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Abstract. The multiscale simulation approach was used to study the mechanical behavior of
ceramic parts created by the selective laser sintering (SLS) technology. The goal of the re-
search was studding the difference in the elastic moduli and dynamic strength of ceramic
parts, manufactured by the high-temperature sintering and the selective laser sintering. The
mechanical properties of ceramic parts were determined by statistic averaging of the results
of multi scale computer simulations of representative volumes of materials under loadings. It
was shown that the probability of the fracture of such parts under dynamic loading depends
on the time history evolution of the distribution of local values of specific internal energy and
the damage parameter on the mesoscale level. It was found that the stress threshold of the dy-
namic fracture beginning of ceramic bodies depends on the distribution of the pore sizes and
not just on the average porosity.

1 INTRODUCTION

Additive manufacturing (AM) of ceramics is intensively expanding in recent years, an AM
technologies are moving to the class of economically beneficial industrial technologies [1].
These AM technologies can all be applied to creation of complex shape ceramic parts from
nano-sized ceramic powders. In accordance with the ISO/ASTM AM technology is usually
classified in two groups. The group of "single-step™ technology is considered as a group in
which the geometry and material are created simultaneously.

Great interest is manifested by the improvement of "single-step” AM technologies of man-
ufacturing of ceramic parts [1-8 ]. In recent years, the selective laser sintering (SLS) manufac-
turing processes have been used for the production of ceramic parts [2-8]. SLS is an additive
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manufacturing process for creating 3D parts with complex geometries because the use of
powder bed SPS makes it possible to densify the UHTC composites at a lower temperature
and in a shorter time compared with conventional techniques of high temperature pressing
(HIP). The list of UHTC materials with melting temperatures above ~3000 K is limited to
perhaps 16 phases or compounds (Table I).
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Table 1. Mechanical and thermodynamic properties of UHTC [1-18]

The use of SLS allows creating new composite materials simultaneously with the manufac-
ture of structural elements. Leu and co-authors (2008), Sun, and Gupta (2008), Pattnaik and
co-authors (2012) showed the possibility of freeform parts fabrication of ultra-high tempera-
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ture ceramics (UHTC) based on the zirconium diboride by laser sintering [5, 6]. Liu and co-
authors (2015) showed the possibility of laser sintering of ZrO, parts [7]. Parts that are made
of UHTC have high oxidation resistance and are used for nozzles, the leading edges of space
vehicles re-entering the earth’s atmosphere, cutting tools, bearings, igniters, and others.

The main problem in creating high strength UHTC is connected with difficulties of consol-
idation due to high melting point and low self-diffusion coefficient of borides, carbides, and
nitrides phases.

Computer designing of ceramic parts produced by SLS method, we need to resolve two
key tasks. The first task is ensuring the required dimensions of parts. The second task is to
provide the required strength of ceramics for normative loading conditions. Various methods
and models are applied for the solution of these problems at different scale levels.

On the macro-level, the architecture of sintered parts is designed by CAD/CAM technolo-
gy and the laser scanning patterns. Complex shapes of ceramic parts with hollow structures
can be fabricated by SLS. To predict the strength of ceramic parts, it is required to know the
effective values of mechanical properties of material include the strength under tension and
compression, crack resistance, and other characteristics.

Mechanical properties of sintered ceramics depend on the parameters of laser scanning and
the properties of ceramic's powder [7,9]. For theoretical prediction of mechanical properties
of sintered ceramics it is need models that must take into account certain determining factors,
which include: residual stresses, grain size distributions, interface boundaries, cracks and
pores distributions, formed during sintering.

In present study, this approach was used to develop a two-scale model. The mechanical

characteristics of the ceramic material (elastic moduli, the Hugoniot elastic limit, the spall
strength, etc.) are predicted using the results of computer simulation of response of model rep-
resentative volume element (RVE) over a wide range of strain rates. Statistical-numerical
RVE determination techniques discussed in [10,11].
Using a modified smoothed particle hydrodynamics (SPH) method made it possible to sepa-
rately take into account the kinetics of damage accumulation at the micro - and mesoscale
levels [12]. Damage and fracture of condensed phases at the micro level are described implic-
itly using a damage parameter. At the mesoscale level the formation of mesoscopic cracks
was simulated.

This approach will enable to adequately consider the impact of a wide range of structural
defects on mechanical properties of materials obtained by SLS method [13,14].

2 MODEL OF MECHANICAL PROPERTIES OF CERAMICS PRODUCED BY
ADDITIVE TECHNOLOGIES

Mechanical properties of sintered ceramics under dynamic loads can be defined using sim-
ulation of mechanical response structured RVE of ceramics. Model representative volumes
are proposed to create using the evaluations of residual stress, the parameters of the interface
boundaries, the parameters of the distributions of cracks and pores. The dimensions of the
representative volume should exceed a multiple of the largest size structures of pores, cracks,
volumes of melted particles. Model RVE of sintered ceramics with porosity ~ 0.05 shown in
Figure 1. A continuum approach was used for describing response of structured RVE at the
mesoscale level. Data on the mechanical properties of ceramic phases, the sintering tempera-
ture are required for prediction of mechanical properties of sintered materials. Properties of
material particles in this case are defined for volume of matter ~ 1 um®. In ceramics, fabricat-
ed by SLS of submicron powders, the size of pores and cracks can range from tens of na-
nometers to tens of micrometers [5,6,15,and 16].



Figure 1. Model RVE and scheme of boundary conditions.

Pores and cracks with dimensions exceeding ~1 um are set explicitly in the RVE. Their
distribution in the RVE can be set randomly or taking into account the special distribution (for
gradient or layered porous structures).The closed pores and penny shaped cracks of submicron
size take into account implicitly by means of correction parameters of mechanical properties
of material particles. In this case volumetric mass density and elastic moduli are defined by
relations [17]:

p=py Q-a), MM, (1-a), 1)

where p is mass density, p, is theoretical mass density of condensed phase, ag is the spe-

cific volume of micro-pores, M is the effective elastic modulus (the shear modulus, or the
Young’s modulus, or the bulk modulus) and My, is the elastic modulus of the condensed phase.

Dynamics of structured media in RVE is described in Lagrangian coordinate system by
mass conservation equation, momentum conservation equation energy and conservation equa-
tion [18,19]:

Yaij = pu; , p = pYui, pEint = Uijéij, )

where gj; is components of the Cauchy stress tensor, p is mass density, u; are components
of particle velocity vector, &; are components of the strain rate tensor, Ei is the local specific

internal energy per unit mas, the substantial derivative are market by dot notation.
Boundary conditions were applied to the cube-shaped RVE shown in Figurel.

u (x,0)=F (x,t) x, el},
u,(x,1)=0, x, €l,,x €l u,(x,)=0, x, el5,x, €I, 3)

p=u,[pCl,, forcompression, oru,(x,)=—F(x,), fortension,x, € I',,

where C is decreasing from longitudinal sound velocity in the elastic precursor to the bulk
sound velocity C,, F(x,,t) is a function for assigning a pulse shape and duration.

The initial conditions were used in the form:
pX)=p (0)(Xk)’ & (Xk):gij(O)(Xk)! E(x) = E(O)(Xk)1 D(x)=D (0)(Xk) , (4)
where D is the damage parameter.

Residual stress is included in the model using eigenstrain gij(o)(xk) [20]. Eigenstrain is an
incompatible strains set up during sintering of a material. Residual stresses caused by thermal
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expansion mismatch between the randomly distributed microparticles of ceramic phases were
introduces in the initial state of material particles.

The initial value of the damage parameter D was determined by the method of homogeni-
zation to damages of a material particle containing a distribution of flaws [21].

Components of local strain rate tensor are defined by the relation:

1
gii:E(YuiJrYu‘) , (5)
where u; are components of velocity of material particles, i=1,2,3, V is the Hamilton op-

erator.
The components of strain rates tensor is expressed by sum of the elastic and the inelastic
parts:

Ej =& TE;. (6)
The constitutive equation of material particles is written in the form:

U]

o;=0; Yp(D), 0 =-p® 5 +8,, (7

where p is the pressure, S;jj is the stress deviator tensor, the superscript ¢ indicates the con-
densed phase of the damaged material, (p(D) ~1- D, D is the local damage parameter, and

oij is the Kronecker delta.
The local damage parameter D is introduced in the form:

v fa
D_jo . dt, . 8)

where £, =[(2/3)éjé] "2 denote an intensity of inelastic strain rate tensor, ¢," is the

threshold of inelastic deformations of material particles (the volumes of the phases at the mi-
cro level) at fracture.

The growth of the damage parameter of the material particles implicitly reflects the degra-
dation of the strength properties of phases due to nucleation and growth of microcracks. The
criterion of local failure corresponds to D=1.

Threshold of effective shear strain ¢, is approximated by relation:

g =Dy (P*+T%)>, (9)

where T*= gsp/PneL, P*=p/PHeL, PHeL is pressure correspond to the Hugoniot elastic limit,
o, =(30C, &, Kic)”?, Cyis the longitudinal sound velocity, Dy, D, are material constants [19,
22].

Using the SPH-method, the formation of mesocrack described as the creation of spatial
clusters of particles with broken bonds with neighboring particles [23].

In this case, the distance between neighboring particles should exceed the critical opening
displacements at the crack tip J*.

The critical opening smooth particle displacement was computed by Eqgs (10) [24]:

5=rk,| 0 |t:0 ~0*, 0*=2G,/o,,2G,~ 2K, 21 E, (10)

where ry is the current (at time t) distance between k-th and I-th smoothed particles and & * is
the critical distance of the crack formation (corresponds to loss of interaction between parti-
cles), Gt. is the fracture energy, o is the thresholds stress of local brittle fracture.
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Macroscale fracture of RVE is characterized by complex temporal and spatial organiza-
tions of mesocracks. The thresholds stress of local brittle fracture for ceramics under com-
pression o, in wide range of strain rates can be described by Egs. (10):

ol oy =1+ (&, 16,)"", 0, =425K, " I[a]"?, é,=4.25K 7** I[apE]"? , (11)

where a is a specific volume of voids, p is the mass density, K¢ is the fracture toughness, E is
the Young’s modulus, and 7 is a square density of unstable microcracks [25,26].

The thresholds stress of local brittle fracture for ceramic under tension at high strain rates
described by Eq. (11):

Oip=0,+ (3pC, Eeq Kfc )1/3 , (12)
where o, is the quasi-static tensile strength.
Pressure calculated by Eqgs (13):
p = p+TpE]

3
p:

) E-BO-(f7’3—55’3)-(1—%(4—81)-(52’3—1)) for compression £*-1>0, (13)

p, = B,&" -1, for tension £'-1<0,
where By, B; are material constants, &=p,/p, I is a Gruneisen coefficient, ET is thermal

part of a local specific internal energy per unit mass [27].
Shear micro-cracks nucleation in a condensed ceramic phase was accounted

D[Si'](m) - e 1 - e D[Si'](m) S m m) - m) -
DJ'[ = Zu(gij_ éskk 6ij)v DJt = [Sij]( ) _[Sik]( )mjk _[Sjk]( )(Dik , (14)
where p is the shear modulus.
e . .n en .0 1/2
8= & -0 &) =& 8—9, 9 =[@12)s,5,] -o,0-D),  (15)

ij
where i is a model parameter.

The following parameters of Eq (11) for ZrB, were used in the calculations: ZrB,: E =495
GPa, p =6.11 103 kg/m®, Kic = 3.5 MPa m*?, g =7.11 GPa, pue=3.07 GPa, D1= 0.1, D,
=1.0, Cl =9.233 km/s, 0155=0.5 GPa, 054=0.5 GPa.

The values of the eigenstrain gij‘o)(xk)were assessed according to the estimated residual
pressures that occur after cooling of sintering of ceramics. SLS of UHTC uses a sintering

temperature from 1900 K to 2200 K [1-8].
The residual pressure was calculated by Eq.(16) [30]:

2(oty — Aine) (T =T,) E;Eine (16)
Einc (1+ Vm) + 2Em (1_ 2Vinc)

Pres =

where pres is the residual pressure, om , ainc are the linear thermal expansion coefficients of
matrix and inclusion, respectively , T, T, are the sintering temperature, and the room tempera-
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ture, Em, Einc, v, Vvinc IS Young’s modulus and Poisson’s ratio; subscripts m and inc correspond
to matrix and inclusions, respectively.
The tensile stress decreases with the distance from the interface between grains of the ma-

trix and the inclusion [30]:
p. = (am _ainc) (T _Tr) Em Einc ( dinc )3
“TE _(1-2v )+2E (1-2v._) r+d_" °

inc inc

17

where d;,. is the size of the inclusion, and r is the radial distance from the inclusion surface,
respectively.

The increment of the fracture toughness K¢ due to residual pressure can be estimated by
the Eq. (18) [30]:

_-2¢,

AKIC _ inc pres ’Z(L_dinc)
l_cinc 4 ’ (18)

where Cinc is the volume fractions of inclusions, L is the average distance between inclusions,
dinc 1s the average size of inclusions, p,. is the residual pressure in the matrix.

The fracture toughness K;c calculated using the residual pressure was used to determine
the parameters o, ,0,, &,in the Eq. (11).

The mechanical properties of ceramics were determined by statistic averaging of the results
of multi scale computer simulations of representative volumes of materials by method [19].

3 RESULT AND DISCUSSION

Figure 2 shows the thresholds stress of local brittle fracture for ceramics under compres-
sion versus normalized strain rates.
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Figure 2. The thresholds stress of local brittle fracture for ceramics under compression versus normalized
strain rates.

The characteristic stress and strain rate parameters for ceramics fabricated by hot isostatic
pressing shown in Table 2 [25, 28, 33]. To predict the thresholds stress of quasi-brittle frac-
ture under dynamic loading of ceramic bodies fabricated by additive technologies, including
SLS, it is necessary to consider the impact the residual pressure, density and the size distribu-
tion of pores and flaws on the characteristic stress o, and strain rate &, parameters.



Material 0o (GPa) &(s™)

B.C 34 10*

SiC 5.4 510°
ZrB, 2.1 0.95 10°
Al,O; 3.05 9.0 10°

Table 2. Characteristic stress and strain rate parameters for ceramics showed in Figure. 2.

Characteristic stress and strain rate parameters depend on the fracture toughness K;¢. The
increase in the fracture toughness K;c may be due to residual pressure (see Eq.18).

Figure 3 shows the calculated by the Eg. (17) residual pressure in nanocomposite ZrB, ce-
ramics versus difference of the maximum sintering temperature and the room temperature.
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Figure 3. Residual pressure versus the cooling temperature.

Thermo-mechanical properties of matrix and potential inclusions are given in Table I. In
multiphase system the residual pressures can be positive and negative. Recently Watts et al.
have determined tensile residual stresses of ~800 MPa in the ZrB, matrix of (ZrB, —30 vol.
SiC) ceramics using Raman spectroscopy and neutron diffraction methods [29]. Calculated
tensile stresses of ~800 MPa in the ZrB, matrix near SiC inclusions is in good agree with ex-
perimental data ~810 MPa for ZrB, —30 vol. SiC [29].

Residual pressure varies linearly with difference of cooling temperature. Note, that the
temperature rise caused by the energy density increasing during sintering and repeating laser
scans. But as a result of increasing energy density in the sintering process not only increases
the level of residual stresses, but reduces the pore size and porosity. Leu and co-authors
showed that specimens of ZrB, have lower porosity and smaller pores after SLS at the energy
density of 0.115 J/mm? as compared to 0.103 J/mm? [5].

Katcoff and Graham-Brady presented the model for compressive dynamic failure of brittle
materials with circular pore flaws, which incorporates both the number density and the size
distribution of flaws [26].

For predicting the mechanical properties of ceramics fabricated by SLS under dynamic
loading results of multi-scale computer simulation were used. Figure 4a shows SEM image of
Al,O3 specimen fabricated by SLS [15]. Figure 4b shows the distribution of damage parame-
ter D behind the front of a shock wave with amplitude of 7.2 GPa.
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Figure 4. (a) SEM image of Al,O; specimen fabricated by SLS [15]. (b) The distribution of damage pa-
rameter D behind the front of a shock wave with amplitude of 7.2 GPa.

The calculated average damage parameter versus time of shock compression of the sam-
ples of Al,O3 ceramics with a porosity of 5 % is shown in Figure 5a. Dashed curve shows the
time dependence of damage parameter for models with random pore size distribution (see
Figure 1, 4b), and the solid curve is for a fixed pore size.
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Figure 5. (2) Damage parameter of Al,O3 specimens behind the front of a shock wave with amplitude of 7.2
GPa versus time. (b) Specific work of stress on the inelastic deformation under shock compression versus time .

The distance between centers of neighboring pores in the models was equal to 100 um.
Therefore parts fabricated by SLS and having the same initial porosity will demonstrate a
wide statistical distribution of the dynamic strength under the same loading conditions. Figure
4b shows the specific work of stress on the inelastic deformation under shock compression
versus time. The dissipative properties and also the specific internal energy will have wide
distribution for ceramic parts fabricated by SLS due to distribution of pore sizes. The proba-
bility of the fracture of such parts under a dynamic loading depends on the time history evolu-
tion of a distribution of local values of specific internal energy and the damage parameter on
the mesoscale level.

Figure 6 shows SEM image of ZrB, specimen fabricated by SLS and calculated pressure
and damage parameter behind the shock wave with an amplitude of 6.9 GPa. Collapse of
pores is accompanied by pressure relaxation in the area surrounding the pores and the for-
mation of cracks in the inter-porous space. Thus, the stress threshold of the dynamic fracture
beginning of ceramic bodies depends on the distribution of the pore sizes and not just the av-
erage porosity. Wu and co-authors showed that the final microstructure and quality of the la-
ser-sintered alumina powder beds are depended strongly on the laser parameters, such as laser
power, laser scanning speed and laser beam size [31].
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Figure 6. (2) SEM image of ZrB,specimen fabricated by SLS [6]. (b) The cross section of the model RVE.
(c) The pressure behind the shock wave with amplitude of 6.9 GPa. (d) The distribution of damage parameter
behind the front of a shock wave with amplitude of 6.9 GPa.

Under short time laser-irradiation on the powder bed, the bonding particles can be en-
sured by solid-phase sintering. In this case the intergranular phase has a reduced strength
compared with the phase of the particles. The multiscale simulation approach was used to
study the mechanical behavior of ceramic parts created by the low energy SLS. Figure 7a
shows the cross section of the model RVE of laser sintered ZrB, ceramics.
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Figure 7. (a) The cross section of the model RVE. (b) The distribution of damage parameter behind the front of
an elastic precursor. (c¢) Local pressure versus time in the points 1-11 (see Figure 6a).
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Figure 7b shows the distribution of damage parameter behind the front of an elastic precur-
sor. Figure 7(c) shows a temporal change of pressure in points behind front of the shock wave
with amplitude of 7 GPa. Reviewed ceramics under dynamic compression damaged primarily
at the interface boundaries. The damage is accompanied by energy dissipation and formation
of fragments having dimensions comparable with the largest grain size of the powder. During
compression the local pressure and the equivalent shear stress are described by distribution
functions, whose parameters vary in time. Figure 8a,b show the probability densities of the
normalized pressure in ZrB, ceramics (see Figure 7c) at 1.5 ns and 2.2 ns, respectively.
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Figure 8. (a) The probability density of normalized pressure in ZrB, ceramics. (b) The probability density of
normalized pressure in ZrB, ceramics.

The simulation results show the local and the average macroscopic values of stress can
differ significantly under dynamic loading of laser sintered ceramics.

Since the damage and fracture always start at the micro-scale level, the prediction of the
dynamic strength of parts fabricated by laser sintering requires additional data on the distribu-
tion of stresses in the materials on the mesoscale level. These data can be obtained using mul-
tiscale simulation.

The presented model can be used for examining the distribution of the state parameters and
prediction of strength in the process of dynamic loading on parts and ceramic materials fabri-
cated by additive technologies.

4 CONCLUSIONS

The multiscale simulation approach was used to study the mechanical behavior of ceram-
ic parts created by the selective laser sintering (SLS) technology.

It was shown that the probability of the fracture of such parts under a dynamic loading
depends on the time history evolution of a distribution of local values of specific internal en-
ergy and the damage parameter on the mesoscale level.

It was found that the stress threshold of the dynamic fracture beginning of ceramic bodies
depends on the distribution of the pore sizes and not just on the average porosity.

The formation of frame structure by means of SLS allows increasing the dynamic limit of
elasticity of the parts compared with ceramic materials with equivalent porosity.
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