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1  |   INTRODUCTION

Since Clegg et al1 were successful in producing weak in-
terfaces in laminated ceramic composites to obtain a non-
catastrophic failure, several studies were done presenting 
ceramics with laminar structures as an effective alternative 
to overcome the typical brittleness of monolithic ceramics, 
to avoid catastrophic failure, to modify the crack path, and to 
increase fracture toughness.

One approach widely used for ceramic laminates is to gener-
ate compressive residual stresses in layers due to different coef-
ficients of thermal expansion (CTE), considering interfaces with 

strong adhesion. The idea is to achieve high levels of compres-
sive stresses in these layers to control or oppose crack propaga-
tion, activating toughening mechanisms as crack arresting, crack 
bifurcation, and microcracking. Thus, it is possible for laminates 
to enhance fracture toughness and to absorb more energy during 
failure, compared to reference monolithic ceramics.2-11.

Another way to enhance toughness in laminates is to 
produce weak interfaces or layers to cause crack deflection. 
This behavior strongly depends on the fracture energy and 
Young's modulus of weak and strong layers of the compos-
ite. The volume fraction of pores and the pore interaction 
have an important contribution to ensure that crack continues 
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Abstract
Tapes of TiO2-MnO-doped alumina (d-Al2O3) and pure alumina (Al2O3) were shaped 
via tape casting. Laminates with three different layer numbers and respective thick-
nesses were produced and sintered at 1200°C. The microstructure and mechanical 
behavior of laminates were investigated and compared to the respective monolithic 
references (d-Al2O3 and Al2O3). The use of dopants in alumina decreased the initial 
sintering temperature, leading to higher densification at 1200°C (~98% theoretical 
density (TD)) when compared to Al2O3 (~73% TD). The higher density was reflected 
in a higher Young's modulus and hardness for doped alumina. A region of diffu-
sion of dopants in pure alumina layers was observed along the interface with doped 
layers. The mechanical strength of d-Al2O3 samples sintered at 1200°C was not 
statistically different from Al2O3 samples sintered at 1350°C. The strength of lami-
nates composed of doped layers with undoped, porous interlayers did not change. 
Nevertheless, as the thickness of these porous interlayers increases, a loss of strength 
was observed. Monolithic references showed constant values of fracture toughness 
(KIC), ~2 MPa·m1/2, and linear crack path. On the other hand, KIC of laminates in-
creases when the crack propagates from weak Al2O3 layers to dense d-Al2O3 layers.
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propagating in the weak layer or interface. The porosity in 
these materials is normally produced by introducing fugitive 
pore former agents, such as starch, graphite, or polymers.12-18

On the other hand, tailoring the sinterability of a ceramic 
laminate in both strong and weak layers is possible by using 
starting powders with different particle sizes or dopants to re-
duce sintering temperatures.19 The sintering driving force is 
inversely proportional to the particle size. The finer the par-
ticles, the faster the sintering rate. Thus, sintering for smaller 
particles occurs at lower temperatures, due to the smaller 
diffusion distances. There is also a relationship with melting 
temperature, which decreases with lower particle sizes.20,21

The use of sintering aids as titanium and manganese oxides 
has been proved effective to lower alumina sintering tempera-
ture and to promote crystal growth. Winkler et al22 have used 
TiO2 as a sintering aid and grain growth promoter for alumina. 
Jones, Cutler and co-authors23,24 added a total of 4 wt% man-
ganese and titanium oxides or copper and titanium oxides, and 
the result was an effective reduction in the sintering temperature 
to the range of 1300 to 1400°C. Kostić et al25 achieved ~95% 
theoretical density (TD) after sintering alumina at 1300°C with 
5 wt% of a TiO2/MnO mix, contrasting with 58% TD obtained 
for pure alumina submitted to the same heat treatment. Xue 
and Chen26 used a colloidal process for alumina with 0.9 mol% 
CuO + 0.9 mol% TiO2 + 0.1 mol% MgO + 0.1 mol% B2O3. 
As a result, they sintered alumina at 1070°C for 1  hour and 
obtained 99.3% TD. Sathiyakumar and Gnanam27 also used 
colloidal processing with MnO and TiO2 as sintering additives. 
The authors reduced the sintering temperature from 1550°C to 
1200°C-1250°C, reaching 99.2%–99.6% TD.

One of the most used methods to obtain reliable results of 
fracture toughness as a function of crack length in ceramics 
composites is the Single Edge “V” Notch Beam (SEVNB) 
technique.28,29 A device developed by Jelitto et al30 uses the 
SEVNB method in a very stiff apparatus that allows the crack 
to stably grow. By performing several loading-unloading 
cycles, many values of fracture toughness at different crack 
lengths can be obtained with one single specimen.10,30-32

In this work, alumina-based laminates were produced by 
tape casting with tailored weak interlayers created via partial 
sintering. Nondoped alumina is supposed to produce less dense, 
weaker layers than the TiO2-MnO-doped dense layers, enhanc-
ing fracture toughness and creating a particular R-curve behavior. 
Microstructure, mechanical behavior, and crack propagation were 
characterized and correlated with the laminate configurations.

2  |   MATERIALS AND METHODS

Two different starting powders were chosen to produce the ce-
ramic laminates. The first powder is the high-purity submicro-
metric alumina powder Taimicron TM-DAR (Al2O3, Taimei 
Chemicals, Japan), with an average particle size as received of 

150 nm. The second powder is a mixture of the Taimicron TM-
DAR with 1.68 wt% titanium dioxide (TiO2, Kemira, Finland) and 
2.32 wt% manganese oxide (MnO2, Sigma-Aldrich, Germany). 
This mixture was produced utilizing high-energy ball milling and 
achieved a final average particle size of 220 nm.

Ceramic slurries for tape casting of each of these powders 
were produced using 21 vol% solid loading. In the first step, the 
powder was deagglomerated in deionized water with the addi-
tion of a dispersing agent (Darvan C-N, Vanderbilt Minerals, 
USA) using ball milling for 4  hours. Then, a binding agent 
(Mowilith LDM 6138, Celanese, USA), a nonionic surfactant 
(Ninol PK-80 BR, Stepan, USA), and an antifoamer (Antifoam 
Y-30, Sigma-Aldrich, Germany) were added and ball-milled 
for more 30 minutes. Slurries were placed in an ultrasonic bath 
for 5 minutes and let to rest for 1 hour to ensure the removal of 
bubbles. The slurry formulation is presented in Table 1.

Tapes were cast onto a silicone-coated tape (Mylar®) at a 
casting speed of 6 cm/min using a tabletop tape caster (CC-
1200, Tape Casting Warehouse, USA) and subsequently dried 
at room temperature for 24  hours. The lamination of sam-
ples was performed in a warm press at 20 MPa and 65°C for 
5 minutes. Three different configurations of composites were 
produced for structures with weak layers. Laminates of doped 
and pure alumina were stacked in an ordered sequence, re-
sulting in different layer thickness ratios. Additionally, green 
laminates of monolithic pure alumina and doped alumina 
were manufactured as reference materials. Green tapes were 
laminated in order to achieve the approximate dimensions of 
3.5 × 15 × 50 mm3 after sintering. Figure 1 and Table 2 present 
the produced samples and their respective structure.

The burn out of organics was performed with a heating 
rate of 0.3°C/min until 600°C and a holding time of 1 hour. 
All samples have been sintered at 1200°C. Additionally, pure 
alumina samples were sintered as well at 1350°C. The higher 
sintering temperature was used for pure alumina to ensure 
rigid well-sintered samples and to compare with doped alu-
mina sintered at lower temperatures. In both heat treatments, 
a heating rate of 5°C/min and a holding time of 2 hours were 
used. The cooling rate was set to 10°C/min.

The density of monolithic sintered samples was measured 
with the Archimedes method, in an analytical balance (ABT 

T A B L E  1   Slurry formulation for the production of alumina and 
doped alumina tapes

Component Quantity

Powder (solids) 21 vol%

Deionized water (liquid) 79 vol%

Additives (referred to solids content)

Mowilith LDM 6138 30.0 wt%

Darvan C-N 2.0 wt%

NINOL PK-80 BR 1.5 wt%

Antifoam Y-30 1.0 wt%
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100-5NM, Kern, Germany). Linear shrinkage of monolithic 
samples was investigated as a function of temperature, analyzed 
by dilatometry (DIL 402 PC, Netzsch, Germany). Residual 
stresses were measured according to Equations 1 and 2 from 
Chartier et al33

where Δ� is the difference in thermal strain between adjacent 
layers; E� =

E

1−�
 being E is the elastic modulus and � is the 

Poisson's ratio; t is the mean thickness of layers; and n is the 
number of layers. Alumina Poisson's ratio of 0.22 was used 
for both samples. The other parameters were experimentally 
measured.

A nanoindenter (G200, Agilent Technologies, USA) 
equipped with a Berkovich tip was used to measure the elastic 
modulus and hardness of monolithic sintered samples. At least 
25 indentations were performed for each measurement by using 
the Continuous Stiffness Measurement (CSM) technique.34 
Indentations were also done along the interfaces in order to an-
alyze the interaction between doped and pure alumina layers in 
the composites. The advance and lateral displacement related to 
the last indentation were 5 and 60 μm, respectively.

Microstructure and fracture analyses were conducted using 
an optical microscope (OM, BX51, Olympus, Germany) and 
a scanning electron microscope (SEM, Supra VP 55, Zeiss, 
Germany). Microstructure was revealed by means of thermal 
etching at 90% of the sintering temperature for 30 minutes. 
The grain size was measured using the line-intercept method 
with the help of an image analysis software (Lince 2.4.2e, 
Ceramics Group, TU Darmstadt, Germany) using 300 grain 
measures per sample.

Four-point bending tests were performed using as-sintered 
prismatic bars (3.5 × 2.5 × 25 mm3) cut from the laminates 
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F I G U R E  1   Illustration of the samples produced in this work: A1200/A1350; D 1200; DA-17L; DA-11L; DA-3L. White is pure alumina and 
brown is doped alumina [Color figure can be viewed at wileyonlinelibrary.com]

T A B L E  2   Characteristics of monolithic reference and composites materials

Sample name Material
Number of tapes in 
each layer

Number of 
layers

Layer thickness ratio 
(d-Al2O3:Al2O3)

Sintering 
temperature (°C)

A1200 Monolithic pure alumina Al2O3: 44 — — 1200

A1350 Monolithic pure alumina Al2O3: 44 — — 1350

D1200 Monolithic doped alumina d-Al2O3: 44 — — 1200

DA-17L Doped and pure alumina 
layers

d-Al2O3: 4 d-Al2O3: 9 4:1 1200

Al2O3: 1 Al2O3: 8

DA-11L Doped and pure alumina 
layers

d-Al2O3: 4 d-Al2O3: 6 1:1 1200

Al2O3: 4 Al2O3: 5

DA-3L Doped and pure alumina 
layers

d-Al2O3: 11 d-Al2O3: 2 1:2 1200

Al2O3: 22 Al2O3: 1

www.wileyonlinelibrary.com
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using a universal test machine (Series 1605B, ATS, USA). 
Outer and inner spans had a distance of 20 and 10 mm, re-
spectively. A loading speed of 1  mm/min was applied. At 
least 10 samples of each material were tested.

For the R-curve tests, prismatic bars (3.5 × 2.5 × 50 mm3) 
were notched with a diamond disc saw until achieving 45%–
50% of the initial height. The notches were sharpened using 
an automated razor blade device and diamond paste to avoid 
a finite notch radius effect during the test.31 R-curve tests 
were performed according to Single Edge V-notched Beam 
(SEVNB) stable crack growth configuration in a very stiff 
displacement-controlled house-made device.35 The distances 
between the outer (s1) and inner (s2) rollers were 40 and 
20 mm, respectively. A loading speed of 0.0012 mm/min was 
applied. Thereby, stable crack growth was achieved by partial 
unloading and reloading cycles. As soon as the crack started to 
propagate, the sample was partially unloaded by an automatic 
computer-controlled process based on the continuous evalua-
tion of the slope in the load-displacement diagram. The crack 
length was determined with the compliance method. Two 
position encoders (displacement sensor WI/2mm-T, HBM, 
Hannover, Germany) were used, one placed at the center of 
the sample and the other one, 15 mm aside. By considering the 
difference of both displacement signals during partial unload-
ing, the pure bending compliance could be calculated without 
the necessary correction due to the machine compliance. The 
equations are used on the basis of beam theory, as described 
in detail by Fett and Diegele,36 exactly for the geometry of the 
given load cell. Thus, force and crack length were recorded at 
each cycle to determine fracture toughness (K

��
). For SEVNB 

4-point bending tests, Equations 3 and 4 were used37

: 

with 

where F is the applied force on the specimen in each loading 
cycle; l is the crack length; b and h are the width and height of 
the specimen, respectively; � is the relative crack length, and 
Γ (�) is a geometric factor. The work of fracture (WF) was cal-
culated by dividing the area under the load-displacement curves 
by twice the area of the unnotched parts of samples.

3  |   RESULTS AND DISCUSSION

Doping by MnO and TiO2 effectively enhanced the sinter-
ability of Al2O3 as compared by dilatometry analysis of 
monolithic reference samples (Figure 2). Shrinkage starts 
around 910°C for doped alumina and 1000°C for pure alu-
mina samples. A1200 and D1200 achieved a final shrink-
age of 9.5% and 19.2%, respectively, while A1350 obtained 
15.9%. The CTE (�) measured was 11.8  ×  10−6/K for 
A1200, 11.4 × 10−6/K for D1200, and 12.4 × 10−6/K for 
A1350.

Figure 3 shows the microstructure of the monolithic ref-
erence samples after sintering. The measured relative density 
of samples is 72.9 ± 1.5% for A1200, 97.8 ± 0.4% for D1200, 
and 90.3 ± 1.3% for A1350. The average grain size of A1200, 
D1200, and A1350 were determined as 301  ±  126  nm, 
448 ± 230 nm, and 323 ± 154 nm, respectively. As expected, 
A1200 presents higher porosity and lower average grain size 
and dispersion of sizes compared to A1350. D1200 presents 
higher densification and enhanced grain growth compared to 
both pure alumina samples, for example, sintered at 1200°C (3)

KIC =
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F I G U R E  2   Dilatometric analyses 
of A1200, D1200, and A1350 monolithic 
reference samples [Color figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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and 1350°C. Enhancement in sintering is related to grain 
boundaries and volume diffusions and the presence of anion 
and cation vacancies.24,38-40

The mechanical properties, particularly Young's mod-
ulus and hardness (Table 3), exhibited the well-known de-
pendency on porosity, for example, higher values for the 
more dense samples.41 Figure 4 shows the tested samples 
to give a better idea of how the samples look like after 
sintering. Table  4 presents the final average thickness 
of each layer in the sintered composites and the ratios 

between them. It was observed that the values of the final 
ratio were not in accordance with the ones established in 
methodology, and this is directly linked to the process-
ing of samples (eg, differences in tapes’ thickness and 
lamination process). However, different final ratios for 
each type of composite were achieved as intended. The 
estimated relative density of composites measured using 
monolithic reference densities and average layer thick-
ness is 95.1% for DA-17L, 89.2% for DA-11L, and 86.0% 
for DA-3L.

F I G U R E  3   Microstructure of monolithic reference samples after sintering (left) and histograms (right) of grain size distribution
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Figure 5 shows the OM and SEM micrographs of DA-
17L at low (left hand) and high magnification, the later one 
focusing on the interface between doped and pure alumina. 

In the optical image, a color gain between doped and pure 
layers is obvious. The shift from brownish (in the doped 
layer) to yellowish-white (in the pure alumina layer) is al-
most continuous rather than discrete, indicating diffusion 
of the dopants. The thickness of this region could be op-
tically estimated to be 51 ± 7 µm, which is in agreement 
with the gradual change of elasticity and hardness across 
the interface as measured by nanoindentation (~50 μm, see 
Figure 6).

Table 5 lists the average maximum strength (�f). According 
to the two-tailed t tests with 95% confidence interval applied 
for the comparison between all the samples, five combina-
tions are significantly different, that is, presented p-value 
(significance level) lower than 0.05: A1350 with DA-11L, 
D1200 with DA-11L and DA-3L, and DA-17L with DA-
11L and DA-3L. It is interesting to notice that the obtained 
p-value for the comparison between A1350 and DA-3L was 
0.052, which is very near to the threshold to consider them 
significantly different.

The use of dopants to reduce the sintering temperature of 
alumina was successfully applied without losing the mechan-
ical strength. Doped alumina samples presented larger grains, 
but also higher density, thereby compensating their effect on 
mechanical strength.42 It is also interesting to note that with 
the thinnest weak layers (DA-17L), there is no loss in the me-
chanical strength compared to the references. Nevertheless, 
the values of �f  decreased around 14% for DA-11L and DA-
3L, when compared to monolithic samples and DA-17L, 
indicating a slight weakening of samples with increasing 
thickness of weak layers.

Figure  7 shows the representative load-displacement 
curves obtained during R-curve measurements, corrected 
as done before in other works with the same device.30,43 

T A B L E  3   Values of hardness and elastic modulus of monolithic 
reference samples

Sample Berkovich hardness (GPa) E (GPa)

A1200 11 ± 1 236 ± 7

D1200 18 ± 2 352 ± 29

A1350 17 ± 2 303 ± 21

F I G U R E  4   Samples of monolithic references A1350 and D1200, 
and composites DA-17L, DA-11L, and DA-3L produced in this work 
[Color figure can be viewed at wileyonlinelibrary.com]

T A B L E  4   Average layer thickness of pure and doped alumina in 
each composite, and the layer thickness ratio obtained after sintering

Sample
Layer d-Al2O3 
(μm)

Layer Al2O3 
(μm)

Final ratio 
(d-Al2O3:Al2O3)

DA-17L 353 ± 31 49 ± 11 7.1:1

DA-11L 400 ± 48 253 ± 91 1.6:1

DA-3L 910 ± 86 1640 ± 301 1:1.8

F I G U R E  5   SEM (upper part) and OM 
(lower part) of the DA-17L sample. A and D 
stand for pure (Al2O3) and doped (d-Al2O3) 
alumina layers in the composite. Horizontal 
arrows indicate the location of the interface 
between doped and pure alumina. The 
vertical arrow shows the diffusion direction 
of the dopants through the pure alumina 
layer [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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This procedure was adopted because due to the dead 
weight of the machine's upper support, the force did not 
start at zero. Each dot represents the maximum force of 

F I G U R E  6   Young's modulus (left 
black Y-axis) and hardness (right red 
Y-axis) obtained by nanoindentation across 
the interface region. The diffusion region 
was estimated by the increment of hardness 
and elasticity from pure to doped alumina. 
The reference average modulus (black 
straight line) and hardness (red straight line) 
are presented in the graphic [Color figure 
can be viewed at wileyonlinelibrary.com]

T A B L E  5   Average maximum strength (�f) of tested samples in 
4-point bending

Sample Samples tested σf (MPa)

A1350 10 258 ± 26

D1200 11 266 ± 33

DA-17L 19 268 ± 27

DA-11L 10 223 ± 24

DA-3L 13 232 ± 35

F I G U R E  7   Load-displacement curve of R-curve measurement 
for alumina, doped alumina, and DA composites. Monolithic samples 
presented, in general, a continuous decreasing curve as shown for 
A1350 and D1200. Meanwhile, the curves for composites presented a 
stepwise behavior. Arrows indicate the rising step load regions caused 
by crack propagation through interfacial zones [Color figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  8   R-curve of monolithic reference and composite 
samples. For each type, two samples were tested [Color figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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each cycle. Monolithic samples (black and red lines) pres-
ent the typical behavior of materials that have a nearly 
constant KIC. In these materials, cycle by cycle, displace-
ment increases slightly as force decreases, according to 
the reduction of the sample cross-section (disregarding 
statistical scattering).

The composites exhibit different behavior. The force in-
creases until the crack starts to propagate, then it goes down 
similarly to monolithic references with a constant tough-
ness regime. As the crack propagates in the porous region, 
it comes closer to the interface (which has residual stress 
fields) and approaches the next doped alumina dense region. 
Then, an increase in the force is necessary to drive the crack 
due to the mismatch of fracture energy. After entering the 
dense layer, the maximum forces at each cycle drop again 
until the next interfacial zone. The thicker the alumina lay-
ers, the higher the reinforcement effects. This is not likely 
caused by a size effect on reinforcement efficiency, for ex-
ample, the reinforcement effects should be large if both com-
pressive and tensile layers have similar or the same added 
layer thicknesses, such as DA-11L and DA-3L. Otherwise, 
the thick layers would dominate and the thin layers have less 
influence, which reduces the effect. Even avoided during 

sample preparation, still a small effect of the finite notch root 
radius30 was observed in some cases (eg, D1200 in Figure 7).

Figure  8 shows the results of fracture toughness as a 
function of the crack extension (measured right after the 
initial notch length). Mean fracture toughness and work of 
fracture obtained were, respectively, 2.0  ±  0.1  MPa·m1/2 
and 7.3  ±  0.7 Jm−2 for A1350, and 1.9  ±  0.2  MPa·m1/2 
and 8.4 ± 1.4 Jm−2 for D1200. A nearly constant R-curve 
behavior is observed, which is typical for monolithic alu-
mina.10 KIC is not significantly different; however, higher 
work of fracture is observed for D1200 due to higher densi-
fication and the influence of large grains, which results in 
a larger crack surface.19

Different R-curve behavior is observed for composites. 
An increase of crack resistance was observed when the crack 
reaches the interface zone, following the behavior observed 
in force-displacement curves. When the rising plateau steps 
of force occur, fracture toughness increases until reaching a 
maximum. After that, the force decreases due to propagation 
in dense layers, and fracture resistance decreases together 
with it until reaching a minimum. This cycle repeats every 
time the crack approaches the weak pure dense doped alu-
mina interface. The thicker the alumina layers are, the slighter 
is the increase in KIC. The R-curves of the samples DA-17L 
exhibit four local maxima, when the crack passes through 
the corresponding four interfaces to the next doped alumina 
layer. The R-curves of the DA-3L beams have only one maxi-
mum, because the crack starts in the middle of the sample and 
reaches only one interface. Due to the computer-controlled 
stable crack advance, the data points are relatively close to-
gether with low statistical scattering. Table 6 shows the work 
of fracture, the average maximum and minimum values of 
fracture toughness for each composite (two samples), KICmax 

T A B L E  6   Values of average, work of fracture, KIC maximum, 
average KIC minimum, and the average difference

Sample
WF 
(Jm−2)

KIC min. 
(MPa·m1/2)

KIC max. 
(MPa·m1/2)

KIC Max 
– KIC Min 
(MPa·m1/2)

DA-17L 7.5 ± 0.3 1.7 ± 0.2 2.1 ± 0.2 0.4 ± 0.1

DA-11L 6.5 ± 0.6 1.3 ± 0.1 2.2 ± 0.2 0.8 ± 0.1

DA-3L 5.1 ± 0.7 1.3 ± 0.2 2.2 ± 0.1 1.3 ± 0.1

F I G U R E  9   Load-displacement (left) and R-curve (right) for samples of DA-3L tested with different notch lengths, so that the crack tip was in 
different positions: in the middle of the weak pure alumina layer and the first doped alumina layer (far and next to the interface) [Color figure can 
be viewed at wileyonlinelibrary.com]
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and KICmin, respectively, and the average difference KICmax - 
KICmin for each sample in each type of composite.

By comparing these values with those obtained for mono-
lithic samples, it is observed that the minimum fracture 
toughness of composites is lower, but the maximum KIC is 
higher. Furthermore, the thicker the pure alumina layers in 
composites, the higher the difference in the minimum and 
maximum values of fracture toughness. Thus, the alterations 
of fracture resistance during crack propagation can be tailored 
by the ratio between the layers d-Al2O3:Al2O3. The work of 
fracture reduces with the introduction of weak pure alumina 
layers, inversely proportional to the thickness of Al2O3 layers. 
The higher the volume of pure alumina, the lower the WF.

To better understand the effect of the interface in com-
posites, two more samples of DA-3L were made with a 
smaller notch, where the tip stays before the first interface, 
still in the doped alumina dense layer. One of the samples 
was notched close to the interface, and the other far from the 
interface, around 30% and 15% of samples’ height, respec-
tively. R-curve results are shown in Figure 9, together with a 
DA-3L reference sample (DA-3L in Figures 7 and 8 - Sample 
1), where the crack starts to propagate in the middle of the 
weak pure alumina layer.

The sharp (tilted) maximum of the light gray curve 
(left diagram) stems from an overload, necessary to start 
the crack from the short notch (far from the interface). The 
maxima at 7, 8, and 9 µm displacement correspond to the 
maxima at 1.4 and 2.3 mm crack extension in the right di-
agram. As the crack starts to propagate in the doped dense 
layer, the required force to drive the crack goes down as 
the remaining layer cross-section gets smaller. Also, in this 
region, the crack moves into the porous layer, which is fa-
vored as confirmed considering the ration of fracture en-
ergy and elastic mismatch outlined by He and Hutchinson 
plot (reduction of maximum force), useful to predict if a 
crack could be deflected or not at the interface between 
dissimilar elastic materials.44 Then, the crack comes closer 
to the interface, from a porous to dense layer, where there 
is a small stress field. Directly at the interface, the ad-
vancing of the crack is hindered by the change of fracture 

energy, resulting in the observed rising plateau of force and 
an increase in fracture toughness. After entering the next 
layer, the crack is again in a dense region and propagates 

T A B L E  7   Values of residual stresses calculated by Equations 
1 and 2 in layers of composites DA-17L, DA-11L, and DA-3L. The 
negative signal is referred to compressive stresses, while the positive 
signal to tensile stresses

Sample

Residual stresses (MPa)

Layer d-Al2O3 Layer Al2O3

DA-17L −20 163

DA-11L −68 129

DA-3L −97 108

F I G U R E  1 0   Micrographs of fractured samples, OM in the left 
side, and SEM in the right side. SEM was carried out with an angled 
sample holder that allows the sample to be with 45° regarding the 
electron beam [Color figure can be viewed at wileyonlinelibrary.com]
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stably until complete failure, similarly to the monolithic 
references.

Residual stresses also play a role in fracture toughness and 
crack behavior of composites. The difference between calcu-
lated CTE for pure and doped alumina is 0.4 × 10−6/K, which 
implies different residual stresses in the layers of each type of 
composite (see Table 7).

Cooling after sintering developed different degrees of re-
sidual stresses. Compressive stresses in d-Al2O3 layers might 
help to improve fracture toughness in these dense layers. On 
the other hand, tensile stresses in Al2O3 layers depreciate 
crack resistance in these weak layers. Notwithstanding, the 
magnitude of them is not sufficiently high to modify the crack 
path (eg, by crack arresting or bifurcation) in compressive 
layers or to induce unstable crack growth in tensile layers. 
Another evidence of it is that no edge cracks were observed 
in these materials.

Investigations of the fractured surfaces of composites 
(Figure  10) did not reveal visible modifications (eg, crack 
arrest or deflection) in the crack path. As occurred with the 
monolithic samples, the crack propagates nearly linearly 
through the sample, with flat crack faces. Differences in the 
densification/porosity between layers do not have any influ-
ence on the crack path.

4  |   CONCLUSIONS

The use of dopants successfully increased the sinterability 
of alumina and rate of densification, reducing the initial sin-
tering temperature by 90 K and increasing the final shrink-
age after sintering at 1200°C. The CTE calculated for doped 
Al2O3, 0.4 × 10−6/K, was lower than that for pure Al2O3 at 
this sintering temperature. Grain size in doped alumina is 
higher than that in pure alumina samples.

Young's modulus and hardness of doped Al2O3 are higher 
than those of pure Al2O3 due to higher density. In laminates 
of doped and pure alumina, diffusion of dopants occurs. In 
the case of sintering at 1200°C, a diffusive region of ~50 µm 
was detected after cooling to room temperature. Four-point 
bending tests showed that the mechanical strength of alumina 
sintered at 1350°C is statistically in the same range as doped 
alumina sintered at 1200°C, confirming the effectiveness 
of dopants in reducing the sintering temperature of alumina 
without substantial changes of mechanical properties.

In layered composites with weak layers of pure, only par-
tially sintered alumina, it was observed that samples with 
thin weak layers (DA-17L) did not lose strength when com-
pared to the references, unlike samples DA-11L and DA-3L 
with thicker weak layers that presented a slight decrease 
in strength. Thus, for thin weak layers, their effect on the 
strength is negligible. As this thickness increases, a loss in 
strength must be taken into account.

Monolithic samples presented nearly constant resistance 
during crack propagation. However, laminates presented an 
alternation behavior: KIC increases when the crack propagates 
through the interfacial zones, from weak pure alumina lay-
ers to dense doped alumina layers. This reinforcement effect 
is more evidenced (differences between KIC minimum and 
maximum are higher) for increased thickness of alumina lay-
ers. The work of fracture of samples is inversely proportional 
to the thickness and, consequently, to the volume of pure alu-
mina. The presence of residual stresses, even in low values, 
might have affected the fracture behavior of composites.
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