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Abstract

The room temperature Knoop micro-hardness properties of three alumina-silver composites vis-a-vis a monolithic alumina have
been investigated at different indentation loads. The composites have been developed using conventional pressureless sintering at
1550°C and these consisted of 1.6, 3.38 and 5.01% by volume of silver particles. It has been shown that the measured Knoop
hardness values of these materials sensitively depend on the applied load of indentation. But following an emerging analytical
technique, the composites can be assigned some unique true hardness values, which are functions of their silver content. © 2001

Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

In recent years a variety of metal particle reinforced
alumina matrix composites (AMC) are being developed
to examine their potential for structural applications.
This new class of materials retain several key advan-
tages of monolithic alumina like low density, chemical
inertness, and good oxidation resistance with the addi-
tional merit of enhanced toughness though often at the
cost of minor degradation of hardness. Several varia-
tions of such AMCs are found reported in the literature
with additions of different metals like Al [1,2], Ni [3-5],
Fe [6], Mo [7,8], Ag [9-12] etc. The mechanical proper-
ties of significant interest for these materials are hard-
ness, strength, fracture toughness, creep resistance and
thermal shock resistance. This report focuses on the
characterization of intrinsic hardness values of these
materials.

The measurement of hardness of brittle materials is
usually carried out with the help of Vickers or Knoop
indentation at various loads. Several recent reports like
the ones by Li et al. [13], Ray and Dutta [14], Quinn and
Quinn [15], Li and Bradt [16] have shown that the
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magnitudes of indentation load have profound influence
on the evaluated hardness value of ceramic and glasses.
This phenomenon is often referred as indentation size
effect. As a consequence, it becomes difficult to make
comparative assessment of the hardness property of the
reported metal particle toughened AMCs if such esti-
mates do not correspond to identical indentation loads.
This is apart from the fact that such hardness values are
also influenced by the nature of the processed materials
particularly with respect to their relative densities or
microstructures. The ambiguity associated with a hard-
ness measurement gets extended in the estimation of
indentation fracture toughness (IFT) of these materials
too, because most of the existing formulae to estimate
IFT of AMCs incorporate the magnitude of hardness of
the material [14].

The mechanical properties of metal particle reinforced
AMCs are known to be sensitively dependent on the
nature of the interface formed between the metal parti-
cle and the matrix. The formation of spinels at such
interfaces of these composites degrades their mechanical
properties. This aspect has been carefully taken into
account while preparing such composites by the use of
controlled environments [3-8]. It is known from the
existing literature that a relatively cleaner interface can
be achieved only in the case of alumina-silver compo-
sites by the simple pressureless sintering. The earlier
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reports of Wang et al. [9] and Chou and Tuan [11] have
provided distinct experimental evidences for this fact.
Thus alumina-silver composites can be considered as an
ideal system for examining the load-dependence of
hardness in metal particle reinforced AMC systems. In
the earlier investigations [9,11], the hardness measure-
ments are found reported with the use of Vickers
indentation only at some fixed load values. An exam-
ination of such hardness values of these systems esti-
mated at a fixed load of indentation provides only an
apparent relative comparison of this property. The
uncertainty related to the estimation of absolute mag-
nitudes of intrinsic hardness does not permit one to
make a true grading of these materials with respect to
this property.

The objectives of this study are (i) to develop a series
of alumina-silver composites with different volume
fractions of silver, (ii) to examine their microstructural
characteristics and (iii) to determine their intrinsic
hardness values by carrying out a series of measure-
ments at different loads with subsequent analysis of the
results using some of the recently suggested procedures
[13,14].

2. Experimental

Commercial alumina powder (Reynolds, USA, purity
99.8%) was treated with analytical reagent (AR) grade
magnesium nitrate and was calcined and ground to
obtain a powder mix of Al,O; with MgO (0.5 wt.%)
additive. This powder mix and Ag,O powder (Emark
India Ltd., purity 98%) were used as the starting mate-
rials for the preparation of a series of alumina-silver
composites. The chronological steps to prepare these
composites are shown in the flow diagram, Fig. 1. Dif-
ferent weight proportions (5, 10 and 15 wt.%) of silver
oxide were added to the alumina (with MgO additive)
powder to make three different types of alumina-silver
composites with varying silver content. Methanol was
added to the powder blend to make slurry, which was
milled for 8 h using an alumina pot with alumina balls
in a laboratory planetary mill. After drying, the resul-
tant powder was crushed in an agate-pestle mortar;
during this process polyvinyl alcohol (PVA) solution
was added as binder. The agglomeration was then
sieved (ASTM No.80) prior to compaction.

The mixed powders were compacted uniaxially at a
pressure of 85 MPa to produce square shaped (16x16)
pellets of 8 mm thickness. The PVA binder was burnt
off by heating the green compacts at 500°C for 5 h.
These were then presintered at 1100°C for 2 h followed
by final sintering at 1550°C for 2 h using a uniform
heating and cooling rate of < 5°C/min. The final
sintering was carried out in a programmable electric
furnace (UAF-17/12E, Lenton Furnace, UK) under

(A1203 + MgO)
+ AgZO
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Fig. 1. Flow chart for fabrication of silver toughened alumina
composites.

normal atmospheric condition. A series of monolithic
alumina specimens with MgO additive were also made
following the identical route but using final sintering
temperature of 1600°C for 2 h duration.

The sintered pellets were lightly abraded to clear off
the unwanted loose particles prior to density measure-
ments. The bulk density, open porosity and relative
density were measured employing the boiling water
method [17] using Archimedes’ principle. The sintered
pellets were ground (using 325-grit diamond wheel) to
make all the six faces smooth, flat and orthogonal to
each other. These specimens were then subjected to
standard metallographic polishing using different grades
of silicon carbide papers followed by polishing using 3,
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1 and 0.25 um diamond pastes. Phase identification in
these samples was made by X-ray diffraction analysis
using a Philips made X-ray diffractometer interfaced
with a computer. The volume fraction of the silver par-
ticles in the different composites was determined by
standard point counting method [18]. The spacing
between the metallic particles were estimated following
an earlier report [19]. The grain size of the matrix was
measured by linear intercept method [20] from photo-
graphs of fractured surfaces of the specimens taken
using a scanning electron microscope (Model 5800, Jeol,
Japan).

The hardness values of the prepared composites were
measured by the Knoop indentation technique with a
microhardness tester (LECO, DM400, Japan). For each
measurement at least 10 readings were taken for esti-
mating the average value. These measurements were
carried out at loads of 0.49, 0.98, 1.96, 2.94 and 49 N
using fixed indentation time of 10 s. A series of Vickers
hardness tests were also carried out using different loads
in the range 49-294 N.

3. Results and discussion

The material design in this investigation has been
made to examine varied combinations of physical and
mechanical properties vis-a-vis microstructural features
of alumina-silver composites containing silver volume
fraction in the range of 1-5%. The results related to the
nature of the composites, their microstructures and their
hardness property are discussed in separate subsections.

3.1. Nature of the composites

Three alumina-silver composites and a monolithic
alumina have been considered in this investigation. The
amounts of silver oxide added to fabricate the compo-
sites were 5, 10 and 15 wt.% and the corresponding
materials are referred as Ag-5, Ag-10 and Ag-15 in the
subsequent discussion. The selected amounts of silver
oxide refer to theoretical silver contents of 1.82, 3.76
and 5.8 percentage volume fraction in the matrix. These
selections are based on the available information that
hardness of these composites monotonically decreases
with increase in the volume fraction of silver, whereas
the fracture toughness and flexural strength do not
improve significantly with addition of silver beyond 5-6
vol.% [9,11]. The use of MgO additive in alumna has
been made with the consideration that it may prevent
abnormal grain growth [21], though it is known that
silver also assists in inhibiting grain growth [9,11]. Dur-
ing presintering and sintering stages, the decomposition
of Ag,0 takes place at ~425°C [9], melting of Ag occurs
at 962°C [22] and then some evaporation of Ag occurs
at and above 1000°C; the evaporation rate increases

with the increase in temperature. The vapour pressure
of Ag is found reported as 1, 10 and 40 mm of Hg at
1357, 1575 and 1743°C respectively [22]. The process of
evaporation of Ag from alumina-silver system occurs
primarily from the surface of the compacted pellets.
These result in almost a silver free surface (=375 um
thick) with a core which is rich in silver. A typical
hybrid macrostructure of a pellet is shown in Fig. 2. The
relative density of Ag-5, Ag-10 and Ag-15 were found to
be 96.19, 97.96 and 94.20% compared to that of Ag-0 as
98.06%. The relatively higher density of Ag-10 speci-
mens compared to those of Ag-5 and Ag-15 specimens
are considered to emerge from uncertain minor fluctua-
tions in the processing parameters during the prepara-
tion of these composites.

3.2. Microstructure of the composites

The aims involved in the microstructural analysis
were to generate information about the grain size of the
matrix and the size and inter-spacing of the metallic sil-
ver particles dispersed in the matrix. The revelation of
the grain size of the alumina matrix was done on the
fractured surfaces of the prepared materials using SEM.
The average size and average interspacing of silver par-
ticles were, however, carried out by light microscopy,
because of the large differences in the refractive indices
of the matrix and the metallic phase. Typical matrix
grain size and distribution of silver particles are illu-
strated in Figs. 3 and 4 respectively.

The matrix grain size of all the developed composites,
as estimated by linear intercept method, can be desig-
nated to have an average value of 1.4 + 0.2 um. This is in
contrast to the reported values of 5.2-6.8 pm [9] and 3—11
pm [11] for different composition of the alumina-silver
composites prepared using different sintering tempera-
tures in some earlier investigations. The obtained smaller
grain size in this investigation is attributed to the
employment of lower sintering temperature, and use of
lower initial alumina particle size (0.34 pum) and MgO

Fig. 2. Macrostructure of an Ag-15 specimen showing silver depleted
rim and silver rich core.
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additive. An examination of a few earlier reports on
grain size of alumina reveals that this could be 1.48 um
[23] and 1.7-2.0 um [24], and the present results of grain
size measurement appear to be in good correspondence
with these reported values.

The volume fraction of Ag, obtained by point count-
ing method, were found to be 1.6, 3.38 and 5.01% in
Ag-5, Ag-10 and Ag-15 specimens respectively. The
experimentally obtained volume fraction values of Ag
are approximately 10-15% lower than the values
obtained by theoretical calculations. The observed
lower values of Ag from experimental measurements
primarily arise from the loss of silver during sintering; a
rough estimate indicates similar equivalent amount of
weight loss from the compacted pellets after presinter-
ing. The mean size of the Ag particles were found to
increase with increased addition of Ag to the compo-
sites. On the other hand, the estimated mean inter-parti-
cle spacing were found to decrease. The variations of
these microstructural features in the prepared composites
are portrayed as a bar diagram in Fig. 5. The distribution
of Ag particles in the microstructures may better be

Fig. 3. Typical fractograph of an Ag-15 composite used for grain size
measurement.
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Fig. 4. Typical uniform distribution of silver particles in the central
region of an Ag-15 specimen.

referred as bimodal because 95% of the particles centers
around the mean size whereas the rest are larger and
range between ~ 5 and 10 pum. It may be mentioned at
this stage that even though the amount of Ag was < 5
vol.% in the prepared composites, its presence could be
detected by X-ray diffraction analysis as shown in Fig.
6.

3.3. Hardness

A series of hardness measurements were attempted on
the developed alumina-silver composites using indenta-
tion loads between 49 and 294 N with the help of a
Vickers hardness tester. It was noticed that indentations
taken at these loads are associated with crushed corners
or edges with cracks emanated from the corners. Thus
any attempt to estimate Vickers hardness values (Hy) at
these loads would yield invalid hardness results on these
investigated composites. To overcome this difficulty,
Knoop indentations were made at different loads
between 0.498 and 4.98 N and the indentation diagonals
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Fig. 5. Average particle size and particle spacing in the developed
alumina-silver composites.
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Fig. 6. Typical X-ray diffraction spectrum of an Ag-15 composite
exhibiting both Ag and a-Al,O3 peaks (phases: a-Al,O3- no coding,
silver- Ag).
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were measured. Unlike the Vickers hardnesses, the
Knoop indentations could be revealed distinctly on the
video screen of the microhardness tester and addition-
ally these indentations were found to be free from cru-
shed edges or corners. At the outset average Knoop
hardness values (Hy) were determined at different loads
from the measurement of major diagonal lengths. These
estimations are shown in Fig. 7. The load dependence of
hardness or indentation size effect in all specimens Ag-0,
Ag-5, Ag-10 and Ag-15 is quite pronounced and the
nature of decrease of hardness with increasing load is of
the same form in all the materials. These results
uniquely infer that it is inappropriate to assign a unique
hardness value, estimated by conventional procedure, to
any of these materials without indicating the indenta-
tion load. This inference can be considered to be of
generalized nature for similar brittle materials. As a
consequence any comparison of hardness values of the
developed materials with the earlier reported data is
difficult unless such measurements are carried out at
identical load and for identical indentation duration.

The indentation size effect in ceramics and glasses has
been analysed using different approaches by earlier
investigators [13—16]. The load dependence of hardness
has been considered by Li et al. [13] and Ray and Dutta
[14] to originate from the fact that the measured diag-
onal of an indentation at a particular load is an appar-
ent value, which remains associated with an uncertain
amount of relaxation. The extent of relaxation in an
indentation diagonal (d,) occurs due to several possibi-
lities such as crack formation, dislocation activity and
elastic recovery at the tip of the indentation [13,14]. It is
thus necessary to estimate the intrinsic hardness of a
material by accounting the above phenomena.

Li et al. [13] have suggested that an estimation of true
hardness can be made by measuring Knoop hardness at
different loads and by considering the following relations:

d=d,+d. (1)

Materials

- A Ag-0
24 —--v-- Ag-5

N
©
1
«t

Knoop Hardness, H,, (GPa)

Indentation Load, P (N)

Fig. 7. Influence of load on microhardness for different materials.

H, = 14229P/(d,)* 2
H; = 14229P/d* 3)
Hy = Ho(1 + de/d)? 4)
d = (14229/H,)>P'/? — 4, (5)

where d and d, are measured and true diagonal lengths,
d. is the amount of relaxation on diagonal lengths, and
H, and H\ are true and apparent hardness values.

Eq. (5) indicates that measured indentation diagonals
(d) should bear linear relationship with the square root
of the indentation load and the slope of such a curve
would yield the value of true hardness (H,). The load
dependence of indentation diagonals for Ag-0, Ag-5,
Ag-10 and Ag-15 specimens was reanalyzed as d vs. P'/?
plots in Fig. 8. It was noted that such plots are linear in
nature with the estimated linear regression coefficients
(LRC) always better than 99.9%. This observation per-
mits one to calculate the true hardness of these materials
from the computed values of the slopes as shown in Fig.
8 together with the associated LRC. The true hardness
values of the investigated samples vis-a-vis Hy at 4.98 N
load are illustrated as a function of Ag content in Fig. 9.
These results indicate that true hardness of the material
in general is lower than that of the conventionally esti-
mated ones. This observation is in agreement with
similar experimental results in silicon carbide compo-
sites [13] and in soda-lime-silica glass [14]. The compu-
tations of H, values for the investigated materials also
indicated that the magnitude of d, to be 5.2 um for alu-
mina and 6.1-6.4 um for alumina-silver composites.
These estimated magnitudes of d. infer that the amount
of relaxation of diagonal length is significant with
respect to the measured diagonals at low indentation
loads and hence the indentation size effect is found to be
pronounced for the low load range.
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Fig. 8. Plots of diagonals of Knoop indentation vs. square root of
indentation loads for the developed materials.
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Fig. 9. True and apparent Knoop hardness values of the developed
materials.

Quinn and Quinn [15] have recently examined the
variation of Vickers hardness with indentation load for
a variety of ceramic materials. These investigators
observed that such hardness-load curves exhibit distinct
transition to a plateau of the constant hardness level
and concluded that the transition in such curves corre-
spond to the intrinsic hardness value of the material.
These investigators [15] have proposed an energy bal-
ance model for the Vickers indentation process. The
model considers that the external work applied by the
indenter is consumed in deformation and fracture pro-
cess in the material. This model is compatible to a
modified Meyer’s law type equation

Pd = a;d* + ard? (6)

The left-hand side of Eq. (6) may be related to exter-
nal work done by the indentor, the first term on the
right hand side of the equation represents energy
expended in the material in the process of creating new
surface area whereas the second term corresponds to the
volume energy. The latter includes the material defor-
mation resulting from the indentation and may be
expressed in terms of a specific strain energy times the
deformation volume. In the present investigation the
Knoop hardness values have been estimated at a rela-
tively larger intervals of load and the type of transition
observed by Quinn and Quinn [15] has not been
revealed. Hence no attempt has been directed to obtain
the plateau hardness value. Additionally Li et al. [13]
have observed that hardness-load curves exhibit the
distinct transition to a plateau, as mentioned by Quinn
and Quinn [15], only for Vickers indentation and found
a monotonic decrease in Hy at higher loads for Knoop
indentation. It is thus uncertain whether such distinct
transition point to constant hardness is characteristics
of Hk-load curves or not.

Li and Bradt [16] have also found the nature of load
dependence of Knoop hardness similar to the results

obtained in the present investigation. But instead of
incorporating the concept of relaxed diagonal, these
investigators [16] indicate that the load-indentation
diagonal relationship in Knoop hardness testing may be
better described by a normalized Meyer’s law.

2P, (d\"
r=2t (%) @

where P. is a critical test load indicative of the region
where hardness is independent of the indentation test
load and d} is a characteristic indentation dimension,
below which the indentation size effect is significant.
These investigators [16] have suggested that d, value
calculated from H, may not be completely free from
the indentation size effect and have proposed the
multi-parameter approach of critical load and char-
acteristic indentation dimension to describe the load-
indentation curve. However, the force fitting of Egs.
(7) or (5) to experimentally obtain load-diagonal
values in Knoop hardness testing needs to be carefully
examined for load dependence of Knoop hardness for
several materials before arriving at any definite infer-
ence with respect to the comparative merits of these
equations.

The Knoop hardness values of Ag-0 samples (Fig. 7)
lie in the range of 27-18 GPa for indentation loads of
0.498-4.98 N respectively. The lower bound of these
estimated values is similar to the reported hardness
value of alumina. Kim [25] has reported the hardness of
alumina to be 17-19 GPa. However, such comparisons
are inappropriate because the materials considered in
the different investigations can lead to different hardness
values, simply depending on their varied sintered den-
sity, grain size, impurity content etc. But apparently the
compatibility of the measured hardness values of the
prepared Ag-0 samples at 4.98 N load with those of the
reported ones provide a guideline that such measure-
ments on alumina-silver composites can be considered
to be reliable in nature. A comparison of the hardness
values of the alumina-silver composites with those of
Ag-0 sample infers that hardness of the former materials
decreases with increase in their silver content. This
observation is in agreement with the nature of the
results reported by Wang et al. [9] and Chou and Tuan
[11] on this system. The earlier investigators [9,11],
however, have examined such property for alumina—sil-
ver composites containing much higher volume frac-
tions (6.6-12.4% [9]) of the silver phase. The results of
hardness measurements thus lead to the conclusions
that: (a) hardness of alumina or alumina based compo-
sites should be examined by appropriate consideration
of their load dependence and (b) the hardness of alu-
mina—silver composites decreases with increased volume
fraction of silver in these materials.
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4. Conclusions

Pressureless sintering at 1550°C can be used to pro-
duce alumina-silver composites with high relative den-
sity and clean interface between the matrix and the
reinforced metal particles. The specimens exhibit a gra-
dient microstructure with a silver rich core and a silver
depleted rim. The particle size of silver in these compo-
sites increases with increased addition of silver oxide,
attended with decreased inter-spacing of the particles in
the domain of this investigation.

The hardness values of the core region of these com-
posites are found to be sensitive functions of indenta-
tion load. An analysis has been made to estimate the
true hardness of alumina-silver composites for the first
time. The true hardness of these composites decreases
with increase in silver content.
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