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Abstract

This review aims to consolidate a scattered liteeabn the use of a modern
nanomechanical testing techniques in archaeomedtgrmals research such as the process of
mummification. It is concluded that nanoindentatiests can provide valuable data about
mechanical properties which, in turn, relate toeatielution of ancient biomaterials as well as
human history and production methods. As an emengavel application of an existing
technique, some special considerations are waddateharacterization of archaeometry
materials. In this review, potential research suredating to how nanoindentation is expected
to benefit and help improve existing practicesrithaeometry are identified. These probe
new insights into the field and will hopefully raiswareness for use of hanoindentation in
world heritage sites.
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! Corresponding authors. E-mail addres$ést.Faisal@rgu.ac.ykrel: +44 (0) 1224-26 2438.




1. INTRODUCTION

Inspection of archaeological materials (e.g. mefats, claws, teeth, stones, bones,
skins, etc.) is often an intricate task due toitaion history, the composite chemical and
structural alterations that are caused by the ialggyannealing, and working processes of
production, as well as by post-manufactured comakti For centuries, archaeologists have
been seeking to use analytical methods that caeh getailed quantitative and accurate
interpretations about the prehistoric past. Thdyarsaof archaeological objects necessitates
investigators to address the problem, by knowirduiees like grain size (i.e. microstructure)
and other measurable characteristics of the itematAral question arises: Is it is possible to
go backwards to obtain insight into the forming aitions or production processes? [1].
Therefore, the principle motivations and applicasi@of nanomechanical testing
(nanoindentation) to archaeological materials wdngddinderstanding ancient manufacturing,
storage, and usage processes by characterizatioicfstructure, and doing the above
within small test volumes in small, rare and/orgmaially priceless samples. A potential for
ageing studies exists also exists for the technigoeever these remain much less developed
to date.

Nanoindentation (ISO 14577 [2] and ASTM E2546—0J i8a technique with high
spatial resolution to precisely characterize armberthe mechanical behaviour of materials
[4]. The technique is applied widely in the arehaerospace, energy, electronics, and
healthcare, and deals with a range of materiaésddcbon fibre reinforced polymer (CFRP),
carbon materials, coatings and alloys, civil engiitegy and polymeric materials, organic
feedstock materials in bioenergy area and semiadodmaterials like silicon to probe useful
properties like hardness, modulus, fracture toughneear resistance, coefficient of friction,
creep, visco-elasticity and interfacial bond sttengf has precedence in historical contexts as

well, being used recently, for example, to anabjesetal wear mechanics in Hadrosaurid



dinosaur samples [5]. The importance of instrum@manoindentation in the field of
archaeometry stems from the fact that the microsira and surface mechanical properties
of materials can help archaeologists to deternfiresettings under which they were
fabricated, used and stored. Studying and prolliagptocess of mummification (shown in
Fig. 1, indentation zone encircled) [6] dating back to Bftaries ago is by far the best
example of putting nanoindentation in practice.

An understanding of microstructure is a pathwagxamine the methods and the
degree of control available to ancient manufactupgrocesses. Further, the surface nature of
nanoindentation can reveal clues about the cohtsitry of samples otherwise invisible to
macroscopic mechanical testing: Signatures ofinghlscraping, crushing, cutting and other
abrasive or reforming processes can be reveal#etimechanical signals. Exotic samples
obtained from archaeological sites require minignd#structive testing methods. The data
produced by nanoindentation complements data friv@r @archaeometry methods; For
example, the tandem use of multiple surface chamaetion techniques such as energy
dispersive X-ray spectroscopy, electron backscdttgaction, infra-red spectroscopy,
optical imaging, Raman spectroscopy, scanningrelechicroscopy, transmission electron
microscopy, X-ray diffraction and X-ray fluorescenetc. provides access to variables of
archaeological material properties and performainaecannot be gathered from other
analytical techniques or grain size analyses ofthgse supplementary characterization
techniques provide a basis for interpreting nanemalion results when they differ from one
sample to the next by, for instance, establishiatissical correlations between elastic
modulus and the underlying composition of a makefiais is especially true when
nanoindentation and a complimentary technique alieated at precisely matched sites.
Overall, the ability of the nanoindentation techrego quantitatively characterize the

mechanical properties of individual microstructynelsases and constituents in bulk



materials at the nanoscale has been critical f&imgarevolutionary advances in materials
characterization.

Archaeological samples are interesting sourcetuafySor phenomena such as aging,
alloying, carbon dating and other processing teges from ancient human civilisation and
are therefore of technological intellectual cutipsNew areas of research have traditionally
been useful to push forward innovative methods @temials characterization; the test case of
applying Raman Spectroscopy for characterizatiographene is an ideal example. One of
the principle concerns for testing archaeologieahgles is preservation, placing a high value
on minimally invasive or non-destructive techniquBse criterion for this includes not only
structural integrity but also ensuring aesthetialiy for museum display etc. is not
compromised. As a technique that probes samplenasd of a few cubic microns or less,
well below unaided visual detection, nanoindentabéfers a way to extract mechanical data
while preserving specimens.

It is also the purpose of this review to show th& nanomechanical method can fill
an important gap in experimental characterizatiomaterials in archaeometry, whilst also
using other methods to supplement the other aspétiss research field including the likes
of techniques such as transmission electron andiaterce microscopy. Research in
archaeometry incorporating nanoindentation mettadsbeen scarce but appears to be
increasing. Examples in metals [1,7-10], miner&a|4]-12], enamels [13-14], claws [15],
paints [16], bones [17-18], and skins [6] are noaspnt in the literature. However, a
consolidated understanding on the origins and éupathways of how the technique may be
used for samples being extracted from preciousdietitage archaeological sites as well as
the range of existing materials available in musewurldwide is currently missing. This
motivates our review, which attempts to demonstifeeuptake of the instrumented

nanoindentation technique and its utility in advagdhe archaeometry materials research.



2. INDENTATION CONTACT MECHANICSAND MEASUREMENTS

Instrumented indentation or nanoindentation cossispressing a rigid (typically
diamond) probe or indenter of well-known geometrtpithe surface of the material under
investigation and assessing the ensuing deformai#oa high-resolution measurement of
displacement. Material mechanical properties aterdened by analysing the force-
displacement-timeR-h-t) plots recorded during indentation [19-20]. Instents standardly
supply sub-microNewton force and sub-nanometedalgment resolution with large
dynamic range. On some occasions, microscopic iewediion of the impression “fingerprint”
left by the indenter in the substrate is performagaptical or scanning probe microscopy
upon its retraction. Nanoindenters are also aviaildy in-situ SEM and TEM observation
during mechanical testing.

Mechanics for elastic, visco-elastic, and elaslis{ic constitutive models have been
proposed to describe indentation response (sttatesand material accommodation) in
variety of materials [21-24]. For material with gli@ properties, the indentation impression
vanishes after unloading cycle, whereas, for mateiith plastic properties, permanent
deformation appears around the indentation. Fatielplastic ductile materials like many
metals, analytical slip-line field models estimtie permanent deformation along available
slip-lines based on yield stress criterion (Trescaon-Mises) [25], while complex materials
require advanced constitutive models and numesiocallation. For plastic deformation in
isotropic, ductile material, the standard indeotatinodel [22,25-26] assumes material
accommodates the indenter volume by an outwarddgmecting hydrostatic core. This
hydrostatic core provides symmetry of the streasl funder the indenter and which governs
the development of concentric hemispherical plastit elastic shells of deformation that

surround the contact [27].



It is well known that the mechanical response etoelastic materials depends on
load magnitude and contact duration, where thentetecontinues penetrating the specimen
even under constant load. Under standard anatiisise phenomena can lead to errors in the
determination of contact depth which appears asceedse in apparent elastic modulus and
hardness with time [28]. The parameters in a mtmteliscoelastic response are usually
determined from the time course of indenter petietrainder constant load [28]. However,
the displacement will also be influenced by théahperiod of load-increase. This can be
considered by correction factors.

It is important to note that the depth-sensing bdipyof modern instrumented
indentation was initially combined [29-30] with diiional indentation methods [21] because
of the difficulty at small scales to precisely m@@sthe hardness impression projected
contact area upon unloading [29]. However, it waansrealized that this capability allowed
for a simple means to simultaneously extract thstel properties of the material [4], which
accounts for much of the wide popularity of thehnt@que today. The basic nanoindentation
test simultaneously measures both elastic modulds$ardness of small-volume samples.
For isotropic materials, the elastic modulus meagis a convolution of Poisson’s ratig (
and elastic moduluL], the latter of which is often extracted by assugra value for the
former (most structural materials lie in the 0.3td Poisson ratio regime). The hardnéss (
is a semi-intrinsic material property associatethwhe plastic tensile yield strengtbj (of
the material by the empirical Tabor relatiét=Co), where the confinement parame+3
for metals and ceramics afd-1.5 for glassy polymeric matter [29]. A varietyinfientation
features and response can also be measured byleongithe deviation of force-
displacement loading profiles with that of a refere specimen at the same indentation depth

or load [30].



The physical quantities measured from the loadlaigment P-h) curve relevant for
mechanical property and residual stress measuresnente maximum loadPfay),
maximum indentation deptin{ay), contact depthhg), final indentation depth), contact
area Ac). The Oliver-Pharr model [4] is the most frequgnited method to obtain various
mechanical properties (e.g. hardness and elastitiiu®) during nanoindentation.
Traditionally, the residual elastic modulls)(is derived by measuring the initial unloading
contact stiffnessg) which is the slope of the first one-third lingeart during unloading cycle
of theP-h curve. We provide a few further key technical dsthere, for a complete
description of nanoindentation procedures and thésse e.g. [31-35]). The mean
indentation contact pressure or hardnksss calculated as [4, 33]:

P

H = max

A 1)
where,Pmax IS the maximum indentation forch; is the contact area between the indenter and

the surface of the material, which is a functiowoftact depthyc, for example:
A =8’ = nltana)’h’ = 245h° )
for an ideal conical indenter, whetas half apex angle.

The contact depth is calculated as [4, 33]:

R =Ry 02 ©

wherew is a geometric parameter (1 for a flat punch ineler®.75 for Berkovich rounded
indenter, 0.72 for conical indenter). For indivitlualentation load-displacement, curves are
plotted, and hardness and elastic modulus arelagdcufor each nanoindentation curve with

the Oliver-Pharr (O-P) technique:

1 1—w 1-—vf
— = +

Er B E El’ (4)
whereE;, vi is elastic modulus and Poisson’s ratio of the diadniip. Reduced modulls is

calculated from Sneddon equation [36]:



E: = (Va/2).(SWA), S=dP/dh (5)

whereA is the projected area of elastic cont&at the contact stiffness. In modern
instruments, one can also measure the stiffnedtoonisly [37]. A recent advance in
nanoindentation is called 4D tomography, whereleysthbstrate is mapped over its volume

(to a certain depth) at a very high indentatioresid@8].

3. NANOINDENTATION IN ARCHAEOMETRY MATERIAL ANALYSIS
3.1 Materials and surface preparation

Based on the sample features (soft or hard, hydl@atdehydrated, porous or non-
porous solid) and complexity associated with thegaction, deformation, strain-stiffening
or fracture mechanics during indentation, it isessary to consider different sample
preparation practices for an appropriate nanoiradem measurement.

Nanoindentation primarily measures the surface gnags of localised small-volume
samples. Results of nanoindentation tests areyhigfiienced by the specimen preparation
technique, particularly, if the material under istrgation is hard, for example bones
(hydrated or dehydrated), as recently summarisetiroysSek (2012) [39], Bushley al.

(2004) [40], Granket al. (2014) [41] and Bembest al. (2006) [42], and teeth, as
summarised by Nallet al. (2005) [43], and Angker and Swain (2006) [44].

Historically, flat surface preparation for nanointiion of most of the engineering
materials (e.g. metals, ceramics, coatings) has beemonly done through metallurgical
precision cutting, mounting (cold/hot), grindingdaime polishing processes. Apart from
metals, the exemplar specimens investigated usingindentation includes analysis of range
of archaeological material types, e.g. teeth, stopaints, claws, bones, skins, etc. As flatness
is key assumption of most analysis techniquesasarpreparation can have a marked

influence on the repeatability of the nanoindentatneasurements results of such precious



archaeological materials. In this case other sam@paration techniques such as
microtoming (cutting extremely thin slices of maérand cryo-microtoming developed for
microscopy can be valuable. In all cases cardlitlation of sample flatness by optical,
electron, scanned probe or other high-resolutiarascopies is critical.

However, one may note that the variation in nanemation measurement is
particularly true for biological tissue specimengdo the effort of sample fixation. It is also
known both for compact and trabecular bone, thedriess and elastic modulus are
dependent on the water content. These conditicudtri@ up to 40% difference in measured
indentation modulus [39, 42]. In a well describeetihhmdology by Bushbgt al. (2004) [40],
preparation of bone samples involved inclusion ef ar dry bone in a non-infiltrating resin
and polishing to a flat surface. It is noteworthgttit is difficult to obtain an adequate surface
finish on wet bone while maintaining hydration grdventing interaction with the hydrating
fluid and collecting high-quality nanoindentatioata. Full dehydration of bone tissue results
in marked shrinkage, increased stiffness and stneagd reduced toughness. However, bone
embedded in polymethylmethacrylate (PMMA) couldnpiehigh resolution analysis in
scanning electron microscopy and nanoindentatiemmAntioned by Riede and Wheeler
(2009) [14], each of the molars inspected was diestethe buccal face, the occlusal tips, and
in buccal-to-lingual cross-section taken midway@sn the tip and the gum-line. All test
surfaces were prepared using the process (i.elloggtphically, samples were fixed to a
lapping stub using polymer and then polished uaitapping fixture with sequentially finer
alumina lapping films). Since nanoindentation tagtre time-consuming process, in normal
practice, the samples are tested in dry conditiorevaluate the properties of biological
materials (e.g. bones, skins). Moisture promoteymatic deprivation of such biological
materials (e.g. bones, skins), the bone collagdanxraend because the nanomechanical tests

with large set of different test constraints tadwegder times, it would be very tough to



preserve or sustain the test conditions duringeiperiments. For all these reasons,
biological specimens to be tested are normallyddnestable conditions prior to the
experiments, as it has been revealed through nweéngestigations that the stiffness is
generally complex (higher) than stiffness of thedossamples tested under wet conditions
[39, 42].

In an example of sample preparation for indentadibskin, Jankaet al. (2010) [6]
obtained histological specimens and 2 um to 4 jick thansverse (crosswise) sections were
cut and transferred onto transparent slides. Tpagpeethe histological sections, new skin
samples were exposed to the same procedures emithmified tissue. As a reference, Janko
et al. (2010) [6] used an analogous recent human skimpleatinat was taken from a volunteer
for indentation analysis. Jirousek (2012) [39] hhighlighted the work of Dudikowé al.
(2011) [45] relating optimisation of the samplegaration process, where the effects of the
grain size, load and duration time of polishingsonface unevenness were analysed using
laser scanning microscopy (e.g. confocal type)rdiseother research on modern skin
samples by Bhushan and Tang (2010) [46] wheredahmpkes were mounted on the AFM and
the nanoindenter sample pucks with a rapid drying,ga method which is generally not
implemented across all material types. In a worlkChightonet al. (2013) [47], the skin
sample was mounted onto a stainless-steel stapedaitble-sided tape, and filter paper
soaked in saline was placed in contact with thésext surface to ensure that the tissue did
not dehydrate (possibly to maintain structuralgnity of sample to an extent) from these

surfaces during experimentation.

3.2 Measurement and characterization

3.21 Metals

10



The extant literature provides examples of anaiegtials that have been analysed
using nanoindentation techniques. Changes wittarstiucture of the metal could be
identified which would identify microstructurallyge-related modifications, to help
determine the tempering processes involved, tymeiginal material used and the
composition of the metal [7,9]. For example, nadeimation investigation has been done by
Northoveret al. (2013) [7] on eutectic Ag-Cu alloys from archaepdal and historical
contexts to examine the hardness dissimilarithettansformed region. As suggested, this
has been of curiosity since age-related variatarggain boundaries were first proposed as
an indicator of antiquity and authenticity. A sedatrand of interest proposed by Northover
et al. (2013) [7] has been the embrittlement of archagobd silver by isolation of impurities
to grain boundaries. To understand the microstrastaf archaeological silver the important
interrogation is how to differentiate between thspective contributions of manufacture, age
and environment. The eutectic Ag-Cu system canajspvariety of precipitate
morphologies and these can be characterized uamgimdentation. The hardness results
given by Northoveet al. (2013) [7] are those measured during unloadsngure 2(a) shows
a line of indentations made across a transformgidmeand into an untransformed region on
each side. The hardness pleig 2(b)) shows a modification in hardness across theealter
region which suggest a steady change in the cosgsef precipitation.

In an investigation by Patzletal. (2008) [8] and Reibolét al. (2006) [48] on how
Damascene blades (showing unexpected mechanicalpticdl features) were manufactured
following secret recipes, there were signs thaturtigs and alternative thermo-mechanical
treatments might have an influence on the typiahBst pattern. Using nanoindentation
measurements, they could analyse specimens oféwaige Damascus sabres. New details
of the microstructure (e.g. nanowires of cemeria& and carbon nanotubes) were revealed

by them in their study. Based on these results spegulated that there is a link between
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transition metal impurities, hydrocarbons, nanoglb@nowires and cementite pattern.
Furthermore, the presence of cementite nanowirest have consequences for the
mechanical properties.

As discussed by Kochmamhal. (2004) [9], and shown iRig. 3, the legendary
Damascus contains a high density of cementite nmeswand a network of dislocations and
this could trigger the nucleation of pearlite. Hagdness for cementite and pearlite showed
stark changes in the inelastic behaviour of thdweses. The indentation in cementite grains
were characterized by higher bound Meyer hardris&Pa at maximum) and no hysteresis,
whereas the indentation on matrix showed lower ddwardness (8 GPa) and significant
hysteresis resembling a phase transitkig.(3(a)).

As shown inFig. 4, Ryzewskiet al. (2011) [1] studied two nail artefacts made of Cu
alloy dug from the Great Temple complex of Petoagldn to establish how the usage of
nanoindentation can have the potential to find prigs about archaeological metals. Their
study highlighted the value of using other techegjuncluding nanoindentation, as a means
of determining the uncertainties that tend to afisen understandings of single-sited
measurements on objects and from single-instrurhangdyses during studies of production
processes and their performance. They suggested tigher bound hardness might be
caused by strain hardening giving high dislocatiensities or by compositional effects that
decrease dislocation mobility.

The work of Liet al. (2013) [10], shown iffrig. 5 has two ancient thin-walled bronze
vessels unearthed from Anlu County of Hubei Pro@jri€hina, which were investigated by
nanoindentation measurements. The study elucidatédalculated the diffusion of Sn into a
Cu specimen based upon high temperature substitditoechanism. However,
nanoindentation measurements show that the hardhéss vessels was 4.85 GPa and 5.24

GPa, respectively (these data were higher thahdhdness 2.78 GPa of the simulated as-cast
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Cu-24 wt.% Sn alloy). The results suggested thav#ssels were probably made-up using
the protocol: (1) alloying the high-tin Cu—Sn breng2) casting the shape of the vessels; (3)
forging the vessels at appropriate high temperafdjeniping tinning on the surface of the
vessel at high temperature; (5) quenching the \&tseoom temperature; and (6) grinding
or polishing the surface of the vessels. They sigmested that the thin-walled bronze
vessels provided an indication of the spread oftalled high-tin bronze technology in
China.

Based on above investigations in metals of arcloggedl importance, it can be
concluded that nanoindentation technique can be tasielentify microstructurally age-
related modifications. However, further work toiestte other properties of materials can be
understood based on improved understanding ofdheindentation [19], possibly leading to
clear differentiation between the respective cbations of manufacture, age and
environment. It is also expected that the applcatf nanoindentation technique to
archaeological metal specimens will enable charnaetiton of crystalline phases existing
within the alloy (e.g. Ag-Cu alloys, B&@, Cu alloys, bronze, etc, mentioned above) to
develop empirical models of materials by incorpogaproperties of different phases, to

obtain further insight into the forming conditiooisproduction processes in the past.

3.22 Sones

The zircon stone contains trace levels of the &ative elements Uranium (U) and
Thorium (Th) that over thieng periodcan cause some regions in the specimen to tramsfor
from crystalline to amorphous during the radioaetiecay process. Oliver and Pharr (2010)
[20] investigated a 570 million-year-old zirconso(a layered structure) found in Sri Lanka
(shown inFig. 6(a)) using nanoindentation method, to study the radiad@mage involving

high-dose and short-term experiments. The samigke tslken was 30 pm thick, with
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radioactive trace levels of uranium (U) and thoriirh) incorporated into the crystal. It was
observed that the level of such radioactive elemesgulted in a radiation dose very near that
required to trigger an amorphization process ifhsuaterials. Some of the layers (not
cracked ones) were completely amorphous, but @iieked regions were still crystalline.
Their suggestion was that the cracks appear bethesanorphization process involves
about a 17% decrease in density, so its expansioses the adjacent crystalline material to
crack. Oliver and Pharr (2010) [2@re interested in analysing whether the relatignsh
between the long-term radiation dose level andrteehanical properties is the same as they
see in short-term, high-dose experimektgur e 6(b) shows electron beam-based
microprobe data measuring the Th and U concentr&tibheyfound a goodtorrelation
between the mechanical properties of the matenidltlae level of impairment. It can be
observed that high doses result in low hardnesktterefore, the amorphous material can
have noticeably different properties.

The use-wear on prehistoric stone tools can be tgssidy human conduct as
represented in the archaeological record. To fatdlithis, Lerneet al. (2007) [12],
investigated the nanoindentation behaviour of stoneraw material to appreciate the
development of wear during use. They studied sasmgfl&an Juan Fossiliferous Chert (SJF)
with a mean hardness of 12.08 GPa, Brushy Basimt @BB) with 8.83 GPa, Yellow
Silicified Wood (YSW) with 11.02 GPa, and Morrisbimdifferentiated Gray Chert (MUG)
with 9.08 GPa, all materials from the American $adst, often found on Archaic sites in
the Four Corners area. Material hardness changasliaeological wear trace regions was
used for interpretation.

Current understanding of brittle material accomntietheduring indentation process
indicates that the wear behaviour is influencedhgyvariation in contact stress fields during

indentation cycle (loading, holding, unloading) sad by the microstructural
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transformations, changes in the residual strekisfend influence of grain size [19]. Based
on above limited investigations in stones relatedemals, it can be concluded that
nanoindentation technique can be used to develgirieal wear models, leading to
correlation between the mechanical properties @htlaterial and age-related modifications.

It is also expected that indentation techniquelmnsed to quantify the fracture toughness of
brittle stone materials, to obtain insight into fragility of materials, which may assist in

planning appropriate preservation or handling ahsmaterials.

3.23 Enamels

It has been hypothesized that wear of enamel sitsanto the presence of sharp
particulates in oral fluids and masticated fooas & the animal kingdom, wear can occur to
an extent depending on the food source [49]. Serfdservations of worn surfaces can
reveal insight into wear micro-mechanisms, butadten obscured by debris and surface
smearing, so that interpretations remain contro&els0]. Prediction of wear rates for
different tooth forms under certain chewing corht is of interest to evolutionary
biologists. A principal concern is how wear ratéituenced by diet [51]. Therefore, Sanson
et al. (2007) [13] considered nanoindentation testinghoftoliths, signifying that silica
(opal) phytoliths cause dental enamel microweahieep mammals. They tested silica
phytoliths from four globally widespread speciegadss (Poaceae), the pasture grasses
Paspalum dilatatum and Setaria viridis (both suldfaRanicoideae, tribe Paniceae), and
Phragmites australis and Arundo donax (both sultyadmundinoideae, tribe Arundineae).
The nanohardness results indicates that silicaofithg (considerably softer) do not
contribute as much to mammalian dental (harderjowiear as earlier reported and that

exogenous grit and dust are a more likely causey &lso suggested that this premise could
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have implications for understandings of the caagahts of microwear phenomena in areas
such as the evolution of high-crowned teeth inigigaenammals during the Miocene.

Riede and Wheeler (2009) [14] investigated middiege link between the Laacher
See eruption and Late Glacial fauna and foragepsira (or rock fragments ejected during
volcanic eruption) as dental abrasive and usedindantation to investigate tephra from
several sites covering the medial and distal fatlzones as well as the dental enamel of
Homo sapiens and key prey species of Late Glaoiabkrs. As observe#i@. 7), the
Laacher See tephra contained particles twice asdseven the hardest portions of any of
the teeth examined. They suggested that fluorideadad weakening of dental enamel may
have further aggravated tooth wear. Aggravatechte@ar mechanisms may have been the
reason of animal mortality, leading to an abandamtroéthe affected sites.

Apart from above specific examples where nanoiratent has been applied in
enamel related archaeometry materials, it is ingmbiio note that there is extensive
literature, e.g. by Borrero-Lopet al. (2014) [49] and Lawet al. (2012) [51] which
addresses general dental wear using the basic mesta obtain some generic wear rate of
both anthropological and archaeological samplesirfimdings suggest that the wear of
tooth enamel is representative of wear in brittlikds. Based on the assumption that the wear
can be assumed to be time integral of severalcefdastic micro-asperity events, they
discovered the wear rate to be in strong correlatith Archards law, which is a model used
to describe sliding wear based on the theory oé@igpcontact [49]. Based on above limited
investigations in enamel related materials, itlsarconcluded that nanoindentation technique
can be used to develop empirical wear models, et development of mechanical

properties correlation.

3.24 Claws

16



Claws reflects the natural history (e.g. feedinbitsaor locomotion) of mammals and
birds. The claw geometry correlates well with arboreal srdestrial habitatdt is likely that
claws microstructure and mechanical properties dobbnge over time, amtoperties of
these types of materials would not always refleetrtoriginal functions. Dromaeosaurid
theropod claws samples, such as Velociraptor (btigeadinosaur gener&jg. 8(a)), possess
strongly recurved, hypertrophied and hyperextersiinigual (or nail) claws on the pes (or
foot) (digit 1) and manus (or hand). The microsture of such unguals has been related to
the feeding habits or capture and release of the ptowever, the mechanical properties of
these structures have not been much explored. é&xample, Manningt al. (2009) [15]
used nanoindentation method while investigatingnleehanical properties of the keratin
layer and cortical bone of the eagle owl cldg( 8(b)). However, it is important to note that
reliable indentation properties could not be obtdifoe such bones due to its highly porosity.
Differences in density and microstructure, whenpted with the anisotropic properties of
bone (trabecular and cortical) and keratin, leads ¢omplex structure which is cumbersome
to model. In the work biManninget al. (2009) [15], the measured elastic modulus values
(6.8+1.5 GPa for keratin layer, 21.1+2.3 GPa fatical bone, 19 GPa fdrabecular bone
were employed for subsequent finite element (FE)ehto analyse the compression
behaviour of such samples. The FE model confirrmhatdromaeosaurid claws could have
well-adapted for climbing. However, it was suggddteat the strength of the unguals (or
nails) was limited with respect to forces actinggntial to the long-axis of claw. It is
important to know that greater climbing capabiitef dromaeosaurid dinosaurs supports a
scansorial phase in the evolution of flight, howeWwarther research is required to clearly

evaluate change in claws microstructure and mechbpioperties over time.

3.25 Paints
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Ancient painting can be partly related with exegtinfluence upon expressions relied
primarily on depiction subjects. Different layefspaint materials can be investigated using
nanomechanical testing procedure, primarily for positional analysis and understanding
the aging process. There are very few literatugkged to the application of nanoindentation
technique to investigate mechanical propertieqofeat paints.

In an example on ancient paints, Saleral. (2011) [16] investigated
nanoindentation properties (shownHig. 9) which can be important for conservation and
restoration purpose. One approach was to measeireebhanical properties of reconstructed
paints: though, the aging process was poorly kn®erit was also desirable to measure
micromechanical properties directly on ancient pgpecimens. Salvast al. (2011) [16]
characterized small specimens recovered from isdorof two Van Gogh paintings and
compared the results with reconstructed paint sesnplhere it was demonstrated that the
reduced elastic modulus and hardness of such pantbe measured at a very local scale
(potentially differentiating between each paintdgy The reconstructed paint specimens
exhibit elastic moduli comparable to literatureues, but the measured values on the two
19" century paint specimens were found to be largeril&ly, the compositional
dependence of the elastic modulus was found t@bsistent with literature results for
reconstructed specimens while the preliminary tedal ancient specimens do not fall into
the similar form. It is important to note that teemalyses point to a significant impact of
long term aging. In this context, Salvahal. (2011) [16] concluded that nanoindentation
measurement could offer an opportunity of invesimgpthe influence of various parameters
on a large range of naturally aged specimens fitelbenderstanding of the mechanical
behaviour of oil paints and their aging.

Some appropriate information related to measurelfgegt as summarised gection

2 above) provided by nanoindentation measurement @so offer the opportunity to
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categorise materials similar in reduced modulustardness to the original paint material if
paint loss should be restored. For example, in mopaints, it has been demonstrated that
the relationship between crosslink density in peiatrix and mechanical (ductility)
properties can be correlated to scratch resis@&ieHowever, such correlation can be
difficult to establish in pigmented paint coatiregsdislodgement of pigments during scratch
tests can lead to accelerated wear. Therefordjdedananoindentation testing can yield
information on paint properties without causing drdodgement of pigments, however, time
dependent indentation response (creep), leadiatpéper and even negative unloading

slopes and hence inaccurate mechanical propebgs [

3.2.6 Bones

Bone is a heterogeneous material containing tima&e phases: mineral, collagen, and
water, arranged in series of hierarchical structures [40]. Collagentdbutes tdbone’s
elastic and viscoelastic behavior while minest#ffens the overall material, whereas, water
contribute to elasticity and ductility. In modermes, scientific study of structure of bones is
called as Osteology. Various factors such as aggihgdsex, growth and development can be
analysed with the identification of bone or its ens. Nanoindentation technique can be
applied on bone skeletal remains to investigatehargical properties to reconstruct the past,
understand human variation, and provide informasibaut the deceased individuals, or
potentially identifying some pathological (studydi$ease) conditions.

As summarised by Olesiak al. (2006) [17] and Olesiaét al. (2010) [18], bone is a
tissue that endures development and remodellirmgighr bio-mineralization during its
lifetime. This remodelling is governed by the Wudffaw [54]. In natural bones, the tensile
and compressive strength varies in the longitudanal transverse directions e.g. tensile

strength varies between 54 MPa to 166 MPa, wheceaspressive strength varies between
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106 MPa to 204 MPa in the longitudinal directiob][at is even conceivable to measure
direction dependent properties of structures uieghanoindentation method [55-56].
Although a general clinical practice is to perfdime dual energy X-ray absorptiometry
(DEXA) scan to measure the bone mineral density BMhanges in bone structures with
age for both male and female can also be quantifsgty nanoindentation system [57].
However, in archaeometry the emphasis is to receaeple history details from the
nanoindentation data which makes it more challendtollowing an organism’s demise,
diagenesis occurs in bone at range of length sdaldading post-mortem and biological
alterations. A consideration of sample protectiod issue-level diagenetic alteration is vital
to palaeontologists and archaeologists, and naentaton combined with complimentary
techniques mentioned above can be used to invesstiga functional significance of a wide
range of archaeological materials even after fasgibn. It has been suggested that
nanomechanical analysis of bone at the tissue fevekls a conclusive relationship between
physical properties and the local organic conterteral content, and microstructural
arrangement [17-18]. However, it was not cleamdsaw these properties changes post
fossilization, or diagenesis, where the organicsphaas swiftly removed, and the residual
mineral phase was reinforced by the depositiompatfites, calcites, and other minerals. As
shown inFigs. 10(a,b,c), Olesiaket al. (2006) [17] and Olesiaét al. (2010) [18] employed
nanoindentation to investigate the nanomechanrogigsties of fossilized and modern bone
samples with the goal of providing insights inte tomplex processes of diagenesis.

Nanoindentation performed by Olesigtkal. (2006) [17] in both longitudinal and
transverse directions revealed preservation of §oaéural anisotropy as transverse modulus
values were consistently smaller than longitudirsdiles. Additionally, the modulus values
of fossilized bone from 35 GPa to 89 GPa incredisedrly with logarithm of the samples

age. As shown ifrig. 10(d), nanoindentation discovered that the basic mechhanisotropy
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of modern bone (Olesiadt al., 2010) [18] can be preserved in fossil bones gbangk to the
early Eocene<50 Ma, where Ma is million years ago), as the elasbdulus values
measured perpendicular to the long axis of eacle sample were lower than longitudinal
values (as is the case for modern bones). Whila@rase in mechanical properties was
observed by Olesiadt al. (2010) [18], with the geological age of the sarapkerelatively
small increase was seen in fossil bone specimeles tian the Miocene, signifying that
mineral infilling is limited by spatial saturatioAn increased crystallinity and density
correlated with an increase in elastic modulusctvishows a link between the crystal

microstructure and the mechanical properties ofdasn

3.27 ins

Skin is the soft part of outer tissue which hasé¢hayers (epidermis, dermis and
hypodermis), which protects us from microbes, hedggilate body temperature and permits
the sensations of touch, heat and cold. The mecalgoioperties of skin are an important
characteristic of its resistance to damage and iitapbindicators of pathological situations
[46]. There are very few literatures related toleapion of nanoindentation technique to
investigate mechanical properties of ancient munechigkins (e.gFig. 1).

Influence of external factors or the action of raiarganisms, however, can damage
the tissue and lay the subjacent tissue open. firnas the degree of tissue protection in
mummified human skin and, the reason for its reisde or durability, Janket al. (2010) [6]
examined the structural integrity of type | collagee. protein). Janket al. (2010) [6]
mined samples from the Neolithic glacier mummy knas ‘the Iceman’. When reference
samples analysed from a volunteer of a similardgicial age as the Iceman, microscopy
using AFM exposed collagen fibrils that had chaastic banding patterns of 69+5 nm

periodicity, i.e. sheet-like structures, and iaiso characteristic for modern skin collagen [6].
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It was observed that microstructure of dermal gatabundles and fibrils were largely
unaltered and very well conserved by the naturaseovation process. Raman spectra of the
ancient collagen showed that there were no sulistafterations in the molecular structure.
However, AFM based nanoindentation tests showea sdranges in the mechanical
behaviour of the fibrils. Elastic modulus of singheimmified fibrils was 4.1+1.1 GPa,
whereas, the elasticity of recent collagen aver&gesl GPa. The preservation of the
collagen after 5300 years indicated that dehydnatiwing to freeze-drying of the collagen is
the main process in mummification and that theoefté the degradation can be potentially
addressed. It is important to note that temperatar@ations, ultraviolet irradiation and the
actions of insects, bacteria and fungi can potiytause degradation, causing further skin
tissue decay [6]. Based on above limited investgatin mummified skin, it can be
concluded that nanoindentation technique usingiela®dulus values can be used to
develop correlation between the mechanical proggedf the mummified fibrils and age-

related modifications, i.e. it resilience or dutdpi

4. CONCLUDING REMAKRS

This review argues that archaeology could substiythenefit from the use of the
minimally-invasive nanoindentation technigues (esdnstrated ifrig. 11). The technique
can help identify the material composition of aatd#$, shed light into their construction, and
characterize the mechanical properties of ancissiiés and biological constituents [58].
This can allow inference aifiter alia, local customs, range of habitation, trade pastesind
advancement of technology and development.

Bone, including dental material, is also an arear@manomechanical
characterization techniques are frequently usedtlgnon modern materials, but occasionally

on ancient or fossilized artefacts. Abrasions al agewear and stress patterns can provide
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useful information to the archaeologist, informthgories on human migration and
habitation patterns [14]. Analysis of dinosaur das@n provide insight into strength and
therefore postulate the way the claws were usedtargdshed light on the habits of the
dinosaur [15]. As bone and teeth are formed byenails, local conditions will dictate the
composition of the material and thus allow for arelation between the sample, its origin,
and its location [18]. Further, when applied tosibsed material, the results of the analysis
can help identify the age of the material [17].

The nano-scratch technique was also used on maderancient steel to establish
values of nanohardness and elasticity [8]. Thetsleri@sting is of importance to access the
fracture data of the unique range of exotic matedascribed above. These testing methods
are also useful to access the values of frictiaffament which are now aiding to device the
bio-inspired strategy to combat catastrophic dam@s@]. Additionally, another example of
understanding the bio-inspired designs (BID) casd®n in a range of studies varying from
designing cutting tools for machining [60], trangption solutions [61], nanotechnology and
SO on [62]. By analysing the materials in bronzeseés to determine regional variations and
shed light on the composition of the alloy andh# $pecific forging techniques used,
information is obtained on the origin and spreatheftechnology [10] and of human
migration and trade patterns. Indeed, the restiltiseoanalysis are crucial to understanding
the relationship between environment and adaptatnchevolution [63].

Potentially, the instrumented indentation technigae be used to quantify the
residual stresses of materials [19, 64], whichnievin to affect fatigue strength, fracture
toughness and wear resistance, and which can ntiuthe structural strength and lifetime of
archaeological components. This review concludasrttany investigations above scrutinise
the basic nanomechanical properties (hardnessicatasdulus, fracture) during

nanoindentation, and therefore, there is a scapeefidual stress measurement with proper
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calibration of archaeological test specimens, whigy help in planning preservation
strategiesRecently, Marshaldt al. [65] have addressed a general perception initds f
guestioning the validity of the indentation resufkeir review provides useful guidelines on
what may go wrong during such a test whilst algilghting that the indentation fracture
theory is fundamental and originated from the thedrfracture mechanics proposed earlier
by Griffith. Darvellet al. [66] proposed mechanical properties measuremapitaoft solids,
particularly toughness using either scissors orgeddsts, which can potentially be fully
instrumented for enhanced fracture or toughnessuneaent of biomaterials. It is asserted
by the numerous results that besides few ordensimierical uncertainty the modern
nanoindentation technique is rather a very quiitk; specific convenient and economical
means for comparative mechanical characterizati@my material sample. As an outlook,
we anticipate a growing capability of mechanicabpaeters as measured by nanoindentation
to be interpreted in terms of not only usage bsih @algeing states of various materials. This
could be through specific radiation damage mechasiess discussed in the review but may
eventually encompass precision measurement of paeasmaffected by physical ageing of
non-equilibrium phases.

Aging is a time-dependent process [67] and oné@frhportant aspects in
archaeometry. Aging (in the current context, foareple, due to low or high temperature
exposure, mechanical loading, radiation exposuté&rss of insects, bacteria and fungi,
tribological wear, etc.) can be explained as plastidotal loss of their capacity to achieve the
purpose, can lead to change in structural properied may impact the ability to withstand
various challenges from operation, environmentraatdral events [67]. Except few
examples, such as ultraviolet irradiation and ttteas of insects, bacteria and fungi related
degradation in skin [6], age-related variationgrain boundaries in metals [7], tribological

wear of enamels [13-14], mechanical (ductility) pedies for paint like materials [16],
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radiation related damage in stones [20], agingedlaharacterization of archaeological
materials using nanoindentation technique has @en lhlemonstrated much through
literature. Since aging of materials over time rmuce damage or microstructural changes
(leading to changes in hardness, modulus, frattwrghness, wear resistance, etc.),
investigation of aging can provide further religibn the application of nanoindentation
technique.

For over many years, nanoindentation techniquéobas used to characterize variety
of materials. Literature discussed here addresgssthat are becoming of increasing interest
to researchers in the field of archaeological niaterNow it is easy to foresee that
inspection of archaeological materials using naskemntation technique is important for
number of reasons, as it can provide valuable i&bion about mechanical properties which,
in turn, relate to the evolution of ancient biometis as well as human history and
production methods. However, the value of nanoitatem interpretations of archaeological
materials would benefit from a detailed comparasittely using other validation techniques.
This is an area which can provide further religpitin the application of nanoindentation
technique. It also requires further investigatioting out improvements to make this
technique more satisfactory, as many interpretaismes in nanoindentation tests such as
anomalies between loading-holding-unloading stagesoccurrence of deformation and/or
cracking are still unresolved. However, the trerggorted in this review on the application
of nanoindentation technique of archaeological malteshow potential for its wider
applications at world heritage sites. Also, a senpiser interface could also serve to build a
strong case for how nanoindentation instrumentdcbel useful as a routine tool to evaluate

ancient materials properties.
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Figure Captions

Fig. 1. The Neolithic glacier mummy, the Icemaegrinted with permission fromef. 6, an
open access article which permits unrestricted RsblisherRoyal Society Publishirjg

Fig. 2. (a) Nanoindentation in Sterling silver homogenigad hours at 760 °C, then
annealed for 1 hour at 350 °C, and (b) hardnessgesdbr transformed and untransformed
regions of homogenised and annealed Sterling diteerinted with authors permission from
ref. 7] (Color figures online only).

Fig. 3. Nanoindentation of cementite and pearlite (Damssteel): (a) loading-h curves

for cementite and pearlite, (b) hardness and retlataestic modulus plotted versus the
penetration depth, showing indentation size eff@jtmicrostructure of a 7century
Damascus sabre shows large cementite grains embedddine grained pearlitic matrix and
voids, and (d) detection of nanowires in Damastesl swhere the dark stripes indicate
nanowires ffeprinted with permission fromef. 9, PublisherElseviet.

Fig. 4. Nail artefactanade ofCu alloy excavated from the Great Temple compleRetfa (in
Jordan): (a, b) Nail 1 and 2, where cross-sectioations are encircled, afc) summary of
the hardness and reduced modulus along the lehgihl® [reprinted with permission from
ref. 1, Publisher:Springer Nature{Color figures online only).

Fig. 5. Thin walled bronze vessels unearthed in Anlu County wabéil Province (China): (1)
optical microstructures of the sample ABY5011-1gweh(a) cross-section; (b) longitudinal
section, (Il) optical microstructures of the sampiY5011-2, where (c) Cross-section; (d)
longitudinal section, and (IIIP-h curves of different zones in the sample ABY5014R#
simulated as-cast Cu-24 wt.% Sn sampd@iinted with permission fromef. 10, Publisher:
Springer Natur(Color figures online only).

Fig. 6. Nanoindentation studies of a 570 million-year-aldan stone found in Sri Lanka: (a)

a photomicrograph of the layered structure of thees and (b) plot of hardness and alpha
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particle radioactive decay dose as a function sftjpm across the layers outlined by the
white box in the photomicrographeprinted with permission fromef. 20, Publisher:
Cambridge University Pres€Color figures online only).

Fig. 7. Nanoindentation on enamels: (a) (i) optical micagip of buccal-to-lingual cross-
section of M2 from Cervus elaphus with indentshiisj and (ii) nanoindentation results for
the cross-section as a function of distance fragrbilccal edge, (b) hardness values for
different areas within the molars from differenesgs, (c) hardness of top 20% of tephra
particles for each sample groupprinted with permission fromef. 14] (Color figures online
only).

Fig. 8. Dromaeosaurid theropod dinosaur sample: (a) tgktihg pair’ Velociraptor and
Protoceratops, and (b) high-resolution X-ray Cbwf terminal ungual phalanx and pedal
claw (bone core and keratin sheath), where boniig, keratin, and soft-tissue are grey
[reprinted with permission fromef. 15, PublisherJohn Wiley and Sors

Fig. 9. (a) Optical microscope image of sample Van Goghtpags (sample: VG2) after
nanoindentation measurements, and (b) reducedcetastiulus as a function of penetration
for ten measurements on sample V@& bfinted with permission fromef. 16, Publisher:
Springer Natur(Color figures online only).

Fig. 10. Nanoindentation dfiossilized and modern bone: {(@hgitudinal axis 6x6 indent
array over osteonal and interstitial bone, 15 Malion years ago) sample, (b) transverse
axis 4x9 indent array starting at Haversian caltalMla sample, (c) cortical bone indents:
longitudinal vs. transversedprinted with permission fromef. 17, PublisheilCambridge
University Presls and (d) longitudinal modulus values vs. the ¢dgyeological age (there is a
clear increase of modulus values with the geolage of the samplejdprinted with

permission fronref. 18, PublishelElseviet (Color figures online only).
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Fig. 11. Use of the minimally-invasive nanoindentation t@gae in archaeometry (Color

figures online only).
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Fig. 1. The Neolithic glacier mummy, the Icemaegrinted with permission fromef.
6].
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Fig. 2. (a) Nanoindentation in Sterling silver homogenigad? hours at 760 °C, then
annealed for 1 hour at 350 °C, and (b) hardnessesdbr transformed and
untransformed regions of homogenised and anneaéting silver feprinted with
permission fronref. 7] (Color figures online only).
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Fig. 8. Dromaeosaurid theropod dinosaur sample: (a) tgetihg pair’ Velociraptor

and Protoceratops, and (b) high-resolution X-rayo€®wl terminal ungual phalanx

and pedal claw (bone core and keratin sheath),eMm@ne is white, keratin, and soft-
tissue are grey¢printed with permission fromef. 15].
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