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Abstract The role of friction between the indenter and
the test specimen in amorphous and crystallized
Pd4oCu;oNi gPyo alloy was investigated through instru-
mented nanoindentation under unlubricated and lubricated
conditions. It was found that the reduction of hardness with
the increasing penetration depth, i.e., the indentation size
effect (ISE), becomes milder in the lubricated test than that
in the unlubricated measurement. The important role of
friction that related to the surface area to volume (S/V) was
discussed in terms of the proportional specimen resistance
(PSR) model and energy dissipation.

Introduction

Instrumented nanoindentation techniques have been
extensively used for the micromechanical characterization
of materials due to their high time and spatial resolution
[1, 2]. During nanoindentation, the hardness is often found
to decrease with increasing indentation depth, i.e., the so
called indentation size effect (ISE) [3]. Since the discovery
of the ISE in crystalline materials, many mechanisms have
been offered for its explanation, such as the strain gradient
effects [4-6], the role of friction between the indenter
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facets and the test specimen [7, 8], surface effect [9],
structural non-uniformity of the deformed volume [10],
mixed elastic and plastic deformation response of material
[11], etc. The variety of proposed mechanisms emphasizes
the rather complicated nature of the ISE. However, most of
the mechanisms developed are based on the dislocations
theory for crystalline materials. In large indentations, the
statistically stored dislocations (SSDs) can easily accom-
modate the shear stress. On the contrary, the geometrically
necessary dislocations (GNDs) have to be created in order
to form the residual indentations at small indentation
depths, in which the density of geometrically necessary
dislocations (GNDs) that is proportional to the strain gra-
dient becomes appreciable [12].

In spite of the lack of dislocations in metallic glasses,
the indentation size effect has also been reported recently
in metallic glasses. In early work concentrating specifically
on metallic glasses, Wright et al. [13] attributed the ISE to
a reduction in shear band density with decreased peak load.
Recently, the strain-induced softening due to the intro-
duction of excessive free volume during plastic deforma-
tion [14-16], has been proposed as a main mechanism for
the ISE [17, 18], while other authors have attempted to
consider more complex hypotheses such as strain gradient
hardening [19]. However, the detailed mechanism for the
ISE has not been clearly understood. The contribution of
friction between the indenter facets and the test specimen is
expected more significant in nanoindentation [7]. More
recently, Li et al. [20] suggests that, this friction effects
may be sufficiently explanatory for the ISE, but an exact
description of the role of friction during nanoindentation is
a challenge, and to the best of our knowledge, the related
experiment has not yet been studied. In this work, the ISE
was investigated in amorphous and crystallized Pd4oCusq
Ni;oP50 alloy under unlubricated and lubricated conditions.
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It is shown that the lubrication weakens the indentation size
effect.

Experimental process

The amorphous Pd;oCuzoNijgP,o cylindrical rod with a
diameter of 12 mm was prepared by water quenching of
the alloy melt in a sealed quartz tube. The crystallized
sample was prepared by annealing the amorphous alloy at
423 °C for 4 h in vacuum. The structure of the as-cast and
of the annealed samples was examined by X-ray diffraction
(XRD, Philips y' Pert PRO) and differential scanning cal-
orimetry (DSC, Perkin—Elmer DSC-7).

Nanoindentation experiments were carried out using a
Triboindenter instrumented nanoindenter (from Hysitron,
Minneapolis, MN) with a Berkovich diamond indenter,
calibrated with pure aluminum and silica. In all the
experiments, the temperature and air humidity inside the
apparatus chamber were kept constant. Prior to nanoin-
dentation, the surfaces of the samples were carefully pol-
ished to a mirror finish. The indentations were performed
under load control at a loading rate of 0.5 mNs .
Lubricated measurements were made with a very thin layer
of polybutene applied to the polished specimen surface. In
order to obtain different indentation depths, samples were
loaded under different maximum loads (P,,,x) ranging from
2 to 10 mN. At least six indents were made at each load to
verify the accuracy and scatter of the indentation data.

Results

Figure 1 shows the XRD patterns obtained from the as-cast
and annealed Pd;oCu3gNi;oP,q alloy. Evidently, the as-cast
alloy is of amorphous structure characterized by only a
broad diffraction hump in its XRD pattern, while the
annealed one is fully crystallized as indicated by a series of
diffraction peaks indexed as Ni,Pd,P and P;,Pd;, inter-
metallic compounds.

Figure 2 shows the typical load—depth (P-h) curves for
the amorphous and crystallized PdsoCusoNijoPo alloy,
respectively, obtained under applied load of 10 mN at a
loading rate of 0.5 mN s~ '. It is noted that the P—h curves
show strong structure dependence. In the amorphous alloy
which is free of dislocations, the P—h curve is punctuated
by a number of discrete bursts of pop-ins. In contrast, the
crystallized one exhibits a relatively smooth P-h curve
under the same experimental condition. In addition, similar
P—h curves are observed under unlubricated and lubricated
measurements between the two alloys, indicating the
identical deformation behavior.
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Fig. 1 XRD patterns of amorphous and crystallized Pd;,Cu3oNi;oP5q
alloy [21]
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Fig. 2 Load—depth (P-h) of amorphous and crystallized Pd4oCus.
NijoP,g alloy in different (unlubricated or lubricated) measurements

Figure 3 shows the variation of the nanoindentation
hardness (H) as a function of the maximum penetration
depths (h,.x) in the amorphous and crystallized Pd4oCusg
NioPyo alloy, where H is calculated from Oliver—Pharr
approach [22]. It can be seen clearly that the indentation
hardness in both amorphous and crystallized Pd,yCusg
NioP,y alloys, more or less decrease with the increase of
the penetration depth, demonstrating the so called
“indentation size effect (ISE)”. However, different hard-
ness reduction also can be observed under unlubricated and
lubricated measurements. Obviously, the lubrication
weakens the hardness reduction with increasing indentation
depth, indicating an important role of the friction to the
indentation size effect.
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Fig. 3 Effect of lubrication on the hardness with different indentation depths in amorphous (a) and crystallized (b) Pd4oCu3¢Ni;oP,q alloy

Discussion

The above experimental results clearly indicate that the
friction contributes to the indentation size effect both in
amorphous and crystallized Pd4oCu3oNi;oP,g alloy. During
nanoindentation, when an indenter is impressed into the
test specimen surface, the local contact stress is very high
at the contact surface between the indenter and the speci-
men. However, this high stress will be reduced if the
frictional force parallel to the indenter facet/specimen
interface, this effect will increase as the indentation size
decreases because the indentation conditions involve a
higher indentation surface (S) to deformation volume (V)
ratio (S/V) [23]. By examining S/V, Li et al. [7] demon-
strated the important contribution of friction to the Vickers
microhardness of iron. For Berkovich indenter used in
present study, S/V = 1.79/h,, (h. is the contact indentation
depth), from which one can find that the ratio S/V dra-
matically decreases as the indentation becomes deeper,
indicating that the contribution of friction to the indentation
size effect is not constant but increases as the indentation
size becomes smaller at lower indentation size [24].

The frictional contribution to the indentation size effect
has been analyzed through a proportional specimen resis-
tance (PSR) model that is proposed by Li et al. [23].
According to the model, indentation hardness can be
described as being made up of two different parts: the
indentation load-dependent part and the indentation load-
independent part, as expressed by:

Prax :alhc—&—azhg (1)

where P,,.x is the maximum indentation test load, a; is the
coefficient describing the proportional specimen resistance,

@ Springer

a, is the coefficient that is related to the load-independent
micro-hardness, i.e., the so called “True hardness; Hpsr”.
Equation 1 can also be rearranged as:

Pmax/hc =a; + arh, (2)

Applying the data obtained in the present work to Eq. 2,
the plots of P, /hc against i, for both amorphous and
crystallized alloy under unlubricated and Ilubricated
conditions are obtained, as shown in Fig. 4a and b. From
which the best fit a; and a, parameters can easily be
calculated from the intersection point and slope of the
curve, respectively, as described in Table 1, in which a
notable difference of a; under unlubricated and lubricated
tests can be clearly observed in the two alloys. For instance,
the values of a; are around 16.24 and 16.72 uN/nm,
respectively, under unlubricated measurement; however,
the values of a; are substantially reduced by the lubrication,
and drop to 15.36 and 15.86 uN/nm for the two alloys under
lubricated test, demonstrating a significant friction role to
the indentation size effect.

Multiply A, in both sides, Eq. 1 also can be reformed as:

Prax - he = alhg + ath (3)

where Py - hic 1s the total work (Et) calculated from the
area under the loading curve; For the alhg, Sangwal [25]
and Frohlich et al. [26] regarded it as the energy dissipated
in new surface area creation, and Li et al. [7, 23], on the
other hand, referred it to the energy dissipated (Efiction) due
to the friction at the indenter facets/specimen interface and
elastic resistance, here Ef;qion can be calculated from the
area enclosed in an indentation loading—unloading curve.
As to ayh?, which can be understood by the energy dissi-
pated for the permanent deformation or volume creation
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during nanoindentation. According to the above analy-
sis, the values of Ep;cion, ET can be calculated from the
load—depth (P-h) curves, and the ratio Egcon/ET 18 plotted
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Fig. 4 The PSR model applied for the amorphous and crystallized
measurements

as a function of the maximum indentation depth (f.x), as
depicted in Fig. 5a and b. It is found that the value of
Eticion/ ET decreases with the increasing indentation depth,
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Table 1 Best fit parameters and analysis results according to the PSR model

Sample Test conditions a; (uN/nm) a> (uN/nm?) Correlation factor (R?)
Amorphous Unlubricated 16.244 0.155 0.9991
Lubricated 15.361 0.167 0.9986
Crystallized Unlubricated 16.723 0.191 0.9997
Lubricated 15.867 0.197 0.9995
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Fig. 5 Dependence of energy dissipation ratio (Eg;cion/ET) On the indentation depths for the amorphous (a) and crystallized (b) Pd4oCu3¢NijoP2q
alloy under unlubricated and lubricated measurements
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indicating that the friction is a function of the indentation
depth. However, the reduction of FEpicion/Er With the
increasing indentation depth, more or less, becomes milder
under lubricated measurement than that under unlubricated
test; which is attributed to the lubrication that decreases the
frictional energy dissipation, demonstrating the important
role of friction to the indentation size effect.

Conclusions

In summary, the role of friction between the indenter and
the test specimen in amorphous and crystallized
Pd4oCuspNijgPyo alloy was investigated through instru-
mented nanoindentation under unlubricated and lubricated
conditions. The hardness reduction with the increasing
penetration depth becomes milder in the lubricated test
than that in the unlubricated measurement, which is
attributed to the role of friction between indenter and the
test specimen, and illustrated from the PSR model and
energy dissipation point.
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