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Abstract: Modeling of residual thermal stresses arising in silicon nitride-based porous

fibrous ceramic materials with reinforcing dispersed inclusions was carried out. Calculations

were made within quasi-static linear thermoelasticity on the presumption that the initial state

at which there are no internal stresses in the media is realized during synthesis of the material

at temperature of 1450◦C. Modeling was carried out on three-dimensional representative

fragments of fibrous structures generated using random algorithms with preset parameters

of the materials’ microstructure. Influence of the volume fraction and the size of the fillers

in the form of spherical inclusions of silicon carbide on the residual thermal stresses realized

within the structure of fibrous porous material is analyzed. It is demonstrated that the level

of arising residual stresses can be comparable and, indeed, may exceed the fracture strength

of considered porous materials.
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1. Introduction

Silicon nitride-based ceramic has excellent mechanical, thermal-physical and
dielectric properties. Silicon nitride-based products are widely used in various
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fields of technology [1] and [2], particularly, in assembly parts of jet engines,
in fuel systems, braking systems elements. Silicon nitride-based porous ce-
ramics is used in cooling systems, filter elements and as refractory materials.
Silicon nitride-based composites possess enhanced mechanical characteristics:
crack resistance, strength, stiffness, etc. As reinforcing inclusions when creat-
ing Si3N4-based composites the fibers and dispersed particles of various high
temperature ceramics are used: aluminum oxide, oxide carbide, titanium oxide,
titanium nitride, etc.

This paper reviews the problem of creating composite silicon nitride ceram-
ics using 3D printed technology. Over the last twenty years, several options
of additive technological processes for manufacture of the products and blank
parts of the products from silicon nitride having complex geometry and different
porosity [3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. The process for making the products from
silicon nitride by laminated object manufacturing (LOM) method was proposed
in papers [3] and [4]. Slurry casting technology in fitment produced by layered
modeling method (MoldSDM) was used in paper [5]. Fused Deposition Mod-
elling (FDM) was used in paper [6]. Ceramic preparation from silicon nitride
by inkjet printing using modification HP DeskJet 930c printer was proposed
in papers [6, 7]. 3D printed technology for silicon nitride high porous ceramic
containing more than 70% pores was presented in papers [7, 8, 9, 10, 11]. The
products were received by 3D printing method using a standard 3D-printer with
water-based solvents. In paper [10], the received material was compared with
the analogs synthesized using traditional technology. It was found that the
material received by 3D printing had the highest porosity but its mechanical
properties were the lowest.

One of the deficiencies in the existing technologies of layered silicon nitride
products synthesis can be considered the difficulty in preparation of powder
dispersion powder in inkjet direct printing or film containing silicon nitride
particles using LOM technology. FDM technology that is depleted of the tech-
nological transitions data requires solution of the disposal problem of the grown
product in thermoplastic material (polymer or paraffin) of technological bind-
ing. This time-consuming process, except that it is not environmentally friendly
it often leads to defect of geometrically complex products. One of the technology
being also depleted of technological transitions data is layer-by-layer synthesis
by Binder Jetting method. General description and principles of reaction sin-
tering technology are presented, for example, in paper [13]. This technology
is widely used for 3D printing of the products made of gypsum, mortar sand
and even biomaterials. The version of this technology for production of sil-
icon nitride-based ceramics was proposed in recent paper [12]. The problem
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of Binder Jetting technology application is high porosity and low mechanical
properties in the synthesized products [8, 9, 10, 11, 12] (Figure 1).

Figure 1: Microstructure of Si3N4 porous ceramics received through
BinderJet technology.

When using 3D printing technology through Binder Jetting method the
products blanks of silicon powder, reinforcing inclusions (for example, silicon
carbide particles) and binder [12] shall be produced. Then drying and reac-
tion sintering in the atmosphere of nitrogen shall be performed during which
the binder is burned and the silicon nitride structure containing reinforcing
inclusions is formed. Due to high content of binder the significant amount of
porosity is present in the product blank but the received material comes out to
be of low-density. In the process of reaction sintering the significant part of sil-
icon nitride interacting with nitrogen forms high-porous fiber structure (Figure
1). Availability of this structure leads to reduction of mechanical properties of
the received products. The use of reinforcing fillers in the form of dispersed
inclusions, fibers or filamentary crystals than can be added to the material in
3D printing of the products blanks may be one of the possible solutions to this
problem.

In this paper we carry out theoretical modeling of the porous fiber struc-
tures cooling processes formed by the fibers of the silicon nitride α-phase and
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reinforced spherical particles of silicon carbide. The objective of this research is
connected with the need to evaluate the effect of the inclusions on the strength
of the material, which is determined to a large extent by the level of the realized
residual stresses. It should be noted, that strong enough contact between the
fibers and present foreign inclusions is realized in the course of synthesis since,
apparently, the fiber material is settled out of the gas phase. Consequently,
in the calculations process we anticipate a perfect connection of the fibers to-
gether and the fibers with the inclusion without introduction of the additional
contacts [14, 15]. When this happens, we must perform calculations on the
three-dimensional solid-models without involvement of the core models, as it
was done in papers[14, 15]. Thus, the models of the fragments used and the
calculation process directly become complicated. This is connected with the
need of mandatory use of solid-models for used spherical inclusions and com-
plexity of the contact zones configuration arising between the inclusions and
the fibers. Geometry of these zones can impact substantially on the residual
stress and therefore requires use of 3D simulation.

2. Modeling Methods

The proposed method includes three main modeling stages. At the first stage,
a 3-D model of the representative material fragment with the specified charac-
teristics of porosity volume content, geometry and orientation of fiber, volume
content and size of spherical inclusions. Generation of such fiber fragments was
described, for example, in papers [16, 17]. At the second stage the model is
transferred to the Ansys system where the numerical modeling of stressed and
deformation state of the representative fragment in its slow cooling from 1450◦C
to room temperature is performed. At the third stage the numerical calculation
results are processed and averaged by the volume of the representative fragment
to obtain evaluation of the realizing residual stresses.

To generate 3D models Digimat-FE system is used that makes it possible
to build 3D models of inhomogeneous materials with complex structure. When
creating the representative fragments, fibrous high-porous material is presented
in the form of a composite in which the matrix has zero stiffness (voids). The
fibers of silicon nitride are simulated in the form of extended cylinders and the
particles of silicon carbide – in the form of spheres. The examples of examined
representative fragments are shown in Figure 2. Cubic fragments with size of
edge in 5 µm were examined containing 10 vol.% of fibers and different number
of spherical inclusions with different volume content. To evaluate the effect of
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the inclusions and fibers sizes ratio the fragments were examined containing
a single inclusion and fragments containing 8 orderly-arranged inclusions (this
case corresponds to isotropic-reinforced materials with good dispergation of
inclusions [18]). The fibers diameter is known from the experimental data,
it makes on average 0.5 µm. The list of all examined structures and their
reinforcing parameters are shown in Table 1.

Figure 2: Examples of fibrous structures’ representative fragments made of
silicon nitride (cylinders red), reinforced by spherical inclusions of silicon

carbide (blue spheres), generated in Digimat system. A: fragments containing
a single large inclusion, B: fragments containing 8 orderly-arranged fine

inclusions.

Table 1: Examined options of fibrous high-porous Si3N4-based fiber structures
with average diameter of 0.5 µm.

No. Volume content of Number of Size of
inclusions SiC, vol.% inclusions SiC inclusions SiC, µm

1 5 1 4,57

2 7.5 1 5,25

3 10 1 5,75

4 12.5 1 6,2

5 15 1 6,6

6 5 8 2,285

7 7.5 8 2,615

8 10 8 2,88

9 12.5 8 3,1

10 15 8 3,295

Received fragments are transmitted into Ansys system in the form of solid
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objects. Then, finite-element partition of the models with tetrahedral elements
of the first order is created (Figure 3), the properties of Si3N4 fiber materials
and SiC inclusions are set, cooling conditions of the structure is established and
calculation is performed. In performed calculations, the materials are assumed
to be isotropic, their properties are shown in Table 2. The initial temperature
of all elements in the fragment is set to the temperature equal to products
fusion temperature of 1450◦C. Going forward, quasi-stationary cooling of the
fragment to 20◦C is set. Calculation is performed in lineal thermoelasticity
task assignment [19, 20, 21]. Accordingly, relation between infinitesimal defor-
mations εij and movement ui is used (comma after the indices corresponds to
a partial derivative):

εij = (ui,j + uj,i)/2.

Equations of equilibrium in considered quasi-static task without taking into
account the volume force are reduced to zero of divergence from stress tensor:

σij,j = 0.

Defining relations are entered using Duhamel-Neumann law for accounting the
temperature effects (on repeated indices adding is assumed):

σij = Cijklεkl − βijT,

accordingly, for the isotropic materials under examination there’s a link
between the stresses and the strains through Lame parameters µ, λ, modulus
of cubic compressibility K = λ+ 2µ and thermal expansion coefficient α:

σij = 2µεij + (λεkk − αKT )δij .

On all external surfaces of the fragment and on free surfaces inside it, the
limiting conditions on lack of stress are set:

σijnj = 0,

where nj means the outer normal components to the surface under examination.
On the contact surfaces between fibers and spherical inclusions the equa-

tions of the ideal contact with respect to movements and stresses are carried
out:

(σijnj)fibers = (σijnj)particles ,

(ui)fibers = (ui)particles .

Displacements and rotations of geometry elements as a rigid body, are elim-
inated through automatic means of Ansys system.
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Table 2: Properties of the materials used in calculations

Si3N4 Fibers SiC Particles

Young’s Modulus, hPa 300 410

Poisson’s Ratio 0.26 0.14

Thermal Expansion
Coefficient, C−1 10−6 3.2 4.1

Figure 3: The example of a finite element model (A) and the calculation
results of residual stress condition (distribution of the maximum principal

stresses) (B) in the representative fragment of Si3N4-based fibrous
high-porous material comprising eight spherical inclusions of silicon carbide

with total volume content of 10%.

When considering plastic materials as a result of the calculation it would
be interesting to determine the realizing level of the residual stresses intensity
in the material structure. However, the material under examination are fragile,
thus as a result of the calculation in the elements of the model maximum and
minimum principal values of the stress tensor are defined (Figure 3B). In the
course of the simulation, we will be interested in the values of the stresses that
are realized in the fibers material since it is the very phase that is the weak-
est one and its properties and residual stress condition determine macroscopic
strength of material. Therefore, to quantify the impact of the inclusions on the
residual stress condition of the fibers we determine the average value of maxi-
mum σI and minimum σIII principal stresses at the nodes of the finite element
mesh relating to the fibers and find their average value:

σ̄I =
1

N

N∑

i=1

(σI)i,
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σ̄III =
1

N

N∑

i=1

(σIII)i.

where N means the total number of nodes of a finite element mesh relating
to Si3N4 fibers, i index means the node number, in which the target values of
the stresses were calculated.

We take received σ̄I and σ̄III values as the measure of the residual stresses
value in the composite material structure under examination. We compare
these values to all examined material reinforcement options. According to the
results of the comparison, the conclusion is drawn as to the impact of the
various reinforcement options of the material on its residual stress condition
and subsequently on its strength.

3. Calculation Data

For numerical calculations performed on the realistic representative fragments,
the repeatability test of the calculation data was carried out in the article when
examining one-type fragments generated statistically through the same initial
microstructural parameters. For each type of the structure shown in Table 1,
5 representative fragments were generated, for which the average target value
σ̄I and σ̄III were determined.

The example of the specific distribution of maximum principal stresses σ̄I
in the nodes of the finite element mesh relating to silicon nitride fibers is shown
in Figure 4. It illustrates the results for the structure containing 8 inclusions
which volume fraction constitutes 10%. It is seen that average value σ̄I equals
to about 15 MPa. This residual stress value is relatively low compared to the
strength of the fibers in alpha-phase of silicon nitride. However, even this stress
value can be critical for the materials under examination. We specify as the
example that the strength of silicon nitride-based high-porous fibrous ceramics
received by 3D printing may equal less than 10 MPa. Thus, the residual stresses
must be taken into account when forecasting the structures strength. Figure
4 illustrates that a small number of the nodes very high stresses are realized
(over 100 MPa), that connected presumably with the presence of concentrators
and insufficiently smooth geometry of the model. Not very many nodes with
concentration of stresses are produced and we neglect their impact.
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Figure: 4: Specific distribution of maximum principal stress in Si3N4 fibers.

Figure 5 illustrate the calculation data of averaged maximum and mini-
mum principal stresses acting in the fibers, depending on the volume fraction
and the number of the filler particles in the representative fragment. In the
process of cooling both positive and negative stresses are produced in fibers.
This is connected with complex dimensional orientation of the fibers, complex-
ity of their contact with the reinforcing particles and with each other. It is
obvious, that with over 15% the residual stress in materials containing fine
inclusions can be significant. This, in the first instance, relates to minimum
principal strains, maximum level of which constituted -45 MPa (see. Figure
5). Thus, based on the calculation we receive the forecast that silicon nitride
fiber structure containing silicon carbide particles after synthetic process can be
mainly in compression. At increase of the inclusions volume fraction, in princi-
ple, increase in material strength may take place, since stiffness and strength of
silicon carbide is much higher compared to the strength and stiffness of fibers.
However, established effect can significantly reduce strengthening effect of inclu-
sions. Thus, optimal alternatives the particles’ volume content and dispersion
can exist apparently.
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Figure 5: Calculation data of the average maximum and minimum values of
the principal residual stresses occurring in silicon nitride fibers in the course
of the structures’ cooling down that are reinforced with the silicon carbide
particles. It illustrates dependence of σ̄I and |σ̄III | on the volume and the

content and the number of silicon carbide inclusions.

Conclusion

In this paper calculation of the residual stresses produced in silicon nitride-
based porous fiber structures, reinforced with the silicon carbide particles has
been performed. Calculation is performed within the linear model of thermoe-
lasticity. It is demonstrated, that the volume content and the size of inclusions
can have a significant impact on the level of the residual stresses, that are eval-
uated at the average of maximum and minimum values of the principal stresses
produced in the finite element model. It is illustrated that presence of the resid-
ual stresses may lead to softening effect at adding of a small volume fraction of
fine inclusions.

Obtained results may be useful when selecting the best reinforcement op-
tions of the silicon nitride- based ceramic products received by 3D printing and
reaction sintering methods or other methods, leading to origination of fibrous
porous microstructure of the material.
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