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Abstract
Ceramics are brittle due in large part to the limited availability of energy dissipation pathways when they are subjected to 
an impact load. The primary avenue for improving the material reliability and energy-absorption capability is to create new 
energy dissipation mechanisms that can be used to replace or minimize the kinetic energy associated with the debris shat-
tering. In this paper, a computational framework is developed to investigate the relationship between phase composition and 
energy dissipation pathways in polymer derived ceramic (PDC) composites by accounting for the key processing parameters 
and deformation/failure mechanisms. It is found that the phase composition that promotes both the Mullins effect and the 
ligament bridging mechanism can significantly improve the structural integrity of the composite material. A fundamental 
understanding of how to redistribute the impact energy dissipation in a controllable path would hold great promise for fab-
ricating PDC composites with tailored properties.

Keywords  Energy pathway analysis · Polymer-derived ceramic (PDC) composites · Impact simulation · Phase transition 
analysis

Introduction

The route of devising polymer-derived ceramics (PDCs), 
which relies on heat treatment to convert preceramic poly-
mers to ceramics, presents a flexible and energy-efficient 
approach to fabricate a broad spectrum of ceramics and in-
situ ceramic-polymer composites with binary or multinary 
phases [1]. Understanding the relationship among processing 
parameters, phase composition and material response holds 
an important key for property tailoring of PDC composites 
in different engineering applications.

Brittleness and low reliability are the foremost drawbacks 
of conventional ceramics. This is primarily due to the fact 
that slip systems in pure ceramics are limited and difficult 
to activate [2]. Therefore, energy tends to dissipate through 
fracture formation or even debris shattering when plastic 
deformation is negligible. This type of energy dissipation 
pathway leads to sudden brittle fracture and low structure 
integrity in monolithic ceramics. Inclusion of a polymer 

phase in ceramics can change the energy dissipation pathway 
by creating new dissipation mechanisms, such as plastic and 
viscous deformation, which barely exist in pure ceramics. 
Osnes et al. [3] compared the fracture behavior in monolithic 
glass plates and laminated glass plates with polyvinyl butural 
(PVB) interlayer. Both the experiment and simulation results 
demonstrate that the polymer interlayer can effectively retain 
broken glass fragments and increase the material energy 
absorption capability. Deformation of the PVB interlayer 
absorbs energy and in turn reduces the energy transmitted 
to the rest of the structure. Yadav and Ravichandran [4] also 
proved that the penetration resistance of laminated ceramic-
polymer structures is significantly higher than that of mono-
lithic ceramic structures of the same total thickness. Tan 
et al. [5] found that a bioinspired nacre-like zirconia-PMMA 
composite demonstrate a staircase-like fracture behavior 
under cyclic compression. Transition in failure mode from 
the fracture of  ceramic bricks to separation along the inter-
brick polymer phase leads to improved fatigue resistance 
and better structural integrity. Grujicic et al. [6] also pointed 
out that the hierarchical microstructure in ceramic-polymer 
laminated composite plays a critical role in failure/deforma-
tion behaviors. Compared to fabricating ceramic-polymer 
composites through lamination,  polymer-derived ceramics 
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route can directly yield in-situ hybrid/gradient ceramic-pol-
ymer composites through pyrolysis control. Recent advance-
ments in additive manufacturing [7–9] also pave the way 
for tool-less and net-shape fabrication of PDC composites 
with complex microstructure/structure architectures that are 
impossible to make via other processing techniques. How-
ever, the poor linkage among process physics, microstruc-
ture, material response, and key processing parameters have 
limited our ability to tailor properties of PDC composites to 
the level of trial and error.

In this paper, a computational framework is developed 
to understand the correlation between phase composition 
and energy dissipation pathways by accounting for the key 
processing parameters and deformation/failure mecha-
nisms. Calculations in this work concern PDC composites 
that are pyrolyzed from polymethylhydrosiloxane (PMHS) 
crosslinked by divinylbenzene (DVB). Coupled heat trans-
fer and phase transition simulations are carried out first on 
PMHS/DVB samples with varied pyrolysis temperatures in 
“Phase Composition Prediction” section. The phase compo-
sition map of each pyrolyzed sample is extracted and incor-
porated into a finite element model for impact simulation 
as discussed in “Impact model description” section. The 
energy dissipation pathway in each sample configuration is 
elucidated by finding the link between processing parameters 
and deformation/failure behaviors as discussed in “Results 
and Discussion” section. The relations established here can 
be used for future manufacturing of PDC composites with 
tailored mechanical properties.

Phase Composition Prediction

Polymer-to-ceramic phase transition is a highly dynamic 
multiscale and multiphysics event. When the PMHS/
DVB precursor is heated up to 150 °C or higher, poly-
mer decomposition occurs [10]. At the atomic level, this 
process is associated with bond breakage (e.g., Si–H and 

Si–CH3) and new bond formation (e.g., H–H and CH3–H). 
As a result, gaseous products, such as hydrogen, methane, 
and other carbon- and hydrogen-containing species can be 
generated [11]. Ceramic structure starts to form when the 
gaseous molecules are diffused out of the material [12]. 
At the continuum level, ceramic phase formation depends 
on the interplay between gas generation and gas diffusion. 
According to the conclusions of our earlier work [13], the 
total amount of gaseous products that can be generated 
only depends on the pyrolysis temperature. Due to the 
huge discrepancy of thermal properties in polymers and 
ceramics, heat transfer in the ceramic phase and interme-
diate phase is much faster than that in the undecomposed 
polymer region, leading to non-uniform spatial tempera-
ture distribution [14]. Gas diffusion is triggered as a result 
of a spatial gas density gradient. Ceramic fraction f  in the 
intermediate phase is predicted according to

where �release and  �max are the released gas density and the 
maximum gas density that can be generated in a given ele-
ment, respectively. The detailed algorithm, which dynami-
cally updates the thermal properties of the intermediate zone 
by accounting for the real-time temperature field and phase 
composition change, is discussed in considerable detail in 
Ma and Li [13]. The developed multiscale framework can 
be applied to any preceramic polymer systems with arbitrary 
geometries and heating/cooling histories. In this study, we 
consider pyrolyzing a set of square PHMS/DVB plates with 
a thickness of 1 mm, 10 mm and 20 mm, respectively. The 
side dimension of each plate is 160 mm as illustrated in 
Fig. 1a. According to the heating–cooling history in Fig. 1b, 
surface 1 of each plate is heated up from 300 K to 1273 K 
at that heating rate of 0.61 K/s. After 1600 s, cooling starts 
at the same rate on surface 1, while surface 2 is kept at 
300 K during this process. The same heating–cooling cycle 

(1)f =
�release

�max
,

Fig. 1   Scheme of a sample 
configuration and b processing 
history with heating/cooling 
rate of 0.61 K/s and pyrolysis 
temperature of 1273 K
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is applied to surface 2 at 3200 s while the temperature of 
surface 1 is kept at 300 K. Figure 2 illustrates the evolu-
tion of temperature field and phase composition map in a 
plate with thickness of 20 mm at five representative stages. 
It was noticed that only a thin layer of materials at surface 1 
and surface 2 had been fully converted to the ceramic phase 
at t = 6400 s. This phase composition map is extracted and 
implemented in the finite element model in “Impact Model 
Description” section for impact simulation.

Impact Model Description

Finite Element Model Configuration

3D finite element simulations were carried out in ABAQUS/
Explicit to analyze the failure behaviors in a set of pyro-
lyzed samples. As shown in Fig. 3, all four edges of the 
square plate were fixed. A rigid ball with a radius of 10 mm 
impacted the plate with an initial velocity V  = 200 m/s. Con-
tact between the ball and the plate was modeled according 
to the kinematic contact algorithm [15]. Adequately refined 
mesh is required to accurately resolve the stress distribution 
during the ball-plate interactions. It is sufficient to have the 
impact load taken place over the span of 10 elements in the 
thickness direction. The selection of mesh size e in different 
regions follows:

where t0 ≈ 2 × 10−4s is the impact duration, and Cw =
√
E∕� 

is the longitudinal wave speed. The elastic modulus E in 
each region can be determined from the stress–strain curves 

(2)e ≤
1

10
× t0 × Cw,

as shown in Fig. 4b. The density � is calculated according to 
the ceramic fraction f  . In this work, 8-node brick element 
(C3D8) with size from 0.8 mm to 3 mm is employed in the 
following simulations.

Constitutive Modeling

Constitutive Behavior of the Preceramic Polymer Phase

When polymers are subjected to simple tension from their 
virgin state, the stress required for the subsequent reloading 
after unloading is usually less than that following the initial 
stress–strain curve until the material reaches the previous 
maximum stretch. This type of stress softening, which is also 
referred to as the “Mullins effect” [16, 17], can lead to energy 
dissipation due to the damage associated with polymer chain 
disentanglement, chain scission, cross-link breakage, etc. In 

Fig.2   Temperature evolution and corresponding phase transition in a PHMS/DVB square plate with thickness of 20 mm

Fig. 3   Scheme of the impact model
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this work, a modified Yeoh hyperelastic material model [18] 
is employed to describe the constitutive behavior in the prece-
ramic polymer region.

For hyperelastic polymers without the consideration 
of the Mullins effect, the strain energy density W  can be 
decomposed as

where Wdev and Wvol represent the deviatoric and volumet-
ric parts of the strain energy density function, respectively. 
Their mathematical formations follow

where K1 , K2 , K3 , m , p , q , D are the fitting parameters as 
summarized in Table 1 according to the work of Hanson 
et al. [19]. I1 and J are the first stretch invariant and the 
volumetric ratio, respectively.

When the Mullins effect is considered, the damage energy 
dissipation upon the initial stretch and stress softening dur-
ing the subsequent stretches should be accounted for. The 
revised strain energy density function W̃ , which includes the 
damage dissipation function  �(�) and the damage variable 
� , is formulated as

(3)W = Wdev +Wvol,

(4)

{
Wdev = K1(I1 − 3)m + K2(I1 − 3)p + K3(I1 − 3)q, and

Wvol = 1∕D(J − 1)2,

(5)W̃ = (1 − 𝜂)Wdev + 𝜙(𝜂) +Wvol.

According to Volokh [20],  �(�) and � are expressed in 
the form of

Here, Wm
dev

 is the maximum deviatoric strain energy den-
sity within the previous deformation after unloading, and W0 
is the material failure energy density. For the preceramic pol-
ymers considered in this paper, W0 ≈ 1.12 × 106 J/m3 [21]. 
Here, � = 0 represents the zero deformation state, as W̃  is 
reduced to W  according to eqn. (5). � = 0.63 corresponds to 
the maximum stress softening state when Wm

dev
= W0 . The 

stress is resolved by calculating the first derivative of the 
corresponding strain energy function with respect to the 
stretch. Specifically, the deviatoric stress due to the Mullins 
effect is a rescaling of the deviatoric stress of the primary 
material response with the damage variable � . The volumet-
ric stress, on the other hand, remains unchanged even if the 
Mullins effect is taken into account. Fracture in the prece-
ramic polymer phase is modeled according to the maximum 
tensile strength criterion [14]. Shear failure is not considered 
here. A VUMAT subroutine was developed to implement the 
constitutive model.

Constitutive Behavior of the Ceramic Phase

The fully converted ceramic phase follows the isotropic lin-
ear elastic constitutive law before failure occurs. The brittle 
cracking model in Abaqus/Explicit is employed to describe 
the linear post-failure behavior. In this approach, crack ini-
tiation occurs when the maximum principal stress reaches 
the maximal tensile stress �ts . Multiple cracks can initiate 
at a point with crack orientations governed by the principal 
stress directions. Crack growth is modeled through element 

(6)

⎧⎪⎨⎪⎩

�(�) = W0(� + (1 − �) ln(1 − �)), and

� = 1 − exp(
−Wm

dev

W0

).

Fig. 4   a Illustration of phase 
distribution in a 20 mm thick 
sample after complete heating–
cooling cycle with maximum 
temperature of 1273 K under 
the heating rate of 0.63 K/s; and 
b Stress–strain response in the 
intermediate regions

Table 1   Constitutive modeling 
parameters of the preceramic 
polymer phase [21]

K1 0.5
K2 − 0.2
K3 0.1
m 0.75
p 0.9
q 1.85
D 0.00186495
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deletion when the scalar stiffness degradation factor equals 
to 1.

Specifically, the mode I crack growth behavior is deter-
mined by the maximum crack displacement �cd through

where Gf  is the fracture energy per unit area. Here, linear 
stiffness degradation is assumed in the ceramic phase. The 
shear retention model is employed to simulate the stiffness 
degradation in mode II fracture. The corresponding post-
cracked shear modulus �c is defined as

Here �0 = 45.5 GPa is the shear modulus of the uncracked 
material. The shear retention factor � is formulated as [22]

where �ck
nn

 and �ck
max

 represent the current crack opening strain 
and the maximum crack opening strain, respectively. All the 
modeling parameters of the ceramic phase are summarized 
in Table 2.

Constitutive Behavior of the Intermediate Phase

In the intermediate region where the material has started 
polymer decomposition but has not yet reached the fully 
ceramic state, the constitutive relationship is not available 
in the existing literature. In this study, five representative 
intermediate regions are selected according to the range of 
ceramic fraction f  as summarized in Table 3. The ultimate 
strength of region i ( 1 ≤ i ≤ 5 ) is estimated according to

Here �ts_c = 550 MPa [24] and �ts_p = 1.5 MPa[14] are 
the tensile strengths of pure ceramic phase and pure polymer 
phase, respectively. fi is the averaged ceramic fraction in 

(7)�cd = 2Gf∕�ts,

(8)�c = ��0.

(9)� = (1 −
�ck
nn

�ck
max

)� ,

(10)�ts_i = fi�ts_c + (1 − fi)�ts_p.

region i. In each region, the stress–strain relationship before 
reaching the ultimate strength is determined from the simple 
compression simulation as shown in Fig. 4b. 1/8 symmet-
ric model is employed to improve the computational effi-
ciency. The calculated stress–strain response in each region, 
as shown in Fig. 4b, is imported to ABAQUS for material 
property assignment.

Energy Pathway Analysis

During the ball-plate interactions, the mechanical energy is 
primarily dissipated in two modes: energy transfer and 
energy absorption. Energy transfer consists of elastic strain 
energy and kinetic energy, which are transferred back to the 
ball or the environment through vibration and damping. 
Energy absorption, on the other hand, includes permanent 
inelastic deformation and damage-induced fracture energy. 
As shown in Fig. 5, the velocity of the ball starts to decrease 
when it hits the plate. If friction is ignored, the kinetic 
energy of the ball will be fully transferred to the plate and 
stored as the elastic strain energy when no damage or per-
manent deformation occurs. When the ball speed decreases 
to 0, the maximum elastic strain energy of the plate is 
reached. The subsequent rebound is accompanied by the 
recovery of the elastic strain in the plate. This ideal case 
scenario is not applicable to this study as both damage and 
inelastic deformation are associated with the collision pro-
cess. Ball penetration would occur if the kinetic energy of 
the rigid ball exceeds the maximum strain energy that can 
be accommodated by the plate before damage initiation. Pre-
diction of the actual interaction mode, as well as the fracture 
behavior of the PDC composite plate requires calculation of 
the following energy paths: kinetic energy of the ball 
( Eb

K
=

1

2
mbv

2
b
,where mb is the ball mass and vb is the ball 

velocity), kinetic energy of the plate ( Ep

K
=

1

2
∫
mp

v2
p
dmp , 

where mp is the plate mass and vp is the plate velocity), strain 
energy of the plate ( Ep

S
= ∫

Vp
� ∶ �dVp , where � is the stress 

Table 2   Constitutive modeling parameters of the ceramic phase

Density �  [23] 2230 kg/m3

Elastic modulus E [23] 101 GPa
Poisson's ratio �  [23] 0.11
Maximal tensile stress �ts [24] 550 MPa
Fracture energy Gf  [25] 5.36 N/m
Maximum crack opening strain �ck

max
[22] 5e−5

�[26] 2

Table 3   Domain decomposition criterion

Different regions Ceramic fraction

Region P f = 0

Region 1 0 < f ≤ 20%

Region 2 20 < f ≤ 40%

Region 3 40 < f ≤ 60%

Region 4 60 < f ≤ 80%

Region 5 80 < f ≤ 100%

Region C f=100%
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and � is the strain in the plate), energy dissipation via the 
Mullins effect ( Ep

M
= ∫

Vp
�(�)dVp , where �(�) is Mullins 

damage energy density); the fracture energy dissipation of 
the plate ( Ep

F
= ∫

A
GdA , where G is the fracture energy per 

unit crack area and A is the crack area). The detailed energy 
dissipation pathways in different PDC compositions and 
their relationships with mechanical response and processing 
parameters are discussed in “Results and Discussion” 
section.

Results and Discussion

Both idealized and gradient samples are employed for 
energy pathway calculation and failure analysis. Three sets 
of idealized samples with thickness of 1 mm, 10 mm and 
20 mm are listed in Fig. 6, respectively. Each set includes a 
preceramic polymer sample, a ceramic-polymer composite 
sample, and a fully converted ceramic sample. Figure 7 
illustrates four gradient PDC composite samples, which 
are pyrolyzed at 873 K, 1073 K, 1273 K and 1673 K, 

Fig. 5   Scheme of energy dis-
sipation pathways during the 
ball-plate interactions

Fig. 6   Scheme of the idealized samples with thickness of a 1 mm, b 10 mm, and c 20 mm, respectively
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respectively. The pyrolysis follows the heating–cooling 
history as shown in Fig. 1b.

Effect of Phase Composition on Energy Dissipation 
Pathways

Energy pathway calculations are first carried out on ideal-
ized samples with thickness of 1 mm as shown in Fig. 6a. 
In a fully converted ceramic sample, an abrupt increase 
of kinetic energy is observed at 6 × 10−5 s, according to 

Figs. 8a and 9a. This moment, which also corresponds to 
an 80.3% decrease in the stored strain energy, signifies the 
onset of debris shattering. This type of energy redistribution 
is a manifestation of brittle response in the pure ceramic 
plate. The abrupt kinetic energy increase is not observed 
in the pure polymer plate within the same period of time 
as the ball has not gone through the plate yet. The poly-
mer plate keeps being stretched in the thickness direction 
with a linear increase in the strain energy as indicated in 
Fig. 9b. It can be seen from Figs. 8c and 9c that a sym-
metric ceramic-polymer composite sample with a ceramic 
fraction of 67% can slightly postpone the ball penetration. 
This sample composition also leads to a greater amount of 
absorbed strain energy compared to that of the pure ceramic 
plate. Most importantly, inclusion of the polymer phase can 
significantly alleviate debris shattering as shown in Fig. 8c. 
The reason is several-fold. Firstly, crack propagation in a 
pure ceramic plate tends to be localized, as the fracture-
impacted area is only slightly larger than the ball accord-
ing to Fig. 8a. In contrast, a much larger fracture-impacted 
area is observed in the ceramic-polymer composite sample, 
leading to higher fracture energy dissipation. As illustrated 
in Fig. 8c, crack branching along the radial direction is 
quite prominent in addition to the crack propagation in the 
circumferential direction. It is noted that this fracture pat-
tern includes many uncracked ligaments, which bridge the 
radial cracks and circumferential cracks. This toughening 

Fig. 7   Phase composition of 20 mm gradient samples under different 
maximum pyrolysis temperatures

Fig. 8   Energy pathway analysis and failure mode in a pure ceramics, b pure polymers, and c ceramic-polymer composites. Plate thickness is 
1 mm
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mechanism allows the material to continue absorbing addi-
tional strain energy without immediately losing its load 
bearing capacity. Additionally, the enlarged damage zone 
in the ceramic-polymer composite sample not only promotes 
greater fracture energy dissipation, but also results in more 
pronounced energy dissipation due to the Mullins effect. 
This is because the ceramic-polymer composites can expe-
rience multiple loading–unloading cycles during the ball-
plate interactions. First, microcrack initiation leads to local 
material unloading. Due to the ligament bridging effect, the 
adjacent regions can continue to carry load before further 
damage progression is reached. The irreversible energy dis-
sipation due to stress softening and fracture surface crea-
tion can effectively accommodate the kinetic energy that 
is allocated for debris shattering in the pure ceramics. The 
redistributed energy pathways ultimately lead to improved 
material integrity and energy absorption capability in the 
ceramic-polymer composites.

Effect of Plate Thickness and Ceramic Fraction 
on Energy Dissipation Pathways

Results from “Effect of Phase Composition on Energy Dis-
sipation Pathways” section indicate that lamination of a 
polymer layer in the middle of a 1 mm ceramic plate can 
lead to higher strain energy absorption and better material 

integrity. In this section, the roles of plate thickness and 
ceramic fraction on material response and energy dissipa-
tion pathways are quantitatively studied. In the first set of 
study, we consider 1 mm plates with ceramic fraction f  
of 33%, 67%, 90% and 100%, respectively. We find simi-
lar trends as discussed in “Effect of Phase Composition 
on Energy Dissipation Pathways” section. Decreasing f  
from 100 to 33% can postpone the ball penetration time 
from 6 × 10−5 s to 8 × 10−5 s. The moment of ball pen-
etration corresponds to the sudden increase in kinetic 
energy (Fig. 10a) and abrupt decrease in strain energy 
(Fig. 10b). It is interesting to notice that increasing f  also 
leads to earlier saturation of the Mullins energy and a 
lower plateau value. The Mullins effect completely disap-
pears when f  reaches 100%. Although the sample with 
f = 33% yields the highest plateau value, its initial Mullins 
energy dissipation is even lower than the samples with 
f = 67% and 90% as shown in Fig. 10c. This is because 
the Mullins energy dissipation requires repetitive loading/
unloading cycles that are triggered by the crack growth 
and vibration. Prior to the ball penetration at 8 × 10−5 s, 
the 33% sample is in the pure “stretching” mode with neg-
ligible damage-induced unloading behavior. When ball 
penetration occurs, its Mullins energy quickly picks up 
as cracks start to grow in both radial and circumferential 
directions. As illustrated in Fig. 11, the 33% sample has 

Fig. 9   Comparison of a kinetic energy, b strain energy and c Mullins effect associated energy distribution in samples in Fig. 6a

Fig. 10   Effect of ceramic fraction f  on a kinetic energy, b strain energy and c Mullins effect associated energy distribution in 1 mm thickness 
samples. Here f = 33%, 67% , 90% and 100% , respectively
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the largest fracture zone with the longest radial cracks. 
Therefore, a larger portion of the material can engage in 
the loading/unloading cycles, leading to more pronounced 
Mullins effect. According to our analysis, a 1 mm compos-
ite plate with f = 33% and 67% can effectively eliminate 
debris shattering by converting the kinetic energy into 
fracture energy and Mullins energy. However, it should 
be noted that the 33% sample exhibits the lowest strain 
energy after ball penetration. This indicates that there is 
a trade-off between the structural integrity and load bear-
ing capacity. Decreasing the ceramic fraction from 67 to 
33% does not help much with the structural integrity. But 
it can significantly jeopardize the load bearing capacity as 

the strength in ceramic phase is almost 367 times than that 
in the polymer phase. In this set of study, the sample with 
f = 67% exhibits the most balanced load-bearing capacity 
and structural integrity.

In the second set of study, energy density is employed due 
to the change of sample volume when the thickness varies. 
According to Fig. 12a, a sudden increase in kinetic energy 
density is observed in all the pure ceramic plates regardless 
of the thickness. The increase of plate thickness from 1 to 
20 mm, although postponing the time for ball penetration 
from 0.7 × 10–4 s to 1.4 × 10–4 s, does not change the brittle 
response because the remaining strain energy densities after 
the sudden drop are all kept at low levels, as indicated in 

Fig. 11   Effect of ceramic fraction f  on fracture patterns. The sample thickness is 1 mm

Fig. 12   Comparison of a kinetic 
energy density, b strain energy 
density, c fracture energy 
density, and d Mullins damage 
density in plates with varying 
thickness and ceramic volume 
fraction. Solid and dashed lines 
represent composite and pure 
ceramics, respectively
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Fig. 12b. When the ceramic fraction is reduced to 85% in the 
10 mm and 20 mm composite plates, lower magnitudes of 
kinetic energy increases are observed compared to their pure 
ceramic counterparts. Further decrease of ceramic fraction 
to 67% in the 1 mm composite plate can significantly allevi-
ate the kinetic energy jump, while maintaining almost four 
times higher strain energy density than the rest of the cases 
as shown in Fig. 12a. Additionally, the corresponding energy 
dissipations due to fracture surface formation and Mullins 
effect are the highest in the 1 mm composite sample as illus-
trated in Fig. 12c, d. The above calculations indicate that the 
kinetic energy redistribution only occurs in a limited ceramic 
region that is adjacent to the polymer phase. The ligament 
bridging mechanism, which improves material strength and 
integrity by gluing the fractured ceramic pieces without scat-
tering, becomes less effective in the ceramic regions that are 
not in direct contact with the polymer phase. This can be 
seen from Fig. 13b that the 20 mm composite plate exhibits 
the most extensive debris shattering when ball penetration 
occurs. Apparently, the polymer phase is unable to keep all 
the fracture pieces in place as it did in the 1 mm sample. 
Reducing the composite plate thickness from 20 to 10 mm 
while keeping the same ceramic fraction does not signifi-
cantly promote the Mullin’s effect related energy dissipation. 
This is because the fracture pattern is still localized without 
noticeable radial crack branching as observed in Fig. 13a.

It can be inferred from the above discussion that replacing 
the pure ceramic phase with a gradient polymer-to-ceramic 

phase may improve the energy absorption and structural 
integrity of a thick composite plate. The unique polymer-
to-ceramic phase transition in PDCs allows fabrication of a 
broad spectrum of ceramic-polymer composites with con-
trollable phase composition and mechanical response. The 
following section focuses on the energy dissipation pathways 
in gradient PDC samples that are pyrolyzed under different 
temperatures as illustrated in Fig. 7.

Effect of Pyrolysis Temperature on Energy 
Dissipation Pathways

In this set of calculations, four gradient ceramic-polymer 
samples with thickness of 20 mm are considered as shown 
in Fig. 7. It should be noted that the two samples processed 
under 873 K and 1073 K have undecomposed polymer phase 
in the middle of the plate. When the pyrolysis temperature 
increases to 1273 K, the pure polymer phase no longer exists. 
Instead, the fully converted ceramic phase starts to emerge 
from the outer surface of the sample. The change of phase 
composition results in different energy dissipation mecha-
nisms. It can be seen from Fig. 14 that a higher pyrolysis 
temperature can lead to an earlier and higher kinetic energy 
jump. This corresponds to a more brittle material response 
as a greater amount of strain energy is released. As shown in 
Fig. 15, debris shattering is observed in the gradient sample 
with a pyrolysis temperature of 1673 K. This is because 
insufficient residual polymer phase is available to “glue” the 

Fig. 13   Fracture patterns of 
ceramic-polymer composites in 
the contact plane and thickness 
plane

Fig. 14   Comparison of a kinetic energy density, b strain energy density and c Mullins energy density in gradient samples



415Journal of Dynamic Behavior of Materials (2022) 8:405–417	

1 3

fractured pieces without shattering. As shown in Fig. 14c, 
the energy dissipation due to the Mullins effect at 1673 K is 
the lowest among all the cases. The strain energy released 
from the plate is largely transferred to the kinetic energy of 
the debris, as indicated in Fig. 14a. It should be noted that 
the lowest pyrolysis temperature of 873 K, although leading 
to a more ductile material response and improved structural 
integrity due to the enhanced Mullin’s effect, can compro-
mise the material’s strength. As shown in Fig. 14b, the gra-
dient sample pyrolyzed at 1073 K exhibits high strength that 
is comparable to samples pyrolyzed at 1273 K and 1673 K. 
At the same time, it maintains the good properties that are 
observed at 873 K, such as excellent structural integrity and 
additional load bearing capacity when fracture initiates. We 
further compare the performance of the 20 mm gradient 
sample pyrolyzed at 1073 K (Sample a) with the idealized 
laminate samples with thickness of 1 mm (Sample b) and 
20 mm (Sample c) as discussed in “Effect of Plate Thickness 
and Ceramic Fraction on Energy Dissipation Pathways” sec-
tion. The results shown in Fig. 16 indicate that the gradient 
sample can better mitigate the impact load than the idealized 
laminate sample (Fig. 13) when the thickness is 20 mm. The 
intermediate phases, especially those with higher polymer 
fraction in the middle of the sample, can promote energy 
dissipation through the Mullin’s effect. It is also noted from 
Fig. 16b that the gradient sample exhibits the highest resid-
ual strain energy density when ball penetration occurs. This 

proves the earlier hypothesis that replacing the pure ceramic 
phase with a gradient polymer-to-ceramic phase can improve 
the energy absorption and structural integrity of a thick com-
posite plate.

The above discussion points out that an effective way to 
improve the structure integrity of a ceramic-polymer com-
posite without sacrificing too much of its strength is to create 
a gradient composition, in which the brittle ceramic phase 
is bonded by a ductile polymer or an intermediate phase. 
The polymer-derived ceramics (PDC) route, which provides 
great flexibility in phase composition control, is especially 
useful for fabricating thick composite plates with complex 
internal features where traditional laminating processes are 
not applicable.

Summary

A computational framework was developed to investigate 
the energy dissipation mechanisms in polymer derived 
ceramic composites and their effect on mechanical response. 
Calculations concern both idealized and gradient ceramic-
polymer composites that are pyrolyzed from PMHS/DVB 
preceramic polymers with systematically varied pyrolysis 
temperatures. It was found that debris shattering in a fully 
converted ceramic plate upon impact loading is due to its 
limited energy dissipation pathways. This is because, in the 

Fig. 15   Fracture patterns in gra-
dient samples pyrolyzed under 
873 K, 1073 K, 1273 K and 
1673 K, respectively. Middle 
cross-section is selected

Fig. 16   Comparison of the a kinetic energy density, b strain energy density and c Mullins energy density in the 20 mm gradient sample (Sample 
a), 1 mm idealized laminate sample (Sample b) and 20 mm idealized sample (Sample c)
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absence of inelastic and viscous deformation, the kinetic 
energy from the impactor cannot be fully accommodated by 
the plate through fracture surface formation. Therefore, the 
remaining kinetic energy has to be dissipated through the 
flying debris. Inclusion of the polymer phase to the existing 
ceramic plate can redistribute the kinetic energy by creating 
new energy dissipation mechanisms. The analysis reveals 
that a much larger fracture-impacted area is observed when 
the polymer phase is introduced. The changed fracture pat-
tern not only leads to higher fracture energy dissipation, but 
also prevents debris shattering due to the combined Mul-
lins effect and ligament bridging effect. It was also found 
that the gradient polymer-ceramic composite, which is fab-
ricated through the polymer-derived ceramic (PDC) route, 
can provide additional flexibility in energy dissipation path-
way control and property tailoring. Careful selection of the 
pyrolysis temperature can yield gradient composition that 
leads to improved structural integrity without sacrificing the 
material strength.

The computational work developed here can be extended 
to other PDC configurations that are pyrolyzed under arbi-
trary heating–cooling conditions. Building the linkage 
among the process physics, material response, and key pro-
cessing parameters can provide more direct guidance for 
design and manufacturing of ceramic-polymer composites 
with tailored properties. The approach to fabricating gradi-
ent PDC composites is especially useful for structures with 
complex geometries where traditional polymer laminate 
technology is not applicable.
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