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Abstract  The ever-increasing popularity of nanomechanical testing is being 
accompanied by the development of more and more novel test techniques and adap-
tation of existing techniques to work in increasingly environmentally challenging 
test conditions. Considerable progress has been made and reliable mechanical prop-
erties of materials can now be obtained at a range of temperature and surrounding 
media, greatly aiding development for operation under these environmental condi-
tions. In this chapter several of these developments are reviewed, focussing on their 
use in the non-ambient nanomechanical testing of polymers and nanocomposites.

1 � Introduction

Applications of nanomechanical testing are continually increasing, including for 
example, characterizing the mechanical properties of advanced materials and systems 
such as micro/nano-mechanical devices (Beake et al. 2009), hard coatings for engi-
neering tools, thin films in semiconductor (Beake and Lau 2005), advanced polymers 
(Kranenburg et al. 2009; Chen et al. 2010; Beake et al. 2002a, b) and even biomedical 
tissues (Chen and Lu 2012; Mencik et al. 2009) etc. The successes can be attributed 
to three main advantages. Firstly, the technique has a high spatial resolution and depth 
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sensitivity. The obtained information is therefore highly localized within a particular 
area of interest with less influence from its surroundings, for example, in quantitative 
assessment of the properties of inclusions in metallic alloys. With the spatial resolu-
tion and repositioning accuracy down to submicron scale and better, highly detailed 
mechanical property mapping can be performed to optimize the materials or system 
under study, explaining why one early name of such instruments was a mechanical 
properties microprobe. Moreover, the depth sensitivity is sub-nanometer. Intrinsic 
mechanical properties of (ever thinner) thin films can be obtained by limiting the pen-
etration depth to avoid/minimise the influence of the substrate or sublayers. Secondly, 
the load and penetration depth are continuously recorded allowing investigation of 
basic mechanical properties (hardness and elastic modulus) (Fischer-Cripps 2006), 
time-dependent behavior (Kranenburg et al. 2009; Oyen 2007; Chen et al. 2010), 
phase transformations (Chinh et al. 2004), stress–strain behavior, fracture (Beake 
2005; Casellas et al. 2007) and fatigue behavior (Beake and Smith 2004). Finally, it 
is routine to schedule large arrays of test experiments to be run automatically over 
extended periods. Many properties such as hardness and elastic modulus can be cal-
culated without the necessity for post-test imaging, leading to high efficiency and 
throughput. The current generation of nanomechanical test instrumentation now 
can perform additional test techniques, such nanoscratch and nano-impact testing, 
alongside nanoindentation to provide enhanced capability in a single test instrument 
or platform. The information with the different tests is quite complementary, e.g. 
nanoindentation to obtain the hardness and elastic modulus of elastic–plastic materi-
als, nanoscratch tests to evaluate their tribological performance and nano-impact to 
probe their dynamic high strain rate properties. Even compression or bending experi-
ments can be performed using the positioning accuracy and precise load control of 
the instrument to investigate elastic deformation, yield and fracture of suspended 
beams or micropillars.

Theoretical analyses of the relationship between contact load and displace-
ment for flat-punch, spherical, or conical indenters into a linear-elasticsolid were 
derived by Boussinesq (Johnson 1985), Hertz (Johnson 1985), and Sneddon 
(1965). Based on Sneddon’s work, Oliver and Pharr (Oliver and Pharr 1992) 
developed a simple method to obtain the elastic modulus and hardness using 
pyramidal indenters where the unloading behavior is assumed to be entirely elas-
tic. In this popular method it is assumed that no plastic deformation or continu-
ing creep deformation occurs during unloading. The results thus are well-suited 
for elastic–plastic materials. The slope of the unloading curve at any point is 
called the contact stiffness. In this analysis, the reduced modulus, Er, is calculated 
from the stiffness at the onset of the unloading S and the projected area of contact 
between the probe and the material Ac as Eq. 1:

where β is the correction factor for the shape of the indenter (whilst there is some 
debate, β is commonly taken as 1.034 for the Berkovich indenter geometry). 
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By careful calibration into a reference material of known elastic properties, the 
diamond area function can be determined relating the contact depth hc, to the 
projected contact area. The initial unloading slope S is obtained by fitting the 
unloading load–displacement response.

As elastic displacements occur both in the specimen and in the indenter (as the 
indenter is not completely rigid), the elastic modulus of the sample is calculated 
from Er using Eq. 2:

where E and Ei, ν and νi are the elastic modulus and the Poisson ratio of the tested 
material and indenter, respectively. For diamond indenters, Ei and νi are 1141 GPa 
and 0.07, respectively. The mean pressure or hardness, H, can be calculated as in 
Eq. 3:

where P is the applied load. The technique has also advanced to have its own ISO 
standard (14577, Parts 1–4) which identifies four key parameters—force, displace-
ment, instrument compliance, and indenter shape—that influence the quality of the 
results and provide the necessary methodology to accurately calibrate these. The 
indentation standard strictly applies to metallic and ceramic materials rather than 
polymers, although it does include provision for minimizing the influence of creep 
of metals or alloys on the accuracy of determinations of elastic modulus.

2 � Nanomechanical Testing of Polymeric Materials

For polymeric materials, a similar approach to obtain Er and H can be carried 
out using the Oliver-Pharr method. However, it assumes the initial unloading is 
purely elastic which ignores the influence of continuing time-dependent deforma-
tion which is always present to some degree in the indentation response of poly-
meric materials. When the creep is particularly pronounced, a nose-shape can even 
appear during unloading as demonstrated in Fig.  1 that result in negative S and 
erroneous Er (Feng and Ngan 2002).

To counteract this, several methods were proposed in terms of the testing con-
ditions and the analysis. Firstly, the creep behaviour at the onset of the unloading 
is strongly influenced by the testing conditions, such as hold period (dwell time), 
peak force and loading rate etc. Selection of appropriate holding period, peak 
force and loading rate is important (Chudoba and Richter 2001). Additionally that 
the severity of the effects of the residual creep on the contact stiffness, S, is also a 
function of the unloading rate (Chudoba and Richter 2001; Feng and Ngan 2002). 
The higher unloading rate is favorable to minimize creep effects. Thus, there are 
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three ways to accommodate the influence of time-dependent deformation on the 
contact stiffness during the testing (Dasari et al. 2009), (a) increasing the unload-
ing rate, (b) a most common method of holding the indenter at maximum load for 
a long period of time resulting in a minimum residual creep rate comparing to the 
unloading rate, and (c) application of an oscillatory force or displacement signal 
to the tip-sample contact during nanoindentation and measurement of the result-
ant output signal and phase lag, which are used to obtain the contact stiffness and 
damping that are analysed to determine the viscoelastic properties of the material 
(loss and storage moduli, tan delta). This method is sometimes generally called 
dynamic indentation, or by the instrument manufacturers own terminology such 
as continuous stiffness measurement (Agilent), nanoDMA (Hysitron) or dynamic 
mechanical compliance testing (Micro Materials Ltd) etc. Despite its potential, 
in general good agreement between dynamic indentation and DMA has proved 
highly challenging for several reasons. Firstly, accurate dynamic calibration of the 
system is essential as extraction of the material properties requires analysis of the 

Fig. 1   Indentation load–
displacement curves for  
(a) elastic–plastic fused 
silica, and (b) visco-elastic–
plastic rubber material
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overall response, which includes the response of the test instrument, especially 
its damping behavior over the frequency range of interest (Singh et al. 2008). 
Secondly, reliable extraction of the loss and storage modulus relies on the applica-
tion of a suitable constitutive equation. For simplicity it is common to assume that 
the indentation contact can be treated as a linear viscoelastic (Monclus and Jennett 
2011), however, it is clear that when pointed (pyramidal, such as Berkovich) 
indenters are used there is often considerable residual plastic deformation of the 
polymer surface (Tweedie and Van Vliet 2006). Monclus and Jennett (2011) have 
critically examined the level of agreement between dynamic indentation and DMA 
and found poor agreement for a range of polymers, particularly in the loss modu-
lus. They have suggested that more complex models are required to successfully 
produce loss/viscosity parameters that are equivalent.

A different approach is to account for the creep effects simply by data analysis 
as proposed in references (Feng and Ngan 2002; Ngan and Tang 2002, 2009). They 
examined their theoretical model for both linear and power law viscoelastic materi-
als and this model has been shown good reliability for various polymeric materials 
according to the authors’ experience. This correction can be described as in Eq. 4

where S is the contact compliance, Su is the elastic contact stiffness at the onset of 
unloading, 

•
dc is the displacement derivative at the end of the hold period, and 
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is the unloading rate at the onset of unloading so that the standard contact stiffness 
equation (Eq. 1) is modified to Eq. 5

The mechanical properties (hardness and elastic modulus) of various poly-
meric materials like PVC, PMMA, PET, polypropylene (PP), polycarbonate 
(PC), poly(ethylene oxide) (PEO), poly(acrylic acid) (PAC), nylon 6, nylon 66, 
rubber, and so forth have been investigated using the nanoindentation technique 
(Kranenburg et al. 2009; Gray and Beake 2007; Gray et al. 2009; Dasari et al. 
2009; Beake et al. 2007). Unsurprisingly the results showed that their mechani-
cal properties are sensitive to the testing conditions including the contact force 
due to their low stiffness (Kaufman and Klapperich 2009) and peak force, loading 
rate, unloading rate and hold time due to their rate- and time-dependent properties 
(Kranenburg et al. 2009). Elastic modulus determinations on polymers are often 
slightly higher than determined in bulk compression testing, and usually increase 
as the scale of the contact is reduced (Tweedie et al. 2007).

The creep behavior of the polymers at the nano-/micro-scale is also of intrinsic 
interest. Several approaches thus have been developed to investigate the creep data 
collected during nanoindentation with mostly widely used assuming constitutive 
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models (Mencik et al. 2009; Oyen 2005) such as linear viscoelasticity with data 
fitted to 3-element (Maxwell or Kelvin-Voigt) (Fig.  2) or 4-element (combined 
Maxwell-Voigt) models.

The instantaneous elasticity, instantaneous plasticity, viscoelasticity and visco-
plasticity can be attributed to different physical elements. The creep compliance 
function is then deduced and the formula between the penetration depth and the 
applied load can be directly calculated using the Boltzmann integral operator. This 
methodology has been successfully to simulate the nanoindentation tests. The inter-
ested reader can find more details in the references  (Mencik et al. 2009; Oyen 2005, 
2006, 2007; Oyen and Cook 2009; Chen et al. 2010). Generally speaking, the accu-
racy of this method strongly depends on the number of the physical elements. In 
practice a better fit required more variables, which costs more in computation time 
and relies on a careful selection of the initial value to make the iteration converge.

A semi-empirical logarithmic method has also been used to analyze the dwell data 
collected at the hold period (Beake 2006; Berthoud et al. 1999; Chen et al. 2010). 
The logarithmic equation can be expressed as Eq. 6 Beake (2006); Chen et al. (2010)

where Δd and th are the increase in depth and hold time during hold period, A 
and τL are termed the extent parameter and the time constant, respectively. The 
creep strain (ε) can be termed as Δd/d(0) where d(0) is the initial depth at the hold 
period. A/d(0) (Beake 2006) or (εe/ε(0)) (Beake et al. 2007) is termed as the creep 
strain sensitivity.

The logarithmic equation has been found to closely fit short-time experimen-
tal indentation creep data of a wide range of polymeric materials under different 
testing conditions. The fitting is successful but only two variables—measures of 
extent A and rate τL—are used to describe the visco-deformation behavior. This 
method can be used not only for linear viscoelastic materials, but also non-linear 
viscoelastic materials, and with the quality of the fit it is possible to predict the 
creep response over a relatively long time. However, its limitations are that it is 
empirical and lacks explicit physical meaning. It is also not possible to deconvo-
lute the particular contributions of elasticity, plasticity, viscoelasticity and visco-
plasticity by this approach (Chen et al. 2010).

Similar works have been gradually carried out on the polymer nanocomposites, 
such as nylon 66/clay (Shen et al. 2004a, b), nylon 12/clay (Phang et al. 2005), 
epoxy/CNT (Li et al. 2004), nylon 6/CNT (Liu et al. 2004), photopolymer/SiO2 

(6)∆d = A ln

(

th

τL

+ 1

)

Fig. 2   Schematics of 
3-element Kelvin-Voigt 
model
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(Xu et al. 2004), acrylonitrile/butadinene/styrene (ABS) (Beake et al. 2002) and 
poly(ehylene oxide)(clay/PEO) (Beake et al. 2002) in recent years. The effects of 
the nano- and micro-scale fillers are a subject of increasing research. In general 
the resistance to indentation of these nanocomposites gradually increases with 
increasing filler loading although there are exceptions and the response is typically 
non-linear (Dasari et al. 2009).

These nanomechanical tests are normally carried out under ambient conditions 
that may not be particularly close to the actual working conditions in the applica-
tion. It is well known that the properties of polymeric materials are highly sensitive 
to the environment. For example, temperature can play an important role. A system 
may operate efficiently at one temperature and fail when the temperature is changed 
(Beake 2011; Chen et al. 2010; Everitt et al. 2011; Gray and Beake 2007). To 
address this problem, several approaches have been used to probe the surface proper-
ties of materials under conditions that mimic those which they experience in actual 
service. In the following sections, we will introduce these advanced nanomechanical 
test methods and their application on polymeric materials

3 � Environmental Nanomechanical Testing  
of Polymeric Materials

3.1 � Environmental Nanoindentation

3.1.1 � Influence of Temperature

Obviously the test temperature can strongly influence the properties of polymeric mate-
rials. For example, amorphous polymers undergo a transition from a rubbery, viscous 
amorphous liquid, to a brittle, glassy amorphous solid. According to the viscoelastic-
ity theory, the time-depended properties of polymeric materials depended on the free 
volume available for molecular (segmental) motions (Beake 2006; Beake et al. 2007). 
When the temperature increase around the glass transition temperature (Tg) can create 
sufficient free volume to allow molecules to move relative to one another (Beake et al. 
2007). It follows that the creep behavior around Tg will be changed.

Beake et al. (2007); Beake (2006) used nanoindentation to systematically 
investigate the creep behavior of a range of polymer systems including polysty-
rene (PS), polypropylene (PP), polycarbonate (PC), polyethersulphone (PES), 
poly(methylmethacrylate) (PMMA), polytetrafluoroethylene (PTFE), poly(ethylene 
terephthalate) (PET), ultra-high molecular weight polyethylene (UHMWPE), low-
densitypolyethylene (LDPE), acrylonitrilebutadiene-styrene (ABS) copolymer, 
Santoprene® containing ethylene propylene diene monomer (EPDM), Surlyn® 8140, 
ethylene/methacrylic acid (E/MAA) copolymer. Their creep factors, such as strain 
rate sensitivity (εe/ε(0)) and creep rate term (εr = 1/time constant) calculated using 
the logarithmic Eq. (5) were investigated in terms of their numerical distance, y, 
from Tg which can be defined as Eq. (7):
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Therefore, negative y values correspond to rubber- or liquid-like behavior and 
positive y values to glassy behavior (Fig. 3).

The change of εr with y could be divided into three regions. Firstly, large nega-
tive values of y represent the liquid or rubbery region. This implies high vf values, 
consequently large chain mobility, and thus high creep rate εr. Another is at large 
positive y values. Polymers are glassy in this region and material brittleness and 
crack propagation are likely to be the dominant mechanisms of creep, especially 
for y > 50 K or so. In the middle of y range, there is a minimum of εr which could 
be attributed to restricted chain mobility and reduction in brittleness.

To further investigate the effects of temperature on the mechanical properties of 
polymers, non-ambient temperature tests at both high temperature and low temper-
ature were also carried out. The development of non-ambient temperature nanoin-
dentation can be traced back to 1996 when Suzuki and Ohmura (1996) developed 
a prototype high-temperature ultra-micro indentation apparatus capable of test-
ing up to 600 °C. However, the test sensitivity of in this prototype was affected by 
the high testing rates and temperature. Since then, many researchers have made 
improvements to both the instrumentation and the required experimental methodol-
ogy (Duan and Hodge 2009). Currently there are three main manufacturers of com-
mercially available systems capable of high temperature nanoindentation testing (1) 
Hysitron (2) Agilent (previously MTS NanoInstruments) and (3) Micro Materials. 
The latter’s NanoTest has proved popular for this application, with a survey of pub-
lished papers between 1996 and 2010 reporting around 60 % of published high tem-
perature nanoindentation reports were using it (Everitt et al. 2011). The proportion 
increased as the test temperature increases above 300 °C (Everitt et al. 2011). There 
are distinct differences in experimental configuration in the different instruments 
and these have a direct influence on both the stability and reliability of the test data 
and the peak temperatures reachable. The Hysitron and Agilent instruments have 

(7)y = Tg − Texper

Fig. 3   Creep rate as a 
function of y defined by  
Eq. (6) (Beake et al. 2007)
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a similar vertical loading setup. For example, the Hysitron triboindenter systems 
used a Peltier thermal element and a resistive heating element as the heating stage. 
The Peltier thermal element allows for a temperature range from −10 up to 120 °C 
and with the addition of the resistive element, this testing temperature could be 
expanded up to 200 °C. By the adoption of a liquid-cooled unit in the resistive heat-
ing element, the company has suggested that the temperature can extend to 400 °C 
(Hysitron 2012). However, a severe limitation of this setup is the use of sample-only 
heating, particularly for testing at >200 °C. Thermal equilibrium in the contact zone 
is achieved by holding for a long duration in contact prior to loading. The disadvan-
tage is that as the indentation progresses, it is necessarily involves contact between 
the colder indenter and the hotter sample.

In the Micro Materials NanoTest nanoindentation system the sample is 
mounted vertically so that indentation occurs horizontally. The system can be 
operated to a maximum allowable temperature of up to 750  °C (MicroMaterials 
2012). The displacement transducer is placed behind a water/air cooled heat 
shield to minimize/eliminate radiative heating, and an advantage of the horizon-
tal loading configuration is that convection currents do not transfer significant 
heat to the displacement measurement electronics. Displacement calibration does 
not vary within the 25–750 °C temperature range. A key element in its design to 
reach a much higher working temperature is use of a dual heating strategy (iso-
thermal contact method) where the sample side is heated with a resistance heater 
and the diamond indenter side is heated up with a small heater with a miniature 
thermocouple (Everitt et al. 2011; Beake and Smith 2002). This design enables 
independent heating and control of the sample and the indentation temperatures 
to minimize the heat flow between the sample and indenter (Fig. 4). Everitt et al. 
(2011) used finite element modeling to analyse the thermal picture under a dia-
mond indenter with specimen with different conductivities. For the high-conduc-
tive materials, a very steep thermal gradient was formed at high temperature which 
must accommodate their deformation. Through experiments on fused silica up to 
600  °C and annealed gold up to 300  °C, they found that the isothermal contact 
method maintained acceptable thermal drift and produced values of modulus of 
hardness that compared well with those in literature (Everitt et al. 2011).

It is clear that reliable high-temperature nanoindentation tests require a sta-
ble temperature field with minimal thermal flow between the indentation tip and 
sample, components and surroundings. Design strategies such as heat shielding 
of components and displacement measuring electronics, isothermal contact by 
dual heating, long hold period at peak load and relatively large heating blocks for 
effective heat dissipation from the rest of the sample stage assembly have been 
employed effectively. Moreover, typically at temperatures in excess of 500  °C, 
protective gas (e.g. argon purging) may also be necessary to avoid the deteriora-
tion of the diamond tip or the sample.

These non-ambient temperature nanoindentation instruments/techniques 
have been successfully utilized to characterize the mechanical properties of 
polymers, metals and hard coatings (Beake and Smith 2002; Everitt et al. 2011; 
Fox-Rabinovich et al. 2006; Gray and Beake 2007, Gray et al. 2009; Lu et al. 
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2010; Sawant and Tin 2008; Schuh et al. 2005; Xia et al. 2003; Ye et al. 2005). 
Encouragingly, it has been found that the properties at measured at non-ambi-
ent temperature can reflect their performance at real in-service conditions. For 
example, the high temperature nanomechanical and micro tribological proper-
ties of TiAlN and AlCrN coatings on cemented carbide cutting tool inserts (Fox-
Rabinovich et al. 2006) have been correlated directly with their performance in 
extreme applications such as high speed machining.

Various polymeric materials have been studied using non-ambient temperature 
nanoindentation. An aerospace polymer resin, PMR-15 polyimide, was investi-
gated by Lu et al. (2010) using a MTS nanoindenter up to 200 °C. Elastic mod-
ulus of PMR-15 showed a linear decrease with the increase of the temperature. 
Gray and Beake (2007), Gray et al. (2009) used the NanoTest to investigate the 
mechanical properties of PET films with different processing history and crys-
tallinity over the temperature range 60–110  °C. They found that the mechanical 
properties of undrawn (amorphous) and uniaxially drawn (low crystallinity) PET 
films dropped quickly at 70–80 °C corresponding to their glass transition tempera-
ture, while the properties of biaxially oriented film showed a much more gradual 
decrease which can be attributed to its high crystallinity. The strain rate sensitivity 
parameter was also found to be able to characterise the increased time-dependent 
deformation around the glass transition region. Figure 5a combines measurements 
taken at room temperature and high temperature on a wide range of amorphous 

Fig.  4   Schematic of a commercially available high-temperature nanoindenter (NanoTest) 
employing separate indenter and sample heating and control to achieve isothermal contact
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and semi-crystalline polymers. It shows a dramatic peak at a temperature a few 
degrees above Tg, consistent with a maximum in the tan delta peak (which is 
usually offset by a similar amount from Tg determined from the inflexion of the 
storage modulus vs. T curve in DMA). Associated with this dramatic increase in 
A/d(0) is a marked decrease in the exponent n of the loading curve (P = kdn) as 
shown in Fig. 5b.

Juliano et al. (2007) evaluated the creep compliance of three aliphatic epoxy 
networks with different molecular weight between crosslink over the temperature 
range 25–55 °C. They used a 500 μm end radius ruby indenter to generate small 
contact strains and maintain linear viscoelastic deformation. Tehrani et al. (2011, 
2012) studied the nanoindentation creep of nanocomposites of aerospace epoxy 
and multi-walled carbon nanotubes over the temperature range 25–55 °C using a 
cBN Berkovich indenter. They determined that the strain rate sensitivity A/d(0) in 
the nanocomposites decreased relative to the neat epoxy, particularly at elevated 
temperatures. Interestingly, Li and Ngan have recently reported discrete relaxation 
events occurring during 600  s hold at 0.9 mN when indented with a Berkovich 
indenter of end radius 450 nm. Their frequency of occurrence was both crystallin-
ity and temperature dependent. At 30 °C the discrete events (depth steps in creep 
curves) occurred in under 10  % of tests on LDPE but in over 55  % of tests on 

Fig. 5   a A/d(0) versus 
(Tg-T)/ °C from room 
temperature and high 
temperature measurements 
on semicrystalline and 
amorphous polymeric 
materials. b Variation in 
loading exponent n for PET 
films around their glass 
transition temperature range
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HDPE. At 50 °C the percentage on HDPE was 47 % and at 70 °C the proportion 
reduced to 40 %. Since the probability increases with crystallinity, the authors sug-
gested the fast relaxation events were likely to arise within the crystalline phase. 
The reduction in frequency with temperature was considered to be due to enhance-
ment of the viscous flow of the amorphous phase.

Besides the high-temperature application, various engineering activities are car-
ried out at sub-ambient temperatures. These cover winter sports, cryo-machining, 
marine and aerospace applications (Fink et al. 2008; Iwabuchi et al. 1996; Yoshino 
et al. 2001; Zhu et al. 1991). For example, the temperature of aircraft tyres can 
be lower than −50 °C during the aviation cycle. When landing, extremely heavy 
loads can be applied. Some spacecraft instruments have to be cooled to obtain an 
improved performance. The materials utilized in the assembly of these electronic 
circuits can be subjected to mechanical loading.

Adopting the dual-side thermal control approach in the high-temperature test 
setup, Chen et al. (2010) recently reported the development of a new cold stage 
accessory based on the NanoTest instrument. The novel nanoindentation capabil-
ity described demonstrated its ability to investigate the local mechanical properties 
and the creep behavior of atactic polypropylene down to −30 °C. The sub-ambient 
temperature cooling system incorporates a purging chamber for eliminating con-
densation during cooling and two Peltier coolers as shown in Fig. 6 to achieve the 
isothermal contact. Extended initial contact hold period and low vibration cooling 
loop were adopted to get vibration free measurements.

Sub-ambient temperature nanoindentation tests have been successfully carried 
out on atactic polypropylene (aPP) to demonstrate the nanomechanical behav-
iour through the glass transition temperature, ~18  °C (Chen et al. 2010). It has 
been found that the hardness and elastic modulus of aPP increased as the test tem-
perature decreased and the amorphous regions went through the glass transition 
as shown in Fig.  7. The derived creep extent (A) using the logarithmic method 

Fig. 6   Schematic diagrams for the cooling systems including (a) indenter cooling stack, and (b) 
sample cooling stack (Bell et al. 2011)
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decreased as the temperature was reduced, and for the time constants (τL) and 
strain rate sensitivity (A/d(0)) (Fig. 8), there were upper-limit values at −10 °C, 
about 8 °C above the quoted glass transition temperature.

As yet there are no reports of nanoindentation at temperatures below −50 °C. 
Cryogenic (down to −150  °C) temperature nanoindentation, however, could be 
realized using state-of-the-art Joule–Thomson cooling devices (Bell et al. 2011).

Fig. 7   Hardness and elastic modulus of aPP tested at different temperatures (Chen et al. 2010)

Fig. 8   a Creep strain rate sensitivity (A/d(0)) versus test temperature, and b creep time constant 
(τL) versus test temperatures fitted using logarithm equation (Chen et al. 2010)



76 J. Chen et al.

As discussed above, it can be seen that the unique ability of nanoindentation 
to obtain highly spatially resolved quantitative mechanical property measure-
ments could enable microstructural changes in polymeric blends or biomaterials 
to be studied as a function of temperature. Maxwell and co-workers have recently 
used high temperature indentation to study the variation in creep compliance 
across the surface of a polyoxymethylene compression-moulded plate.  16  ×  16 
grids of indentations with 500 s hold for creep were performed at 23 and 50 °C. 
Spatially resolved normalized creep compliance maps confirmed that the edges of 
the moulding showed higher creep compliance. Modulus mapping with the same 
data showed the edges were also lower in modulus. The polymer at the edges had 
less time to crystallise due to more rapid cooling at the surface than the bulk, lead-
ing to lower crystallinity at the edges, as confirmed by DSC. Their work showed 
Arrhenius-type behavior, following the relationship between activation energy, 
temperature and relaxation time (τ) so that when lnτ (determined from creep 
compliance data) is plotted versus 1/T a linear relationship is obtained. Using this 
approach they showed that by the appropriate Arrhenius shift the 50 °C data over-
laid and extended the 23 °C data providing a route for accelerated creep testing.

3.1.2 � Influence of Surrounding Media

Besides temperature, the mechanical properties of polymeric samples may vary 
considerably in different environmental media, such as in air with different humid-
ity or when completely immersed in various fluids. For example, polar materi-
als such as biopolymers [for example DNA, elastin, starch, and cutin (Round et 
al. 2000)] absorb water and can swell significantly at saturation. Bower (2002) 
explained that the molecule chain can swell or expand when there is strong attrac-
tive interaction between the solvent molecules and the polymer chain. It would be 
expected that their mechanical properties are interlinked with their water content. 
Thus it is important to test their mechanical properties and behavior in fluid media 
rather than to infer from measurements under normal laboratory testing conditions.

One commercial liquid cell system was designed by fitting the nanoindentation 
platform (Micro Materials Ltd.) with a fluid cell. The fluid cell testing photo is 
shown in Fig. 9. The potential benefits of the horizontal loading to the fluid testing 
were summarized (Bell et al. 2008) as (1) the use of an indenter adapter allow-
ing the indenter to be fully immersed in cell, (2) all electronics are well away 
from the cell, so it can be heated—e.g. to body temperature and above- without 
risk of steaming of the capacitive displacement sensor, (3) the possibility of fluid 
exchange during experiment, (4) no significant buoyancy problems, (5) no large 
change in meniscus position during indentation. Water insoluble samples whose 
mechanical properties therefore do not vary on immersion in water (fused silica 
and polypropylene) were used to check the reliability of the setup.

Commercial Nylon-6 samples were tested by Bell and co-workers in deionized 
water and ambient (50 % relative humidity) conditions (Bell et al. 2008). Typical 
load–displacement curves are shown in Fig. 10. The hardness and elastic modulus 
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measured in deionized water were significantly lower than those measured in 
ambient conditions. The creep rate sensitivity, A/d(0), decreases significantly in 
water which is consistent with a decrease in the tan delta peak due to a shift in the 
glass transition temperature when wet.

Constantinides et al. (2008a, b) tested more compliant hydrogels, finding that 
the stiffness of PAAm-based electrophoresis gels decreased by a factor of about 
1000 when hydrated [E(gel, water)  =  270  kPa; E(gel, air)  =  300  MPa]. They 
extended the capability of the fluid cell setup by replacing the diamond Berkovich 
indenter with a ruby spherical probe of 1 mm diameter chosen to approximate to 
linear viscoelastic deformation. Using this large radius spherical probe they con-
ducted contact creep experiments on PAAm hydrogels and hydrated porcine skin 
and liver tissues. 300 s contact creep experiments on porcine skin after 1 h immer-
sion in physiological saline were well fitted by the Kelvin-Voigt model.

Fig. 9   Schematic of 
NanoTest fluid cell

Fig. 10   Typical dry and 
wet indentation curves 
for acommercial nylon-6 
polymer
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Schmidt and co-workers used a NanoTest modified to act as a electrochemical 
call to study an electroactive polymer nanocomposite thin film containing cationic 
linear poly(ethyleneimine) and 68 vol % Prussian blue nanoparticles as a candi-
date stimulus-responsive polymer material (Schmidt et al. 2009). Electrochemical 
reduction of the Prussian blue particles doubled their negative charge causing an 
influx of water into the film to maintain electroneutrality. This resulted in swell-
ing and a decrease in elastic modulus. The in situ nanoindentation measurements 
using a spherical ruby indenter of 5 μm radius showed a reversible decrease in the 
elastic modulus of the film from 3.4 to 1.75 GPa

Nanoindentation tests have also been performed under vacuum or in differ-
ent humidities. Korte et al. (2012) have recently described the adaptation of the 
NanoTest to work in vacuum at temperatures up to 665  °C. Altaf and co-work-
ers recently used the NanoTest with a humidity control unit to study the effect of 
moisture on the indentation response of a commercial stereolithography polymer 
resin, Accura 60, over the humidity range 33.5–84.5  % RH (Altaf et al. 2012). 
Stereo-lithography resins are highly hygroscopic and their mechanical properties 
are significantly affected by the level of moisture in the environment, with hard-
ness and modulus decreasing with increased moisture in the resin. Transport of 
moisture from the surface to the bulk took place over a number of days so that a 
coupled stress-diffusion FEA was required. Gravimetric tests were performed to 
calculate the diffusion constants and bulk tensile, compressive and creep tensile 
tests to generate the mechanical material properties for the model. With appropri-
ate modelling, the variation in hardness with (1) increasing penetration into the 
polymer (2) different environmental conditions could be accurately simulated.

3.2 � Environmental Nanoscratch Testing

Since its inception, nanomechanical test instrumentation has developed along modu-
lar lines (Beake 2011) with nanoindentation and nanoscratch the two main modules 
for commercial instruments due to the simplicity to realize both these tests without 
particularly challenging hardware development. Polymers and polymer-based nano-
composites exhibit various deformation modes in the scratch test such as elastic con-
tact, ironing, ductile ploughing, ductile/brittle machining, tearing, cracking, cutting, 
fragmentation, etc. (Dasari et al. 2009). In Briscoe and Sinha’s review (2003), the 
most common types of material damage during scratching were illustrated. A combi-
nation of different mechanisms is usually operative in any particular contact process. 
Briscoe and Sinha (2003) developed scratch deformation maps for various polymers 
at the macro-scale that show clearly how the interplay between cone angle (which 
alters the contact strain) and normal load produces the different (dominant) scratch 
mechanisms. More recent work by Brostow and co-workers has shown that, with the 
exception of highly brittle polymers such as polystyrene, in general the cross-sec-
tional area of the ridges above the scratch can be considerably lower than the cross-
sectional area of the scratch groove, presumably due to appreciable densification 
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alongside ploughing and cutting (Brostow et al. 2007). At the macro-scale there have 
been efforts to investigate any correlation between scratch hardness and abrasive 
wear with Sinha and co-workers noting that although PMMA was ~5–6 times harder 
than UHMWPE its wear resistance were 85 times lower under the same experimen-
tal conditions (Sinha and Lim 2006). Nevertheless, despite this, several studies have 
shown that mechanical properties are strongly implicated in the scratch behaviour of 
polymers at nano- and micro-scale. Taking advantage of the depth-sensing capability 
of the nano-/micromechanical test instruments viscoelastic scratch recovery has been 
shown to be important. A convenient measure of this is the % recovery as defined by 
Eq. 8:

where ht is the on-load scratch depth and hr the residual depth. Brostow and co-
workers reported a wide variation in recovery after multiple pass micro-scratch 
experiments with a 200 μm probe (Bermudez et al. 2005a, b). For example, after 
15 scans at 15 N viscoelastic recovery on nylon 6 was over 80 % but under 30 % 
on polystyrene. Similarly wide differences were observed by Sinha and Lim in 
~200 μm deep scratches, with PMMA showing 62 % recovery and PP only 36 % 
(Sinha and Lim 2006). Brostow and co-workers noted that in their multiple micro-
scratch tests the residual depths were greater at 1  mm/min than at 15  mm/min 
for all the thermoplastics they tested (Bermudez et al. 2005). They explained this 
as the influence of contact heating and greater chain relaxation and viscoelastic 
recovery at the higher speed. Recovery appears to be linked to tan delta (Brostow 
et al. 2006) although the relationship was highly non-linear. Beake and Leggett 
(2002) found that differences in H/E correlated with differences in residual depth 
and % recovery when scratching PET films of differing crystallinity and orienta-
tion at the nano-/micro-scale, at 1mN with a 25 μm end radius probe. When scan-
ning at the nano-scale with a commercial AFM, Beake et al. noticed that aligned 
ridges formed immediately on uniaxially drawn PET of low hardness and crys-
tallinity at contact forces over 15 nN (Beake et al. 2004) but several scans were 
required to create similar patterns on harder biaxially drawn PET (Beake and 
Leggett 2002). These authors suggested that the stick–slip process that leads to the 
formation of the aligned ridges on the polymer surface proceeded smoothly on the 
uniaxial PET as the yield threshold for localised plastic deformation is exceeded, 
whilst the higher crystallinity, H and H/E on biaxial PET has higher yield stress 
and a more gradual fatigue process over several scans is necessary before the yield 
stress of the damaged surface was low enough for efficient pattern formation.

In their excellent review, Dasari et al. (2009) noted that factors such as Young’s 
modulus, yield and tensile strength and scratch hardness can all affect the scratch 
behaviour of polymers and nanocomposites. Surface tension has also been shown 
to play a role (Brostow et al. 2003). Brostow et al. demonstrated that on increasing 
the surface tension, friction, penetration and residual depths were also increased. 
The effects of the additive on the scratch resistance of nanocomposites have also 
been widely studied. For example, Zeng et al. used nanoindentation, nanoscratch, 
and nano-tensile tests to study the influence of different contents of fluoropropyl 

(8)% recovery = 100 (ht − hr) /ht
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polyhedral oligomericsilsesquioxane (FP-POSS) in poly(vinylidene fluoride) 
(PVDF) on the mechanical properties of different systems. Compared with neat 
PVDF, the scratch resistance of the PVDF/FP-POSS nanocomposites was 
decreased due to a rougher surface derived from the bigger spherulites. A detailed 
review can be found in (Dasari et al. 2009).

As demonstrated above, the mechanical properties of the polymers and nano-
composites depend on the specific testing environmental such as temperature, sur-
rounding media. The mechanisms in nano-scratching polymeric materials under 
non-ambient conditions may vary significantly from those at ambient condi-
tion due to the change of their mechanical properties, the surface interaction etc. 
However, to the knowledge of the authors, the application of non-ambient nano-
scratch to polymeric materials is in its infancy although studies of the nanome-
chanical and tribological properties of diamond-like carbon film at sub-ambient 
temperatures have revealed significant changes with temperature on this metasta-
ble material (Bell et al. 2011; Chen et al. 2011). At the macro-scale Burris, Perry 
and Sawyer used linear reciprocating pin-on-disk testing to provide evidence for 
thermal activation of friction (Burris et al. 2007). The friction coefficient of PTFE 
sliding against 304 stainless steel in nitrogen was measured over the temperature 
range −80 to +140  °C. They found that in the absence of ice the friction coef-
ficient increased monotonically with decreasing temperature from 0.075 to 0.21, 
consistent with thermal activation of 5 kJ/mol.

3.3 � Environmental Nano-Impact Testing

Constantinides et al. (2008a, b) have noted that whilst the mechanical response of 
polymeric surfaces to concentrated impact loads is relevant to a range of applica-
tions it cannot be inferred from either quasi-static or oscillatory contact loading (i.e. 
nanoindentation). By modifying the nano-impact module in the NanoTest they were 
able to assess the strain rate sensitivity of a range of amorphous and semi-crystalline 
polymers in the velocity range 0.7–1.5 mm/s. Polypropylene and low MW PMMA 
showed strain rate sensitive impact resistance whilst other polymers (PS, PC, PE, 
high MW PMMA) did not. They used the coefficient of restitution (e) as a conveni-
ent way to assess the energy loss during impact. In an interesting extension of the 
test capability they performed the nano-impact test on PS and PC over the tem-
perature range 20–180 °C (i.e. from well below to well above their glass transition 
temperature ranges). They found that e decreased very slightly over the tempera-
ture range 0.2–1.0 T/Tg for both PS and PC. However, the capacity of the materi-
als to dissipate the energy of impact greatly (e decreases) increases for temperatures 
exceeding the glass transition temperature (i.e. T/Tg > 1).

Kalcioglu and co-workers have used nano-impact (high strain rate indentation) 
to assess the response of fully hydrated tissues (from liver and heart) and candi-
date tissue surrogate materials (a commercially available tissue surrogate and sty-
renic block copolymer gels) (Kalcioglu et al. 2011). They were able to quantify 
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resistance to penetration and energy dissipation constants under energy densities 
of interest for tissue surrogate applications. The nano-impacts were performed at 
impact rates of 2–20 mm/s. Although the velocity was slow, the energy strain den-
sities were high (0.4–20 kJ/m3) and comparable with macroscale impact tests such 
as pneumatic gun and falling weight impacts designed to replicate ballistic condi-
tions (15–60 kJ/m3) (Kalcioglu et al. 2011). They were able to determine that the 
energy dissipation capacities of fully hydrated soft tissues were well matched by a 
50/50 triblock/diblock composition that was stable in ambient environments.

4 � Concluding Remarks

Environmental, or non-ambient, nanomechanical testing has been successfully 
applied to the characterization of polymers and nanocomposite materials, espe-
cially by high temperature nanoindentation. Future directions in nanomechanical 
test technique development are likely to involve the test envelope being pushed 
ever outward to map onto more extreme conditions, such as cryogenic tempera-
ture, vacuum and various fluid media.

More recently developed nano-scale test techniques, such as nano-scratch or 
nano-impact, are less well explored than the older nanoindentation test technique. 
However, performing these tests under non-ambient environmental conditions is 
a highly promising direction for future research as it enables the tribological and 
dynamic properties of materials to be studied in nano/micro-scale.
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