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Summary:
Sintered materials contain particles, grains and pores, interphase and grain
boundaries. Depending on the details of the technological route they differ in
the amount and the distribution of these elements. Such differences can be
now analysed in a quantitative way using the methods of image analysis and
stereology. In particular, these methods provide estimates of the number of
microstructural elements of a given size (e.g. number of particles per unit
volume), their shape (if applicable), and their spatial distribution. The paper
describes methodology of these measurements, and how the results can be
applied to optimise microstructure of sintered specimens.

Keywords:

Sintered materials, microstructure, quantitative description

1. Introduction:

Sintering is an economic technology for a growing number of ceramic and
metal parts (1). On the other hand, one of the significant drawbacks of sintered
materials is their reduced plasticity. As the properties of materials depend
strongly on their microstructure, their fracture toughness can be improved by
microstructure design. This, in turn, requires proper methods for quantification
of the microstructural elements of sintered materials.
The major elements of the microstructure of the sintered materials are:
a) grains (G) and grain boundaries (GB);
b) pores (P) and pore-solid boundaries (PSB);
c) strengthening particles (SP) and interphase boundaries (IB).
Pores, grains and particles are 3-dimensional elements, while internal
boundaries are 2-dimensional features, dispersed in volume of a material in
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question. The quantitative description of such elements requires methods of so
called stereology (see for example (1,2)).
A description of the geometrical features of microstructural elements in
general, consists of characterizing their: a) content; b) shape; c) size;
d) spatial distribution (including location with respect to other elements).
The content of volumetric elements, e.g. strengthening particles and pores, can
be characterized by their volume fractions, (VV)SP and (VV)P respectively. On the
other hand, size of these elements is uniquely defined by their volume, V. As
individual particles, grains and pores differ in volume, they form populations
which can be described by volume distribution functions f(V)SP, f(V)MG and f(V)P,
respectively, or f(V)x in shorthand notation. In materials science applications
such a description might be simplified to include information on mean
properties and properties variability of these elements. The mean volume,
E(V)X, volume standard deviation, SD(V)X, and coefficient of variation, CV(V)X,
can be used to characterize populations of these three dimensional elements.
Volume fractions of 3-dimensional objects can be relatively easily estimated
from the images of the microstructure revealed on sections of the materials
from the following stereological relationship:

(VV)X=(AA)X (1)

where (AA)X is the area fraction of the sections of elements of interest measured
globally. On the other hand, the mean volume of such elements as particles
grains and pores, E(V), can be estimated using either the classical Saltykov
method and its modifications or modern stereological tools, such as the disector
and point sampled intercepts. Detailed descriptions of these methods can be
found in (1-3).
Based on the estimates of volume fractions and mean volume of 3-D one can
calculate volumetric density of a given 3-D elements, Nv, from the following
relationship:

Nv = (VV)/E(V) (2)

Various methods of measurements of particle density are discussed in (4).
A comprehensive description of the shape of particles, grains and pores usually
requires systematic sectioning (serial sectioning) of the material. In a simplified
way shape can also be described by shape factors which are determined from
measurements carried out on sections. The following shape factors can be
used to describe shape of particle, grain and pore sections:

p/d2 - section perimeter to equivalent diameter ratio;
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dmax/d2 - section maximum chord to equivalent diameter.
The mean values of these two shape factors, E(p/d2) and E(dmax/d2) are
sensitive measures of the local changes in the boundary curvature and
elongation of grains, particles and pores (see for example (3)).
One of the important aspects of the spatial distribution of particles and pores in
sintered materials is a potential tendency for their segregation/clustering. The
clustering effect of the pores and/or particles can be described by cluster
analysis (see (4)) or by the tessellation method (2,5). Alternatively, one can also
use the covariance function (see (2,6)) to describe such clustering.
Grain, interphase and pore/matrix boundaries are 2-dimensional microstructural
elements. Their content can be described in terms of the surface area per unit
volume, (SV)GB. (SV)IB. etc. In a general case, these parameters can be
efficiently estimated using a method of vertical sectioning (see (2)). For a
system of geometrically isotropic grains, particles and pores, (Sv)x can be
obtained using a grid of parallel test lines from the following relationship:

(SV)X = 2(PL)X (3)

where (PL)X is the number of intersections of the test lines with the boundaries
of interest. Stereological relationships link this parameter with the mean length
of an intercept through a system of elements bounded by the studied
boundaries, E(/), (mean intercept of particles, grains, pores). Simple
geometrical arguments can be used to show that:

where E(0x is the mean intercept length of the elements of interest and (Vv)x is
their volume fraction (see for example (1)).
In the past, stereological measurements were based on manual counting.
Modern methods of microstructure characterization are supported by computer
software. The aim of the present paper is to demonstrate how these methods
can be used for characterizing microstructures of sintered materials and in turn
their design.
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2. Examples of microstructure quantification:

Characterization of particles in ceramic matrix composites

A characteristic image of the microstructure of SiC modified by carbon (7-9) is
exemplified by Fig. 1. It can be noted that this microstructure reveals the
following elements:

(a)SiC matrix;
(b)C particles;
(c) pores.

Fig. 1. A SEM image of section of the studied composite.

The volume fraction, shape, size and distribution of C particles have been
studied using an automatic image analyzer with specially developed software.
The initial images of the microstructure have been digitized and processed
using the methods of image processing. The resulting images (shown in Fig.2)
were used to measure geometrical features of the sections of individual
particles. The mechanics of measurements is schematically explained in Fig.3.
The data obtained from the measurements of the selected parameters can be
directly used to model some of the properties of the sintered material, such as
its density, strength, etc. Figure 4 shows, for example, plot of the SiC density
against the content of C particles expressed as volumetric ratio and estimated
via image analysis. The positions of the particle sections have been stored and
analyzed from the point-of-view of possible tendencies for clustering among
features of the same type and among features of different types. The existence
of tendencies for clustering may have important implications to the
improvement of the technology of mixing and sintering of such composites. It
also influences resistance to cracking due to the interactions between fracture
surface and C particles.
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Fig. 2. The images of the carbon particles (white) in SiC matrix with different
carbon content.
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area (A), shape factors: p/d2; dmax/d2

Fig.3. The selected parameters measured on the processed image of the
structure
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Fig.4. The density of the SiC sinter estimated via image analysis (dots) of the
carbon contents and theoretical line based on volumetric ratio (the density of
the pure SiC - 3.2g/cm3 measured by hydrostatic method, the density of the
carbon - 2.26 g/cm from the data base)
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One of the methods used to describe quantitatively the clustering tendency is
the covariance function, C(r).
The covariance function defines, for a given distance r, the probability, P=C(r),
that two points at distance r apart, both hit the features of interest.

C(r)=P[(x hits a feature) A ((x+r) hits a feature)] (5)

The examples of the covariance function for different types of structures are
shown in Fig. 5a-c.
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Fig.5. Plots of the covariance function for (a) random, (b) clustered and (c)
periodic structures.

In case of random structure (Fig.5a) the covariance function drops rapidly to
certain value, depending on the volume fraction of particles and remains
close to it with only stochastic fluctuations. In the case of the clustered
structure (Fig. 5b) the situation is quite similar, except that the initial decrease
in less rapid than in the case of random structure. For the periodic structure
(Fig.5c) covariance function measured in proper direction reflects well the
periodic nature of analyzed sample.
For a homogeneous and isotropic system of features, the covariance depends
only on the distance r and is independent of the position of the test points in
space. For a random distribution of the particles C(r) does not depend on r
(2,10,11,12).
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The results of the studies of the covariance are shown in Fig. 6. It has been
found that the particles of carbon exhibit a tendency to clustering only for low
level of carbon. This tendency is indicated by the position of the covariance
function with respect to the reference curves: C(r)ref=Vv

2, which are expected
for a system with randomly distributed particles.
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Fig. 6. Plot of the estimated values of the covariance function, C(r), for the
studied samples. The respective reference lines (dashed) are computed for the
measured value fractions of carbide particles
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Grain size in polycrystals

The flow stress of polycrystalline materials is known to be a function of the size
of the grains. It has been postulated almost 50 years ago (13) that the flow
stress of metals a is a linear function of d~1/2:

a = on + Kd (6)
where d is a linear measure of the size of grains. Both the mean diameter, d2,
and the mean intercept length, {, have been used in the past to define the size
of grains. It has been recently recognized that the latter parameter, the mean
intercept length, is more appropriate measure of the grain size in this particular
application. It should be noted, that (\s inversely proportional to Sv, where Sv is
the total area of grain boundaries in unit volume. {(=SyA).
The models explaining equation 6 are based on the assumption that the
grains have the same size and shape. Kurzydfowski (14) proposed taking into
account the differences in size of individual grains. This model consideration,
based on the assumption that a polycrystal can be described by a grain
volume distribution function, f(V), leads to the following modified formula:

o = oo + K exp [-a VAR (InV)] (Sv)
1/2

where:
VAR(lnV) is the variance of the volume logarithm of grains;
a is a numerical constant.

(7)

Since powder metallurgy gives the flexibility in shaping the grain size
distribution functions, the importance of correction term in equation 7,
—a VAR(lnV), is expected to be relevant in particular in the case of sintered
materials. In order to prove this point, polycrystalline specimens were produced
using powder of 316L stainless steel (composition given in Table 1).

Table 1 Chemical composition of the 316L powder used

[Element
[Weight %

C
.022

Cr
16.9

Ni
11.1

Mo
2.11

Si
.53

Mn
1.49

Cu
.19

P
.021

S
.005

N
.05

O
160 ppm

Fe
balance

Two types of powders with different mean particle size were mixed in different
proportions to produce a series of specimens systematically differing in diversity
in the size of grains.
The mixtures were used to sinter cylindrical specimens at 1100°C under the
pressure of 70 MPa. Metallographic observations performed on the as-polished
specimens revealed that the in all cases the porosity of material was lower
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than 2%. The polished specimens were later electrolytically etched to reveal the
grain boundaries.

Systematic measurements of the grain sizes were performed on the specimens
using a system for automatic image analysis. Methods of quantitative
stereology have been used to obtain information about grain volume distribution
(2). The results of the measurements confirmed that obtained polycrystals
differed not only in the mean size of grains, but also in the normalized spread of
the grain sizes, as indicated by the changes of values of coefficients of variation
and standard deviations of volume logarithms.
Brinell hardness measurements were used to characterize the mechanical
properties of the material. The hardness is known to reflect the value of the flow
stress at a few percent plastic strain and to follow a Hall - Petch type equation
(see for instance 15-18):

1

H = H0+KHd~* (8)
The results of the measurements plotted in against the respective values of fV2

are shown in Fig.7.
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Fig.7. The hardness of the sinter as a function of the grain size

It is seen from the plot that the experimental points in general confirm Hall-
Petch relationship as given by equation 8. If the data points are analyzed ail
together, the following values of Ho and KH could be computed:
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Ho = 107[kGmm-2l
KH = 11.1 [kGmm"3/2]
However, upon a closer examination of the experimental points, it can be found
that they systematically deviate from the lineal relationship predicted by
equation 6 and 8. In this situation it can be concluded that the material studied
shows a systematic deviation from Hall - Petch relationship in its classical form.
Moreover, it can be concluded that the experimental points deviate from the
lineal relationship by the amount dependant on the variation in the normalized
size of grains. This observation, in turn, rationalize the model proposed by
Kurzydfowski (14), and the need for the use of term -a VAR(lnV) in the analysis
of grain size effect in sintered materials.

The effect of particle contiguity on toughness of tungsten heavy alloy
The typical tungsten heavy alloy (WHA) has a tungsten content between 90%
and 98%. The alloys studied have been fabricated from powder mixtures by a
liquid phase sintering at about 1450+1500°C. After sintering the composite
consists of a contiguous network of nearly spherical tungsten particles
embedded in a Fe-Ni-W ductile matrix (Fig. 8).

Fig. 8 Typical micrograph of WHA studied

The mechanical properties of heavy alloys are primarily linked to the strength
of W-matrix interface and the relative fraction of W-W interfaces, which are
the weakest microstructural element of the alloy. Contiguity, parameter C,
defined as the fraction of W-W interfacial area in total area of interfaces in a
volume of an alloy, can be provided as structural parameter which may well
correlate with mechanical properties. Values of C parameter can also be
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correlated with other microstructural characteristics. Such a correlation is
useful for property control and designing of WHA.
The images of the microstructure were digitised. Measurements of W-W
interfaces were carried out using a concept of vertical sectioning and system
of cycloid test lines (2,19). In order to calculate contiguity value, C, pairs of
images were used: image A showing all W-matrix interfaces and image B with
on W-W interfaces (or all interfaces).
The C values were counted using the following equation:

2N, 2S

N +2N
V W-W

sv + 2 S v
Vw-M vw-W

(9)

where:
N - number of W-W grain boundary interceptions with cycloid lines

N - number of W-matrix grain boundary interceptions with cycloid lines

Vw-
- surface area of W-W grain interfaces per unit volume

- surface area of W-matrix interfaces per unit value

Data obtained from the image analyses, microhardness measurements and
the impact tests are summarised in Table 2.

Table 2
Data obtained from the measurements of microstructural features, impact
strength and microhardness

Specimens

As-sintered
Swaged
Rolled
Hydroextruded

E(d2)

27,1
16,5
18,3
18,6

Sv

1/mm
81,6
115,8
109,0
110

C

0,23
0,36
0,34
0,33

Impact
strength
[J/cm2]
184
72,5
10
34

Microhardness
HV0.05
grains
404
478
557
574

matrix
295
351
360
373

* microstructural characteristic data was obtained from the longitudinal
sections

A quantitative comparison of microstructures shows that particle size in all
groups of cold worked samples is similar. As expected, the total tungsten
grains surface area per unit volume is notably higher for samples with the
small particle size, also contiguity is correlated with particle size (Fig. 9).
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Fig.9. Plot contiguity vs. grain size for WHA studied

There are four potential fracture paths, that can be defined for the WHA:
through the matrix, across tungsten particles, along tungsten-tungsten
interfaces and tungsten-matrix separation. The W-W boundaries are the easiest
fracture path. The cracks at these boundaries were observed even in samples
subjected to a small amount of cold working (before impact tests). Tungsten
cleavage is observed at sufficiently high stresses, for which good W-M
interfacial bonding is needed. The poor intergranular strength can be
associated with an interface segregation or precipitation at the boundaries
during sintering or during post sintering heat treatment. This reduces the load
which can be carried out and reduces ductility of the material in a proportion
depending on contiguity.
Results obtained from contiguity measurements give better insight to the
fracture resistance of WHA. The contiguity varies in a broad range and is
correlated with the tungsten particle size. For small particles (E(d)=16,5-
18,7um) C is relatively high (C = 0,28 - 0,38). For samples of large size
(E(d)=23,0-29,4|im) C is smaller and have values in 0,20 - 0,28 range.
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