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Abstract

In this article, the impact of microstructure on the mechanical properties of silicon nitride materials obtained by
the liquid-phase sintering method was investigated. Using image analysis based on the two-point correlation
method, the relationship between the autocorrelation length (ACL) parameter and the homogeneity of the
microstructure and its impact on mechanical properties were examined. It was shown that lower ACL values,
indicating greater microstructure homogeneity, correlate with better mechanical properties, such as bending
strength, hardness and fracture toughness. The two-point correlation analysis demonstrated advantages over
traditional microstructural analysis methods, offering efficiency, precision and automation capabilities, which
are crucial for quality control in the industry.
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I. Introduction

Silicon nitride has been the subject of intensive re-
search for several decades [1–7]. Its applications are
now commercialized across various branches of tech-
nology, particularly as a component in machinery and
devices subjected to high mechanical stresses, espe-
cially at elevated temperatures [8–12], where high
chemical resistance [13,14] and superior tribological
properties [15] are essential. As a fundamental require-
ment, the mentioned applications necessitate a high den-
sity of the sintered ceramics. For this purpose, sintering
additives, predominantly in the form of oxides, are em-
ployed. Fundamental compositions comprise Y2O3 and
Al2O3 [16,17]. However, research involving alternative
additives, such as rare earth oxides [18,19], has demon-
strated significant influences on the properties of the liq-
uid phase during sintering, the grain growth process, and
the attributes of the final sintered products.

To establish correlations between the composition pa-
rameters of the initial powder mixture, the technological
parameters of the manufacturing process and the proper-
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ties of the sintered materials, it is imperative to provide a
precise description of the microstructures. Essential mi-
crostructural parameters, including the quantity of indi-
vidual phases, pore volume and the size and morphol-
ogy of grains, are typically assessed using stereologi-
cal measurements conducted on polished cross-sections
of samples, showing visible intergranular boundaries.
Differentiation between individual phases is typically
achieved through phase contrast (via electron backscat-
tered diffraction methods, BSE) or chemical composi-
tion contrast (EDS). Such measurements are conducted
with the resolution and precision afforded by scanning
electron microscopy (SEM).

When observing samples with micron or submicron-
sized features in the microstructure, accurately locating
the grain boundary presents a methodological challenge.
The use of a relatively broad electron beam, which col-
lects signals from both the surface and the underlying
layer, provides a signal that averages and blurs images of
areas with different chemical composition. For silicon ni-
tride, the microscopic image appears relatively dark due
to its low average atomic mass, whereas the liquid phase,
enriched with yttrium or other dense rare earth elements,
emits an intensely bright signal. Accurately delineating
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the boundary between silicon nitride grains and the liquid
phase is not always feasible with straightforward imag-
ing techniques like secondary electron diffraction (SE).
This technique provides a precise signal from the surface
but loses information regarding the phase compositions.
There are available techniques that enable the collection
of precise signals from the surface; however, such detec-
tion methods (e.g. BSE Optic LAM) are only available
with the latest microscope models.

In this work, we discuss a less commonly utilized im-
age analysis method employing two-point correlation,
facilitating rapid analysis of standard SEM images, as-
sessment of fundamental microstructural parameters of
sintered materials and their correlation with critical ma-
terial properties for application purposes, including den-
sity, bending strength, fracture toughness, Young’s mod-
ulus and hardness.

II. Experimental

2.1. Sample preparation

Two commercial silicon nitride powders: Si3N4
Grade M11 (>90% α-Si3N4) and Si3N4 Grade B7
(>87% α-Si3N4) both from H.C. Starck, Germany, as
well as Y2O3 (>99.999%, Xiguanya Mining Indus-
try Co. Ltd, China), Al2O3 (>99.0%, TM Dar, Taimi-
cron Co. Ltd, Japan) and Yb2O3 (>99.99%, Qingdao
Xiguanya Mining Industry Co. Ltd, China) were used
for sample preparation. The silicon nitride M11 and B7
powders had different average grain sizes and specific
surfaces, i.e. 0.6µm/12–15 m2/g and 1.1 µm/6 m2/g, re-
spectively. Mixing of the starting powders was con-
ducted using different methods, including ball, grav-
ity, and rotary-vibration milling. Mixing and homog-
enization times and the types of used grinding media
were different: zirconia or silicon nitride. The granula-
tion method was also varied, i.e. a spray dryer and sieve
granulation were used. Table 1 lists the compositions of
the mixtures and the basic parameters of the homoge-
nization conditions used for the powder mixtures pre-

pared in this work. The symbols 5Y, 5A and 1Yb in-
dicate the content of oxide additives in the masses, i.e.
5 wt.% of Y2O3, 5 wt.% of Al2O3 and 1 wt.% of Yb2O3.

Mixtures of powders were isostatically pressed un-
der 250 MPa in mould, having length of 60 mm, width
of 10 mm and high of 8 mm. Sintering process was con-
ducted in an electrical furnace in nitrogen atmosphere at
pressure of 100 bar. Basic parameters were 100 °C/min
heating rate up to maximum temperature of 1785 °C
with 90 min soaking time.

2.2. Sample characterization

The apparent density and water absorption rates
of the samples were ascertained through hydrostatic
weighing in water. Sintering shrinkage was calcu-
lated by measuring the lengths of the bars pre- and
post-sintering. Phase composition of the sintered ce-
ramics was characterized by X-ray diffraction (XRD,
Empyrean/Malvern Panalytical by using Cu-Kα radia-
tion). Microstructural images were obtained by exam-
ining polished cross-sectional surfaces with a Thermo
Scientific Scios 2 (US) electron microscope, equipped
with an EDS analyser. The samples were not etched and
carbon was sprayed onto the surface to improve the con-
ductivity of the sample.

The Young’s modulus of the sintered materials was
calculated using the speed of ultrasonic wave propaga-
tion through the material. The ultrasonic flaw detector
Olympus Epoch 650 (Olympus, Japan) which complied
with the EN12668-1 standard [20] was used. Bending
strength and fracture toughness were assessed employ-
ing the three-point bending method. The bars described
in the sample preparation chapter were bent. Notched
beams were used to determine the fracture toughness.
A Zwick/Roell Z020 (Germany) machine was used.
Bars were tested using 3-point bending test with sup-
port width of 40 mm. Hardness measurements were con-
ducted with the Vickers method, utilizing the Futur-
Tech hardness tester FV-700 (Japan). An indenter load
of 10 N was applied for 10 s.

Table 1. Characteristic technological parameters of investigated samples

Sample
Additives Type of Si3N4 Milling time [h]

Type of mill /
Granulation

[wt.%] powder grinding media

A
5 Y2O3 100% B7 0.5 Atrittor / ZrO2 On sieve
5 Al2O3

B
5 Y2O3 100% M11

0.5
Atrittor / ZrO2 On sieve

5 Al2O3

C
5 Y2O3 25% B7 – 75% M11 0.5 Atrittor / ZrO2 On sieve
5 Al2O3

D
5 Y2O3 100% M11 3 Ball mill / Si3N4 Spray dryer
5 Al2O3

E
5 Y2O3 100% B7 3 Ball mill / Si3N4 Spray dryer
5 Al2O3

4 Y2O3
F 5 Al2O3 100% M11 0.5 Atrittor / ZrO2 On sieve

1 Yb2O3
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2.3. Two-point correlation method

Image analysis was conducted using the two-point
correlation method, which facilitates the examination of
various spatial relationships, including the distribution
of grains, pores, or other microstructure features. This
was achieved by assessing the variability in the proba-
bility of an element’s occurrence relative to the distance
from a reference point [21]. The method is grounded in
the determination of a specific probability distribution
function, P2(r), known as the two-point autocorrelation
function, which is dependent on the distance, r. This
function calculates the likelihood that two points, sep-
arated by a distance r, reside within the area occupied
by a chosen phase (α). In the case of a microstructure
without long-range order (fully stochastic microstruc-
ture), for the distance between the points r = 0, the
probability is equal to the volume fraction VV of the α
phase in the material VV = AA and, with increasing the
distance between the points, it quickly decreases to the
value close to V2

V (P2(r) = V2
V ) when r → ∞. How-

ever, if the distribution of phases in the material is not
completely random and there is at least a slight order
(e.g. agglomeration), the values of the P2 function de-
crease more slowly with the distance r and, additionally,
this function may have local maxima. Such a complex
shape of the P2(r) function indicates the presence of
long-distance correlation (order) in the microstructure.
Hence, the autocorrelation function’s shape is indica-
tive of a particular microstructure, encapsulating infor-
mation about grain sizes and their spatial arrangement
[22–24].

Autocorrelation length (ACL) is a key parameter in
the two-point correlation analysis, gauging the correla-
tion decay rate between points, thus serving as an in-
dicator of the microstructure’s randomness [23,25]. If
the P2(r) function exhibits no clear oscillations, the ACL

can be approximated as the distance at which the auto-
correlation function’s value nears the theoretical value
(V2

V ) with the adopted tolerance threshold δ (ACL = r,
when VV (r) = δ · (VV − V2

V
) + V2

V
).

In this study, we employed the aforementioned
method to determine the ACL, setting the tolerance
threshold δ at 0.05. Furthermore, to facilitate a direct
comparison of the two-point autocorrelation function
shapes across various sample series (which have differ-
ing volume fractions of the α phase), we normalized the
variability range to span from 1 to 0. This normalization
corresponds to the fluctuation between VV and V2

V
. The

normalizing function used for this purpose was:

f2(r) =
P2(r) − V2

V

VV − V2
V

(1)

Matlab-based computational procedure was em-
ployed to ascertain the two-point autocorrelation func-
tion and the subsequent autocorrelation distance for all
analysed images. The computational script processed
binary images as input data, which were obtained sys-

tematically and repeatably using predefined processing
parameters. First, the dimensions in pixels were deter-
mined for each image. Then, from the range of these
dimensions, the coordinate values of the first point were
drawn and based on them the coordinates of the second
point were calculated, with an assumed radius r and a
random direction. If the coordinate values of the sec-
ond point were outside the range of image dimensions,
their values were corrected. Periodic boundary condi-
tions were applied for any necessary corrections. For
each pair of points, represented by binary image pix-
els, the procedure read their brightness values (0 or 1)
to check for correlation. A correlation was assumed if
the brightness values for both points matched and cor-
responded to the brightness of the analysed phase α.
Otherwise, the points were deemed uncorrelated. In this
way, by repeating the procedure for subsequent pairs of
points, information was collected and allowed the deter-
mination of the correlation probability at the assumed
radius r. This probability was computed using the equa-
tion:

P2 =
nc

n
(2)

where nc represents the number of point pairs meeting
the correlation criterion, and n denotes the total number
of point pairs assessed for correlation. For this analy-
sis, we consistently used a constant value of n = 106,
applied across various radius values and all binary im-
ages. The procedure was executed iteratively for radius
r values ranging from 1 pixel to a distance equivalent to
1 µm. Figure 1 illustrates an example graph of the two-
point correlation function as a function of radius r.

Figure 1. An illustration of the two-point correlation
function P2(r) and indication of ACL (the area under the

tolerance threshold δ is marked in green)

Beyond the two-point correlation method applied for
microstructure analysis, we also determined characteris-
tic dimensions for the largest grain population observed
in the SEM images. For the selected grains (usually 2–3
grains in each image), we measured the following di-
mensions: c, representing the length along the grain’s
long axis, and a, denoting the width at the grain’s broad-
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Table 2. Physical and mechanical properties of investigated samples: apparent density (ρ), shrinkage on firing (∆l/l),
ultrasonic wave velocity (v), Young’s modulus (E), bending strength (σ), fracture toughness (KIC), hardness (Hv)

Sample
ρ [g/cm3] ∆l/l [%] v [m/s]

E [GPa] σ [MPa]
KIC

Hv [GPa]
±0.01 ± < 0.05% ± < 0.1% [MPa m0.5]

A 3.24 16.62 10837 381 ± 4 537 ± 61 5.55 ± 0.17 13.23 ± 0.47

B 3.24 16.33 11057 396 ± 5 665 ± 80 6.72 ± 0.12 14.04 ± 0.36

C 3.24 16.50 10337 346 ± 5 539 ± 53 6.56 ± 0.21 13.24 ± 0.41

D 3.23 16.52 10557 360 ± 6 673 ± 65 6.21 ± 0.14 13.68 ± 0.32

E 3.23 16.76 10428 336 ± 7 593 ± 132 5.97 ± 0.45 13.83 ± 0.29

F 3.26 16.37 10917 369 ± 4 560 ± 101 6.04 ± 0.10 13.95 ± 0.37

est point, perpendicular to c. In this way, a dozen mea-
surements of the lengths of the characteristic dimen-
sions a and c were collected for each of the materials
analysed.

III. Results and discussion

Table 2 provides a summary of the physical and
mechanical properties of the tested samples. The data
demonstrate how the choice of silicon nitride powder,
technological parameters and oxide additives signifi-
cantly influence the resulting properties of the nitride
material. All investigated samples have 100% of β-
Si3N4 phase. As an example, XRD pattern of the sin-
tered sample is presented in Fig. 2. XRD patterns for all
investigated materials were almost identical. Sintering
additives formed the amorphous phase, which was not
visible in XRD patterns.

Figure 2. Example XRD pattern for the obtained Si3N4

samples

According to the presented results it can be con-
cluded that differences in mechanical properties came
from microstructural differences which were a con-
sequence of applied manufacturing procedures on the
level of powder preparation. Pressing and sintering con-
ditions were the same for all samples.

All tested materials nominally containing 10% sin-
tering additives, predominantly comprising 5% each of
Y2O3 and Al2O3. In just one sample, 1% of Y2O3 was
substituted with Yb2O3. Microstructural observations of
the sintered materials are shown in Figs. 3–8. There
are differences in the amount and distribution of poros-
ity, the amount of liquid phase and the size and shape

of grains. Despite these differences, the microstruc-
tures exhibit notable similarities. Typically, these in-
clude both crystalline and amorphous phases, with the
latter having two forms: elongated and isometric, which
are quite similar to each other. When comparing these
images with the physical and mechanical property val-
ues, it is challenging to ascertain at first glance which
microstructures correlate with superior or inferior mate-
rial properties.

Table 3 summarizes the measured characteristic
lengths c and a, for grains observed in the SEM images.
Analysis of these values indicates that optimal mechan-
ical properties are associated with grains that are neither
excessively long nor overly slender. The samples B, D
and E exhibit the most favourable length-to-width ratios
(c/a) demonstrating moderate elongation (c). The sam-
ples A and C, which possess the most elongated grains,
exhibit the poorest mechanical performance. From the
perspective of fracture mechanics, this correlation is
logical, as the largest grains represent the most signif-
icant potential defects within the microstructure. The
samples F have the highest value of c/a ratio, but due
to the small thickness (a) of the highly elongated grains
(slender grains) their effect on mechanical properties is
negligible. The samples from this series obtain average
values for all measured mechanical parameters.

It is important to mention that the aforementioned
correlations do not extend to Young’s modulus and
hardness values. Theoretically, the speed of wave prop-
agation within the material and its hardness should
strongly correlate with its degree of compaction. The
conducted tests reveal that the materials are non-
absorbent, meaning they lack open porosity and exhibit
similar densification levels, with differences amounting
to only 0.1 g/cm3 (the sample with ytterbium must have
a slightly higher theoretical density due to the density of
ytterbium oxide). This suggests that all samples should
exhibit similar ultrasonic wave transmission and hard-
ness. However, this is not observed, particularly when
comparing the samples D and E. These are materials
made according to the same technological procedure
from different sources of nitride powders. They have
identical density and similar microstructural parame-
ters, but clearly differ in all mechanical parameters. In
this case, analysing basic microstructural parameters,
like the values of c and a, does not reveal differences
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Figure 3. Typical SEM microstructures of the sample A at different magnifications: 5,000× (left) and 10,000× (right)

Figure 4. Typical SEM microstructures of the sample B at different magnifications: 5,000× (left) and 10,000× (right)

Figure 5. Typical SEM microstructures of the sample C at different magnifications: 5,000× (left) and 10,000× (right)

Figure 6. Typical SEM microstructures of the sample D at different magnifications: 5,000× (left) and 10,000× (right)
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Figure 7. Typical SEM microstructures of the sample E at different magnifications: 5,000× (left) and 10,000× (right)

Figure 8. Typical SEM microstructures of the sample F at different magnifications: 5,000× (left) and 10,000× (right)

Table 3. Results of grain size measurements

Sample Size in c dimension [µm] Size in a dimension [µm] c/a ratio
A 13.3 ± 1.9 2.6 ± 0.7 5.1 ± 0.6
B 7.1 ± 0.9 1.4 ± 0.2 5.1 ± 0.7
C 13.3 ± 2.2 3.4 ± 0.6 3.9 ± 1.8
D 9.3 ± 1.2 1.2 ± 0.3 7.8 ± 1.6
E 9.2 ± 0.4 1.1 ± 0.4 8.4 ± 0.7
F 8.7 ± 1.3 1.0 ± 0.2 8.7 ± 1.3

in the properties of these materials. Nevertheless, sig-
nificant microstructural differences are apparent in the
two-point correlation curves.

For the sample B, the ACL value is notably low,
as indicated in Table 4, with only the sample F ex-
hibiting a marginally lower ACL. This low ACL value
signifies a swift loss of point-to-point correlation, im-
plying a highly homogeneous microstructure. This mi-
crostructural homogeneity prevents local stress concen-
trations (with minimal local thermal stress values [26])
and reduces the scattering of ultrasonic waves on in-
homogeneities. Consequently, this sample exhibited the
highest determined value of Young’s modulus. More-
over, the microstructural homogenization positively in-
fluences other mechanical properties, such as bending
strength, hardness, and crack resistance, all of which are
highest for the sample B.

On the other hand, for the sample E, the ACL value
is the highest among the analysed materials, more than
twice as high as that of the sample B. This indicates
that the point-to-point correlation persists over a much

larger area, suggesting greater microstructural hetero-
geneity. Consequently, despite having a favourable c/a

ratio, indicative of optimal Si3N4 grain shape, the sam-
ple E exhibited significantly inferior mechanical prop-
erties compared to the sample B.

The samples A and C exhibit ACL value nearly twice
as high as those of the sample B. Consequently, this
higher ACL value may account for the notably inferior
mechanical properties of the samples A and C compared
to the sample B.

In contrast, the F samples have the smallest c/a ra-
tio value and therefore have the most homogenized mi-
crostructure. Despite this, due to the unfavourable c/a

ratio (grains too elongated), no improvement in mechan-
ical properties was noted in this series.

IV. Conclusions

The presented results offer a new perspective on the
relationship between microstructure and the mechanical
properties of silicon nitride materials. We have tried to
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Table 4. Calculated ACL parameter values

Sample ACL, magnification SEM 5000× [µm] ACL, magnification SEM 10000× [µm] Mean value ACL [µm]
A 0.667 ± 0.001 0.667 ± 0.003 0.667 ± 0.002
B 0.389 ± 0.001 0.333 ± 0.014 0.361 ± 0.028
C 0.556 ± 0.039 0.694 ± 0.039 0.625 ± 0.058
D 0.389 ± 0.001 0.389 ± 0.001 0.389 ± 0.001
E 0.833 ± 0.001 0.806 ± 0.005 0.819 ± 0.025
F 0.389 ± 0.032 0.333 ± 0.016 0.361 ± 0.038

compare series of samples derived from different start-
ing powders which were treated in a different way at
the stage of powder preparation. The forming process
and sintering conditions were the same for all investi-
gated samples. It assured that observed mechanical dif-
ferences came directly from the microstructural differ-
ences of samples.

By employing image analysis based on the two-
point correlation method, more precise characterization
of the microstructure, enhancing our understanding of
its impact on the material’s mechanical properties was
achieved. The findings suggest that the autocorrelation
length (ACL) parameter can be a useful indicator for as-
sessing the homogeneity of the microstructure, allow-
ing for effective differentiation of samples with simi-
lar microstructures. It was observed that variations in
ACL values correlate with different mechanical prop-
erties, underscoring the importance of quantitative mi-
crostructural analysis. The two-point correlation analy-
sis proved particularly valuable for silicon nitride mate-
rials, where conventional analysis methods faced chal-
lenges due to low interphase contrast. Moreover, this
method offers automation potential, which could be
beneficial for quality control in the industry.

In conclusion, the conducted research validates the
significance of quantitative microstructural analysis in
evaluating and predicting the mechanical properties of
silicon nitride materials, which could contribute to im-
provements in manufacturing processes and quality con-
trol in the materials sector.
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