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1 Introduction

Abstract: The nanoscratch test has been identified as one
of the important tools for evaluating the mechanical and
tribological properties of materials. This paper reviews the
current researches on the nanoscratch test using to characterise the mechanical properties of three typical materials, including thin film, polymer composite and concrete,
from the perspectives of the Berkovich indenter, parameter selection, mode selection, and analysis of resulting
data. In addition, to provide a deep understanding on the
test from different magnitude, a comparison between the
microscratch test and nanoscratch test on the evaluation
of tribological performance is also provided in this paper. The characterisation by nanoscratch test of two structural samples, in terms of layered film structures (thin film
and coating sample) and single layer block structure (polymer composite sample and concrete samples) are also described in this paper, which aims to provides a deep understand on the evaluation the adhesion, tribological and
interfacial properties of the typical materials samples by
nanoscratch test. Finally, the coefficient of friction and critical load are discussed, which are two important parameters in tribological properties and adhesion properties.

It has been widely accepted that research on a microscopic
scale plays an important role in the field of materials research. Nanoindentation test and nanoscratch test has
been identified as two common methods for evaluating the
micromechanical properties of materials. As shown in Figure 1(a), the nanoindentation test can generate the loaddisplacement data by pressing the surface of material with
an indenter. The hardness and elastic modulus can be determined from load-displacement data by methods developed by Oliver and Pharr [1]. Moreover, other mechanical
properties, i.e. the contact stiffness [2] and the fracture
toughness [3, 4], can be also obtained by analysis loaddisplacement curves and contact models, where the fracture toughness is defined as the energy density required
to propagate defects already present in the film to fracture [4]. Generally, how to distinguishing fracture toughness and inherent total toughness becomes an important
issue when studying single crystals. To compare the intrinsic toughness of different single crystal phases, nanoindentation has to be set at constant penetration depths,
which suggests that the material with a larger toughness
should fracture at a deeper diamond wedge penetration [5,
6]. Nanoscratch test (Figure 1(b)) is accomplished by applying a normal load in a controlled mode while measuring the force required moving the tip laterally across the
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Figure 1: (a) schematic diagram of nanoindentation test process; (b)
schematic diagram of the nanoscratch test process
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sample [7]. The information including scratch depth, friction coefficient, and lateral force change of the material
can be also offered by the nanoscratch test, which can further links to the adhesion properties and tribological properties of the material [8, 9]. Compared to the nanoindentation test, more reliable and complete interface mechanical properties of the materials can be characterised due
to the continuous real-time point information generated
from the nanoscratch test [10].
Although only a few decades of development, the extensive researches conducted by the nanoindentation and
the nanoscratch make them become the two most important techniques for studying the nanoscale mechanical
properties of materials. Their applications cover various
engineering fields, including materials engineering (e.g.
self-healing microcapsules [11]), bioengineering and medical engineering (e.g. hair, bones, cells [12–17]), construction engineering (e.g. cement composite [18–22]), etc. Regardless of the application fields, the test samples include
different configurations, in which layered structures such
as thin films [23–26] and coatings [27–29] are the most
widely studied structures; in addition, for investigating the
block materials such as nanocomposites, non-film type
samples are commonly used [30–32]. In general, nanoindentation testing is mostly used to determine the hardness and elastic modulus of materials, while nanoscratch
testing is normally employed to evaluate the tribological
properties, adhesion properties and interfacial properties
of materials. Therefore, more and more researchers use
both nanoindentation and nanoscratch in combination to
gain a sophisticated understanding of the nanomechanical properties of materials as reported by Tsui et al. [33],
who used the combination of the nanoindentation and
the nanoscratch to determine the mechanical properties of
several carbon thin films, such as elastic modulus, hardness and wear resistance, and finally select the hard carbon coating with the best mechanical properties.
A summary description of the nanoscratch test reported by other researchers is presented as follows: Valli
et al. [34] reported the development of a nanoscratch test
method for adhesion evaluation in the study of adhesion
of TiN coatings by focusing on the correlation between friction and coating failure. Randall et al. [35] outlined the reliability of the nanoscratch test for studying the mechanical properties of thin film systems, by which the authors
first introduced the scratch pattern and experimental parameters of the nanoscratch instrument, and then listed
the nanoscratch test of three thin film systems to verify
the adapability of the nanoscratch test in characterising
the mechanical properties of the film systems. Later in
2013, Beake et al. [10] summarised the recent progress in
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nanoscratch testing applied in different engineering fields,
which covered the types of nanoscratch testing and the influencing factors of experimental results. With the development in recent years, research materials for nanoscratch
testing have not been limited to films and coatings. However, till present, there have been few review papers regarding on how to use the nanoscratch test to study the mechanical properties of materials, regardless of the film and
coating materials, or other materials. This paper is focused
on how to use the nanoscratch test to study the mechanical
properties of two different structures materials, including
tribological properties, adhesion properties and interface
mechanical properties.
In this paper, a systematic description of the nanoscratch test used for the materials with two typical structures, namely thin film and single-layer block structure
is presented. The single layer block structure described
herein refers to a composite sample of a non-thin film structure, including a polymer composite material and a cement composite material. A detailed summary of the nanoscratch test, which covers the commonly used Berkovich
indenter, the parameter settings and the analysis of result data including the parameters and data concepts,
is firstly introduced. Then, the microscratch test is introduced, and the difference between the microscratch test
and the nanoscratch test on different orders of magnitude
is then compared. Following that, the nanoscratch test employed to characterise the nanomechanical properties (adhesion properties, tribological properties and interface mechanical properties) of two typical structural samples, in
terms of the layered thin film structure and the single layer
block structure, are described. Finally, two important results generated from most nanoscratch tests, in terms of
friction coefficient and critical load, are discussed.

2 Basic settings and parameters
This section describes the basic settings and parameters
of the nanoscratch test, including the commonly used
Berkovich indenter, basic test parameter settings and
main result data.

2.1 Berkovich indenter
Berkovich indenter is one of the most commonly used indenters of nanoscratch test, which is a three-sided pyramid indenter with three different orientations, the edgeforward, the face-forward and the side-forward as shown
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Figure 2: Schematic representation of the Berkovich indenter: different tip orientations, including edge-forward, side-forward and
face-forward [37]

in Figure 2 [36]. It should be noticed that the results are significantly affected by the orientation of the indenter. When
determining the tribological properties of single crystal silicon, Youn et al. [38] studied the effect of experimental conditions on the coefficient of friction (COF) of single-crystal
silicon by nanoscratch test. The result shows that the three
different orientations of Berkovich indenter have a significant effect on COF, ranging from 0.16 and 0.38. Moreover,
numerical simulation was also conducted to study the effect of indenter orientation on the COF. Mulliah et al. [39]
used Parallel molecular dynamics to simulate the effect
of three different indenter orientations on the COF, and
reported that the COF varies from ~0.37 to ~0.57 depending on the orientation of the indenter. Chamani and Ayatollahi [37] established a finite element analysis model to
calculate the COF of Berkovich indenter in different orientations, and verified the results by experiments. All their
research confirmed that the COF is highly depended on the
orientation of the indenter.

2.2 Test parameter setting
The parameter setting mainly includes the scratch length,
the normal load, and the scratch velocity. Besides, an important step of nanoscratch test is the choice of scratch pattern. However, regardless of the scratch patterns, a threestage process has to be conducted.
(a) Pre-scan: Pre-scanning is the scanning of the sample surface with a load (usually 0.5µN) which is low
enough to prevent damage to the sample surface before the scratch begins. This process delivers the initial surface information of the sample, such as the
location of the scratch, the surface roughness of the
sample.
(b) Scratch: The scratch stage refers to the process in
which the indenter scratches along the sample sur-

face and leaves a scratch on the surface of the sample. The process of which are normally controlled by
selecting three parameters, i.e. normal force, scratch
length, and scratch velocity. In the scratch stage, depending on the normal force loading mode, it can be
divided into the constant load mode and the ramped
load mode. According to the load data provided
by the nanoindenter G200, the maximum load can
reach 500mN, but according to the experimental operator, the maximum load setting usually does not
exceed 20mN, because excessive load might damage the instrument. Constant load mode is normally
used to study the wear resistance and COF of materials, while ramped load mode is often used to evaluate the interlayer properties of the coating-substrate
system. The selection the loading mode can also depended on the nature of the materials, for example, for the non-layered materials (polymer, etc.),
the constant load is preferred to study the tribological properties, however, for the materials with layered structure, the ramped load is mainly applied to
study the mechanical properties of the interface between different layers. Moreover, the combination of
two loading methods are often employed during the
characterisation to obtain extra information. Wei et
al. [40] used both constant load and ramped load
modes to determine the mechanical properties of Cr
compound thin films (Cr, Cr2 N and CrN). The experimental results showed that the Cr2 N film was the
most wear-resistant and effective protective coating
in the tribological properties, but the adhesion was
the lowest. Their research revealed that the nanoscratch test could offer the guidance for protective
coating selection.
In the parameter setting of the scratch mode, double nanoscratch or multiple repeated nanoscratch
by adjusting the number of scratch cycles are usually conducted by many researchers. Previous studies have shown that the wear and deformation mechanisms of materials in scratches are not only controlled by a single abrasive, but also by the interaction between multiple abrasives [41, 42]. Chen et
al. [43] conducted single nanoscratch, double nanoscratch and multiple nanoscratch tests on Lu2 O3
transparent ceramics to study the removal and deformation mechanism of the materials. After considering the elastic recovery effect, the theoretical models of the penetration depth in all single scratch,
double nanoscratch and multiple nanoscratch tests
were also established. The results showed that the
adjacent scratch distance between the double nano-
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scratches influenced the elastic recovery rate as that
elastic recovery increases with the increase of distance and eventually stabilizes. This result was close
to the theoretical model prediction, thus verifying
the reliability of the theoretical model. Moreover,
there is also a commonly used multiple repeated
nanoscratch called nanowear, which was first described by Bull and Rickerby [44] as a constant
load, unidirectional multipass scratch testing, has
been shown to be an effective low cycle fatigue test.
The process is shown in Figure 3. Nanowear tests
are often employed to study the tribological properties of materials. Through nanowear, researchers
can better understand the surface and interface phenomena from the nanoscale level. Beake et al. [45]
studied the wear resistance of uniaxially and biaxially drawn poly (ethylene terephthalate) films (PET
films) by using multi-pass nanoscratch test combined with both nanoindentation test and nanoscratch test together to reveal that the different treatment methods of PET film lead to significant differences in mechanical properties. The results of the
nanoscratch test showed that the biaxial film exhibited better wear resistance. Moreover, by combining
with the hardness and elasticity modulus measurement, it is also reported that the wear resistance of
the film was related to the ratio of hardness to modulus. Lee et al. [46] used the nanowear test to study the
mechanical properties of CrN films prepared by two
different film deposition methods not only by combining the nanoindentation test, but also by combining atomic force microscopy with ramped loading
nanoscratch experiment. The research is aimed to
study the comparison of different preparation techniques on characterisation of the mechanical properties of CrN films from surface morphology, roughness, hardness, elastic modulus, COF and wear resistance. The two different thin film deposition methods were reactive radio frequency magnetron sputtering (RF-CrN film) and cathodic arc plasma deposition (CAPD-CrN film), respectively. The results show
that RF-CrN film is superior to CAPD-CrN film in
nanomechanical properties such as hardness, COF
and wear resistance.
(c) Post-scan: The post-scan is similar to the pre-scan,
scanning the scratched area with a sufficiently low
load (usually 0.5µN) to obtain the sample surface information after the scratch.
For nanoscratch test, since the data generated from
above three stages are related to each other, the data
from each stage are usually placed together for com-
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Figure 3: Diagram of constant load, unidirectional multipass scratch
testing (nanowear) [10]

Figure 4: Nanoscratch test results on copper surfaces [47]: (a)
Schematic diagram of the ramped load; (b) schematic diagram
of the constant load

parison. For example, because it is very difficult to
prepare the specimen with an absolutely smooth
surface, the parallel analysis with the scratch and
the pre-scan could eliminated the error caused due
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to the unsmooth surface. The scratch curve is expressed as the instantaneous scratch depth, and the
post-scan curve is identified as the residual scratch
depth, so the difference between the two curves can
be recognised as the degree of elastic recovery of the
material. Figure 4 shows an example of the nanoscratch test of copper by Xu et al. [47], and the image
after the scratch of the sample is added to make the
result more intuitive.

2.3 Analysis of the results
The output of the nanoscratch test includes the scratch
depth curve and the normal force change. If the instrument is equipped with a lateral force sensor, the change
in lateral force and the COF during the scratching process
can also be obtained. The COF, coefficient of friction, is
defined as ratio between the lateral force and the normal
force in the scratch test. On one hand, these results directly obtained from the test are referred as intuitive data.
On the other hand, extra information can also be easily
generated by analysing the intuitive data. For example,
for thin film or multilayer structure samples, the ramped
load mode is used to obtain the critical load (Lc ) of interlayer failure, which is defined as the load value under a
gradually increasing load, excess of which the coating is
significantly damaged [48]. The cracking or delamination
of the film and the coating can be identified as a sudden
increase in the COF, so that the critical load can be obtained by analysing the change in the COF [49, 50]. Under a constant load, by subtracting the depth of the prescan stage from the scratch depth in the scratch stage, the
penetration depth, and the different phases in the material can be determined according to the change of the penetration depth. Similarly, for structures containing different
phases, because the lateral force changes due to the difference in mechanical properties between the phases, the interface characteristics between different phases can be determined according to the change of COF. For layered structures, the layer thickness is determined by the location of
the critical load, and the critical load is also closely related
to the interlayer adhesion. Therefore, in the nanoscratch
test, the critical load can usually be used to indicate the adhesion strength of the interface. Barnes et al. [51] defined
two critical loads, the critical load at which the coating
begins to fail (Lc1 ) and the critical load for the total failure of the coating (Lc2 ), to study the adhesion strength of
calcium phosphate (CaP) coatings under different conditions. By comparing Lc1 and Lc2 , the CaP coating with the
best adhesion strength under different deposition temper-

atures and different standing times was obtained. In addition, when investigating the adhesion strength between
some sheet or block material and the substrate, the critical load/material area was used to indicate the adhesion
strength. Chen et al. [52] used nanoscratch test to study
the adhesion strength between amorphous splat and substrate. Different from the adhesion strength of the film system, the constant load mode was applied. Under the constant load mode, the indenter was scratched across the surface of the sample and the maximum lateral force value
was determined by the change in lateral force. Hence the
adhesion strength of a splat was expressed as follows:
P=

F ad F max − F ave
=
S
S

(1)

where P is the adhesion strength, F ad is the adhesion of the
sheet, S is the adhesion area of the sheet, F max is the maximum lateral force, and F ave is the average lateral force.
Similarly, as reported by Loho et al. [53], a similar method
was used to measure the adhesion strength of ice. During
their study, pre-scan was first used to determine the location of the ice droplets. The appropriate normal force
was then selected by trial to ensure that the ice droplets
can be peeled off from the surface of the substrate without
the penetration by the indenter. The post-scan was finally
used to determine that the peeled ice droplets. The adhesion strength of the ice droplets was obtained by measuring the lateral force at the position of the ice droplets /the
area of the ice droplets.
Indentation hardness, which is defined as the ratio of
normal force to the area left on the sample after removal
of the nanoindenter in the indentation test [54], is derived
from the results of the nanoindentation test and nanoscratch test (in Eq. 2):
HS =

P
A LB

(2)

where P is the normal force in the scratch test, and A LB is
the projected load bearing area.
Since there exists the lateral force in scratch, another
concept of hardness, the so-called ploughing hardness,
are expressed in Eq. 3 as the ratio of the lateral force to
the horizontal projected area [55]. Ploughing hardness is
an important parameter to evaluate the scratch resistance
or wear resistance of the materials [56, 57].
HS =

Pτ
A LB

(3)

where P τ is the lateral force and A LB is the horizontal projected area, which is the horizontal projection of the contact area between the scratch indenter and the sample.
Indentation hardness and ploughing hardness are
usually slightly different in experiments.This is mainly due
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to the difference in experimental mechanism, in which the
nanoindentation is quasi-static, and the nanoscratch inevitably involves lateral force and friction when the indenter slides [58].
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4 Nanoscratch test of two different
structures

This section describes the nanoscratch testing of three
types of samples of two different structures, the layered
thin film structure materials such as thin film and coat3 Microscratch and nanoscratch
ing samples and the single layer block structure materials
of polymer composites samples and concrete samples. For
When discussing the scratch test, the microscratch test is
thin film samples, the adhesion properties and tribologianother important technique which could not be avoided.
cal properties are mainly discussed. While for single layer
Compared to nanoscratch, the most intuitive difference beblock structure samples, due to the heterogeneous proptween microscratch and nanoscratch is the different meaerty, the interface characteristics between the particles are
suring range, with the two dimensions differing by a facdiscussed as well.
tor of 1000. With the development of material science and
engineering, for thin film coatings, the research focus has
been shifted from microscale to nanoscale, which requires
4.1 Thin film and coating sample
more precise characterisation technology [59–61]. Moreover, according to the existing research results of nanoDue to the special structure of thin film and coating with
scratch test, almost no researchers will use a normal force
longitudinal delamination, the nanoscratch test is preof more than 10mN in the nanoscratch test. Therefore, due
ferred. Nanoscratch testing is often used to evaluate the
to its small magnitude and sensitivity in the nanoscale, the
mechanical properties of thin films and coatings such as
nanoscratch test has become a popular technology for testabrasion resistance [63] and adhesion [64].
ing in nanoscale.
Carbide or carbon-based films are often used as a proTribological performance evaluated from different
tective coating due to their excellent wear resistance and
scales can be performed using the microscratch test and
high hardness [65–67]. Deng et al. [68] used the nanothe nanoscratch test simultaneously. Tao et al. [62] studied
scratch test to evaluate the adhesion properties of SiC,
the mechanical properties of nanocrystalline films using
amorphous carbon and carbon nitride films deposited on
both the microscratch test and the nanoscratch test to desilicon (111) substrates by sputtering. The film thickness
termine tribological properties of two materials, in terms
was 20 nm by controlling the deposition time. Four norof a nanocrystalline film produced by a pulse process and
mal ramping load ranges, in terms of 0.01-1, 0.02-2, 0.03-3,
a regularly grained film produced by a direct current depoand 0.04-4 mN, were used, where the scratch length was
sition process. In the microscratch test, the COF was eval100µm and the loading velocity was 1µm/s. The critical
uated at a higher load (from 1 to 100 mN) using a sharp
load of each film was observed as a sudden change in the
conical tip (30∘ cone angle) and a ball tip (diameter 4 mm)
COF, where SiC was the lowest (500-600µN), followed by
made of stainless steel. The results show that the COF of
carbon film (600-700µN), and the highest was CN (800µN).
nanocrystalline Cu deposits was much lower than that of
Moreover, by combing the surface profile curves of the premicrocrystalline one. However, the difference is small unscan, scratch and post-scan phases with the COF curves,
der the 1mN load, probably because the contact stress was
and the delamination points of the film was virtually obvitoo small under a small load to be distinguished. Thereous in the figure. Combined with the critical load, it was
fore, nanoscratch test was conducted to further evaluate
concluded that the adhesion of the CN film to the three
the tribological properties at lower loads (100, 300 and
thin films was the best. Diamond-like carbon (DLC) coat500µN, respectively). Due to the applied nanoscratch, the
ings are widely used in the industry due to their excellent
difference in COF between the nanocrystalline Cu coating
properties such as high hardness and wear resistance [69–
and the microcrystalline coating was identified under 300
72]. Zhang et al. [73] evaluated the adhesion properties of
and 500 µN. Therefore, by combining both techniques, the
DLC coatings on different steel substrates by nanoindenconclusion was drawn that the nanocrystalline Cu coating
tation test and nanoscratch test. The two steel samples,
has higher hardness, lower coefficient of friction and wear
namely 9Cr18 bearing steel and 40CrNiMo alloy structural
rate, and better adhesion.
steel, along with two DLC samples, in terms of DLC / 9Cr18
and DLC / 40CrNiMo, were tested. Through the nanoindentation test results, the 9Cr18 substrate with better hard-
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ness and elastic modulus and DLC / 9Cr18 with better load and nanoscratch. Under the ramping loads from 0 to 25
carrying capacity and better adhesion properties can be mN, it was found that the COF increased with the increase
selected. Moreover, the tribological properties of the DLC of the scratch length, and the periodicity showed a signiffilm were evaluated by a ramp-loaded nanoscratch test. In icant effect on the increase rate. By observing the crosscombination with the change of COF during the scratch sectional profile of the scratched track, the authors found
process and the optical micrograph of the scratch, it was that the periodicity of the multilayer film decreased, the
found that DLC / 40CrNiMo was layered and peeled off dur- pile-up of material decreased. Moreover, they deducted
ing the scratching process, and DLC/9Cr18 exhibits better from the nanoindentation results that the ratio of H/E inadhesion. However, the lack of adhesion between the DLC creased as the periodicity of the multilayer film decreased,
and the substrate was proved as an issue which requires resulting in a decrease in the pile-up. Combining the rethe improvement on the adhesion properties of DLC. San- sults nanoscratch tests, they concluded that the hardness
tiago et al. [74] proposed to improve the adhesion proper- and wear resistance of the Ag / Ni alloy multilayer film inties of DLC by high power pulsed magnetron sputtering creased with the decrease of the periodicity and the elastic
(HiPIMS) by using nanoscratches to evaluate the adhesion modulus decreased.
properties of the improved DLC coating. The nanoscratch
Aluminum alloys have been used in mechanical engitest was conducted by ramping load, and the adhesion neering due to their light weight and good thermal constrength of the coating was evaluated by comparing the ductivity, but the low hardness and strength is still hincritical loads. Combined with the optical micrographs and dered their further application in the industry. However,
SEM images after scratching, it is possible to obtain the it has been found that molybdenum disulphide (MoS2 ) is
best adhesion strength of the DLC coating when the sub- very suitable for solid lubricants for various metals and cestrate was pretreated with Cr-HiPIMS.
ramics to improve its wear resistance [84–86]. Banday et
In addition to determining its adhesion properties, the al. [87] studied the mechanical and tribological properties
nanoscratch test are also employed to estimate the tribo- of Ti/MoS2 /Si/MoS2 multilayer coating deposited on Al-Si
logical properties of the film. Scharf et al. [75] used a mul- substrates by using nanoscratch. Five sets of nanoscratch
tiple nanoscratch test to study the wear resistance of pro- tests were performed under a constant load in the range
tective amorphous diamond-like carbon and amorphous from 1000 µN to 5000 µN, and the scanning probe microCNx overcoats for next generation hard disks. The test was scope (SPM) images after scratching were conducted. The
performed using a Berkovich indenter with a normal load layer of the coating was observed, which indicates that the
holding a constant load of 30 mN and a total of 31, 61 and surface of the coating was intact. The coating also showed
101 reciprocating scratches along the 10 mm wear track. a lower COF, suggesting a good lubrication of the coating.
The nanoscratch process with continuous depth sensing Moreover, in order to evaluate the tribological properties
provided a direct view of the wear depth curve for each of the coating, each sample was subjected to two passes
scratch, so the evolution of coating wear was obtained. It nanowear tests under a constant load of 100 to 500 µN
was reported that the carbon nitride coating was signifi- with 128 scratches per pass. The results showed that the
cantly more resistant to displacement during scratching addition of Ti and Si increases the hardness of the coating
and therefore has better wear resistance. For its applica- and improves the wear resistance of the coating, while the
tion carbon-based films, many researches have been con- coating exhibits good lubrication.
ducted as summarised by Charitidis [76].
Since alloy metal exhibits the excellent properties
such as high strength, good ductility, and high corrosion 4.2 Polymer composites
resistance, it is also widely used as a protective film in the
industry [77–82]. Therefore, the research on its nanome- Polymer composites which contains polymers matrix and
chanical properties attracts many researchers. Because of nanoparticles are widely used due to their good electrithe unusually low miscibility of Ag and Ni and the absence cal, optical and mechanical properties [88, 89]. The perof any intermetallic compounds, Wen et al. [83] chose the formance of the added nanoparticles has a significant efobjective of Ag/Ni alloy multilayer film for nanomechan- fect on the mechanical properties of the polymer composical performance evaluation. Ag/Ni alloy multilayer film ite, such as carbon nanotubes (CNT) [90, 91] or fiber [92].
with different modulation periodicity were prepared by Among the various characterization methods, the nanohigh temperature electron beam evaporation deposition. scratch test becomes more and more important due to its
The nanomechanical property of different periodic Ag / Ni ability to obtain a continuous mechanical response during
alloy multilayer film was evaluated by nanoindentation the scratch process..
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First, the nanoscratch test is used to evaluate the lus in the range of matrix-interphase-fibre were measured
scratch resistance of polymer composites. Since single- by nanoindentation, and the elastic modulus between the
walled carbon nanotubes (SWNTs) with special physical three was compared. Based on the difference, the interface
properties are ideal for polymer composites, the nano- width was calculated to be about 1 µm. The results of the
scratch test has been successfully used in the materials nanoscratch test are shown in Figure 5. Due to the differwith SWNTs [93]. Li et al. [94] used nanoscratch testing to ence in mechanical properties between the glass fibre and
study the nanomechanical properties of reinforced epoxy the vinylester matrix, there was a significant fluctuation in
composites with different weight percentages of single- the COF and the scratch depth. From the distance between
walled carbon nanotubes (SWNTs). Different weight per- point A and point B in Figure 5b, the interface width was
centages (1, 3 and 5 wt% SWNTs) of the composite material estimated to be about 5µm. This is quite different from the
were prepared by several steps of chemical reaction, soni- interface width of the nanoindentation evaluation, which
cation, drying, solidification, etc., and the composite mate- was attributed to the geometry of the indenter tip and the
rial was prepared into a disc shape having a diameter of 10 properties of the material itself. As shown in Figure 5c, the
mm and a thickness of 2 mm. The study was conducted using a Veeco Dimension 3100 AFM system (Veeco Metrology
Group) in combination with a Triboscope nanomechanical test system (Hysitron). The composite was then subjected to a nanoscratch test by using a sharp diamond AFM
tip with a 15 nm tip radius to determine the elastic modulus and hardness of the composite and the scratch track
was imaged by the same AFM tip after scratching. The
results showed that the composite material with higher
SWNTs weight ratio exhibits a shallower scratch depth
and an increase in elastic modulus and hardness. Similarly, Shokrieh et al. [58] studied the effects of graphene
nano-platelets (GNPs) on the mechanical and tribological
properties of polymers by using a nanoscratch test. The results showed that the composites with high GNPs exhibited lower scratch depth and the scratch depth decreases
with the increase of GNPs content suggesting a better wear
resistance. This was attributed to the upward movement
when the tip was drawn to the higher hardness GNPs, so
a lower scratch depth was obtained. Moreover, it was also
reported by nanoindentation that the increase in the content of GNPs improved the hardness and elastic modulus of
the composite, thus providing a better elastic recovery and
deformation resistance for the composite. The research on
the tribological properties of polymer composites by nanoscratch test was also reported by Hu et al. [95] from the
study of the scratch resistance of PMMA/ZrO composites.
Based on their results, they suggested that the abrasion resistance of the material was related to the hardness of the
tip of the indenter, that is, the scratch resistance depended
on the characteristics of the indenter tip [96, 97].
Second, nanoscratch testing is also used to study the
interfacial properties of polymer composites, and is ofFigure 5: Schematic analysis of results of evaluation of interface
ten combined with nanoindentation to assess the effeccharacteristics by nanoscratch test. (a) Normal and tangential force
tive width of the interface [98–100]. Kim et al. [101] used profile. (b) Coeflcient of friction and scratch depth profiles. (c)
nanoscratch testing to study the interfacial properties of Schematic illustrations of nanoscratch depth profiles at different
silane-treated glass fibre composites, with focus on inter- stages [101]
face width. In their study, the hardness and elastic modu-
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Figure 6: Schematic diagram of nanoscratch test for adjacent parallel and orthogonal paths. (a) Orthogonally intersecting scratch. (b)
Adjacent parallel and orthogonal intersecting scratch [103]

researchers divided the scratch process into four phases,
which were briefly summarized as the matrix phase, the
near interface phase, the interface phase, and the nanoparticle phase. After considering the geometry of the indenter tip, the researchers used Eq. 4 to evaluate the interface
width:
t = T − tan θ

(4)

where T is the total length of transition region, and d is the
scratch depth of the matrix.
The calculation showed that the interface width varies
between 0.8 and 1.5 µm depending on the content and
treatment of the silane agent. It can be summarised from
their research that the width of the interface directly from
the experimental results may not be accurate, and the geometry of the indenter tip needs to be considered in order
to obtain the actual interface width. Moreover, a similar approach can be found in the study of the effect of Godara
et al. [102] sterilization on the structural integrity of thermoplastic matrix composite polyetheretherketone (PEEK)
reinforced with carbon fiber (CF).
Based on the specificity of certain polymer samples,
researchers can study samples by using some unconventional scratch patterns. As mentioned previously, in addition to a single wear particle, the deformation and wear
mechanisms during the scraping process are also affected

by the interaction between the plurality of wear particles.
Therefore, in order to study the mechanical behavior of
polymethyl methacrylate (PMMA) under multiple scratch
interactions, Adams et al. [103] used the nanoscratch
test to perform some parallel and orthogonal intersecting
scratch tracks on PMMA samples. As shown in Figure 6,
due to the nature of PMMA, some pile-ups are formed during the mutual scratching process. Studies showed that
these pile-ups were strain hardened, which causes adjacent parallel scratched to create a self-protection mechanism that affects adjacent parallel scratches. Therefore,
when determining the mechanical properties of the interaction between nanoscratches of materials, some unconventional scratch models such as the above-mentioned
orthogonally intersecting scratches and adjacent parallel scratches, were applied. Noticeably, when multiple
scratch tests on the same sample, enough spacing should
be maintained between adjacent scratches if ignoring the
effect of adjacent scratches [104]. Ahangari et al. [105] also
applied nanoscratch testing to evaluate the self-healing
properties of microencapsulated healing agents for epoxy
polymers. Two different polymer composites were Ep-Caps
(epoxy-microcapsules) and Ep-CNT-Caps (epoxy-carbon
nanotube-microcapsules). The hardness and elastic modulus of the two materials were evaluated by using nanoindentation, and the self-healing efficiency of the two materi-
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als was evaluated using nanoscratches and AFM. The purpose of the nanoscratch test in the study is to destroy the
microcapsules during the scratching process so that the
healing agent therein can heal the scratches and to compare the scratch performance of the two composite materials. By comparing the AFM images of the original scratch
track and the scratch track after two hours, the two-hour
self-healing efficiency of the Ep-CNT-Caps composite was
18%. By comparing the results of the two sets of experiments, they concluded that the addition of microcapsules
reduced the hardness and elastic modulus of the epoxy
polymer with a deeper scratch depth. However, the addition of CNTs significantly improved the mechanical properties of the polymer.
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Figure 7: The process of calculating the width of one interface [110]

based on the scratch depth curve and the COF curve in the
nanoscratch test results. Mao et al. [110] used the nanoscratch
test to study the interfacial properties between CAs one of the most commonly used building materials,
S-H
and
unhydrated cement particles in cement paste. Acconcrete materials exhibits a heterogeneous and complex
structure. The concrete has been widely agreed as a three- cording to the previous evaluation of the hardness and
phase material, namely aggregate, cement paste and inter- elastic modulus of the cement paste by nanoindentation
facial transition zone. However, it has been reported that test [111, 112], it is known that the mechanical properties of
there are at least two type of calcium silicate-hydrates (C- the different phases in the cement paste are significantly
S-H) in cement-based materials [106]. Therefore, the inter- different. The penetration depth and friction coefficient
face between these C-S-H and cement particles is imported, curves were obtained from the constant load nanoscratch
which has been studied by researchers through the nano- test and the position of the interface between the different
phases was determined by analysing the trend of the penescratch test.
For cement samples, in order to make the results more tration depth and the COF. As shown in Figure 7, the peneaccurate, there are strict requirements for the preparation tration depth curve at the interface is intercepted, and the
of cement samples in nanoscale experiments. The surface interface width is calculated by S curve fitting. Similarly,
roughness requirements for cement samples in nanoinden- Xu et al. [113] used the same approach on the modification
tation experiments and nanoscratch experiments were de- of C-S-H /Cement Grain Interfaces by Nano-SiO2 .
In addition, the nanoscratch test can also be used to
scribed in Miller et al. [107]. The preparation of a cement
evaluate
the tribological properties of concrete [114]. In
sample usually involves the following steps: coring, cutorder
to
overcome
the problem of low tensile strength of
ting, drying, grinding, polishing and cleaning [108, 109].
After the sample is demoulded, it is usually necessary to cement composites, some reinforcing fibres are usually
use epoxy for embedding. After the epoxy is solidified, the added to the cement [115, 116]. Barbhuiya et al. [117] studspecimens have to be grounded several times, including ied the nanomechanical properties of 100% ordinary Portcoarse grinding and fine grinding. The rough grinding is to land cement and short multi-walled carbon nanotubes
obtain a smooth sample surface, and then the sample sur- (MWCNT) cement with a weight ratio of 30%. A scratch
face is finely ground to remove obvious scratches on the length of 100 µm was scratched on the sample by a
surface. In order to prevent the hydration reaction of ce- Berkovich tip with a Velocity of 2 µm/s, and the apment, anhydrous ethanol should be used as a lubricant in plied maximum normal force was 50mN.The results indithe grinding process. When the grinding is completed, the cated that samples containing short MWCNTs had a shalsurface is then polished to obtain a mirror-like surface of lower scratch depth, which was due to the presence of
the sample. The surface of the sample should be cleaned short MWCNTs making the indenter more difficult to penwith an ultrasonic cleaner after each round pf grinding etrate. It also reported that the sample with short MWCNTs had a slightly higher COF due to the higher lateral
and polishing to remove surface impurities.
Similar to polymer composites, interface studies be- force required to scratch the material. Zhao et al. [118] contween different phases of concrete can also be analysed ducted the similar work on determining of the tribological

4.3 Concrete sample
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Table 1: The process of developing the friction coeflcient

Time

Researchers

1951

Bowden et al.

1962

Goddard et al.

2006

Bucaille et al., Lafaye et al.

2006

Lafaye et al.

Equation

2
π

µ ploughing =

µ ploughing =

2
a2

2
πa2

cot θ

µ ploughing =
Lafaye et al.
a0 cos ω0

√︁

−

a20 cos2 ω0

properties of ultra-high-performance concrete (UHPC) and
high-performance concrete (HPC). The study employed a
nanowear test to observe the wear resistance of UHPC
and HPC. The results showed that UHPC exhibited a better wear resistance. Their subsequent nanoscratch test
provided the information that phase with higher hardness/stiffness was less susceptible to wear, while the
main component of UHPC was a highly rigid hydrated gel
and unreacted particles, thus exhibiting better wear resistance.

5 Discussion of two commonly
used parameters
It can be deducted from the above summary that the nanoscratch test can be used to determine the nanomechanical properties of materials, in terms of tribological property, adhesion property and interface property. When discussing them, two important parameters, friction coefficient and critical load, are inevitably discussed.

5.1 Coeflcient of friction
The coefficient of friction (COF), which is defined as the
ratio between lateral force and normal force, is a key parameter of the tribological properties of materials. However, during the analysis of the result, the effects of the ge-

R2√
sin−1 a
R−a R2 −a2

(︁

π cos ω(1−sin ω)
π+2ω+sin 2ω

ω
ρ

)︁

−a cos ω

)︁

√

(6)

)︁

(7)

ρ2 −a2 cos2 ω

(8)

π+2ω+sin 2ω

2
a2 (π+2ω+sin 2ω)

ρ20

(5)

(︁

(︁
ρ2 sin−1 a cos

[︃
2006

2
π cot θ

µ ploughing =
µ ploughing =

Number

ρ20 sin−1
+

(︁

a0 cos ω0
ρ0

)︁

−

a2 cos ω(1−sin ω)−a20 cos ω0 (1−sin ω0 )
tan θ

]︃

(9)

ometry of the indenter has to be considered, which makes
calculation of the COF to be more complicated. Since COF
is an important parameter in the nanoscratch test, many
researchers have attempted to establish the theoretical
model based on the shape of the indenter with respect to
COF. In early 1950s, Bowden et al. [119] proposed an Eq.
for the ploughing friction coefficient based on the assumption that the tip was a perfectly conical tip (Eq. 5, which
showed that the ploughing friction coefficient is only related to the geometry of the tip of the indenter. In 1962,
Goddard et al. [120] proposed a similar Eq. (Eq. 6). Both
of their studies are based on the assumption that the tip
was a perfect conical shape and the material is a rigid perfect plastic deformation. Based on the above two models,
Bucaille et al. [121] proposed a new model, which was further refined by Lafaye et al. (Eq. 7). The model is based on
the assumption that the tip of the indenter is perfectly conical and takes into account the elastic recovery of the material. Subsequently, Lafaye et al. [122] proposed to calculate the COF, i.e., St/Sn, as the ratio of the tangential crosssectional contact area (St) to the contact area of the normal
cross-section(Sn) during the scratch process (Eq. 8). However, for most of the equipment, the indenter is not a perfectly conical shape. Therefore, Lafaye et al. [123] proposed
an updated model of COF of the indenter after blunted
(Eq. 9). All the above equations are illustrated in the Table 1 above.
The nomenclature used in the above equations is detailed in Carreon et al.’s research [118], which is listed in
Table 2.
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Table 2: Nomenclature appearing in the equation

Nomenclature
a
a0
ω
ω0
ρ
ρ0

Material-indenter contact radius
Maximum material-indenter contact
radius of spherical tip
Elastic recovery parameter [0, π/2]
Rear angle in the spherical extremity of
the nanoindenter tip
Fictive radius of indenter spherical tip

θ

Fictive radius of indenter spherical tip
evaluated at a0
Conical indenter half-angle

R

Indenter spherical tip radius

5.2 Critical load
Critical load is the important parameter in evaluating the
adhesion properties of film materials. Although critical
loads can be easily obtained by data analysis in most experiments, as data related to critical point damage of materials, it is affected by many experimental factors in actual tests. Bull et al. [124] established a calculation model
for critical loads by combining the interface adhesion work
with the critical load and highlights the importance of
friction in determining the critical load, which has been
proved as a classical model. The model first defined the interface adhesion work as the sum of the surface energy of
the substrate and the surface energy of the coating minus
the surface energy of the interface; the coating stress was
then expressed in terms of friction and finally the friction
and critical loads were converted into Eq. 10.
Lc =

)︀ 1
d c (︀
2t f E f W 2
µc vf

(10)

where µ c is the coefficient of friction under the critical
load; d c is the scratch depth under the critical load; t f is
the scratch thickness; E f is the elastic modulus; W is the
coating-substrate adhesion work; v f is the Poisson’s ratio.
In general, the critical load of the film sample is
highly depended on the operating conditions applied in
the scratch tests [125], which is sensitive and easily affected by both internal and external factors. The internal
factors described here refer to the factors directly related
to the instrumentation, and the external factors are for the
factors related to the experimental materials. According to

639

the source of influence, the external factors can be categorised into three types, substrate properties, film properties, and interface properties of the film and the substrate.
The main factors affecting the critical load are shown in
Table 3 and the details are discussed below.
According to the researches by Steinmann et al. [126],
the influence of dL/dt and dx/dt on the critical load can
be obtained from the results of dL/dx on the critical load.
The above results showed that dL/dt and dx/dt hardly affected the critical load when dL/dx was constant. Since
dL/dx represented an increase in load per unit of scraping distance, a decrease in dL/dx suggested that the possibility of encountering coating adhesion defected within a
certain load range increasing, so the critical load was thus
increased. Therefore, it can be deducted from the study
that when the loading rate was constant, the critical load
was inversely proportional to the scratch speed, meantime,
when fixed the scratch speed, the critical load was proportional to the loading rate. Noticeably, according to Beake et
al. [127], dL/dx, dL/dt and dx/dt did not affect the critical
load when dL/dx was smaller than 1 N/mm. The parameters of the indenter itself, such as the indenter radius, affected the critical load by affecting the scratch depth and
the width of the scratch under the critical load. It has been
proved that the critical load increases with the increase of
the radius R of the indenter, and the critical load showed a
dependence on R( m) [128, 129]. The value of m was related
to the properties of the substrate and the coating.
Among the external influence factors, the influence
of substrate and film properties on the critical load is obvious. The increase in the substrate hardness and the increase in the film thickness lead to the increase in the critical load [130–132]. This can be attributed to the fact that
the substrate with a higher hardness indicated a higher
strength and a smaller plastic deformation, therefore, the
tendency of the thin film to be peeled off or lifted up
are weakened. Moreover, increase in the film thickness increased the scratch depth at the critical load. As reported
by Hedenqvist et al. [133], scratch tests were performed on
TiN film systems with different coating thicknesses and different substrate hardness. The scratch test device for insitu testing the adhesion of the coating in a scanning electron microscope was designed, and the damage and detachment of each group of coatings were observed. The results showed that the bearing capacity of the thin film system in terms of the maximum normal force increased with
increasing the coating thickness and the substrate hardness. This is consistent with the above conclusions.
The roughness of the substrate affects the COF and
film adhesion. The good surface roughness of the substrate
enables the film to adhere better and reduces the COF and
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Table 3: Main influencing factors of critical load

Internal factors
Experimental factor
increase in load per unit
scratch distance (dL/dx)
loading rate(dL/dt)
scratch speed(dx/dt)
indenter radius

substrate properties
substrate hardness

External factors
film properties
film thickness

substrate roughness

film roughness

stress, and therefore increases the critical load. Takadoum
et al. [134] studied the tribological properties of different
substrate surface roughness and TiN coating thickness in
TiN film systems. The results showed that systems with
poor substrate surface roughness exhibited a lower adhesion, and therefore, a lower critical load as well. As discussed in Section 5.1, the COF is dependent of both internal and external factors. Moreover, in Section 2.1 the effect
of the orientation of Berkovich indenter is obvious. Since
the COF is directly related to the critical load in the nanoscratch test, therefore, precise control of experimental conditions (internal and external factors) in the nanoscratch
test is important.

6 Conclusions
This paper reviews how to study the mechanical properties of materials through nanoscratch test, as well as
some details on nanoscratch testing, including the differences between nanoscratch testing and microscratches,
experimental parameter settings and discussion. Based
on the above results, the following conclusions were obtained: (i) As a scratch test, the nanoscratch test and the
microscratch test are significantly different in magnitude,
and the two dimensions differ by a factor of 1000. At the
nanoscale, nanoscratch testing with a smaller range can
obtain more accurate experimental data. For some experiments that require a larger range or exceed the nanoscratch test range, the microscratch test with a larger range
can complement the shortage of the nanoscratch in the
range; (ii) The mechanical properties of the materials evaluated by the nanoscratch test were reviewed, including
thin film and coating samples representing layered film
structures, polymer composites and concrete composites
representing non-thin film block samples. The focus is on
how to obtain the tribological properties, adhesion properties and interfacial properties of the material through
nanoscratch testing; (iii) Finally, two commonly used pa-

interface properties
coeflcient of friction

rameters are mentioned: friction coefficient and critical
load, which are two parameters directly related to the mechanical properties of the material. According to the existing papers, the geometric calculation development of friction coefficient, critical load calculation and influencing
factors are discussed.
The research proved that the nanoscratch test is a reliable tool for characterizing the mechanical properties
of the materials in nanoscale. However, the limited output confined the wide application of nanoscratch test.
Therefore, to obtain a more comprehensive understanding of materials, the combination of nanoscratch test with
nanoindentation, SEM, AFM and other technologies are
usually conducted. With the rapid development of characterisation technology, more advanced techniques will be
combined to nanoscratch test in the near future.
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