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given . T he detailed indentation technique and characteristic features of p oly-

mer at room temp erature are also discussed.
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1. I n t rod uct io n

Scanni ng force m icroscopy (SFM), devel oped by G. Bi nni g et al . [1, 2], per-
m i ts to im age surface of a broad scale of m ateri als wi th nanometer resoluti on. Thi s
techni que is a lso suita bl e for surface characteri zati on of organi c m ateri a ls [3, 4].
Co ntra ry to other m etho ds such as scanni ng tunnel ing microscopy (STM) and
tra nsmission electron microscopy (T EM), i t does not requi re any special prepara-
ti on of the sam ple. One of the latest extensi ons of thi s techni que is the nanoin-
denti ng SFM (NI- SFM) [5{ 8]. The H YSIT RON- System, the Ùrst com m ercial rep-
resentati ve of nanom echani cal test equipm ent of thi s typ e, ta kes adv anta ge of an
electrostati c tra nsducer to obta in the topography of the sam ple surf ace by SFM
in conta ct mode. Mo reover, i t is possible to investi gate the local mechanica l prop-
erti es of sampl es [9] at any selected point. Thi s techni que has been successful ly
used for the study of vari ous nanom echani cal pro perti es of polym er sing le crysta ls
and amorpho us polym er thi n Ùlms, incl udi ng elastici ty [10, 11], hardness [12] and
vi scoelasti city m easurements [13, 14]. D epth sensing nanoindenta ti on di ˜ers f rom
cl assical hardness measurements (Vi ckers, Bri nel l and Kno op) [15], where the im -
pressions are Ùrst generated, and then im aged using a micro scopy techni que. Load
and penetrati on depths are sim ulta neously recorded duri ng both loading and un-
loadi ng, resul ti ng in a force-depth- di agram. Thi s diagram provi des m uch m ore
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inf orm ati on tha n a m icroscopy im age of the im pression since i t tel ls us the \ story "
of the elastic and plasti c deform ati on wi th increasing load (Fi g. 1) and perm i ts
the determ inati on of hardness and Young' s indenta ti on m odul us as a functi on
of penetrati on depth. Mo reover, the hardness m easurements can be made wi th
penetra ti ons smal ler tha n 1 ñ m.

Fig. 1. Schematic representation of the force- depth curve for a nanoinden tation pro ce-

dure. T he symb ol £ representing an elastic deformation part of the indent.

In thi s paper, the pri nci pl e of the determ inati on Young's indenta ti on m od-
ul us and hardness wi l l be bri eÛy expl ained. An ato mic force m icroscopy m easure-
m ents and characteri stic features (Y oung' s indenta ti on modul us, hardness) of the
polym er surf ace at room tem perature are also discussed.

2. Ex p er im ent al p ar t

2.1. Exper imental equipment

Al l experim ents were perform ed usi ng a Hysi tro n Tri boScope (electro stati c
tra nsducer) atta ched to a scanni ng force m icroscope wi th a contro ller Nanoscope E
of the VeecoMetro logy Group. The heart of the testi ng instrum ents is a three- plate
capaciti ve force/ di splacement tra nsducer. The three- plate capaci ti ve design pro-
vi des a high sensiti vi ty , a large dyna m ic range, and a l inear f orce or di splacement
output signal. The sensor consists of two Ùxed outer electro des (dri ve plates) whi ch
are dri ven by AC signals 180£ out of phase wi th each other. Since the dri ve pl ates
are para l lel to each other and closely spaced wi th respect to the latera l di mensions,
the electri c Ùeld potenti al between the plates vari es l inearl y. Since the signals ap-
pl ied to the dri ve pl ates are equal in m agnitude but opposite in polari ty at any
instant, the electri c Ùeld potenti al is m axi m ized (equal to the appl ied signal ) at
the dri ve pl ates and mini mi zed (zero , the two opposite polari ty signals cancel each
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other out) at the site centered di rectl y between the dri ve pl ates. Tha t al lows us
to get \ Z" inf orm ati on. Connecti ng high D C vol ta ge to dri vi ng plates a user can
appl y a deÙned force to the ti p. Thi s force is pro porti onal to the squared D C
vo l tage. The ti p is m ade of diam ond havi ng a shape of a cub e corner (three- sided
pyra m id). They were carri ed out at room tem perature in ai r atm osphere. The
fol lowi ng parameters were obta ined (Fi g. 1) : m axi mum indenta ti on depth (h m a x ),
conta ct depth (h c ), depth of the rem aining im pression after compl ete unl oading
(h f ), maxi mal appl ied force (F ma x ), nano-hardness and Young 's indenta ti on m od-
ul us.

The key quanti ti es to determ ine the m echani cal properti es are deÙned as
fol lows. The m aximum indenta ti on depth h ma x incl udes elasti c and pl astic de-
form ati on. The depth at whi ch the appl ied forces becom es zero on unl oadi ng is
cal led h f . The depth h c i s the conta ct depth at whi ch the cross-section area A c i s
ta ken to calcul ate hardness and indenta ti on m odul us. The nano-hardness of the
sam ple (H N ) is determ ined using the fol lowing form ul a:

H N =
F ma x

A c ( h c )
;

where F ma x i s the maxi mum appl ied load and A c i s the cross-sectional area corre-
spondi ng to the depth h c (see Fi g. 1). The determ inati on of the conta ct depth h c

i s given by [16]:

h c = h ma x À 0 : 7 5
F ma x

S
;

where S i s the conta ct sti ˜ness,

S =
dF

dh
;

wi th dF / dh being the slope of the unl oading curve at the ini ti al point of unl oadi ng.
The reduced Young' s indenta ti on modul us E r i s a measure of the elasti c proper-
ti es of the ti p-sam ple system and can be calcul ated from the load-depth curves
accordi ng to the f ol lowing form ula:

E r =
1

2

r
¤

A c ( h c )

dF

dh
:

For elastical ly deform able indenters, the reduced m odul us E r can be general ized
and is deÙned as

1

E r
=

1 À ¡ 2
s

E s
+

1 À ¡ 2
t

E t
;

where E s and ¡ s are Young' s indenta ti on m odul us and Poisson rati o of the sampl e,
E t and ¡ t are Young 's indenta ti on m odul us and Poisson rati o of the indenter ti p.
Since E t i s much hi gher tha n E s the value of E r wi l l hardl y di ˜er from E s.
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2.2. Cal ibrat ion of t he nanoi ndent er

For a ti p of ideal cube corner pyra mid geom etry the relati on between inden-
ta ti on depth (h ) and cross-secti on area (ti p area f uncti on A c ) is

A c = 2 : 5 9 8 h 2 :

The ti p does not have an ideal shape but is blunted due to microm echanical
generati on of the ti p shape and the use for im pri nting into a materi al . A typi cal
value of the bl unti ng radius of the ti p is 100 nm and, tho ugh the ti p is made
of diam ond, the radius of curvature wi l l increase duri ng a f requent use. Thus,
the determ inati on of the real relati on A c ( h c ) is necessary for pro per calcul ati on
of nano-hardness and Young' s indenta ti on m odul us, parti cul ar in case of small
penetra ti ons.

T o cal ibrate the ti p, a series of indenta ti ons of di ˜erent loads and depths
into a specim en of kno wn mechani cal properti es was perform ed. Then the area
A c as a functi on of depth can be determ ined such tha t the correct values of the
sam ple are obta ined. Since hardness is a quanti t y tha t depends on real structure
of the m ateri al and is norm al ly subject to an indenta ti on size e˜ect, thi s enti ty
is not suited for calibra ti on. Better sui ted is the elasti c m odul us whi ch is hardl y
inÛuenced by nanoscopic defects and should be constant. The test specim en should
be homogeneous and isotro pic, and should not be subj ect to chemical al tera ti ons,
i .e. oxi dati on. A suited m ateri al is fused quartz, whi ch also gives a large elastic
redeform ati on on unloading (very ducti le m ateri als wi th a smal l contri buti on of

Fig. 2. A rea function determined by indentation of fused quart z.
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the elastic deform ati on to the to ta l penetra ti on, as copper, e.g., are not suited for
thi s purp ose). A series of 50 tests wa s m ade on fused quartz wi th the fol lowi ng
parameters:

Young 0s m odul us E 0 = 7 2 GPa; Poisson 0s numb er ¡ 0 = 0 : 1 7 :

Thi s results in 50 data pai rs (h i ; A c (h i )) ; i = 1 ; . . . 5 0 . The data can then be
Ùtted to any suita ble functi on. Thi s functi on shoul d incl ude a parabol ic term
(representi ng the ideal pyra m id), a l inear term (representi ng a spheri cal bl unti ng)
and other term s characteri zing ti p trunca ti on. W e used a fol lowi ng expression [16]:

A c = a 0 h 2 + a 1 h + a 2 h 1 = 2 + a 3 h = + a h = + a h =

and determ ined fol lowi ng coe£ ci ents:

A c = 3 : 3 7 h + 4 : 1 2 1 0 h 4 :8 8 1 0 h = + 1 : 7 8 1 0 h = :

The calcul ated area functi on for our ti p is shown in Fi g. 2.

3.1. Detect ion of SiO par ticles in polyethyl ene terepht halate mat r ix

The sil icon di oxi de is added to polym ers as a Ùll ing m ateri al very often. The
aim of thi s process is changing mechanica l pro perti es or reducti on of pro ducti on
coast. Hom ogeneit y arra ngement of SiO parti cles in polym er m atri x is also very
im porta nt. General ly, ato m ic force micro scopy al lows us to inv estigate arra ngement
of parti cles added to com posite, but the observati on of to pography only coul d lead
to som e errors duri ng analysis of Ùll ing materi al di stri buti on in polym er.

The appl icati on of nanoindenta ti on techni que impro ves identi Ùcati on whi ch
surf ace structure is bui l t from whi ch materi al . Mo stl y, on the m easured sampl e
hardness and Young' s m odul us for spheri cal structures are the sam e as for SiO .
Fi gure 3a shows to pography (2D im age) of polystyrene sampl ewi th SiO parti cles
in a shape of spheres of di ameter from 0.5 to 3 ñ m . On the ground of to pogra-
phy im age we could suggest tha t we can see one sphere on the polym er surface.
Ho wever, nanoindenta ti on test on the surface of sphere (Fi g. 3b) and test on the
surro undi ng surf ace (Fi g. 3c) give us identi cal m echanical param eters whi ch are
typi cal of polystyrene. It was nano-hardness of about 0.15 GPa and Young's m od-
ul us of 2.3 GPa. Hence, nanoindenta ti on techni que al lows getti ng m ore preci sely
inf orm ati on about the observed structures of m ateri als in nanoscale.

3.2. Recogni t ion of component s in polymer composit e

R ecogni ti on of components on a sam ple bui l t of two materi als wi th sim i lar
m echani cal properti es is much m ore compl icated. A m ixture of tw o polym ers can
be an exam ple of such m ateri al . In thi s instance when mechanical properti es are
alm ost the sam e, it can turn out tha t we need to m ake tests also on pure (non
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Fig. 3. Detection of SiO 2 spheres in polystyrene matri x.
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Fig. 4. Detection of p olymers distribu tio n in p olystyrene /bu tyl rubb er mixture. Places

mar ked as A contains polystyrene , B | rubb er. O n the diagram are show n typical

force- depth curves for both materials.

m ixed) m ateri als. It al lows us to identi fy structures not only from mechanical
pro perti es, but also from the shape of force-depth curve. If di ˜erences between
m easured m ateri als are m ore signi Ùcant we can sim pl y identi fy structures by de-
term ining thei r m echani cal properti es. Fi gure 4 shows an im age of the surface
polystyrene /but yl rubber mi xture. Spots m arked as A are bui l t from polystyrene,
B indi cated butyl rubb er. There are points of rea l m easurement. The measured
values of Young's indenta ti on modulus for polystyrene are 2.22 GPa and 0.1 GPa
for butyl rubb er, nano-hardness | 0.15 GPa and 0.01 GPa, respectivel y. These
values are the sam eas the data from the l i tera ture [17, 18]. In thi s way, we can get a
m ap of the m echanica l properti es for investigated sam ple whi ch shows distri buti on
of com ponents on a sampl e surface.

4. Su m m ar y

The appl icati on of nanoindenta ti on techni que al lows us to deÙne preci sely
m echani cal pro perti es of polym ers. Local measurements enable recogni ti on, whi ch
ki nd of materi al is bui l t on a surface of the sam ple. Tha nks to nanoindenta ti on
techni que we receive m ore inform atio n about the structure of the sam ple tha n we
can get usi ng ato m ic force m icroscopy.
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