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ABSTRACT. Elaborating an instrumented nanoindentation is to exercise non-
destructive tests to be applied to volumes of polymethylmetacrylate (PMMA)
materials in miniature. This work focuses on factors that explain the trends
variation of mechanical properties like Young's modulus (E), contact hardness
(H) and indentation force (P). The evolution of E and H with depth (h) and P
shows a 2.77 nm inflection point at low penetrations, separating two zones:
the first increasing and the second decreasing. This is respectively explained
by the surface hardening induced by preparing the material surface, and the
existence of a surface hardness gradient denoted by an indentation size effect
(ISE) observed at very low depths. Moreover, In addition, a critical
penetration depth of 9.71 nm below which the surface effect dominates the
variation of the penetrating load is detected. E and H results differences
between dynamic and static modes are 8.46% and 6.44% inducing an
overestimation of 35 MPa in E value, and an underestimation of 1.23 MPa in
H wvalue. This tends to affect the expected nanoscale precision of the
indentation to determine the nanomechanical properties of PMMA.
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INTRODUCTION

of polymethylmetacrylate (PMMA) and its ability to be easily shaped, many researchers have focused on it to

improve its resistance during the service [1-6]. Indeed, PMMA is widely used in nanotechnology, especially in
mechanical and civil engineering, biomaterials, optical telecommunications, electronics, aeronautics, aerospace, etc. [7-13].
The nanoindentation technique has undergone a great technological evolution for more than a century, with the first tests
carried out by Brinell [14] making it possible to define the notion of hardness, till today when such technique allows us to
determine, at a nano-metric scale, the most commonly measured mechanical properties, such as Young's modulus and
material hardness [15]. Regarding the nanometric scale, several parameters interact like the tip defect [16], instrument
complacency [17], flow mode under indenter [18-20], micro-nano scaling-up [21], geometry of indenters, effect of
indentation size, etc. All these might influence directly the accuracy of results. Many scientists have studied the variation
of Young's modulus with shallow depth, resulting from a strain rate effect [22], the quality and geometry of the tip on
PMMA [23] and the compliance of the frame depending on the applied force [24]. In nanoindentation, the size effect is
often explained by the strain gradient plasticity (SGP) theory, based on dislocations that are geometrically necessary to
accommodate the plastic deformation under the indenter [25, 26]. The main objective of this study is to highlight by
experiments the experimental tests of classical indentation at different levels of indentation forces, and the continuous
stiffness measurement (C.S.M) via the integrated operating mode. We aim to assess the reliability of software out-puts for
processing data, implemented in the instrumented indentation device (in static and dynamic modes), and estimate the
measurement difference between both methods. We focus on studying the evolution of modulus and hardness with tip
penetration depth and indentation force for very shallow depths, attempting to bring explanatory factors to the behavior
of the material examined.

I ) olymers offer interesting technological solutions in many activity fields. Due to the attractive mechanical properties

SPECIMENS AND EXPERIMENTAL PROTOCOL

very good resolution in force and displacement. The set is placed in an acoustic enclosure to avoid any

environmental and acoustic disturbance. The tip used is a diamond Berkovich type indenter (E = 1140GPa, v =
0.3), with a low tip defect hp < 20 nm. The nanoindenter is installed on an anti-vibration springs table, to avoid any
parasitic vibration. The imposed force is applied by a magnetic coil, and the displacement is estimated by capacitive
measurement, with a surface approach speed of 9nms'. The DCM head allows using the CSM method to obtain the
dynamic properties of materials. The XP, MTS nanoindenter, which integrates the CSM module, allows a continuous
measurement of the elasticity modulus and the hardness by successive oscillations of the tip during its movement.
Without this option, the measurements could be only performed at the maximum penetration depth. The tests are carried
out on a PMMA plane sample of very low roughness. The sample is fixed with a cyanoacrylate glue on the sample holder,
screwed Aluminum and cleaned before tests with ethanol. PMMA is light, of a density being about half that of glass,
resistant to atmospheric agents, easy to work with, and of its transparency greater than that of glass. In nanoindentation,
the diameter and thickness of a sample are up to 30 mm and and 10 mm, respectively. The types of tests and the operating
conditions are shown in Tab. 1.

T he tests are carried out on an XP, MTS nanoindenter, equipped with a dynamic contact module (DCM) head of a

Indentation device XP, TS

Scale Nano
Load range 1-650 mN
static mode Constant time (30s loading / unloading); waiting time (15s);
dynamic mode Strain rate (0.05s"); harmonic shift (2 nm); frequency (45Hz);

Table 1: Types of tests and operating conditions.
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CHARACTERIZATION METHODOLOGY

I n instrtumented indentation, the hardness (H) is defined as the ratio of maximum load Pmay to projected contact area
Ac

P
H — max. (l)
The reduced modulus of elasticity Er is linked to the slope (or stiffness S) of the curve on unloading by the relationship:

S |z
B, == |— 2
Koo\ a @

c

where Er is related to the modulus of elasticity (E and E;) and to the Poisson coefficients (v and vi) of the material and the
indenter, respectively:

1 1-v* 1-v2
_ 1% + Vl (3)
E, E E.

7

Eqgns. (1) and (2) clearly show that the projected contact area (Ac) is a key parameter in calculating the mechanical
properties. Data analysis to obtain such properties is similar for the three scales, with a main difference being in the choice
of the function used to estimate A.. In nanoindentation, the most used area function (Eq. (4)) is that proposed by Oliver
and Pharr [17], with C, coefficients denoting the least-squares adjustment parameters of the curve obtained from the CSM
tests on fused silica,

Ac = 24.5h2+Cih!+Coh1/2. +Csh1/4; +...+Cghl/128 4)

The used contact depth (h) to calculate A. changes depending on the predominant strain mode in the material. The
method of Oliver and Pharr [19] used when the material exhibits a sink-in (Eq. (5)), while the method of Loubet et al. [20]
is exploited when the pile-up is predominant (Eq. (6)).

0.75P ?
A{—ﬂ'ﬂé n = 24.56 (bwax - % + b/i) (5)
P”ZHX 2
Ay = 2456\ 12| b 2541, ©)
RESULTS AND ANALYSIS

n nanoindentation the used area function [17] (Eq. (5)), of C, coefficients as the least squares adjustment parameters
of the curve obtained from CSM tests on PMMA, is as follows:

Ac = 24457 +974 5, -2390 4% -8950h 4 -72.4. B1E + 438 5110 + 731 577 + 888 5 4969 4 (7)

Evaluating the h¢/hm ratio to predict the deformation mode of the 48 characteristic points shown in Fig. 1 represent the
ratios' values obtained at the nanoscale by analysing the curves. We find that for materials with a ratio greater than 0.83, a
pile-up was formed on the surface, while the sink-in appears when that was lower. The 0.83 value becomes therefore a
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limit value hence PMMA adopting an indenter strain in a sink-in form. So, the method of Oliver and Pharr [19] is used

when the material presents a deflection of the faces of the hardness, as shown (Eq. 5).
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Figure 1: Evaluation of the ratio vs. the indentation force to predict the deformation mode.

Exploiting conventional nanoindentation was by interpolating results to collect mean hardnesses and modulus,
respectively relating to the four ultimate loads ranges (see Figs. 2 and 3). For comparison, the evolution of these two

properties, obtained by the CSM method, is also plotted (see Fig. 3 and 4).
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Figure 2: Modulus vs. displacement into surface in static mode.
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Figure 3: Hardness vs. displacement into surface in static mode.
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The two Figs. 2 and 3 illustrate the results of E and H obtained by the static method by interpolation. So that each
characteristic point on these two graphical representations designates an ultimate indentation force test.
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Figure 4: Modulus vs. displacement into surface in dynamic mode.
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Figure 5: Hardness vs. displacement into surface in dynamic mode.

The graphical representations (see 4 and 5) illustrate the evolution of the continuous measurement of the properties E and
H at each point. In contrary to the two previous ones (see Figs. 2 and 3).

ESTIMATION OF NANOMECHANICAL PROPERTIES

By wusing the static method
his is a point characterization at maximum progressive loads. The obtained parameters values are given in Tab. 2.

P, (mN) Epnoy (GP2) Huoy (GPa)
50 5.095 0.243
100 5.068 0.251
250 5.056 0.247
650 5.079 0.249

Table 2: Mechanical properties in static mode.
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Following the four ranges of indentation loads for maximum penetrations between [2000-7300] nm, we obtain an average
hardness of 0.247 GPa and an estimated average Young's modulus of 5.08 GPa. From the results of the static method
originates the fair value of the modulus of elasticity, according to the equation:

Eir = (5.0810.02) GPa to the nearest 0.3% ®)
And, the estimation of the indentation hardness, as well, as the following equation can show:

Hir = (0.247 £0.003) GPa to the nearest 1% ©)

By using the dynamic method

It is to continuously characterize parameters at loads corresponding to the contact depths at each characteristic point.

For low indentation penetrations of the order of (0.8 + 11) nm induced by low indentation forces which vary between
(9.83.105 + 1.54.103) mN generate a Young's modulus which varies in the interval of (6.3 + 10) GPa. For low indentation
depths between (2.77 + 11) nm induced by low maximum loads which vary between (4.27.104 + 1.47.103) mN generate a
contact hardness which varies in the interval from (0.35 + 0.74) GPa.

However, for values of displacement of the tip of the indenter between (11 + 5146) nm, a modulus of elasticity is
recorded which varies in the range of (4.5 + 5.5) GPa for values of loads between (1.68.103 + 140) mN. And an
indentation hardness that varies in the range of (0.25 = 0.30) GPa for forces between (1.54.103 + 140) mN.

After integrating the CSM mode with the classical nanoindentation, we obtain an average hardness of 0.2662 GPa, and a
Young's modulus estimated at 4.67 GPa (See Eqns. 10, 13), which leads to a fair value of the elasticity modulus, according
to Eq. 10:

Eir = (4.67£0.02) GPa to the nearest 0.4% (10)
And, the estimation of the indentation hardness, as well, as Eq. 11 shows:
Hir = (0.2662£0.0009) GPa to the neatest 0.3% (11)

We have treated the obtained results with both methods, by using the statistic tool so-called "standard deviation" to
estimate the precision of the central tendency with respect to the mean of the dispersion of the characteristic points.

& (HCSM-HCLAS)/HCSM [%]

—s— (ECSM-ECLAS)/ECSM [%]

Figure 6: Radar graphical representation: Standard deviation of both methods, estimating (a) Young's modulus and (b) contact
hardness.

By comparing the results consists the difference between both methods static (MS) and dynamic (MD) is determined, as
shown in Eqn. 12 and 13, giving the hardness and modulus, respectively:
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E,, —E,
AE% MS-MD) = ——————— *100 (1 2)
sup
pr - Hmf
AHY% sap) = 1—2—1% 100 (13)
sup

Hence, AE% (MS-MD) — 8,460/0 et AH% (MS,MD):6,44O/0

Evaluating mechanical nanoproperties at very low loadings and penetrations by using the CSM mode
Exploitation of the results in dynamic mode to examine the behavior of PMMA, at low contact depths, between the
specimen and the indenter’s tip (see Figs .7 (a, b)).
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Figure 7: Evolution of (a) E and (b) H by CSM vs. the indentation force, at very low point penetrations.

The evolution of E shows a significant increase from 5.52 GPa to the peak of 10 GPa for h and Ppay respectively less
2.77am and 0.00044mN (see Fig. 7a). This increase in Young's modulus with depth, in the shallow depth range should
results from a strain rate effect, as reported in the literature [22]. The Young's modulus increase in the shallow depth range
results, from an overestimation of the contact area, reflecting the fact that the quality of the diamond tip, is not so bad
because the Young's modulus remains almost constant above 20nm. It is worth noting that these results are in agreement
with those obtained [23] on PMMA. Then, a decrease in E till 5.71 GPa for h and Pmax respectively less than 13.92 nm and
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0.0021 mN, was mentioned. Knowing that this modulus is an intrinsic property of materials, and assuming that the
hypothesis is validated that Young's modulus is constant and independent of the applied load [17], this leads to the trend
supposing that the device’s compliance is dependent on the applied force, as some researchers have already reported [24].
Hence, this difference is probably related to experimental errors during the tests, and the deviation may be related to the
relationships used for contact depth and contact area, as mentioned above. However, E converges towards an average
constant value for h and respectively Py less than 5200nm and 146mN.

The evolution in H has recorded a significant increase of 0.1 to 0.75GPa for h and Pmax respectively less than 2.77nm and
0.00042mN (see Fig. 7b), which can be explained by a supetficial hardening induced by the preparation of the material
surface (brutal mechanical polishing). A sharp decrease is noted in H down to 0.34 GPa for (h, Pmax) less than (9.71 nm,
0.0013 mN). Such observations can be attributed on the one hand to the role of the surface effect on nanohardness for
very low penetration depths, and on the other hand to the existence of a critical penetration depth below which the
surface effect dominates the variation of the penetrating load in the vicinity of 9.71 nm. That is the ISE generally leading
to a decrease in hardness as the indentation load increases. These results confirm the works of Zhang and Xu [27]. On the
other hand, observations can be attributed to the effect of the contact size which is comparable to the grain size of the
material [28]. However, the obtained results show that H remains constant when the indentation depth and Puax ate
respectively less than 5200nm and 146mN. In nanoindentation, the size effect is often explained by the theory of Strain
Gradient Plasticity (SGP), based on dislocations that are geometrically necessary to accommodate the plastic deformation
under the indenter [25, 27].

Now, by comparing the results of dynamic and static modes with those of the literature, we should notice that the
estimation of the uncertainties in evaluating the Young's modulus and hardness are respectively in orders of 8.46% and
0.44%. Therefore, there is a tendency to overlook deviations originating from the evaluations of the measured mechanical
properties, and in particular an overestimation of 35MPa in the value of the modulus of elasticity and an underestimation
of 1.23MPa in that of the contact hardness. This has likely to affect the expected precision in indentation at nanoscale
while determining the nanomechanical properties of the studied polymer. For the Berkovich tip, an overestimation of
about 5.23% for PMMA (4670 vs 4426 MPa [22]) has been recorded. According to Briscoe and Sebastian [23], the results
have to be interpreted as an effect of the high hydrostatic pressure, existing under the Berkovich indenter for PMMA.

CONCLUSION

- The difference in the results of E and H between the dynamic and static modes are respectively: 8.46% and
0.44% inducing an overestimation of 35 MPa in value of E and an underestimation of 1.23 MPa in value de H.
They tend to affect the expected nanometric precision of the indentation to determine the nanomechanical
properties of PMMA.

- The indentation mode provided with CSM offers several advantages for the mechanical characterization of
polymers in particular the external referencing, the optimization of the effort and the time, as well as the high
precision for very low loadings compared to the classic technique which does not allow obtaining such efficient
results.

- The evolution of Young's modulus and contact hardness shows the existence of a surface hardness gradient
called the indentation size effect (ISE) observed at very weak penetrations in the vicinity of 2.77 nm.

- The identification of an estimated critical penetration depth of 9.71 nm below which the surface effect on
nanohardness dominates the variation in the penetration charge.

- In perspective, a comparative study of the different families of materials by the use of the CSM mode to
explore the effect of indentation size is envisaged to examine indentor plasticity at very low nanometric
indentation depths.
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