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Ceramic composites (CCs) are mixtures of different phases, and their development is often regarded as a mile-
stone in technological progress. They are used in practically all significant industries. Frequently, CCs are
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exposed to variable dynamic loads, impacts or high temperatures [1-3]. In this paper, the impact of thin plates
fabricated from Al,03/ZrO, is analyzed. The plates are made of the above CC with different proportions of its
components. Damage progression is analyzed using peridynamics, similarly to quasi-static tension [4]. The pur-
pose of the study is to describe the impact damage development in the CC plates and determine the role of
phase contents. It has been found that phase ratios in the tested CC are vital for the behavior of the plates.
In conclusion, it can be claimed that the employed peridynamic approach is suitable for solving the problems
under study and that the impacting plates should be treated as real three-dimensional structures.

1. Introduction

Multiphase Ceramic Composites (CCs) [1-11] are widely used in
different branches of modern industry. The development of novel man-
ufacturing technologies for multiphase has made it possible to fabri-
cate internal structures with very complex morphologies. Using
advanced technological methods one can create innovative composites
with ordered internal structures, which is crucial for their future engi-
neering applications in various structural elements under different
loading processes (e.g. [90-104]) CCs can be manufactured with dif-
ferent internal phase morphologies, in regular or irregular forms,
having:

e homogeneous distribution of multiphase components in CCs;

e layered structures having a regular or irregular arrangement;

o one-dimensional or multi-dimensional functional gradation of
physical and mechanical properties.

Even single-phase ceramic polycrystals can be treated as CCs
because they have a complex internal architecture, which results from
the presence of interfaces with completely different mechanical and
fracture resistance properties in comparison to grains, e.g. [12,13].
Much more complex internal structures are exhibited by porous
[14-16], multiphase CCs [17-20], nanoceramic materials, [21,22] or
functionally graded CCs with various gradation profiles, e.g.

* Corresponding author.
E-mail address: t.sadowski@pollub.pl (T. Sadowski).

https://doi.org/10.1016/j.compstruct.2021.114071

Received 13 April 2021; Revised 3 May 2021; Accepted 5 May 2021
Available online 8 May 2021

0263-8223/© 2021 The Author(s). Published by Elsevier Ltd.

[22-36]. In all cases, the internal architecture of CCs can be artificially
fabricated to control both physical and mechanical properties. Another
class of advanced CCs widely used in different branches of industry
comprises polycrystals composed of ceramic crystal WC or MoC
bounded with Co or Ti metals, [37-47].

The behavior of CCs can be modelled using a multiscale method
under which the problem is decomposed into several scales,
[48-58]. In the classical approach, this is done using the two-scales
method, i.e. one can distinguish a coarse- and a fine-scale
[8-13,15-20]. Both scales are coupled by different discretization
methods. One of them, particularly important for smeared crack
growth, is the partition-of-unity method, e.g. [53,54]. For the case of
dynamic loading of CCs, the peridynamic approach seems to be appro-
priate, [4].

Different kinds of CCs are applied for manufacturing critical struc-
tural parts in airplane or cars factories [59] or in nuclear power plants
and aerospace industry [60,61]. For these applications, CCs must be
modelled under extreme loading conditions such as impacts, high-
velocity loads, elevated temperatures and thermal shocks.

Peridynamics is a relatively recent nonlocal, meshless method used
for deformation state assessment. For the description of crystal behav-
ior, a nonlocal approach was developed in [62,63]. For solving cou-
pled problems, a generalized approach was proposed in [64]. The
theory of peridynamics was originally elaborated by Silling [65,66].
Its application to modelling of quasi-brittle composites or metallic

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2021.114071&domain=pdf
https://doi.org/10.1016/j.compstruct.2021.114071
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:t.sadowski@pollub.pl
https://doi.org/10.1016/j.compstruct.2021.114071
http://www.sciencedirect.com/science/journal/02638223
http://www.elsevier.com/locate/compstruct

E. Postek, T. Sadowski

foams was described in [4] or [67]. A review of studies on peridy-
namic modelling of material failure is presented in [86]. Industrial
applications of the peridynamic model are shown in, for example
[87,88].

The contact algorithm between separate bodies is a generalization
of contact between every calculation point [80-82]. The formulation
for contact forces is given in [79,85,83]. Typically, the algorithms
for searching contact between bodies are similar to those used in com-
mercial programs, for example, [83-85].

In this study, an impact model for two variants of an Al,03/ZrO,
thin plate is numerically analyzed using the peridynamic approach.
Both ceramic phases are described, including a brittle damage related
to time and impact loading threshold [4,17-20]. The study focuses on
modelling ef damage initiation and location in the impacting thin
plate, and the limitation of its further progression by the damage front
line.

2. Problem solution method

In peridynamics, the elastic model is defined similarly to the con-
tinuous model [11] but made dependent on peridynamic states, [68].

Considering Fig. 1, Q and x are the points in the body in its initial
configuration. The bond definition is:

E=Q—x (1

The reference state X is a function that is valid on the bond X(§).
The deformation state is dependent on the new position of the coordi-
natex in the deformed body y(x) in the following way:

Y(x,8) =y(x+¢&) —yx) 2
Y(x,6) =y(Q) —y(x) A3)
The state of displacements is:

U(x, &) = u(x +¢) —u(¢) 4)
U(x, &) =u(Q) —u(x) )
The scalar extension state e(Y) shown in Fig. 1 is of the form:
e(Y) = Y| - |X] (6)

The decomposition of the scalar extension state into spherical and
deviatoric components, e¢' and ¢, can be expressed as:

e=e +¢t (7)

The force state t(Y) is shown in a form similar to the stress—strain
relation that is the sum of its spherical and deviatoric parts, Eq. (7):

t(Y) = (%ka> wx + awe’ (8)

Fig. 1. Deformation of a body.
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The k is the bulk modulus, 0 is the dilatation, m is the weighted vol-
ume, o is the influence function, x = |£| is the basic scalar state, a =
(15p)/m is the coefficient being in relation to the shear modulus u.

The material failure model is based on the following assumptions:
the bonds fail when their elongation overcomes the critical elongation;
the total damage is due to the accumulating of broken bonds; and the
bond breaking is irreversible.

A special case of the state-based model is the bond-based model
[65,68,74]. A relationship between force and bond elongation is given
in Fig. 2(b). It reads:

f = Ceg(x7 L, 6) (9)

where ¢ = (18k)/(zh") depends on the bulk modulus k and the
horizon h. The force reaches its maximum value when the bond elon-
gation is lower than the critical elongation e, and it is equal to 0 when
the critical elongation is exceeded. The function ¢ is equal to 1 when
the elongation is lower than the critical elongation of the bond and
itis equal to O if the elongation is equal to its critical value. In our case,
since the failure is predominantly assumed on cracks appearance, the
e, evaluation is based on fracture energy evaluation, [66,4]. It reads:

5Gci
er =1/ okh (10)

where G; is the fracture energy depending on the mode of failure.
Following the above, for the special case, the dynamic equation of
equilibrium can be written as:

pii(x, ) = /Q AV + b(x, 1) (11)

where p is the material density, f is the forces vector f, b = {b; ...b,}
is the body force density field. The equation of motion is integrated
over the domain Q.

The damage definion d reads:

 Jas(x,t,8)do

d(x,t) =1 Lo

(12)

The damage variable varies between 0 and 1. The value 0 means
that the material is pristine while 1 means that the material is com-
pletely damaged.

3. Materials and computational model

Al,03/ZrO, composites used in the industry have different contents
of their components, from pure Al,Os up to a low content of alumina.
An experimental analysis of these composites is presented in [17]. It
has been found that the composites with a predominance of Al,Os
exhibit higher hardness, higher Young’s modulus and lower crack
resistance in contrast to the composites with a predominance of the
ZrO, phase. Therefore, composites with a high content of Al,O3 are
used in applications requiring high Young’s modulus and higher hard-
ness, for example in cutting applications or thin coating layers. Com-
posites with a high ZrO, content can be used where higher
compliance is required. These applications include ballistic shields
and spacecraft constructions. When constructing a functionally graded
material (FGM) that resists an impact, the outermost surface of the
composite can consist of pure Al,Os, its contents gradually decreasing
in the lower layers perpendicular to the axis of the impact [76]. There-
fore, we have chosen two kinds of composites for analysis in this study.
Following the approach adopted in [77] where the methodology is
developed, this study presents a damage analysis of the plates.

A schematic design of the system is given in Fig. 3(a). A sample
with the dimensions of 200 pm X 200 pm X 10 pm impacts a fixed
elastic barrier. An initial velocity V is in the interval 10 m/s to
60 m/s. The barrier is fixed on its z-x outer surfaces. A SEM image
of a microstructure is given in Fig. 3(b). The fair grains are the ZrO,



E. Postek, T. Sadowski

(@)

Composite Structures 271 (2021) 114071

max

Ecr

(b)

Fig. 2. Integration scheme (a), constitutive law (b).
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Fig. 3. Analyzed microstructure: (a) scheme of the analyzed mechanical system; (b) SEM image of an example of an Al,03/ZrO, composite microstructure.
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Fig. 4. Hexahedral discretization (a) entire structure; (b) detail A.

material, and the grey grains indicate Al,03. Mechanical properties of
the phases are given in Table 1.

The above values were obtained from the AZOM database of mate-
rial properties for Al,O3 [69] and ZrO, [70], and [17]. The properties

Table 1
Mechanical properties of the analysed phases.
Al,O3 ZrOy

Young’s modulus (GPa) 413 110
Poisson’s ratio 0.21 0.22
Mass density (kg/m?) 3980 5000
Maximum tensile stress (GPa) 665 115
Crushing stretch —e., 1.610E—-03 9.563E — 04

of both materials vary significantly. According to the provided data,
Young’s modulus for alumina ranges between 215 GPa and 413 GPa,
whereas Young’s modulus for zirconia varies between 100 GPa and
250 GPa. In this study, the extreme values of these properties are
taken: the highest Young’s modulus for alumina and the lowest
Young’s modulus for zirconia.

The target is made of steel having Young’s modulus of 211 GPa,
Poisson’s ratio of 0.3 and mass density of 7800 kg/m>. Two cases of
target microstructure are considered: with a low and high content of
Al,03, Fig. 6(a) and (b). The Al,O3 material is marked in grey, while
ZrQ, is marked in blue. The tested Al,O3 content is 41% and 75%,
respectively. In Fig. 6(a) and (b) are marked 4 points where the dam-
age is observed at the points and below. The points are chosen such
that they are located approximately in the middle of particular crys-
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tals. They are located in crystals of the same materials. One can
observe a difference in particular field variables when, for example,
Point A (ZrO,) in Case A becomes surrounded by the crystals of
Al,O3 in Case B. Other points are arranged in the same manner. There-
fore, it is possible to follow changes occurring at particular points
when the plate's composition is augmented by the addition of a higher
content of the Al,O3 phase.

A computational model is built using peridynamics. The plate and
the barrier are discretized with 1,319,160 and 640,00 volumes, respec-
tively. The hexahedral discretization is shown in Fig. 3(a). Details of
the contacting bodies are shown in Fig. 3(b). The plate and the barrier
can be in general contact. This means that the search for contact is per-
formed between all external surfaces of the objects, the self-contact
being included too. A sphere is assumed around a calculation point.
Inside the sphere, there is an icosahedron whose facets create contact
surfaces. The contact is searched between the facets surrounding the
points [78]. A penalty formulation is used. The friction coefficient is
set to 0.3. An initial gap of 1 pm between the impacting plate and
the barrier is applied.

The conversion of a fictitious sphere with a radius r, in which the
contact is searched is shown in Fig. 5(a). Since the contact is checked
between the triangular facets of the bodies that are contact candidates,
the sphere is transformed into an icosahedron, Fig. 5(b), inscribed into
the sphere.

(a)
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The contact is a force calculated based on a short-range force
approach [66] and reads:

fo— {Ct(r,—d)Vle ford<r,
ct -

13
0 d>r, (13)

where d is the distance between the bodies, V; and V, are the vol-
umes associated with the corresponding calculation points and C, = 18-
Ky/mh°. The constant Ks is the artificial spring stiffness assumed as a
high penalty number of the range 1.0E + 12 + 1.0E + 20. Eq. (13)
is analogous to Eq. (9).

An important aspect of the model is the phase boundary. In the pro-
gram, there are two bonds for any two interacting points. The total
interaction between the points is the sum of the two bonds. Having
two materials, the interaction is the average of two partial interactions.

A dynamic solver [71] is used in the calculations. The system was
tested on several examples, so it can be regarded as highly reliable
[75,81,89]. The total time is 4.0E-08 s. The explicit time integration
is used, with a constant time stepping of 5.0E—811 s. The time step
assuring the stability of the solution is 8.9E-11 s, which is well above
the time step used. The solution requires 800 time steps. The horizon
should be two to three times the distance between calculation points
[71-73]. Although higher values of the horizon would not deteriorate
the results [74], the computational time might become excessively
long. The horizon is determined by the largest distance between the

(b)

Fig. 5. Transformation of a sphere into an inscribed icosahedron: (a) sphere; (b) icosahedron.
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Fig. 6. Schemes of the analyzed samples (dimension X 1.0E—07 m), Al,O3 — grey, ZrO, - blue: (a) Low content of Al,O3, Case A; (b) High content of Al,O3, Case
B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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calculation points in a material block. In our case, the distance
between the calculation points across the thickness of the plate is
1.0E— 06 m. The highest value of the distance between the calculation
points in the plane of the plate is estimated at 1.2E—06 m. The hori-
zon is assumed to be 3.0E-06 m (its maximum size being 3 X 1.2E
— 06 m), which is slightly lower than would result from the reasonable
“soft” upper limit condition.

The calculations are done on a high-performance cluster under
Linux. A production run requires about 3700 s employing 40 nodes
with 24 cores each (Intel/Xeon). Larger values of the horizon would
significantly increase the computation time. For example, increasing
the horizon by two and three times would increase the computation
time by 2.3 and 6.8 times. The following values were applied: h = 6
.OE—06 m, time = 8.6E + 03 s; h = 12E— 06 m, time = 2.5E + 04s.

4. Numerical results

Two cases of plate material composition are considered. Case A is a
plate material with a low content of Al,O3 and Case B is a plate mate-

\ 4.5802

(a)

(©)
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rial with a high content of Al,O3, Fig. 6(a) and (b), respectively. Dam-
age progression in both cases is presented in Figs. 7 and 8. Damage
progression results obtained with a high-velocity impact of 60 m/s
for both cases of microstructure are compared qualitatively. The dam-
age threshold is assumed to be 0.8. Points at which the damage thresh-
old is exceeded are shown in Figs. 7 and 8. The color grey marks the
Al,O3 phase, while the ZrO, phase is marked in blue. A comparison
of the plate damage progression in Cases A and B demonstrates that
the damage develops faster in the sample with a higher content of
the ZrO, phase than of the Al,O3 phase.

A characteristic trend can be noted at the beginning of the impact
process for both tested plates. An analysis of the data in Figs. 7(a, b)
and 8(a, b) reveals that the damage is located along thin lines paral-
lel to the striking edge of the plate. The most visible “bands” are
located in the X region denoted by circles. However, this phe-
nomenon can be observed along the entire edge. It can be explained
by the appearance of short stress waves generated by the impact. The
maximum values of the waves indicate a high damage factor of the
material. As the process becomes more advanced, the thin lines

19.7324 "

(d)

Fig. 7. Damage progression (dimension X 1.0E—5 m) versus time in Case A, for the impact velocity of 60 m/s: (a) 1.125E-08 s; (b) 2.375E—08 s; (c) 3.000E

—07 s; (d) 4.000E—08 s.
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(b)

(d)

Fig. 8. Damage progression (dimension x 1.0E—5 m) versus time in Case B, for the impact velocity of 60 m/s: (a) 1.125E—08 s; (b) 2.375E—08 s; (c) 3.000E

—07 s; (d) 4.000E—08 s.

marking damage disappear since the damage becomes massive, Fig. 7
(c, d) and 8 (c, d).

Further, it can be observed that as the damage progresses, the
points where high values of the damage parameter are located become
relatively sparse and precede the front face of massive damage. This
trend can be observed in every image in Figs. 7 and 8. The damage pro-
gression is shown in Figs. 7 and 8 as the maximum distance of the
damage from the striking damage than that in Case B. A comparison
of the damage progression data in Figs. 7 and 8, considering the appro-
priate time instants, demonstrates that the damage ranges in Case A
are 83.3%, 81.6%, 74.0% and 98.7% of those obtained in Case B.

Curves illustrating damage progression for the largest distance
from the striking edge versus time for Cases A and B are plotted in
Fig. 9. An analysis of the data in Fig. 9 reveals that in Case A the dam-
age reaches the other edge of the plate only for the impact velocities of
40 m/s and 60 m/s. A different trend can be observed in Case B where
the damage does not reach the other edge only when the impact veloc-
ity is 10 m/s. Moreover, the damage describing curves are steeper in
Case B than in Case A, which means that the damage progresses faster
in Case B. To verify the higher damage resistance of the microstructure
in Case A, damage progression range plots are created for Cases A and
B, taking into account the lowest and highest impact velocities, namely
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Fig. 9. Progression for the largest distance of the point d > 0.8 from the striking edge: (a) Case A; (b) Case B.
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Fig. 10. Damage progression for the largest distance of the point d > 0.8 from the striking edge, for two impact velocities: (a) 10 m/s; (b) 60 m/s.
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(b)

Fig. 11. Damage progression (dimension x 1.0E—5 m) for the largest distance of the point d > 0.8 from the striking edge, for the impact velocity of 10 m/s: (a)
2.375e —8s ; (b) 3.000e — 8s.

10 m/s and 60 m/s, Fig. 10. It can be observed that the damage pro-
gresses faster in Case B than in Case A.

Let us now explain the phenomenon illustrated in Fig. 10(a),
namely, the fact that at the time interval between 2.375E and 8s and

3.000E — 8s, the damage range is the same. It appears that the damage
range indicates the same point as that marked as Point M in Fig. 11.
Point M is an early crack precursor. It occurs well before the front face
of the damage developing during the afore-mentioned time interval.
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It can be noted the damage is the highest in the mid-depth of the
cross-section of the plate, Fig. 12. Damage evolution with time is eval-
uated at the points located at the middle of the plate’s cross-section.
Points A, B, C and D are indicated in Fig. 6. A comparison of the dam-
age evolution at Points A, B, C and D for both analyzed cases, taking
into account the moderate impact velocity of 30 m/s, is shown in
Fig. 13. At each point, the damage occurs earlier in Case B than in Case
A. At Points A, B, and D the damage is greater toward the end of the
process in Case B than in Case A, while at Point C the damage values
are similar for both microstructures under study. The comparison of
the damage evolution curves confirms that the microstructure in Case
B deteriorates faster than that in Case A.

A comparison of the damage evolution at all four considered points
for both analyzed microstructures is presented in Figs. 14 and 15. It
can be observed that the damage evolution curves at each point are
qualitatively similar. The impact velocity has a minor effect on the

cuernos [ EMETNT R TR

coercnos RN SNE T ETIEDL
N TRy i o IS

Case B 60 m/s

Fig. 12. Comparison of damage variable distributions in the mid-depth of the
cross-section of the plate along the X-axis (at the midspan of the plate) for Case
A and B.
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time instant when the damage starts to grow. However, a significant
difference between the obtained damage values can be observed
toward the end of the process. The most considerable difference in
damage can be observed at Point D for both analyzed microstructures.
Variations in the percentage of total damage with time obtained for
the two analyzed polycrystalline microstructures are shown in Fig. 16.
As previously, the dependences are shown for the impact velocity
varying from 10 m/s up to 60 m/s. It can be observed that the damage
growth is strongly nonlinear. The maximum total damage for Cases A
and B is observed for the highest impact velocity of 60 m/s, and it
amounts to 11.8% and 19.2%, respectively. However, an analysis of
the relationship between the entire damage of the structure and the
impact velocity at the observed time instants reveals that this relation-
ship is practically linear, as shown in Fig. 17. The curves for Case B are
steeper than those obtained for Case A. This means that the extent of
microstructural damage in Case B is higher than in Case A.

5. Conclusions
Summing up the above considerations, it can be concluded that:

e Damage analysis of the impacting plates should be performed in
three dimensions.

The highest damage is concentrated close to the mid-depth of the
cross-section, while the lowest is located close to the plate surface.
The damage growth during impact, which is expressed as a percent-
age of the total damage of the plate, is strongly nonlinear.

The damage occurs at an early stage of the process and is located
sparsely, well before it becomes massive.

In the tested impact velocity range, the traces of damage can be
practically found over the entire plate irrespective of the impact
velocity applied, which means that almost the entire plate is dam-
aged to different extents.

1
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Fig. 13. Damage versus time in Cases A and B at points: (a) A; (b) B; (c¢) C; (d) D.
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e Regarding the dependence of total damage on impact velocity, it
has been found that the damage variation is almost linear at partic-
ular time instants. This finding makes it possible to predict damage
for different impact velocities using linear interpolation.

e At the beginning of the process, the damage forms lines that are
parallel to the striking edge. We consider this phenomenon to be
characteristic of the damage process for thin ceramic plates.

e The analysis confirms that Al,03/ ZrO, composites with a high con-
tent of Al,O3 are less damage resistant than those with a high con-
tent of ZrO.

Moreover, the study has shown the presence of phenomena that are
practically impossible to observe during experiments, for example, the
concentration of damage in the form of strips parallel to the striking
edge, occurring at the beginning of the process (time instant: 2.375E
—08 s). Such observations broaden the knowledge about the material
under study and inspire experimentalists to design new experiments.

The results of this study confirm the suitability of peridynamics for
performance evaluation of ceramic composite components. However,
it is necessary to use highly parallelized software and advanced com-
puter clusters in order to obtain results within a reasonable time frame.
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