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The study compares impressions into one and the same single-quasicrystalline
Al;gPdyoMnqo sample (surface of fivefold symmetry) that were performed by spherical and
pointed indenters (Vickers- and corner-of-a-cube-geometry) and investigated using Atomic
Force Microscopy (AFM). The Meyer hardness number was found to vary with indentation
size in a manner similar to materials that work harden, though this behavior must have a
different physical origin: for spherical indentations the hardness number slightly increases
with increasing load (Meyer hardness evolution), whereas for pyramid-shaped indenters a
considerable hardness increase in case of decreasing load can be stated. Spherical
indentations show little piling-up only in contrast to pointed indentations where huge
elevations surrounding the indent developed. Different degrees of lateral cracking can
account for this observation. In case of Vickers indentations the material breaks into
segments which display mutual shearing. Distinct differences can also be noticed with
respect to the volume balance between the apparent piled-up volume around the
impression and the volume of the displaced material. This balance proves positive for
pyramidal and negative for spherical impressions. © 2000 Kluwer Academic Publishers

1. Introduction of single-quasicrystals so far, which absolutely differ
Though quasicrystals were discovered by Shechtmafiom properties beyond the brittle-to-ductile transition.
et al fifteen years ago [1] broad practical applicationlt seems to be accepted in common that dislocations
of quasicrystals is still missing. Among other obsta-and plasticity play a negligible role in room tempera-
cles insufficient mechanical properties, low fractureture deformation. Wollgarteet al. [6] performed room
toughness and extreme brittleness [2] in particularfemperature Vickers indentations into AIPdMn single-
prove an obstacle for industrial use. However, outstandquasicrystals and investigated the surroundings of the
ing hardness, small friction and low adhesion makempressions by TEM. It turned out that the indenta-
guasicrystals promising candidates for tribologicaltion resulted in randomly oriented polygrained material
application [3]. without phase transformation. The individual grains ex-
Room temperature studies of quasicrystal hardnessibited sizes ranging from 10 to 500 nm. No evidence
may therefore provide data of both scientific and techfor dislocation involvement in the deformation process
nological interest. Most mechanical research at roontould be found. The deformation was expected to pro-
temperature has been devoted to tribology of polyquaeeed via grain boundary sliding, a picture also used in
sicrystalline layers or coatings containing quasicrys+this work.
talline phases [4]. If mechanical properties of single- For crystalline materials it is well known that the
guasicrystals are addressed recent activities are focusédrdness depends on both indentation size and geom-
on investigations at elevated temperature®@0 K) etry [7] owing to work hardening and differences in
where notable degrees of plasticity were found [5]. Lesghe stress and strain distribution around the indent. It
attention has been paid to room temperature propertigs therefore of physical interest to study indentation
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size and geometry effects in quasicrystals where th Sputtering depth d/nm
deformation at room temperature differs from classica 0 1 2 3 4
plastic deformation phenomena. : '
In order to obtain comparable results the use of one:
and the same sample in all experiments is desirablef-ﬁ
Sample dimensions of some millimeters are requirecs |
to facilitate x-ray orientation, to enable appropriateE 6
surface preparation, and to ensure a variety of inders |
tations without mutual interaction. Thus icosahedrals 4.
Al70PdoMnsg (in the following referred to as AlIPdMn ]
for short), from which single-quasicrystalline material 7 2-
in large quantities (cRarange) is available [8], has been .
chosen as a test specimen.
The brittle-to-ductile transition temperature of - — . ——
AIPdMn is 0.87Ty, [9] (Tm: homologous melting tem- 00 05 10 15 20 25 30
perature), which is comparable to other quasicrystals, Sputtering time ¢/ min
but very high if compgred to CrYSta”me materials. Be- igure 1 AES depth profiling of the AIPdMn surface after polishing:
low T, the hardness is much higher than the values Ofpe auger peak-to-peak heights (APPH values) of Pd, Al (unoxidized,
the elemental constituents but even higher than those @&. without chemical shift)O and C are shown versus sputter time
the corresponding intermetallic compounds [10]. In de<lower scale), and versus depth (upper scale).
formation experiments above 0Tg, strong work soft-
ening was observed [5]. It is therefore desirable to sup-
plement the results presented in this paper by hardness )
studies in this temperature range in order to investigate At TU Dresden a microhardness tester after Hane-
the influence of work softening on indentation size andMann attached to an optical microscope (Zeiss Neophot
geometry effects. This has to be the subject of a sepU) was used for Vickers indentations in the force range

arate work since the high temperatures require speci@f 0.-1t01N. _ _
precautions to avoid indenter damage. Nanoindentations (corner-of-a-cube diamond inden-

ter, force range 0.1 to 7 mN) were performed us-

ing a Hysitron electrostatic transducer attached to a

TopoMetrix Explorer AFM. The basic constituent of
2. Experimental conditions this system is a three plate capacitor the mid plate of
The AIPdMn material under investigation was which carries the diamond mounted onto a stylus. A
manufactured by Czochralski technique at IFF/voltage between the mid and the outer drive plate per-
Forschungszentrumulich [8]. From a single-quasi- mits to generate a defined driving force for indentation,
crystalline cylinder (normal parallel to the axis of five- whereas the capacity serves as a length sensor. Further
fold symmetry) a spherical disc of 6 mm in diameter details of the Hysitron hardness tester are described
and 2 mm in thickness was cut by a diamond wire sawin ref. [12]. The experiments with the Hysitron sys-
The sample surface was then ground by SiC paper angm took place at Instituui"Werkstoffwissenschaften,
polished using diamond suspension involving prepaUniversitit des Saarlandes, Saartkén.
ration steps of 6, 3, 1 and 0,38m finish. The Laue For spherical indentations a UMIS 2000 submicrom-
backscattering technique was used to check the sampéger indentation system was taken advantage of at
orientation in normal and azimuthal direction. CSIRO, Division of Applied Physics, Lindfield, Aus-

Since nanoindentations with penetrations smalletralia. In this machine a spheroconical diamond inden-
than 20 nm were performed the quasicrystallinity closeter based on a 9G¢:one was applied. The radius of cur-
to the surface had to be checked. AES depth profilvature was .um as examined by SEM and temporarily
ing using a PHI microprobe and Asion sputtering re-  in situchecked by indentation of standard samples. The
vealed an oxide layer of about 3 nm thickness, mainlyUMIS tester was run in the multiple partial unloading
consisting of AbO3 (Fig. 1). The oxide layer thickness mode, using an unloading of 50% after each increment
was estimated from both bulk signal attenuation of than load. For further details of the indenter and extended
AES-peaks of Al (unoxidized) and Pd, and from thediscussion of the technique see refs. [13, 14].
sputtering time necessary to remove the oxide. In case of Vickers testing the microhardness was ob-
A chemical composition according APdoMny  tained from the impression area as determined after-

is—however—no sufficient proof for the correspond-wards by optical microscopy and AFM. The other tech-
ing quasicrystalline phase. From x-ray diffraction un-niques involvedn situdepth sensing which permits the
der grazing incidence [11] (in order to obtain increasedecording of the load-penetration-curve for both load-
surface sensitivity) a phase purity of more than 90%ing and unloading. The impression area (contact area)
within the analyzed subsurface layer of 200 nm thick-can be inferred from contact depth and indenter geom-
ness could be inferred resulting to the conclusion thaetry after appropriate correction for elastic recovery,
a distorted layer—if it exists—should be thinner thanhence there is no direct need for impression imaging
20 nm. Thus the nanohardness data presented in thighich requires time-consuming relocalization of the
paper should reflect the properties of the quasicrystalindents. On the other hand the elastic modulus is also
line phase. accessible from these measurements. For comparison
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the impression area was determined by AFM in thosexclusively used in the following. This unit has the
cases where the indents could be relocalized. physical meaning of the mean pressure inside the de-

The time schedule of all indentations with pyramidal formation zone. Vickers and Brinell hardness are de-
indenters was 15 s loading, 10 s holding of the loadfined according force over superficial impression area.
and 15 s unloading. Under these conditions thermallyThe latter is based on the indenter geometry, whereas
induced phase transformations in the vicinity of thethe impression itself may considerably differ from the
indent can be excluded unless the dimension of the imindenter shape, particularly in case of small indenta-
pression is in the mm-range. This statement is based dions (shallowing, sample anisotropy). For this reason
the following consideration: An upper limit of the heat Vickers and Brinell hardness values inthe original sense
Q created by indentation during loading times are difficult to handle and to compare.

Q~ HV ~ Hh} (1)
3.1.1. Vickers microhardness

with H being the (average) hardness ahthe volume  The Vickers mean pressure exhibits a slight tendency
of the displaced materiaV/ is of the order ohj (hp:  of hardness increase with decreasing load in the investi-
penetration depth). The heat diffusion length may  gated force range from 0.1 to 1.2 N. The mean pressure
be written is 9.6 and 9.1 GPa for 0.1 and 1.2 N load, respectively.
12 12 The impression projection area was gained from the

Lo = (xa/pC)"* = (zd) (2)  diagonals measured by both optical microscopy and

AFM.
with: A: heat conductivity,e: density,c: specific heat

capacity,a: temperature conductance. Within the time
7 the heatQ spreads into a volumé€g according to 3.1.2. Spherical indentation

Fig. 2 displays a typical load-penetration-curve for a
Vo = Aolq~ h,Z)LQ maximum force of 100 mN. The upper curve (crosses)
represents the full-load-data, whereas the lower curve
(squares) comprises the “half-load-points”, since an un-
Vo = 2/37,|_% ~ L% (hp < Lg) (4) loading of 50% was performed after each increment in
force. According Hertz the unloading curve is theoret-

(hp > Lo, Ao: superficialimpressionarea) (3)

The mean temperature raiad is then given by ically described by a (forcg) ~ (depthh)®? law [15].
This relation is in practice well obeyed, even in case of
AT = Q/pVqcC (5) deviations from spherical indenter geometry (see also
next subchapter). Thus an unloading cufve- h¥?
AT = (H/pc)(hp/Lq) can be fitted to each pair of points (load; load/2) as
=y(hp/Lq); (hy> L) (6)  represented by the bold curve for an example in Fig. 2.
3 The partial unloading permits to determine the stiffness
AT = (H/pc)(hp/Lq) and the true contact area for every data point, hence
_ y(hp/LQ)3; (hy < L) @) allowing for the calculation of depth depending hard-

ness and elastic modulus. With the following notion:
hs1: penetration depth undeulf load;hy,: penetration
depth after hlf unloading;hs,: penetration depth after
full unloading;s: elastic recoveryF: load; R: sphere
radius, we obtain:

The abbreviationy has been used foH/pc. It

turns out thatAT scales with Igp/L ) for hp>> Lo,

and with fip/Lg)® for hy <« L. For H=10 GPa,

p=5x10° kg m3, andc=2 x 10? J/(kg K) we ob-

tainy = 10*K. Fort = 15sand. = 1 W/(m K) the heat 5—he h 3

diffusion lengthL o amounts to_ g =4 mm. Thus the - ®)

criterionhy <« L g is fulfilled in all our experiments. For F — consts®/2 (9)

penetrations SEmaIIer thandm the temperature raise c

is less than 10 K. (A penetration of 1 mm, however, _ 3/2

may result in melting of the impressed material.) The 7 = constln— hw) / (10)

outcome of the above considerations is that some possi- _ 2/3

ble structural changes must be pressure induced rather 5 = (i — hn)/(1 - 0579

than originating from thermal processes. = 2703011 — hpy). (11)
AFM investigations were performed using a com-

mercial Nanoscope Il (dimension 3000) atomic forceEquation 11 permits the determination of the full elas-

microscope of Digital Instruments. tic recovery for each set of measured dakg by,
hty). According Hertz [15] the contact depith may be
written

3. Results and discussion he = hru + > (12)

3.1. Evolution of hardness number
For a better comparison of hardness data obtained froame chordal radius of the impression is then
impressions of different geometry the Meyer hardness,

i.e. the force over the impression projection area, is r = (hp(2R — hp))/2 ~ (2Rh,)Y? (13)
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Figure 2 Force-penetration-plot for a spherical indentation test with multiply partial unloading (50% unloading after each increment in load). The
crosses represent the total penetration, whereas the squares indicate the remaining penetration after 50% lupoddiadi{ of a full unloading
curve with the indication ofir, hny, hyy andhp is drawn for an example.

and the contact areé. becomes 15 7
Ac = mhp(2R — hp) ~ 27 Rh,. (14) 12 4
The stiffnessS of initial unloading is given by § ol . ++++++++++ PP
st 4+ e
S = (dF/dh) = (3/2)(F/9) 15 g s
o +
anddlsI relgted to tg_e ccintact arAaand to the effective i , + representative strain s (in %)
modulusE, according to _ s 4 5 6 .
_ 12 _ . —
S=2E/(Ac/m)"* = 2Er, (16) o, 80 160 240 320 400
where Penetration depth h,/nm
Er = (S/2)/(Ac/7)"? 200 7
:3F/4l‘8:3/4H(7TAc)1/2/5 (17) 160 -E++++++++++++"+++++++++++++*'+++++ o g
The effective modulusE, describes the situation @
whereby both sample and indenter are deformed elas-= 1201
tically. E, is defined according to E w0
= 4
1/E = (1-v)/Ei+(1-v3)/Es (18) = ol
with subscript i denoting the indenter and s the sam- 1

ple (v: Poisson number). The diamond related data are 05 30 160 240 320
v=0.07 andE =1140 GPa [16]. From literature the
following AIPdMn bulk data have been determined:
v=0.25 andE =182 GPa [17_]' . . Figure 3 Depth dependent hardness (mean pressure, upper part) and
The results of our calculation are shown in Fig. 3, corresponding values of thE-modulus (lower part) as derived from
where the modulus and the mean pressure (hardnessa of Fig. 2.
are plotted versus penetration depth (Fig. 3a and b,
respectively). The constant value & close to the to the surface may be attributed to the oxide surface
literature value [17] indicates, that the experimentallayer. A discontinuity inH occurs when exceeding
results are reliable. Furthermore the material is hoa penetration depth of about 30 nm. The origin of
mogeneous with depth, and the-determination is this repeatable effect may be the onset of irreversible
not affected by cracking. The slight deviation close(“plastic”) deformation (see also below).

" 400
Penetration depth h,/ nm
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— S -t and the corresponding threshold in defpghy, is equiv-
- alent to

10 - -
: /./'4 . hp.r = (9/32)(37)%(Y/Er)?R ~ 25(Y/E;)?R. (22)

7 1 Unfortunately, the yield stre¥at room temperature
is not known. When applying the relation betweén
and the macroscopic hardness

H/GPa

n=2.89

H =~ 3Y, (23)

Hardness

Y would amount to about 3 GPa. This in combi-
y —— 7 . nation with R=5 um and E, ~ 200 GPa results in

10 50 100 Ftnr = 7.9 mN andhp, i, = 28 nm in surprisingly good

Penetration depth h,/nm agreement to the coordinates of the discontinuitidin

3

Figure 4 Log-log-plot of hardness versus penetration for Meyer analysis

e 4 o0 ) )
(spherical indentation) 3.1.3. Corner-of-a-cube nanoindentations

For this type of experiments a pyramidal diamond in-
denter with triangular cross section was used. Its ge-

The hardness increases with increasing load. Thig§metry is that of a @rner of a_aibe; we will speak of
behavior is typical for materials that work harden sinceCC-Berkovich for short (the denotation “Berkovich”
deeper penetration results in higher amounts of p|ast|§ha“ indicate that its cross section is a equilateral tri-
strain. For these materials Meyer [18] found a relation@ngle as applies to the classical “Berkovich” too). This

between load and contact area: indenter is much sharper than the classical Berkovich
one which is best expressed by the area funcfi¢m),
F~d"/D" H ~d"?2 (19) i.e. the cross section aréaas a function of distance

h from the tip for the ideal geometry. For pyramidal
indenters with an equilateral triangle being the cross

with denotions:d: chordal diameter of the impres- sectionA(h) is given by

sion; D: indenter diameter. Introducing the relation
d?=4h,(2R — hp) ~ 8RN, in accordance with Equa- A(h) = 3 x (3)2h? tarf«

tion 6 we obtain 3
_(2 1/21,2
H ~ hE)n/Z)—l; E~ hg/z (20) = <4> x (3)Y2h?tar? B (24)

with: «: angle between the axis of the pyramid and the

The numbem is the so called Meyer index, that axis of a side plane (apical face angle) afidangle

e s e o 5 e PELVEEn h 0 f he pyrand and an e
A . i Vickers and Berkovich tester have the same idealized

work hardening, i.e. annealed material). In case ofworkarea function

softeningn <dZ ﬁhﬁmd behobselrved. For purehg/lgstic

contacts and shallow spherical impressidhs- hy _ 2

is obtained, andh, can be expressed according to Alh) = 2451h (29)

hp=d?/8R, resulting inF ~ d3. From Equation 12 it \yhereas a relation

can be deduced thatamounts to 3 in this case. The

Meyer indexn can be obtained from a log-log-plot of

force or hardness versus contact depth. A(h) = 1.5 x (3)?h? = 2.598h? ~ 2.6h?  (26)

The application of Meyer analysis to our measure-

ment is depicted in Fig. 4. For penetration depths beapplies to the CC-Berkovich indenter £ 35.3,

low 30 nm a Meyer inder; = 2.89is found, fordeeper g=54.7, « 4+ p=90°). Thus for equivalent load

penetrations changes to, = 2.27. The application of and hardness the penetration depth of a Vickers or

Meyer analysis to quasicrystal deformation is very for-Berkovich tester is (2.598/24.51§ =32.6% of the

mal, since plasticity in its common sense is not involvedCC-Berkovich indenter only. The advantage of the

inthe deformation process. Nevertheless one can diffeisharp CC-Berkovich geometry is, that it can be used

entiate between regions of qualitative and quantitativéor both indentation and imaging of the resulting im-

differences. Since; is very close to 3 it seems rea- pression. One must, however, admit that imaging of the

sonable to assume that for penetrations smaller thaimpression with the tool of impression generation is

30 nm the deformation is purely elastic. This predic-not suitable for precise area measurement. Neverthe

tion shall be considered in the light of the force thresh-less coarse imaging using the indenter permits to posi-

old Fir necessary to initiate first plastic deformation. tion the indents; and it is also useful for relocalization

According to [13, 19]F, writes of the impressions when scanning the impression field
later on using finer tips. The main disadvantages of the
Fir = (9/16)(37Y)3(R/E))?, (21) CC-geometry are
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o the hardness values differ from measurements with
conventional geometry,

o relatively little literature data exists for compari-
son, and

e crack formation and piling up are enhanced, i.e.
assesseft-moduli are less reliable.

H/Y

The Meyer hardness (mean pressiig)can in general
be written like

Geometry factor C

Huy = CY 27)

with Y denoting the plastic yield stress in simple tension 0b————— T T 71—
or compression, an@ being a dimensionless constant o 10 zg 30 405060 7080 90

. . . one apex angle o (degrees)
depending on the indenter geometry. In early experi-
ments of Taboet al. [7] an increase of with decreas-  Figure 5 Hardness (mean pressure) dependence on deformation geome-
ing apex angle of a cone was established as depicted iry: The hardness expressed in units of yield streivg(hus representing
Fig. 5. This also explains the hardness raise for increadbe ffactorC of Equatipn 17) is_drawn versus cone apex angle for pen-
ing penetration in Brinell tests since the “effective” apexetratlon qf a conical |_ndenter into a flat samp‘IF (upper"curve), and for

. eformation of a conical sample by a planar “indenter” (lower curve).

angle of the inserted part of the sphere gets reduce‘ixperimental values for copper deformed by steel, taken from Tabor
Thusthe hardness values obtained in CC-Berkovich tesfef. 7). The inserted pictures shallillustrate the experimental situations.
can be expected to be larger than those obtained in tests
of more blunt geometry. In Table | some representative
results of the CC-Berkovich test are summarized. The
calculation is based on an indenter modeling according
Fig. 6, i.e. a cap of a cone was fitted to the trunk of the
pyramid. The algorithm foHy and E; calculation is
the following:

From the loading-unloading-curve the depth of the
remaining plastic deformatioh, after full unloading,
the btal penetration depth for full lodal, and the elas-
tic recoverys = h; — h; are taken. The unloading curve
is fitted by a poweF ~ h" (h: elastic penetration). Fol-
lowing the suggestion of Oliver and Pharr [20] the total
elastic recovery is then separated into two padgsut-
side the impression arilinside the impression:

q = hgrans

Figure 6 CC-Berkovich indenter geometry modeling as used in this
work: the pyramidal indenter was replaced by a cone of equivalent ide-
o =28¢/n, 8 =8(1—¢/n). (28)  alized area functiom(h) and fitting a cap of a sphere to its end.

TABLE | Hardness ané&-modulus results for a CC-Berkovich test in AIPdMn

hr 8 hp hy A He = AP HsP b
F (mN) (nm) (nm) (nm) (nm) £m?) (GPa) (GPa) m?) (GPa) (GPa)
Blunting radiusR =50 nm
6 284 72 320 344 0.308 195 200 0.100 60.0 349
4 220 55 248 272 0.192 20.8 220 0.078 51.3 346
2 133 40 153 177 0.081 24.7 234 0.048 41.6 303
1 57 26 70 94 0.023 435 338 0.022 455 345
0.5 23 18 32 56 0.008 61.3 306 0.010 49.7 367
Blunting radiusR =130 nm
6 284 72 320 384 0.383 15.7 179 0.253 23.7 220
4 220 55 248 312 0.253 15.8 192 0.202 19.7 214
2 133 40 153 217 0.122 16.3 189 0.125 16.0 188
1 57 26 70 134 0.0467 214 237 0.0571 17.5 214
0.5 23 18 32 96 0.0240 20.9 239 0.0253 19.8 232

Most probable hardness values

F (mN) 6 4 2 1 0.5
H (GPa) 16 16 16 18 20

F: load; h: remaining plastic depth after complete unloadifigelastic recoveryhy: contact depthhy: contact depth extended kyh (blunting
correction),A¢: contact areaH: hardnesskE;: effective E-modulus. The superscript c refers to the model of the pure cone, and the superscript sp
corresponds to the model of the pure sphere. The data in italics are not relevant since the considered depth region is €fithgg fugltive model

of the pure cone, or abovgans for the model of the pure sphere. For a blunting radiuRef 50 nm the calculated moduli are always too high, and

no continous transition between the datasafs HC, EF) and (A", HSP, HP) is possible. For a blunting radil®= 130 nm theE-moduli are in the

range of the literature data, and for a loadrof= 2 mN the considered datasets are almost equivalent.
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The dimensionless numberis a geometry factor shall indicate that the value is converted to the model
which should be 0.72 for a conical or pyramidal in- geometry):
denter and 0.75 for a spherical or parabolic indenter
geometry. One must however admit that the geometry Ah = R((cosa)™! — 1) = 0.4745R (34)
influence on elastic recovery is not simply governed . _ %2
by the indenter alone, but determined by the geometry hp=hp+ A, Ac=2.6h" (35)
of the system (indentef plastically or in another way A critical point 0 be th t blunti
inelastically deformed zone). Since the plastic defor- . critical point proves to be the correct biunting ra-
mation zone is more or less spherical in most cases th us R'.Wh'Ch was determmeq Inaniteration procedure.
elastic recovery after conical or pyramidal indentation st,tzglrtlngt\r:altg\eﬂ(\)ﬂﬂ? was est|}r1nated fmm the _?rr]nt?]lle_st
resembles more that of a ball indentation. This is alsc§je atis in the Images when scanning wi €1n-
reflected by the power index, which is often close denter. ThenR was \_/arlled around this value to best
to 1.5 instead of 2, as it should be for pointed inden-‘cUthII the following criteria:
tation [21]. In our experiments varied between 1.42 hard E-modulus d for th .
and 1.48, confirming, that the consideration above also ® ardness ande-modulus data for the transition
applies to quasicrystals. Fera value ofe =0.735 as heighthirans inferred from the trunk-of-a-pyramid
a compromise between the two extremes was used in model should be equivalent to those using the pure
this work. The contact depth or effective plastic depth ~ SPhere model.

hy is then obtained according to e hyans should agree to the transition between the
P more linear and the more curved part of the loading
rve.
he = hr + & = h; — 8. (29) curve

¢ the values ok, should be correct. Particularly for
very small penetration depths, when larger crack-
ing is avoided, the measurds} should converge
against the value determined as a bulk property by
nondestructive techniques (the rectangular paral-
lelepiped resonance method, e.g.).

For the small penetrations, regarded in this work, tip
truncation must be quantitatively taken into account.
We modeled the blunted pyramidal indenter by a trunk
of a cone (apex angle:) in such a way that pyramid
and cone have the same idealized area fundiy) =

7 o ; )
2'6hp' Since the area function of the cone writes The mentioned criteria were best fulfilled for

R =130 nm. Literature data dt for AIPdMn are in
A(hp) = h3tarf o = 2.6h] (30) the range ofE =180-200 GPal =182 GPa [17];
190 GPa [8]; 200 GPa [22]), resulting iB, = 190—
the corresponding apex angle amountsige=42.3. 210 GPa. The apparent reductiorEfor higher forces
The cone has the advantage that a cap of a sphereay be attributed to the crack formation. The hardness
can be fitted to its trunk without shape discontinuities.exhibits a distinct increase with decreasing load. The
Since the transition from the real indenter pyramid toabsolute hardness value for 7 mN, the highest load the
its spherical end can be expected to be comparativelglectrostatic transducer can generate, is about 16 GPa,
smooth the suggested modeling seems to be a reasc@bout 70% higher than the Vickers microhardness and
able approach. The transition from sphere to cone takegbout 50% higher than the Brinell ultramicrohardness
place in a heighhyans (Fig. 6). Hence we have for 100 mN. Without filling the force gap between
10 mN and 1 N by Vickers an@€C-Berkovich tests
hyans= q = R(1 — cosa) = 0.3218R  (31) One cannot say to what extend the difference is an in-
dentation size effect or an indenter shape effect, re-
a=90" —ac. (32) spectively. The further increase of hardness to values
of about 20 GPa when reducing the load leads to the
A coarse value ohyans can also be assessed from assumption that both effects are likely to contribute to
a discontinuity of the first derivative of the loading the hardness number evolution.
curve, the low-load-part of which is nearly linear (the  The hardness increase for smaller forces may be in-
loading curve of a sphere into a fully plastic body of terpreted in terms of the Hall-Petch relation [23] which
constant hardness is a straight line), whereas the highyas found with nanostructured materials:
load-partis more parabolic (the loading curve of a pyra-
mid/cone into a fully plastic body of constant hardness H = o9 + koL ~%/2 (36)
is a parabola). The hardness calculation requires there-

fore to decide between two situations: Fy< hvans  wheresy is the intrinsic stress, resisting dislocation mo-
the model of the pure sphere is used; the contact arqgn, k, a constant, antl a characteristic grain dimen-
writes now sion. Thus the hardness increases with smaller grains.
If the deformation in quasicrystals is based on grain
Ac = m(2Rh, — h}) ~ 27 Rh, (33)  boundary sliding, and if larger impression forces result
in formation of larger grains, then a mechanism similar
For hp > hyansthe area function of the ideal geome- to that in nanostructured materials can lead to increased
try of the corner of the cube can be used when addingluctility for higher forces.
a height supplemenah to the contact depth to cor-  Afurthersource of hardness increase with decreasing
rect the data for tip blunting (Fig. 6, the supersctipt load may be the reduced number of induced cracking.
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This was demonstrated in arecent paper of Swaal ~ material are piled up. This is easy to recognize since
who investigated the hardness of amorphous glassy catie quasicrystalline structure with its missing transla-
bon by Vickers and CC-Berkovich tests [24]. The hard-tion symmetry does not favor material displacements
ness could be shown to increase with decreasing apicalver large distances. On the other hand some degree
face angle of the indenter, which has two reasons: thef ductility seems to be involved in type-1 impression,
different stress fields in case of varying apex anglessince piling up is very weak, and the outer appearance
and the fact, that the sample gets more susceptible farfthe impressionsis similar to that of ductile crystalline
radial crack initiation with sharper indenters. For thematerial.
corner-of-a-cube indenter a strong indentation size ef-
fect was found: the hardness increases by about 50%
when reducing the load fro 1 N toabout 20mN, which ~ 3.2.1. Impressions of pointed indenters
is similar to our findings. When performing Vickers tests the material around the
indent breaks into segments which are shifted in height
by mutual shearing. This shearing occurs along radial
3.2. Morphology of the impression cracks which preferentially propagate in definite qua-
environment sicrystallographic directions. Fig. 7 displays an AFM
Inspecting the resultant impressions by AFM revealsheight image for a symmetric positioning of the inden-
drastic differences between indentations with a peneter with respect to the sample of fivefold symmetry,
tration depth small compared to the radius of curvatureand a qualitative attempt to explain the created struc-
R of the hardness tester (type-lI impressions: sphericdures. The image exhibits a mirror plane as can be ex-
indentations, scratching with a spheroconical needlepected from the symmetry superposition. The larger
and those, where the plastic depth is much larger thaor smaller divergence between sample and indenter di-
R (type-ll impressions: pyramidal indentations). Therections gives rise to more or less constructive stress
task of this section is to describe the differences and tsuperposition resulting in high or less high segment up-
make an attempt of explanation. lifting. The morphology of Vickers impression has been
The material displaced by the indenter cannot disapthe subject of our papers [27] and [28]. The outer ap-
pear. In some rare cases transitions to phases of highpearance of the indentation induced elevations around
density occur [25], in all other cases the displaced volthe indent is very stable when repeating the tests but
ume must be somehow “accommodated”. To some exproves extremely sensitive to sample rotation around
tent displaced material can be elastically accommothe specimen normal [27]. If the impression asymme-
dated by trapped stresses [26], most of the displacetty were due to an inclined indenter, the asymmetric
matter is in general relocated in the piling-up structuresstructures should remain fixed with respect to the in-
Crystalline materials often exhibit long range surfacedenter (i.e. fixed with respect to the image frame), if it
modifications around the indent where the displacedvere due to the sample crystallography alone, it should
material is gently smeared out over large areas. rotate together with the sample. We found, however,
Our AFM inspection of type-Il impressions shows that the impression asymmetry rotates with four times
that surface modifications are restricted to the clos¢he speed of the sample, and into opposite direction.
vicinity of the indent, where considerable amounts ofThis was explained as an angular Moéffect resulting

Figure 7 AFM height image of a Vickers impression (left), and schematic representation of the relative position between indenter and sample (right).
The pentagon represents the position of equivalent quasicrystallographic lattice planes exhibiting two fold symmetry. The height disttitmition of
piled up elevations can be explained by symmetry superposition of the fourfold indenter symmetry and the fivefold sample symmetry as schematically
depicted in the right drawing. The asymmetry is not due to indenter inclination as can be shown by indentations after sample rotation [27]. The
dash-dot-line indicates a mirror plane which is visible in the AFM height image, too.
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from the symmetry superposition of sample and inden- 40.0
ter [27, 28].

One has to ask by what mechanism the material dis-
placement proceeds if no dislocations are involved. In
accordance with the findings of Wollgartetal. [6] we
assume a fragmentation into polygrained material fol-
lowed by subsequent grain boundary sliding. Though
no deformation mechanism on an atomic scale has hith-
erto become known the proposed process can be ex-
pected to be easier initiated than slip of dislocations in
the bulk.

The differences between type-l and type-Il im-
pressions are based on different degrees of cracking,
the formation of lateral vent cracks in particular. In
type-l impressions material flow is mainly directed
into the downward direction, giving rise to formation
of extended regions of large hydrostatic constraint, o 10.0 20.0 30.0 40.0
where crack nucleation is inhibited. In type-Il indenta- ™
tions considerable displacement towards the sides oc-
cur, particularly for indenters with small apex angles.
The accomodation of this material results in residual
stresses which facilitate lateral cracking upon unload-
ing [29, 30]. The increased amount of cracking may re-
sultin fragmentation into individual grains separated by
macroscopic defects as schematically depicted in Fig. 8.
The stability of the indentation induced structures un-
der constant conditions, the preferential propagation of
cracks along crystallographic planes and the sensitivity
to azimuth orientation changes demonstrates, however,
that the fragmentation cannot be a stochastic process
but must follow well defined rules.

30.0

20.0

10.0

3.2.2. Spherical indentations
Figs 9a and b display AFM height images of spherical
impressions with loads of 0.5 and 0.1 N, respectively.

% i Db o " 0
For the high load the degree of piling up and the forma- © 2.5 5.0 7.5 1.0
tion of cracks are comparable to the results obtained in
case of Vickers indents. For the small load practically (b)

no piling up can be noticed. A closer look reveals small
elevations that exhibit traces of fivefold symmetry. Nev-

ertheless the relative degree of piling up is negligible if 4:00

3.00

(©

Figure 9 Comparison of piling-up formation in case of a “heavy” spher-
Figure 8 Schematic drawing of the indentation induced fragmentationical indentation (0.5 N, 10a), a small spherical indentation (0.1 N, 10b)
in the vicinity of a Vickers indent. Note the bending of the topmost layer and a CC-Berkovich indent (5 mN, 10c). The AFM height scales are
which is not subject to further disintegration. 500 nm (10a) and 80 nm (10b and c), respectively.
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Impression cross sections undisturbed surface. This comparison is—however—
of comparable lateral dimensions relative, since the measurement zero level can only be
defined with respect to the surface position at the mo-
Spherical ment of measurement and not in a more generalized
impression way. Consequently a surface uplifting over a large area
by a small constant amount is not detectable.
S e In case of Vickers indentations the apparent volume
of the piled up elevations is about 30 to 40% larger than
-100 4 the volume of the impression. This excessdue to lat-
eral cracking and the formation of subsurface defects,
which could be demonstrated by secondary indentation
[27]. Furthermore a decreased contact stiffness of the
Length (um) elevations was detected by force modulation technique
250 - Vi [27], which also gives evidence for hole formationin the
Vickers vicinity of the indent and supports the suggested mech-
mpression . . . .
‘//\ anism of material displacement. For the CC-Berkovich
s impressions the mentioned volume excess eleva-
tions is even larger: an average value is 140%.
The level of porosity in the vicinity of the indent can
be assessed using the following zero-order approach:
Itis assumed that the defects are concentrated within a
half-sphere the diametelgs of which is equivalent to
Length (um) the diameter of the impression-modified surface area as

recognized by AFM. The volume of this half-sphere is
Figure 10 Comparison of cross sections through a spherical impression
(top) and a CC-Berkovich impression (bottom) displaying distinguished _ 3
differences in the relative height of piledup elevations from which also Vaif = (”/12)daff‘ 37
large differences in the volume balance between displaced and reap- ] o
peared material can be assessed. The volume of displaced material in case of the

square-shaped Vickers impression (side leaytieads

100

Height (nm)
S

T T T

0 2 4 6

e+

Height (nm)

-250

0 1 2

compared to the extent obtained for high load, orin case _ _ .3

of pointed impressions. In a first thought this does not Vimp.v = a’tan22/6 (38)
seem surprising since for “normal” materials the rela-
tive degree of piling up always decreases for smalle
loads. But in our case the degree of piling up seem
not to be related to the load directly, but to the effective 3 2

apex angle of the impressed part of the indenter. Piled- Vimp.cc = 5%/(12(2)7%). (39)
up hillocks with heights comparable to the depth of the The volume ratio between impression affected and
impression were always observed with CC-Berkovich . o P

indentations independent on load as long as the peng-'Splaced material is then

tration depth was larger then the blunting radius.

For conventional materials a rule of thumb pre- Vag/Vimpyv = (7/2 tan 22)(dar/a)® = 3.89(datr/a)°
dicts similar degrees of piling up for similar displaced (40)
volumes. From Fig. 10, where cross sections through
a spherical and a CC-Berkovich impression are dis-Vatt/ Vimp.cc = 7(2)!/%(Carr/5)° = 4.44(cr/5)°. (41)
played, one can easily conclude that this rule is not
obeyed by quasicrystals in the considered force range:
the piling up for the pointed impression is considerably
larger though the displaced volume is even smaller than P = (Velevation— Vdisplaced/ Vafrected (42)

in case of the spherical one. The abundance of piling Up P = (Vejevation/ Vaisplaced— 1)/ (Vaftected/ Vimpressio)

and that in case of the CC-Berkovich (side lengibf
ghe impression triangle) is

The porosityP can be determined according to

seemsto be determined by the threshold of lateral crack- (43)
ing depending on the nature of the sample (brittleness),
the load, and the “effective” apex angle of the indenter. P = &/(Vaft/ Vimp) (44)

For the spherical impression a certain ratio (chordal di-
ameter/indenter diameter) must be exceeded to creatgith ¢ being the relative volume excess. For Vickers im-
significant piling up, i.e. the load must be raised abovepressions we obtaid,s/a= 2.5 as an average value,

a certain value for a given sphere diameter. resulting in P =0.58% ( =35%), and for the CC-
indentationd,s/s amounts to 1.88, yielding = 4.8%
(¢ =140%).

4. Volume balance and porosity Contrary to the impressions of pointed indenters the

The availability of precise height information in AFM volume balance for spherical indentation proved nega-
permits a comparison of the volume displaced by theive, i.e. about 70% of the displaced material is “miss-
indenter with the volume which reappears above theéng”. We can therefore conclude that for increasing
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indenter apex angle the material displacement becomes more coherent manner when related to a character-
more and more restricted to the close vicinity of the istic impression length rather than to the load.
impression, where enlarged degrees of lateral cracking

and subsurface defect formation result in large porou
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