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The deformation behavior and indentation size effect (ISE) in amorphous and crystallized
Pd4oCu3oNioP>g alloy were comparatively studied through instrumented
nanoindentation. It was found that the two alloys showed different deformation
behaviors, the amorphous alloy exhibited conspicuous pop-in events in the load-depth
(P-h) curve, while the crystallized alloy showed a relatively smooth P-4 curve. In
addition, the indentation hardness was observed to decrease with increasing penetration
depth in the two alloys, exhibiting a significant ISE. However, the crystallized alloy
displayed a sharper reduction of hardness with indentation depth as compared to the
amorphous alloy, indicating a more significant indentation size effect in the crystalline
alloy. The structure difference and friction factor associated with the surface residual
stress are taken into account to interpret the difference in the deformation behavior and

indentation size effect of the two alloys.

. INTRODUCTION

Instrumented microindentation and nanoindentation
techniques have been extensively used for the microme-
chanical characterization of materials due to their high
time resolution and spatial resolution. However, the
hardness is often found to decrease as the depth of pene-
tration increases during indentation, that is, the so-called
indentation size effect (ISE)." Upit and Varchenya? first
investigated the ISE in single crystals and related it to
the effect of free surface on the behavior of dislocations.
Based on the Taylor dislocation and geometrically nec-
essary dislocations (GNDs) induced by imposed strain
gradients underneath an indenter, Nix and Gao>™ devel-
oped the strain gradient plasticity (SGP) model that
established a linear relationship between the square of
hardness (H?) and the reciprocal of the indentation depth
(h™"). However, this mode is only applicable for indenta-
tion depth between 0.1-10 um, but became invalid for
an indentation depth of less than 100 nm.*’ The
improvements to the model were made by modifying
the GND storage volume,® considering the effect of
work hardening9 and the limitation of the maximum
allowable density of GNDs'® in the nanoscale. On the
other hand, the role of friction between the indenter
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facets and the test specimen has been proven crucial in
crystalline materials, and the contribution of friction to
the ISE is inversely related to the indentation size.'"'?
Other factors, such as surface effect,'? structural nonuni-
formity of the deformed volume,'* mixed elastic and
plastic deformation response of material,'> and so on,
have also been proposed to illustrate the complicated
nature of the ISE.

Although most of the mechanisms developed in crys-
talline materials are based on the dislocation theory, the
ISE has also been reported recently in metallic glasses
that lack dislocations. Wright et al.'® observed that the
indentation hardness of Zr,oTi;4Ni;oCu;,Be,s bulk me-
tallic glass (BMG) decreases with increasing penetration
depth, and attributed this result to the higher resistance
of the BMG to the shear band nucleation at lower loads.
Lam et al."” proposed a strain gradient plasticity inden-
tation model based on shear deformation clusters to elu-
cidate the ISE. Yang et al.,'® on the other hand, argued
that the ISE of BMG is caused by the generation of
strain gradient due to the introduction of excessive free
volume underneath the indenter, which results in strain
softening.lg’21 More recently, Li et al.>? found that the
friction between the indenter facets and the test speci-
men also plays an important role for the ISE in
Pd40CU30Ni10P20 BMG.

To investigate the ISE in amorphous and crystalline
materials, Manika et al.” studied the Vickers indentation
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response in single crystals, polycrystals, and amorphous
solids, and found that a significant ISE was clearly
observed in single crystals and amorphous solids, but
ISE was absent in fine-grained polycrystals. However,
the mechanism for the ISE in amorphous and crystal-
lized alloys has not been clearly understood. In this
work, the ISE was investigated in amorphous and crys-
tallized Pd4oCusoNigP,o alloys under different loads
(corresponding to different penetration depths). It is
shown that the two alloys exhibit quite different
deformation behavior and also different indentation size
effect.

Il. EXPERIMENTAL PROCEDURE

The amorphous Pd4yCuzoNi; P, 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 48 h in vacuum. The structure of the as-
cast and of the annealed samples was examined by x-ray
diffraction (XRD, Philips X’Pert PRO, Eindhoven, The
Netherlands) and differential scanning calorimetry
(DSC, Perkin-Elmer DSC-7, USA).

Nanoindentation experiments were carried out using a
Triboindenter instrumented nanoindenter (from Hysitron,
Minneapolis, MN) with a Berkovich diamond indenter,
calibrated using pure aluminum and silica. In all the
experiments, the temperature and air humidity inside the
apparatus chamber were kept constant. Prior to nano-
indentation, the surfaces of the samples were carefully
polished to a mirror finish. The indentations were per-
formed under load control at a loading rate of 0.5 mN s~
To obtain different indentation depths, samples were load-
ed 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.

To observe the deformation patterns beneath the
nanoindenter tip in amorphous and crystallized alloys, a
bonded interface technique was used and the nanoindenta-
tion was exactly performed at the interface of each alloy
with the guidance of the atom force microscope. The
details of the technique were described elsewhere.?” The
indent morphology was then examined by scanning elec-
tron microscopy (SEM, JEOL JSM-6335F, Tokyo, Japan).

lll. RESULTS

Figure 1(a) shows the XRD patterns obtained from the
as-cast and annealed Pd4oCuszoNi;oP,g alloy. The as-cast
alloy is clearly 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
P5,Pd;, intermetallic compounds. The different struc-
ture of the two alloys was further verified by DSC scans
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FIG. 1. (a) XRD patterns and (b) DSC scans of as-cast and annealed
Pd40Cll30Ni lOPZO alloys.

as shown in Fig. 1(b), in which the as-cast alloy exhibits
a distinct glass transition and subsequent crystallization,
while the glass transition and crystallization signals
completely disappeared in the annealed alloy.

Figure 2 shows the typical load-depth (P-#) curves for
the amorphous and crystallized Pd;,CuzoNi;oP,q alloys,
respectively, obtained under an 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 amor-
phous alloy there is a lack of dislocations, the P-h curve
is punctuated by a number of discrete bursts of pop-ins,
indicative of the nucleation of shear bands.'® In contrast,
the crystallized alloy exhibits a relatively smooth P-h
curve under the same experimental conditions. However,
the enlargement of the P-4 curve for the crystallized alloy
also clearly shows a few serrations with a small pop-in
size due to the initiation of dislocations,>* as described in
the inset in Fig. 2.

Figures 3(a) and 3(b) illustrate the deformation pat-
terns underneath nanoindents in the amorphous and
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FIG. 2. Typical load-depth (P-/) curves of the amorphous and crys-
tallized Pd4oCuszoNijgP5o alloy obtained under load of 10 mN. The
inset shows the enlargement of P-4 curves of the crystallized alloy
under 1.5 mN.

crystallized Pd4oCusoNi;oP»g alloy at an applied load of
10 mN. A notable difference in the band patterns can be
clearly observed in the two alloys. The semicircular
shear bands in the amorphous alloy are clearly larger
than the values of the slip bands in the crystallized alloy.
To further understand the difference in the deformation
behavior in amorphous and crystallized Pd4Cu3oNi;oP>g
alloys, the two alloys were also examined under micro-
indentation using a Vickers indenter under a load of
1000 mN. The deformation pattern is shown in the inset
of Fig. 3. It can be seen clearly that the deformation
region in the amorphous alloy contains a high density of
shear bands. However, only a few slip bands, with cracks
at the edge of the indentation, are observed in the crys-
tallized alloy.

Figure 4 shows the variation of the nanoindentation
hardness (H) as a function of the maximum penetration
depth (h,.x), where H is calculated from the Oliver-
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FIG. 3. SEM images of the subsurface deformation regions for
(a) amorphous and (b) crystallized Pd4oCu3oNi;oP,o alloy obtained

under nanoindentation (10 mN). The inset shows the corresponding
SEM images obtained under micro indentation (1000 mN).
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FIG. 4. Dependence of the indentation hardness on depth for amor-
phous and crystallized Pd4oCusNi;oP5 alloys.

Pharr approach.”® It can be clearly seen that the indenta-
tion hardness in both the amorphous and crystallized
Pd4oCuzoNioPyo alloys decreases with the increase in
penetration depth. This demonstrates a significant ISE.
However, it can be also observed in Fig. 4 that the
crystallized alloy displays a sharper reduction of hard-
ness with indentation depth, as compared with amor-
phous alloy, indicating a more significant indentation
size effect in the crystalline alloy.

IV. DISCUSSION

The pop-in events in P-h curves during nanoindenta-
tion have been extensively reported in a number of crys-
talline materials and are widely recognized as an
important indicator of the initiation of dislocations at the
critical shear stresses.”>?® The size of the pop-ins is con-
sidered proportional to the displacement of the slip. The
small pop-in size observed in the crystallized Pd,oCus.
NioP5 alloy in the study indicates that the dislocations
glide only a short distance before being blocked by grain
boundaries. In contrast, the deformation in amorphous
alloys is usually localized in a few thin shear bands,*’
and the nucleation and propagation of shear bands is
generally regarded as the main cause for the pop-in
events in the P- curves during nanoindentation.”® The
size of pop-ins in the amorphous Pd4oCu3oNi;oP»g alloy
increases with the indentation depths, which can be
attributed to the greater shear displacements within larger
shear bands in deeper indention depths.29

The ISE in crystalline metals has been explained by
various theories, the most popular being the model of
strain gradient plasticity (SGP) proposed by Nix and
Gao.>™ According to this model, the total dislocation
density (py) can be expressed by p; = pg + pg(h*/h),
where pg is the density of statistically stored disloca-
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FIG. 5. (a) Average value of H° as a function of I/h for crystallized
Pd4oCu;0Ni;oPyo alloy. (b) Shows the fit curve under loads ranging
from 2 to 5 mN.

tions, ps is the geometrically necessary dislocations,
and 1" is a characteristic depth. At small indentation
depths (h < h"), the density of geometrically necessary
dislocations (GNDs) that is proportional to the strain
gradient becomes appreciable.®® On the basis of the
GND model, the hardness and indentation depth have
the following relationship:

h*
T+ (1)
where H is the indentation hardness for a large indenta-
tion depth (i.e., 2 > h"). According to Eq. (1), the plot of
H? against h! for the crystallized Pd4,CusoNi;oP,q alloy
can be obtained, as described in Fig. 5. It can be seen
that the datum distribute discretely along the fit line. It is
believed that the significant scattering of the data is
attributed to the inhomogeneous microstructure in the

H = H,
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polycrystalline alloy, which involves a lot of crystalline
defects, such as grain boundaries. However, if one fol-
lows the average value of the hardness at the load from
2 to 5 mN (corresponding to various indentation depths),
a parabolic H” versus 4" curve was can be obtained, as
shown in Fig. 5(b). The deviation from the linear rela-
tionship between hardness and the indentation depth
indicates that the SGP model as a simplified approach is
insufficient to elucidate such a complicated ISE.

In the case of an amorphous alloy that does not involve
any dislocations, it has been reported that plastic flow is
associated with dilatation due to the creation of excessive
free volume in shear bands.?” This leads to strain soften-
ing and causes the reduction of hardness with increasing
indentation depth, that is, ISE."®*' According to Spae-
pen’s general flow equation,?’ the shear strain rate () in
metallic glass can be expressed as:
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FIG. 6. (a) Dependence of the shear strain rate (y) on the penetration
depth and the (b) estimation of free volume created during indentation

for as-cast Pd40CU30Ni10P20 BMG.

Q AG
= 2vA
¥ = 2vAfcy sinh <2k T) exp < kBT> ) (2)

where v is the frequency of atomic vibration (i.e., the
Debye frequency), Af is the fraction of the sample vol-
ume in which potential jump sites can be found, ¢y is the
defect concentration, which is exponentially proportion-
al to the reciprocal of the reduced free volume (x), that
is, ¢; = exp(—1/x).*" 1 is the shear stress, which is pro-
portional to the indentation hardness by H ~ 3v/31,2' Q
is the atom volume, kz is the Boltzmann constant, T is
the test temperature, and AG is the activation barrier
energy for defect migration. During plastic deformation,
the shear strain rate (y) can also be expressed as
¥ =0.16¢; = 0.16 193! The dependence of ¥ on / dur-
ing loading is plotted in Fig. 6(a), from which one can
conclude that shear strain rate 7 is almost identical and
can be regarded as a constant at the ending stage for
each applied load. Assuming Af and AG remain constant
during nanoindentation, Eq. (2) can be rewritten as:
1

KCf ~ 17 s

(3)

where K = vAf 7,75 SXP (— A—G) is regarded as a con-

stant. On the basis of the Eq. (3), a plot of Kc; against
h can be obtained and is shown in Fig. 6(b), which dem-
onstrates that the defect concentration (corresponding
the free volume) during nanoindentation increases mono-
tonically with increasing indent depth.

It is expected that the friction between the indenta-
tion facets and the test specimen also plays an important
role in the indentation size effect, which is usually ana-
lyzed quantitatively through a proportional specimen

12
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FIG. 7. The modified proportional specimen resistance (PSR) model
applied to the amorphous and crystallized Pd4oCu3oNi;oP,q alloys.
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resistance (PSR) model.'!3%33 Considering that the sur-
face residual stress is associated with the surface ma-
chining and polishing,34 a modified form of the PSR
model is used in the present work, which is given in
Eq. (4):

Pmax =ay+ alhc + aZhE ; (4)

where P, is the indentation test load, /. is the plastic
indentation depth, a, is a constant related to the surface
residual stresses, a; is the coefficient describing the pro-
portional specimen resistance (the friction between the
indenter facets and the test specimen), and a; is the coeffi-
cient that is related to the load-independent hardness. >~
The application of Eq. (4) to the data in the present alloys
yields plots of P, versus /. with a high correction coef-
ficient (7% > 0.9995), as shown in Fig. 7. This suggests that
the modified PSR model can elucidate well the ISE of
amorphous and crystallized Pd4oCu3oNi;oP5q alloys. Inter-
estingly, the fitting function of P,.x-h. curves in Fig. 7
shows a higher value of ao for the crystalline alloy
(~0.596), which is almost 6.6 times larger than that for
the amorphous alloy. The result indicates that the crystal-
line alloy has a higher surface residual stress, which in turn
results in a more significant ISE in the crystalline alloy as
compared to the amorphous alloy.

V. CONCLUSIONS

The deformation behavior and indentation size effect of
amorphous and crystallized Pd4oCusoNi;oP,o alloy were
investigated through instrumented nanoindentation. The
results demonstrate a different deformation behavior in
the two alloys. The amorphous alloy exhibited prominent
pop-in events in the P-h curve, but the crystallized alloy
showed a relatively smooth P-/ curve. The different defor-
mation behavior is attributed to the different microstruc-
tures of the two alloys, that is, the propagation of shear
bands dominates the large serrations in the amorphous
alloy, while the sliding of dislocations governs the small
pop-in event in the fine-grained crystalline alloy. In addi-
tion, the two alloys demonstrate a quite different indenta-
tion size effect (ISE). The crystallized alloy exhibited a
more significant ISE with respect to the amorphous alloy.
The difference is attributed to the residual surface effects
caused by surface machining and polishing.
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