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Abstract

Layered structures have been suggested to improve the thermal shock resistance of refractories. Owing to the fast
temperature increase of the outer surface, high thermal tensile stresses occur inside the refractory. Depending on the
intensity of thermal shock and the material, cracks may arise and grow through and between the layers. To study
the behavior of such a crack system and the influence of interfaces on it, a symmetrically layered strip is considered.
The cracks through the layers and along the interfaces are modeled using cohesive zones. Systematic changes of the
cohesive parameters and their consequences on crack growth through the layers of the strip are shown.
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I. Introduction

Within the framework of the Priority Program SPP 1418
“FIRE” layered or functionally graded materials have
been suggested as a way to improve the thermal shock
resistance of refractories with minimized carbon content.
The avoidance of carbon would improve the steel produc-
tion process significantly, not just because of the lower
CO and CO, emissions.

During the developmentand fabrication of layered struc-
tures based on thin tape-cast ceramic layers !, the impor-
tance of the interface properties came into focus. Design in
this respect influences the ability to properly fabricate lay-
ered ceramics without failure during the sintering process
and also of the refractories to resist severe thermal shocks.

In response to sudden high temperature changes, high
thermal tensile stresses arise and may lead to the forma-
tion of cracks. In layered structures, these cracks are able
to branch from the bulk into the interfaces between the
layers depending on the interface properties, which is al-
so described by Lemaitre 2. Because of this effect, a crack
may arrest and failure of the total structure can be obviat-
ed. Clegg er al. 3 described a simple way to create layered
ceramics with weak interfaces by coating the layers with
graphite. It was shown that thisleads to substantially high-
er fracture energy.

Davis et al. # presented a fabrication method for mul-
ti-layered ceramics with porous interlayers for deflecting
cracks. The big problem of finding suitable material has
been pointed out with references to other studies. Fracture
behavior of layered strips with textured layers has been
studied by Pavlacka et al. 5 Crack deflection in these lay-
ers are shown in notched bars in bending tests. Harmer et
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al. 0 also briefly outlined different ways for improving ce-
ramics. They listed methodslike laminar ceramic-polymer
composite designs, sandwich constructions with tougher
surface layers, 7 structures consisting of inner layers with
the ability to transform into a monoclinic phase for ar-
resting cracks or the improvement of layered structures
with residual stresses to compensate for stresses caused by
loading. Lakshminarayanan and Shetty 8 used the phase
transformation in the outer layers of a three-layered ce-
ramic to create residual stresses. In other studies, these
stresses are created by laminating materials with different
thermal expansion coefficients 1, 10-17. Bermejo ez al. 18,19
studied the influence of three different layer thickness ra-
tios in symmetrically layered ceramics on their fracture
behavior under bending. Thereby residual stresses due to
phase transformation and different thermal expansion co-
efficients are calculated and experimentally determined by
means of the indentation method.

Theoretical investigations on mixed mode loading of dif-
ferent cracks in layered structures and experimental setups
are described by Hutchinson and Suo 20. Lube ez al. 13 de-
termined the effective fracture toughness of laminates with
residual stresses resulting from different thermal expan-
sion coefficients of thelayers. They calculated the stress in-
tensity factor of an edge crack (depending on crack length)
through the layers with a fracture mechanical weight func-
tion (for homogeneous material) and showed the effect of
different thickness ratios of the layers, influence of ratio in
Young’s modulus and thermal expansion on the shielding
effect (effective R-curve). Zhang, Telle and Uebel 2! used
a discrete element model to study the damage of layered
ceramics with weak interfaces as caused by three-point-
bending. In this study the number of interfaces and their
weakness were varied. Sevelek et al. 17 studied an in-plane
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edge crack in an alternating layered ceramic with residual
stresses due to cooling down from sintering temperature
(mismatch of thermal expansion coefficient). They varied
the crack length and the layer thickness and predicted the
onset and propagation of such a surface crack by analyzing
the stresses and energy release rate of the crack calculated
based on the J-integral. Investigations on bifurcation of a
crack in layered ceramics with strong interfaces were per-
formed in several studies 22-26, In these studies, the influ-
ence of residual stress ratio of two neighboring layers on
the bifurcation is shown and, on this basis, advice is giv-
en about the thickness of the compressive layers 24. With
regard to high-temperature shielding applications, ther-
mal barrier coatings are studied in a wide range of investi-
gations 27-39. Optimizations of layered ceramics with re-
gard to layer thickness and material order are performed
by Hein et al. without 40 and with consideration of resid-
ual stresses 1,16 using an optimization method that com-
bines Monte Carlo simulation and evolution strategies.
However, these investigations were just based on contin-
uum mechanics, so interface strength or any possibility of
damage along interfaces or through layers (crack nucle-
ation or propagation) were not taken into consideration.

In this study, a symmetrical layered strip is examined
in order to study crack propagation through the layers
and the branching of cracks into the interfaces caused by
thermal shock. The question of how the strength of layers
and interfaces affects crack growth is investigated. For this
purpose, cohesive elements are used to model the possible
crack path through the layers along the symmetry plane
and along the interfaces.

II. Finite Element Simulation of Thermal Shock Be-
havior and Crack Propagation

Along strip (inx3-direction) loaded by a sudden temper-
ature change AT(x{=0)= 7>0K (rapid heating) on the en-
tire left surface shows a thermal stress distribution ay,(x4)
of compression near the surfaces (left and right) and ten-
sile stresses inside the strip 16: 40,41, The stresses depend on
the material properties and the current temperature distri-
bution. If they reach the critical material strength, damage
occurs. To examine such behavior, asymmetrically layered
strip is considered. This strip consists of Al,O3 (porosity
P=25%)and MgO (P =30 %) distributed in five layers in
symmetrical order as shown in Fig. 1a (half model).
Assumptions are a sudden temperature jump of
T =400 K on the loaded surface x; =0 and a fixed tem-
perature (initial temperature) on the surface x; = W, while
all other boundaries have adiabatic boundary conditions.
Furthermore, all boundaries are stress-free. Owing to
symmetry, the strip can be modeled as a half model. Fig. 1b
presents the temperature (blue lines) and stress (red lines)
distribution at ¢ = 0.01 s (dashed line) and at £ = 1 s (solid
line) caused by this thermal shock without consideration
of residual stresses as done by Hein and Kuna 16.

Because of dominant stresses in x,-direction, damage
evolution in x{-direction through the bulk material (along
the symmetry plane) can be assumed. The realization of
a damageable symmetry plane via cohesive contact/ele-
ments 4243 in the finite element program Abaqus 44 is vi-
sualized in Fig. 2.
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Fig. 1: Thermally shocked layered strip: (a) Half model; (b) Tem-
perature (blue) and thermal stress (red) distribution at ¢ = 0.01 s
(dashed) and £ =1 s (solid).
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Fig. 2: Layered strip with cohesive contact to a rigid surface.
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Thereby, the contact is defined between the half model
of the layered strip and a fixed analytical rigid surface that
is located in the symmetry plane. The contact definition is
simplified by springs having an effective stiffness

Kgs=(1-D)K, (1)

which is given by the local damage variable D € [0, 1] and
the stiffness K of the undamaged state. Here, the contact
should follow locally the bilinear traction-separation-law
as shown in Fig. 3.
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Fig. 3: Bilinear traction-separation-law of the cohesive contact.

v

Starting from undamaged state, the traction ¢ increases
linearly with increasing separation §

o=Ké 2)
until the cohesive strength ¢¢ is reached. Then damage oc-

curs (D > 0) until total damage (D = 1) is reached at a sep-
aration #f. Thereby, the tractions are given by

o=Ké=(1-D)KGé. 3)

The area below this traction-separation curve describes
the cohesive energy G¢ at total failure.
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In the two-dimensional case, equation (2) can be written
analogously with respect to tractions and separations in
normal (-),, and shear direction (-),

On Koy Kis On _
e <05> (Kns KSS> (55) _gé. ®

Here, we assume an independent, uncoupled behavior
in each direction. So, the stiffness K, ; vanishes. Also K
should be zero (or negligibly small, because of numerical
reasons) to allow a free thermal expansion in x{-direction.
In this work, the influence of the interfaces on crack prop-
agation is studied. So, the interfaces are also modeled with
cohesive elements (dashed lines in Fig. 2). There, neither
the stiffnesses in normal nor in shear direction can be ne-
glected.

In Abaqus the damage variable is calculated by 44

5f (5 max _ s O)
= 5max (5f_§0),
where §max describes the maximum of separation the node

has reached in the loading history until the current time
step. However, this is equal to

®)

max
a

D=1-"5 (6)

using tractions £ = K §max that would exist in a model
without damage. The mismatch to a desired definition

with ¢™¥ =4 (5™, D) 7)

- g max

D=1-

a

becomes obvious especially for very stiff cohesive ele-
ments (large K). To correct this, a description D = D(D)
can be found by using

gmax — (1 _D)Kﬁmax (8)
in equation (7) to get émaX, which should be plugged in
equation (5). This way, the damage variable

D . 5 K
— = withAf=
Dr-Dyar VAT ©)

can be formulated 45.

D=

III. Results and Discussion

Material parameters of MgO and Al,O3 with porosities
of P=30% and P =25 % are listed in Hein 16. Parameters
of the cohesive zones shown in Table 1 are chosen without
experimental exploration on real ceramics. Default values
are underlined.

Table 1: Parameters of the cohesive zones.

To differentiate between interface parameters and bulk
properties of MgO and Al,O3 the superscripts (-)1, ()M
and (-)A are used here.

Fig. 4 shows the damage evolution through the layers
D(x;)along the symmetry plane at different times until the
thermal steady state att = 1 s is reached.
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Fig.4: Damage ﬁ(xl) at € {0.001, 0.005, 0.01, 0.1, 1}s due to
T =400 K (Al,O3 and MgO bulk strength o¢4 = ¢¢M = 60 MPa).

Thereby, the bulk strength of Al,O3; and MgO is
oA = A = A = ;M = ;M — ;M — 60 MPa, while the in-
terface shear strength o< is varied between 30 MPa (dashed
line) and 50 MPa (cross symbols). As it can be seen, there
is no effect of this variation on D(x;). Damage starts in
the first layer near the first interface and grows mainly
through the second and third layer until ¢ = 0.1 s. Then,
the damage increases just in the first layer. A maximum
of D(x;) around 21 % near the second interface can be
found.

To get full damage of cohesive zones through at least two
layers, the thermal shock has to be increased to T=700K
as it can be seen in Fig. 5 in comparison to Fig. 4.

Fig.5 illustrates, how damage of the first interface in-
fluences damage D(x;) through the bulk at different
times. Thereby, the interface shear strength is set to be
o =30 MPa.

The damage evolution is similar to the weaker thermal
shock, but with total failure D =1 of the second and third
layeratz=0.1s.The damage of the bulk in earlier time steps
is similar to the bulk damage without considering the first
layer to be damageable (solid line). Reaching nearly the
thermal steady state at 7 = 1 s, the damage of the first inter-
face leads to an additional failure of the first layer (dashed
line). Total damage of the first three layers is achieved at
t=1sand can be seen in Fig. 5.

Property Bulk Interfaces
ALO; | MgO
K., [N/mm?3] 1-109
K [N/mm3] 1 1-107
7y [MPa] {60, 120}
{60, 120} {60,80, 100, 120}
/¢ [MPa] (30,50}
Ge [N/mm] 0.15 {0.05, 0.15, 0.25)
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Fig. 5: Influence of the first interface’s damage on damage D(x;) at
different times ¢ € {0.001, 0.005, 0.008, 0.1, 1}s due to T'= 700 K.

The influence of interface shear strength <! € {30,50} MPa
on crack growth through the layers is shown in Figs. 6 and
7.1t can be seen that a higher interface shear strength leads
to less damage D(x).
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Fig. 6: Influence of the bulk strength of MgO +M e {60, 80, 100,

120} MPa (interface: (¢< = 30 MPa) on damage D(x;) atz=1s due
to 7'=700 K.

1.00
M| W |H|E: oM[MPa]= 6080|100 | 120
0.80
| - = ~
0.60 - 8
D y //:”/) o \\\ y
0.40 ,’,‘, Pl oM T\\\\L
A IR
0% \\\ N
020 £ 3x+/7 NN
=27 AR
\\\ \\
0.00 SIS
0.0 0.5 1.0 15 20 2.5
x; [mm]

Fig. 7: Influence of the bulk strength of MgO oM € {60, 80, 100,
120} MPa (interface: ¢ = 50 MPa) on damage D(xq) att = 1 s due
to 7=700 K.

In this study, the bulk strength along x is also var-
ied by decreasing the MgO strength «M e {60, 80, 100,
120} MPa, while the strength of Al,Oj3 is fixed to be
oA = g = 5 = 120 MPa. Choosing the shear strength
of the interfaces to be ¢¢! = 30 MPa results in almost to-
tal failure of the first three layers as shown in Figs. 5 and
6. In this case, the decrease in the MgO bulk strength M
results in just a total failure of the first and third layer, but
no longer of layer 2. With increasing strength ¢*M of the
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MgO, D increases in the second layer (first MgO-layer)
and decreases in the second MgO-layer (black arrows in
Fig. 6), while stronger MgO leads to less damage in all lay-
ers for &8 = 50 MPa, which is also highlighted by the black
arrows in Fig. 7.

Figs. 8,9 and 10 show the damage variable along the coor-
dinate x, of the first three interfaces. The fourth interface
never fails, i.e. the cohesive contact is neglected there.
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Fig. 8: Influence of the MgO bulk strength «*M e {60, 80, 100, 120}
MPa and interface shear strength ¢¢' € {30, 50} MPa on damage
D(x,) of the first interface atz = 1°s.
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Fig. 9: Influence of the MgO bulk strength +<M e {60, 80, 100, 120}
MPa and interface shear strength o' € {30, 50} MPa on damage
D(x,) of the second interface atz =1s.

A look at the first three interfaces in Figs.8, 9 and 10
shows clearly the influence of the shear strength ¢ in
these interfaces on D(x,). Higher ¢¢' values result in less
interface damage (red arrows).

1006
: B W |E[E: oM [MPa= 6080|100 | 120
0.30: o ol =30 MPa
: + ol =50 MPa
]
_0s0pe
D Po s D oo,
040 "7 e SR
40 - Sol N \a:s JCM T
SN \\ S\Q
a NN
PR
020 \&/g?:\
cl o, X T\&
O © \\qg\
Sal ST NS
0.00 4 = = DRCR N
0. 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
X, [mm]

Fig. 10: Influence of the MgO bulk strength «*M € {60, 80, 100, 120}
MPa and interface shear strength ¢& € {30, 50} MPa on damage

D(x;,) of the third interface at r = 1 s.
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The effect of the bulk strength ¢M in MgO on the dam-
age of the interfaces is not uniform for all interfaces. While
D(x,) is decreased for increased ¢*M in the second inter-
face, the damage behaves contrarily in the third interface
(black arrows) and seems to be influenced randomly by the
bulk strength of MgO in the first interface.

If the interface normal strength is decreased to
08 = 60MPa compared to ¢¢ = 120MPa in the stud-
ies before, the damage along the symmetry plane in the
bulk is almost not affected. Finally, the influence of the
interface cohesive energy G¢l € {0.05, 0.15, 0.25} N/mm
on the bulk damage D(x;) is examined. A higher G¢
means a larger separation #f at total failure D = 1 of the
cohesive contact, if K and the cohesive strength o¢ are
kept constant.

Fig. 11 shows the influence of G¢I and MgO strength
oM € {60,80,100, 120} MPa on D(x) for interface shear
strength ¢ = 30 MPa.
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Fig. 11: Influence of the G € {0.05, 0.15, 0.25} N/mm on the bulk
damage D(x;) att =1sdueto T =700 K (interface: 6¢' = 30 MPa).

Thereby, with an increase in G¢I, less damage in the sec-
ond layer and higher damage in the fourth layer are ob-
tained.

In case of higher interface shear strength ¢¢! = 50 MPa,
G*! has nearly no influence on D(x) for the studied co-
hesive energies of G¢l € {0.05, 0.15, 0.25} N/mm and bulk
strength «*M e {60, 80,100,120} MPa in MgO.

IV. Conclusions

A symmetrically layered strip and its damage evolution
through the layers and along the interfaces caused by one-
sided thermal shock of AT =700 K are studied. Because of
the thermal stress distribution, amode I crack propagation
through the bulk material of the layers is assumed. This
study is focused on the influence of the interfaces on this
crack propagation and crack branching into the interfaces.
Therefore, the possible crack paths through the layers and
along the interfaces are modeled by using cohesive contact
in the FE-program Abaqus. The damage value provided
by Abaqus needs to be reformulated in order to have a
damage value based on the cohesive strength as written
in equation (7) instead of imaginary values as shown in
equation (6).

With systematic variation of the cohesive properties, the
damage evolution is calculated until the thermal steady
state is achieved. It can be seen that the interface shear
strength has the main effect on crack propagation. With

decreased shear strength, damage along the interfaces in-
creases and leads even to total failure of the first three lay-
ers. Moreover, a reduced MgO bulk strength (in compar-
ison to Al,O3) causes higher damage values through the
neighboring Al,Oj layers.

The cohesive energy G¢I influences crack propagation
mainly for lower shear strength of the interfaces. Its effect
on damage can be neglected for higher shear strength.

Because shear mode II dominated crack opening along
the interfaces, the variation of the normal strength in the
interfaces does not have any influence on the damage
through the layers either.

The results of this study are not valid for every lay-
ered structure or every thermo-mechanical boundary val-
ue problem. Each structure and loading situation has to
be investigated on its own. Regarding an optimization of
thermal shock resistance, not just the number of layers,
their thicknesses and material properties need to be deter-
mined, the cohesive parameters of the interfaces and bulk
materials are also important properties of interest. This
makes optimization very complex and time consuming.
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