488124 1.485275 1.501182 1.457767 1.490262 1.487500 1.485018 0.014472 0.005908 0.000028 0.00591 0.015
65531 1.681137 1.677906 1.695874 1.646938 1.683497 1.680375 1.677621 0.016304 0.006656 0.000028 0.00666 0.017
65532 2.063357 2.059362 2.081359 2.021289 2.066161 2.062414 2.058990 0.020020 0.008173 0.000028 0.00817 0.021
65533 1.878050 1.874340 1.894466 1.839729 1.880632 1.877149 1.874061 0.018241 0.007447 0.000028 0.00745 0.019
65534 1.692556 1.689319 1.707387 1.658077 1.695011 1.691792 1.689024 0.016438 0.006711 0.000028 0.00671 0.017
65535 1.318042 1315471 1.329608 1.291152 1.319869 1.317457 1.315266 0.012813 0.005231 0.000028 0.00523 0.013
65536 2.078676  2.074672 2.096771 2.036233 2.081482 2.077729 2.074260 0.020182 0.008239 0.000028 0.00824 0.021

A\‘;::::e 168357 168030 1.69840 164924 1.68596  1.68285 [Average of the Averages = 1.680054 GPa]; [STDEV of averages, S = 0.01638 GPa]

A2. Polystyrene material: AFM measurement of the modulus of elasticity (GPa)

Standard w, up ue = \/—3 U=krug
n Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5 Replicate 6 Average Value Deviation
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
1 3.410443 3.339803 3.482497 3.409775 3.411184 3.340857 3.399093 0.053389 0.021796 0.000028 0.021796 0.056
2 3.368394 3.298605 3.439524 3.367735 3.369126 3.299645 3.357171 0.052729 0.021527 0.000028 0.021527 0.055
3 3.346496 3.277087 3.417255 3.345841 3.347223 3.278120 3.335337 0.052447 0.021411 0.000028 0.021412 0.055
4 3.346680 3.277270 3.417347 3.346025 3.347407 3.278304 3.335506 0.052419 0.021400 0.000028 0.021400 0.055
5 3.338031 3.268902 3.408421 3.337378 3.338756 3.269933 3.326904 0.052209 0.021314 0.000028 0.021314 0.055
6 3.310152 3.241498 3.379987 3.309504 3.310871 3.242520 3.299089 0.051828 0.021159 0.000028 0.021159 0.054
7 3.310428 3.241774 3.380263 3.309780 3.311147 3.242796 3.299365 0.051828 0.021159 0.000028 0.021159 0.054
8 3.302883 3.234417 3.372625 3.302237 3.303601 3.235437 3.291867 0.051717 0.021113 0.000028 0.021113 0.054
9 3.295706 3.227428 3.365355 3.295061 3.296423 3.228446 3.284736 0.051606 0.021068 0.000028 0.021068 0.054
10 3.273808 3.205910 3.342903 3.273167 3.274519 3.206921 3.262871 0.051267 0.020930 0.000028 0.020930 0.054
65527 1.442717 1.412873 1.473148 1.442435 1.443030 1.413319 1.437920 0.022553 0.009207 0.000028 0.009207 0.024
65528 1.442809 1.412965 1.473240 1.442527 1.443122 1.413411 1.438012 0.022553 0.009207 0.000028 0.009207 0.024
65529 1.442717 1.412873 1.473148 1.442435 1.443030 1.413319 1.437920 0.022553 0.009207 0.000028 0.009207 0.024
65530 1.423855 1.394298 1.453916 1.423576 1.424164 1.394737 1.419091 0.022312 0.009109 0.000028 0.009109 0.023
65531 1.409869 1.380687 1.439653 1.409593 1.410176 1.381123 1.405183 0.022061 0.009006 0.000028 0.009006 0.023
65532 1.406281 1.377101 1.435880 1.406006 1.406587 1.377535 1.401565 0.022003 0.008983 0.000028 0.008983 0.023
65533 1.373433  1.345007 1.402385 1.373165 1.373732 1.345431 1.368859 0.021471 0.008765 0.000028 0.008765 0.023
65534 1.351351 1.323304 1.379840 1.351087 1.351645 1.323722 1.346825 0.021161 0.008639 0.000028 0.008639 0.022
65535 1.351351 1.323304 1.379840 1.351087 1.351645 1.323722 1.346825 0.021161 0.008639 0.000028 0.008639 0.022
65536 1.351351  1.323304 1.379840 1.351087 1.351645 1.323722 1.346825 0.021161 0.008639 0.000028 0.008639 0.022
Average
Value 2.54927 2.49642 2.60309 2.54878 2.54983 2.49721 [Average of the Averages = 2.540766 GPa]; [STDEV of averages, S = 0.039917 GPa]
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