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The nanoimpact indentation technique is an emerging characterization tech-
nique that permits measurement of dynamic properties on a small scale. This
article reports results on the characterization of nanostructured and ultrafine-
grained Al-Si claddings using this technique. First, it was found that with this
technique, the dynamic hardness of the material also becomes independent of
the load, similar to nanoidentation, which yields to the concept of the existence
of a dynamic true hardness. Second, the plasticity results have been compared
to a strain-gradient plasticity model and have shown to deviate from the Nix-
Gao model. Finally, a comparison between H/E and DH/E ratios has shown
that the DH/E ratio correlates better with dry sliding wear results obtained for
this material.

INTRODUCTION

Aluminum (Al) alloys are used in several trans-
portation applications in which the reduction of
overall weight is targeted.1 One of their main
drawbacks is their poor wear resistance. To this
end, in terms of monolithic alloys, the aluminum-
silicon (Al-Si) alloys (either 4XXX or 3XX foundry
alloys) are the best solution currently available.2,3

Their increased wear resistance, provided by the
hard silicon (Si) phase, has been reported to
increase with Si content up to the eutectic compo-
sition, after which conflicting data are reported.4–8

This discrepancy in the literature data comes as a
result of the load variation in loading conditions.
Increasing the load will lead to the fracture of pri-
mary Si particles resulting in crack initiation at the
particle edges leading to more severe wear com-
pared to an alloy with less Si content.9

Two general trends have been found in the litera-
ture to improve the sliding wear resistance of these
alloys, namely (I) the refinement of the Si phase and
(II) the increased circularity of the Si particles.7,10–13

The current authors have studied the fabrication of
nanostructured and ultrafine-grained (UFG) Al-Si
claddings on Al 7075 substrates processed by elec-

trospark deposition (ESD)14 and spark plasma sin-
tering (SPS)15 of cryomilled Al-Si powders.16 Dry
sliding wear testing of each cladding was undertaken,
and it was observed that indeed, with increasing
refinement of both the Al and Si phases, the wear
resistance is increased.17 The wear rate of a material
is often slowed by the formation of a mechanically
mixed layer (MML), in which the continuous plastic
deformation of the material transferred between the
counterface and wear surface is occurring, resulting
in a hardened layer at the surface.

One possible avenue to investigate deformation
mechanisms of nanostructured or UFG materials to
better understand wear is that of nanoindentation.
Many researchers apply the Nix-Gao model, based on
the Taylor dislocation model18 and a model of geomet-
rically necessary dislocations (GNDs), to understand
the plastic deformation of small-scale materials.19

The model, shown in Eq. 1, relates microindentation
hardness H and the indentation depth h:19

H

Ho

� �2

¼ 1þ h�

h
(1)

where h� is a characteristic length that character-
izes the depth dependence of the hardness and Ho is

JOM, Vol. 65, No. 6, 2013

DOI: 10.1007/s11837-013-0593-4
� 2013 TMS

(Published online April 5, 2013) 763



the hardness that would arise from the statistically
stored dislocations alone, in the absence of any
GNDs. A complete description of the GND formation
during indentation can be found elsewhere.19 For
low-strain-rate nanoindentation, it was reported
that the hardness drops with the indentation load
following the strain gradient plasticity model.20 In
such cases, the plasticity induced by the indentation
would cause an increase in GNDs beneath the
indenter. A major drawback of the nanoindentation
approach is that deformation during wear, and in
particular during dry sliding, occurs at a much
higher strain rate than that realized during nano-
indentation; therefore, the actual deformation
mechanism during wear can be different to the one
operating during nanoindentation.

The nanoimpact indentation technique represents
an alternative to nanoindentation to investigate the
plastic deformation under high-strain-rate condi-
tions, and hence possibly provide more accurate
information to better correlate with high-strain-rate
wear processes. The quantification of instantaneous
resistance to impact deformation is termed impact
hardness (Himp) or dynamic hardness (DH), and it is
defined as the energy absorbed by the material
during the impact and normalized by the plastically
deformed volume.21 DH is calculated using Eq. 2:

DH ¼ Energy of impact

Volume of indentation
�

1=2ð Þm v2
in � v2

out

� �
8:2ð Þh3

(2)

where vin and vout are the velocity of the indenter as
the pendulum swings into and out of the sample
surface, m is the effective mass of the pendulum,
and h is the penetration depth corresponding to the
displaced volume specific to the indenter used. The
DH is inferred from the difference in kinetic ener-
gies of the pendulum and penetration depth.21 This
technique may employ an indenter with a conical or
a trigonal pyramid (Berkovich geometry). This
technique differs from traditional dynamic testing
setup with respect to the contact volume, which is
significantly smaller and, hence, can be focused on
small areas.

The utilization of nanoimpact testing is emerging,
but still significant work must be done to better
understand the deformation mechanism under the
indenter and how the results could be interpreted to
provide useful scientific information on material
behavior. In that respect, this article seeks to gain a
better understanding of the technique when applied
metallic materials. This paper investigates (I) if the
deformation during nanoimpact follows the strain
gradient plasticity model during slow strain rate
indentation and (II) if the use of a ratio dynamic
hardness/Young modulus (DH/E) could better
correlate with dry sliding wear response of materials.
The experiments were carried out on nanostructured
and UFG Al-12Si alloys, processed by SPS of cryo-
milled powders, and ESD.

EXPERIMENTAL PROCEDURES

The Al-12Si UFG claddings on 7075 were fabri-
cated using cryomilled powder16 sintered using a
Thermal Technology LLC 10-3 SPS press (Thermal
Technology LLC, Santa Rosa, CA) in an ISO-Carb85
graphite die. The temperature was ramped at con-
stant rate of 100�C/min to temperatures 350�C,
450�C, and 500�C and held for 120 s. A mechanical
vacuum environment was maintained at 6.0 9
10�2 Torr prior to and throughout sintering. Tem-
perature was measured using a C-type thermocou-
ple set in a hole in the bottom punch drilled to 2 mm
from the surface of the sample. A preload pressure
of 15 MPa was applied prior to the temperature
ramp and then increased to 50 MPa during heating
and maintained while sintering.

The nanostructured Al-12Si claddings were fab-
ricated by ESD using TechnoCoat MicroDepo Model
150 ESD machine (TechnoCoat, Shizuoka-Ken,
Japan) in an argon atmosphere to prevent oxidation
of the deposited material. A complete description of
the deposition parameters and characterization of
the microstructures can be found in Ref. 14.

The densities of the sintered compacts were
measured by the Archimedes method according to
ASTM Standard B962-08. Cross sections of the SPS
pucks were mounted in bakelite, ground, and pol-
ished using, 240-, 400-, 600-, 800-, and 1200-grit SiC
paper, followed by polishing with 3, 1-lm diamond
suspension and 0.05-lm colloidal silica suspension.
The Al grain size and Si particle size and distribu-
tions were determined by image analysis using
Hitachi 4700SN and Hitachi SU-8000 Electron
Microscope micrographs (Hitachi, Tokyo, Japan).

DH experiments were performed using the
NanoTest Vantage impact module (MicroMaterials,
Wrexham, U.K.) and a schematic of the pendulum
fixture is shown in Fig. 1. The NanoTest loading

Fig. 1. Schematic of the nanoimpact pendulum setup.
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head is based on a pendulum design. In impact
experiments, a solenoid at the base of the pendulum
is used to remove the indenter from the sample
surface. This solenoid is then switched off, allowing
the indenter to accelerate back to the sample sur-
face. Variables such as the accelerating force can be
set to allow contact at strain rates much higher than
in conventional nanoindentation experiments. On
impact penetration, the depth versus time data are
collected. These data are then analyzed to deter-
mine the DH. A complete description of the analysis
method can be found elsewhere.21 DH measure-
ments were made at accelerating forces of 5 mN,
10 mN, 20 mN, 30 mN, and 40 mN, and ten exper-
iments were performed at each force to obtain a
statistically significant result. A conical indenter of
semiapex angle equal to 71� was used to assess the
validity of the GNDs model for nanoimpact and a
cube corner indenter was used for the work related
to the DH/E ratio.

RESULTS AND DISCUSSION

Comparison of the Nanoimpact Indentation
Deformation with the Nix-Gao Model

This series of experiments was carried out on the
UFG claddings, and prior to the presentation of the
nanoimpact results, a brief summary of the char-
acterization of the samples is presented.

Figure 2 presents secondary electron SEM
micrographs of the claddings for the three sintering
conditions. As expected, the microstructure is a two-
phase structure with the Si particles well dispersed
throughout the matrix. Table I presents the density
measurements, Al grain size, and Si particle size
upon the three tested sintering cycles. The density
of each sample was compared to the theoretical

density (TD; 2.65 g/cm3) calculated from the rule of
mixtures. The density after sintering at 350�C was
found to be 95% TD, and further increased up to
99% with increasing temperature. Significant
growth of both Al and Si phases occurs during the
sintering process, and the final grain sizes are in the
UFG and submicron range. The Al phase increases
in average size from 550 ± 340 nm at 350�C to
1.1 ± 0.75 lm after sintering at 500�C. The Si
phase size grows slower than the Al phase and
reaches a final average size of 240 ± 160 nm after
sintering at 350�C, 340 ± 270 nm after sintering at
450�C, and 370 ± 260 nm after sintering at 500�C.
After sintering at 350�C, the Si particles had an
average circularity of 0.84 ± 0.15, where a circu-
larity of 1.00 represents a perfect circle. Increasing
the temperature results in a statistically similar
average circularity of 0.73 ± 0.15 and 0.73 ± 0.19
for sintering at 450�C and 500�C, despite the pres-
ence of Si agglomerations and particle impingement
during the growth of the Si.

To investigate if the nanoimpact indentation
agrees with the Nix-Gao model,19 the DH was
measured as a function of the residual depth for the
three sintered conditions and the results are pre-
sented in Fig. 3. As observed, the results obtained
all display a decrease in the DH with an increasing
indentation depth, and this behavior is independent
of the sintering condition. It is also interesting to
note that all the curves tend toward a plateau, for
which the DH seems to become independent of the
indentation depth. According to the Nix-Gao mod-
el,19 this plateau, denoted as Ho in Eq. 1 for
low-strain-rate indentation, is known as the true
hardness of the material, a condition where only the
stored dislocations influence the hardness.20 By
association, our results indicate the existence of a

Table I. Measured densities and average grain size for the Al and Si upon SPS

Temperature (�C) Density (g/cm3) % of Theoretical Density Al Grain Size (nm) Si Particle Size (nm)

350 2.52 95 550 ± 340 240 ± 160
450 2.57 97 950 ± 520 340 ± 270
500 2.62 99 1100 ± 750 370 ± 260

Fig. 2. SEM micrographs of the compacts sintered at (a) 350�C, (b) 450�C, and (c) 500�C.
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true DH (DHo). The measured DHo for the three
sintered conditions are plotted as a function of the
Al grain size in Fig. 4 and depict that the DHo is
statistically similar (�1.57 GPa). This infers that
for the three tested grain sizes, the plasticity and

work-hardening behavior under the tested strain
rate should be similar.

To investigate whether the Al-Si claddings behave
according to the strain plasticity gradient model, the
experimental results were plotted as (DH/DHo)

2

Fig. 3. DH as a function of residual indentation depth for claddings sintered at 350�C, 450�C, and 500�C.

Fig. 4. Dynamic true hardness as a function of Al grain size.

Fig. 5. Depth dependence of the DH for the UFG Al-Si claddings.
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versus the inverse of the indentation depth, and the
trend is presented in Fig. 5. To be in agreement with
the Nix-Gao model,19 the results should lie on a
straight line, intercepting the Y axis at 1. The cur-
rent experimental results clearly indicate that the
strain gradient plasticity model is not respected
under high-strain-rate deformation. Previous
researchers have modeled and experimentally
investigated the dislocation formation under higher
strain rates and have found that under high strain
rates, the dislocation production is lower than at
lower strain rate.22–24 The dislocation density
increases slower with strain at high strain rates
than at lower strain rates.22–24 This difference in the
generation and densities of dislocations is believed to
explain the deviation from the Nix-Gao model dur-
ing nanoimpact indentation. Further work is
required in this area to develop a model explaining
the nanoimpact trend observed. It is worth mention-
ing that results from McElhaney et al.25 obey the
plasticity model at corresponding indentations depth
for cold-rolled Cu, strengthening our belief that the
strain rate (i.e., dislocation activity) is the key
explanation for the deviation observed in our results.

H/E Ratio Versus DH/E Ratio

Many researchers are looking at the plasticity
index, which includes the ratio of the hardness (H)
over the modulus of elasticity (E) of the material (H/
E ratio), as it was found to correlate with the wear-
resistance behavior; increasing the H/E ratio was
found beneficial against sliding and abrasion.13,26–28

However, in the case of dry sliding wear for exam-
ple, because the strain rate is higher than what is
typically found during nanoindentation, a possibly
more appropriate analysis would be to consider a
dynamic H/E ratio (DH/E), which should yield a
more realistic correlation with the wear resistance.
In this case, for the UFG cladding possessing a
Young modulus of 87.9 ± 3.7 GPa (E was measured
by nanoindentation) and the obtained values of DHo

(see Fig. 4), a DH/E ratio of 0.019, 0.018, and 0.017,
was calculated for the three sintering conditions.
These results show that the three microstructures
should behave in a similar manner with respect to
the plastic deformation occurring during wear.
Consequently, because the claddings are produced
by SPS (powder-base approach), the strength of the
prior particle boundary becomes the key feature for
wear resistance and not the microstructure itself.

To provide an additional insight on this concept, a
comparison of the H/E (obtained from nanoinden-
tation technique) and DH/E (obtained from nano-
impact technique) is presented in Table II. It is
worth mentioning that for the comparison of the
DH/E, the measurements for the SPS and ESD
samples (complete microstructure characterization
of ESD is found in Ref. 14) were made at 5 mN
because larger loads would yield too large an
indentation for the thin ESD cladding. The results
show that using the nanoindentation technique
(slow strain rate), the H/E is similar for the two
types of claddings. However, a large difference was
obtained for the DH/E (high strain rate) between
the two samples, where a higher ratio is found for
the ESD. This result correlates well with the dry
sliding experiments performed on the two claddings,
where the wear loss volume was one order of mag-
nitude lower for the ESD samples than for the SPS
cladding.17 This modified analysis would require
additional experimental validation but is a possibly
interesting avenue to further characterize and cor-
relate with higher strain rate wear processes.

SUMMARY

This article has presented results on nanoimpact
indentation to characterize nanostructured and
UFG Al-Si claddings processed by SPS and ESD.
Particularly, this technique has shown that for the
range of tested sintering temperatures, the clad-
dings all have a similar dynamic true hardness. The
results have also confirmed that the model of plastic
deformation proposed by Nix-Gao is not valid for
nanoimpact indentation. Finally, an analysis of a
newly proposed DH/E ratio provides a better corre-
lation than the H/E ratio with the dry sliding wear
results previously published.
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