
Journal of the European Ceramic Society 25 (2005) 3553–3561

Processing and characterisation of three-layer alumina-based
composites with enhanced damage tolerance

Gürsoy Arslana,∗, Rolf Janssenb, Nils Claussenb

a Department of Materials Science and Engineering, Anadolu University, Iki Eylul Campus, 26555 Eskisehir, Turkey
b Advanced Ceramics Group, Technische Universit¨at Hamburg-Harburg, 21073 Hamburg, Germany

Received 30 April 2004; received in revised form 13 September 2004; accepted 24 September 2004
Available online 19 December 2004

Abstract

Three-layer alumina-based composites reinforced with iron in the inner layer and with chromium in the outer layers were fabricated by first
uniaxially pressing the three-layer assembly, followed by cold isostatic pressing at 300 MPa and sintering in a graphite vacuum furnace at
1500◦C for 1 h.

The residual compressive stresses in the outer Cr–Al/AlO layers and the residual tensile stresses in the Fe–Al/AlO inner layer were
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redicted as a function of composition and the thickness ratio of the outer and inner layers. Theoretical calculations showed that the c
tresses in the outer layers increased while the tensile stresses in the inner layer decreased with decreasing outer layer thickness.
f compressive stresses was verified by microscopic evidence, which showed that propagation of cracks perpendicular to the
uppressed in the outer layer, but promoted in the inner layer.
Indentation and subsequent strength testing showed that these layered composites exhibited improved damage tolerance

omposites showed four-point bend strengths exceeding the bend strength of unindented monolithic Al2O3 even after indentation at 300 N
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Al2O3, the most commonly used wear-resistant technical
eramic, wears most often by grain pluck-out and pop-out
aused mainly by the anisotropy of properties such as ther-
al expansion in different crystal directions. This leads to

racking along grain boundaries that, in turn, will result in
wo potential wear problems. The first is the hole left on
he surface, which allows a high angle of attack for the next
brading particle. Thus, once the initial grain pluck-outs be-
in, the wear rate can increase. The second problem is that

he particle being removed can become an abrading particle
tself.1,2

In wear applications, hardness is often considered as the
ritical property, that is, the harder the material, the lower the
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wear rate. This is, of course, in part true. However, hardne
measured by the resistance of one material to the penet
of another material. Unfortunately, in some applications
wear is not just a function of indentation depth of a spe
cally prepared surface; rather, it is wear by the literal rem
of material that has been subjected to corrosion, adhe
material transfer, thermal shock, and Hertzian loads. Pr
ties such as strength, fracture toughness, thermal expa
thermal conductivity, modulus of elasticity therefore m
also be considered in wear applications.1

Because most ceramics have lower thermal conduc
than metals, localized heat build up in rubbing or slid
applications must be considered. Too much heat buil
from friction can lead to localized thermal stress and t
mal shock microcracking, resulting in poorer than expe
wear.1

Because of the possibility of creating microcracking
reducing wear resistance, localized as well as bulk fra
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toughness should also be considered. Some examples show
that the ability of a ceramic with higher fracture toughness to
withstand microcracking from localized loads, thermal shock
and thermal stress can offset lower hardness. Toughened ZrO2
compositions outwear harder Al2O3 in some applications,
and ZrO2-toughened Al2O3 can significantly outwear normal
Al2O3 compositions.1

Increasing attention has been paid to the design and fabri-
cation of layered composites for tribological applications.
In particular, three-layered composites with a symmetric
structure have been widely investigated.3–7 In general, these
three-layer laminates are designed to consist of two com-
pressive outer layers and a tensile inner layer.4–7 It is well
known that the mechanical properties of ceramic components
for structural applications can be enhanced by the introduc-
tion of surface compressive stresses in the outer layers dur-
ing fabrication.4,5,8 It is likely that the wear resistance of
these composites will also be improved compared to those
of single-layer materials. Residual compressive stresses can
be generated either by a thermal expansion mismatch be-
tween the inner and outer layers or by a volume expan-
sion of a dispersed phase in the outer layers due to phase
transformations.8,9

The main objective of the present work was to show that
the s-3A technology10,11(powder mixtures consisting of Al,
Al O and a metal oxide or a metal are attrition milled, uniax-
i s sin-
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Table 1
Measured particle size of the starting powders

Powder d10 (�m) d50 (�m) d90 (�m)

A1a 9.6 21.3 41.4
Feb 3.2 16.3 43.8
Crc 2.8 13.7 38.0
Al2O3

d 0.2
a Alcan Int., Kingston, Canada.
b BASF Carbonyl Iron, Ludwigshafen, Germany.
c Alfa Aesar, Johnson Matthey GmbH, Karlsruhe, Germany.
d Taimicron TM-Dar, Taimei Chemicals Co. Ltd., Nagano, Japan.

2. Experimental

The d10, d50 andd90 values of the starting powders as
measured with a laser particle size analyser (Mastersizer S,
Malvern Ltd., Worchestershire, UK) are shown inTable 1and
the chemical composition of the prepared starting powder
mixtures is given inTable 2.

Both Cr–Al/Al2O3 (Cr-A) outer-layer and Fe–Al/Al2O3
(Fe-A) inner-layer powder mixtures were attrition milled in
acetone at 900 rpm for 4–9.5 h depending on the type and
amount of metal. 1650 g of 3 mm diameter 3Y-TZP balls were
used as the milling medium for a powder charge of 50 g.
The attrition milling process was stopped when 90% of the
powder particles were finer than about 10�m with almost
no particles being coarser than about 30�m. After drying in
air at room temperature for 48 h, the Cr-A and Fe-A powder
mixtures were sieved through a 200�m screen.

Single-layer Cr-A and Fe-A as well as three-layer 3L-Cr-
A/Fe-A specimens were formed by uniaxial pressing (HVP
51 SK, Heinrich Scḧafer Maschinenfabrik, Velbert, Ger-
many) at a load of 20 MPa using a 4.5 mm× 47 mm rect-
angular die. In the case of three-layer specimens, the Cr-A
powder mixture was loaded first into the die cavity; then the
Fe-A inner-layer powder mixture was added, followed by a
second addition of the Cr-A outer-layer powder mixture.

After die pressing, the green specimens were isostatically
p rate-
b sub-
s (IBV,
H ering
t
1 osen
2 3
ally pressed, cold isostatically pressed and pressureles
ered under an inert atmosphere in the temperature ran
400–1550◦C) can be used to fabricate three-layer alum
ased composites with high surface compressive stress
reating a thermal expansion mismatch between the
nd outer layers. Another objective was to show that th
A technology can also be used to tailor physical/mecha
roperties important in tribological applications accordin

he needs.
The three-layer Cr–Al/Al2O3//Fe–Al/Al2O3//Cr–Al/

l 2O3 system (3L-Cr-A/Fe-A) was used for the followi
easons: (i) Cr/Al2O3 and Fe/Al2O3 composites can b
intered to high density under basically the same sint
onditions,12,13 (ii) the interfacial bond strength of Fe a
r with Al2O3 is high14,15 and (iii) Cr has a lower therm
xpansion coefficient than Fe allowing residual compres
tresses to be generated in the outer layers during co
rom sintering temperature.16

able 2
hemical composition of the prepared powder mixtures

esignation Al Fe

wt.% vol.% wt.%

5Fe-A 0.9 3.0 13.03
5Fe-A 1.38 5.0 20.11
5Fe-A 2.59 10.0 26.40

5Cr-A 0.31 1.0
5Cr-A 0.43 1.5
5Cr-A 0.67 2.5
Cr Al2O3

% wt.% vol.% wt.% vol.%

0 36.08 82.0
0 28.51 70.0
0 21.01 55.0

12.12 15.0 37.57 84.0
18.88 25.0 30.70 73.5
24.81 35.0 24.52 62.5

ressed (KIP 200 ES, Paul Weber Maschinen und Appa
au, Remshalden, Germany) at 300 MPa for 2 min, and
equently sintered in a gas pressure-sintering furnace
amburg, Germany) under a vacuum atmosphere. Sint

emperature and sintering time were chosen as 1500◦C and
h, respectively while heating and cooling rates were ch
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as 10 and 30◦C/min, respectively.12,13,17Layer thickness was
adjusted such that after sintering the total thickness of the
three-layer composites was about 6 mm and the ratio of outer
layer thickness (to) to inner layer thickness (ti ) was either 4
or 8.

Strengths were measured by four-point bending (Univer-
sal Testing Machine, Type 1478, Zwick GmbH, Ulm, Ger-
many), using an outer span of 20 mm and an inner span of
10 mm, at a crosshead speed of 0.5 mm/min. The surfaces of
the four-point bending specimens (3 mm× 6 mm× 36 mm)
were ground and polished down to 6�m except for the
prospective tension side, which was polished down to 1�m.
To evaluate the damage resistance of the 3L-Cr-A/Fe-A com-
posites, polished Fe-A and three-layer specimens were in-
dented at the centre of the prospective tension side using
a Vickers diamond pyramid (Type 3212, Zwick, Ulm, Ger-
many) under loads ranging from 10 to 300 N. Care was taken
to orient one set of the indentation cracks to be parallel to the
longitudinal axis of the rectangular specimens. The inden-
ter contacted the specimen surface for about 25 s before it
was withdrawn to complete the load cycle. After indentation,
the specimens were immediately tested in four-point bend-
ing. Strengths were determined from the average value of
five specimens for unindented samples and from that of three
specimens for indented samples at each indentation load.

Microstructures were observed by optical (Polyvar 2,
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Fig. 1. Particle size distribution of the powder mixtures as a function of
milling time: (a) 25Fe-A (25 vol.% Fe, 5 vol.% Al and 70 vol.% Al2O3); (b)
25Cr-A (25 vol.% Cr, 1.5 vol.% Al and 73.5 vol.% Al2O3).

The bimodal particle size distribution prior to the milling
(Fig. 1) arises from the presence of coarse metal powders
and the much finer Al2O3 powders that comprise the ini-
tial powder mixture (Table 1). Due to the incorporation
of coarser ductile Al particles (especially for composites
rich in metal content), higher than usual attrition milling
speeds and/or increased milling times,12,13,17had to be ap-
plied to achieve powder mixtures with well mixed fine metal
particles.

The change in particle size of two different powder mix-
tures as a function of milling time is depicted inFig. 1. After
6.5 h attrition milling, the 25Fe-A powder mixture became
monomodal with ad90 value of about 11�m (Fig. 1(a)). For
the 25Cr-A powder, ad90 value of about 9�m was achieved
after 4.5 h attrition milling (Fig. 1(b)). The attrition milling
time for Cr-A powder mixtures was always found to be less
than that of Fe-A powder mixtures of similar composition
since Fe is more ductile than Cr, and Fe-A compositions con-
tain relatively more of the ductile Al phase (Table 2).

The change in morphology and the gradual comminution
of the ductile metal particles with increasing milling time
is well depicted inFig. 2. At higher magnification (Fig. 3),
eichert-Jung, Leitz, Wetzlar, Germany) and scanning
ron microscopy (FE-SEM, Leo, Type 513, Carl Ze
berkochen, Germany).

. Results and discussion

.1. Processing

Previous work showed that Fe-A composites with too
r too high Al contents have a relatively high residual po

ty content.12,17For example, an Fe-A composite contain
o Al was shown to have a residual porosity in exces
.5 vol.%. The admixed Fe and Al content of the Fe-A c
osites were therefore adjusted so as to result in comp
ith residual porosity <5 vol.%. For that purpose, the Al c

ent was adjusted to vary between 3 and 10 vol.%, while
dmixed Fe content was less or equal to 35 vol.% (Table 2).

Another work showed that Cr-A composites without
l contained less than 5 vol.% porosity.13 Although a system
tic study on the densification behaviour of Cr-A compos
s a function of the Al content was not undertaken in
ork, it was assumed that the densification behaviour o
r-A composites is similar to that of the Fe-A composite

hat there exists an optimum range of Al content to ach
igh density levels (>97% of TD). But, to account for the

hat the residual porosity of Cr-A composites without any
s less than that of Fe-A composites without any Al, the

ixed Al contents in the Cr-A composites were chosen t
ess than those in the Fe-A system (Table 2).
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Fig. 2. SEM micrographs showing the change in the particle morphology of the 25Fe-A powder mixture as a function of milling time at 900 rpm: (a) 1 h; (b)
3 h; (c) 5 h; (d) 6.5 h.

Fig. 3. SEM micrograph of metal particles coated with fine Al2O3 powder.

Fig. 4. SEM micrograph showing a transverse section cut of the interface bet to i)
in the produced three-layer composites (outer layer thickness≈1 mm): (a) 3L-15C idual
tensile strength exceeding the assumed tolerable tensile strength of 190 MP

the adhesion of the fine Al2O3 particles to the surface of the
initially coarse metal powders is clearly seen.

3.2. Characterisation of the interface

Microstructural observations confirmed that the interfa-
cial zone between the outer and inner layers was depleted
of metal in all the investigated three-layer composites as is
exemplified inFig. 4. This phenomenon can be explained by
considering that Cr and Fe do have some limited solubility
for each other.18 In fact, EDX analyses of the interfacial zone
and regions nearby the interface confirmed the mutual diffu-
sion of Fe and Cr in opposite directions over a distance of
ween the outer Cr-A (left to interface) and the inner Fe-A layers (rightnterface
r-A/15Fe-A composite; (b) 3L-35Cr-A/35Fe-A composite (with a res

a in the inner layer).
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Fig. 5. EDX analysis of a region in the near vicinity of the Cr-A/Fe-A inter-
face: (a) outer layer; (b) inner layer. The Au peak comes from the conductive
coating layer which was applied to the SEM specimens to avoid charging.

approximately 10–20�m with respect to the interface. The
EDX analysis of a region in the outer Cr/Al2O3 layer close
to the interface region is shown inFig. 5(a). The presence of
Fe peaks implies that Fe atoms initially present in the inter-
face zone diffused towards the outer Cr/Al2O3 layer during
sintering thereby depleting it with respect to Fe. Similarly,
Cr atoms may have diffused from the interface zone towards
the inner layer (Fig. 5(b)).

It is further seen that pores/microcracks are present at the
interface and that the amount of them depends on the chemi-
cal composition of the composites. The amount of porosity in
composites rich in metal content (Fig. 4(b)) is seen to be sig-
nificantly higher than those containing less metal (Fig. 4(a)).
It is suggested that the chemical composition of the com-
posites affects pore/microcrack formation at the interface via
two mechanisms: (i) formation of Kirkendall pores19 and (ii)
creation of a thermal expansion mismatch between the layers.

3.2.1. Formation of Kirkendall pores
It is known that the formation of Kirkendall pores is

favoured if the constituent with the lower melting point has
a relatively higher solubility in the higher melting point
constituent.19 In fact, the solubility of Al in Fe is∼11 wt.%
while the solubility of Fe in Al is low.18

Furthermore, since the melting point of Al is significantly
l tly
h ,
A uter
C ity
o oom
t ach
o om
t f Fe

in the backward direction will be limited. As a result, pores
will be formed at those points in the microstructure which
were previously occupied by Al particles.19

The tendency to form Kirkendall pores also increases with
increasing Al/Fe ratio of the composition.22 Consequently,
since the Al/Fe ratio (in wt.%) of the composites 3L-15Cr-
A/15Fe-A and 3L-35Cr-A/35Fe-A is 0.07 and 0.10 (Table 2),
respectively, the tendency to form Kirkendall pores would be
promoted additionally in the latter composite.

Another point that may increase Kirkendall pore forma-
tion in the composite 3L-35Cr-A/35Fe-A is the fact that the
amount of Al oxidised during attrition milling is expected to
decrease (and hence the Al/Fe ratio to increase) with increas-
ing metal contents.17

3.2.2. Thermal expansion mismatch
The other factor that may contribute to the formation of mi-

crocracks at the interface is the thermal expansion mismatch
between the layers, which depends on the metal contents in
the layers and hence the composition of the starting powders.
As will be discussed in Section3.3, the less the metal con-
tents in the inner and outer layers, the less will be the thermal
expansion mismatch, the residual tensile strength in the inner
layer and the risk of delamination or microcracking.

3
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w ol-
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F aves
e here
ess than that of Fe, the diffusivity of Al in Fe is significan
igher than the diffusivity of Fe in Al.20,21On the other hand
l is not expected to diffuse from the interface to the o
r-A layer since the solubility of Al in Cr and the solubil
f Cr in Al decreases with decreasing temperature. At r

emperature, Cr and Al have almost no solubility for e
ther.18 Therefore, Al is expected to diffuse preferably fr

he interface to the inner Fe-A layer while the diffusion o
.3. Prediction of residual stresses

During cooling down from the sintering temperature,
nner Fe-A layer would contract more than the outer C
ayers if the layers were separated. However, in the cas
ell-bonded interface between the layers, the contractio

he inner layer is constrained by the outer layers. This l
o a residual tensile stress in the inner layer, and a res
ompressive stress in the outer layers.

Based on the equilibrium of forces in the longitudinal
ection, the residual stressesσ i andσo are related by Eq.(1):4

i = −2 × to

ti
× σo (1)

hereσ i and σ0 are the residual tensile and compres
tresses in the inner and outer layers, respectively, andti and

o are the thickness of the inner and outer layers, respect
The magnitude of the residual compressive stress,σo, can

e calculated from Eq.(2):5

o = (αo − αi ) × �T ×
(

Eo

1 − νo

)

×
[
1 + 2 ×

(
to

ti

)
×

(
Eo/(1 − νo)

Ei/(1 − νi )

)]−1

(2)

here�T is the effective temperature difference during co
ng, that is, the temperature range in which relaxation
esses can be neglected in the residual stress calcula
or simplicity, it was assumed that the composite beh
lastically below its freezing temperature which is set
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Table 3
Material constants of the phases present in the Cr-A/Fe-A system16,24–27

Phase α (×10−6 ◦C−1) ν E (GPa)

Al2O3 8.1 0.22 390
Al 22 0.34 70
Cr 6.2 0.21 279
Fe 12.2 0.39 211

to 1000◦C. Eo, νo, Ei andνi are the Young’s modulus and
Poisson’s ratio of the outer and inner layers, respectively.

The rule of mixtures was used to estimate the Poisson ratio
and thermal expansion coefficients of the layers, while for the
calculation of the elastic moduli the Ravichandran equation23

was made use of.
The material constants needed for the calculation of both

the thermal expansion mismatch between the inner and
outer layers and the resulting residual stresses are given in
Table 3.16,24–27The calculated thermal expansion mismatch
between the inner and outer layers of the chosen 3L-Cr-A/Fe-
A composites is shown inTable 4. The thermal expansion
mismatch (�α) between the inner and outer layers of the first
three 3L-Cr-A/Fe-A composites increases with an equivalent
increase in the metal content of the layers.�α is calculated to
increase from 0.90× 10−6 to 2.1× 10−6 ◦C−1 on increasing
the metal content in the layers from 15 to 35 vol.%. Fur-
thermore, comparison of the�α values of the last two com-
positions indicates that to increase�α between the layers,
increasing the Fe content in the inner layer is more effective
than increasing the Cr content in the outer layer.

Experimental work has shown that the removal of the lay-
ered assembly from the pressing die without spallation at
the interfaces between the layers is extremely difficult for
the compositions 35Cr-A/35Fe-A and 15Cr-A/35Fe-A. This
may be attributed to the significantly different spring back
b r ex-
p om-
p
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s ted in
F
a

and
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i layer
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T
C layers
o

C

3
3
3
3
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the outer layers but low tensile stresses in the inner layer, the
outer layer thickness should be reduced as much as possible.
Nevertheless, since crack initiating flaws are typically in the
range of 50–200�m,28 the outer layer thickness should be at
least 200�m so as to confine the crack initiating flaws in the
compressive zone. However, for the compositions considered
in this work, the production of uniform and reproducible lay-
ers thinner than 600�m was found to be unachievable with
the simple die-pressing technique employed.

The calculations also demonstrate that for a given reduc-
tion of the outer layer thickness, both the decrease in tensile
stress in the Fe-A layer as well as the increase in compres-
sive stresses in the Cr-A layers becomes more pronounced
with an increasing mismatch between the thermal expansion
coefficients of the Fe-A and Cr-A layers (that is, with increas-
ing metal contents in the inner and outer layers). This trend
can also be read off fromFig. 6 since the lines showing the
tensile stresses in the Fe-A layer converge while those show-
ing the compressive stresses in the Cr-A layers diverge with
decreasing outer layer thickness.

Fig. 6. Predicted residual stresses in the 6 mm thick composites as a function
of the outer layer thickness based on Eqs.(1) and (2): (a) tensile stresses
in the inner Fe-A layer; (b) compressive stresses in the outer Cr-A layer.
Horizontal dashed line in (a) indicates the maximum tolerable tensile stress in
the inner Fe-A layer of the three-layer composites obtained from theoretical
considerations.
ehaviour of the inner and outer layers. Hence, furthe
erimental work was mainly focused on the other three c
ositions given inTable 4.

The predicted values of the residual tensile and com
ive stresses in the three-layer composites are depic
ig. 6 as a function of the outer layer thickness (�T was
ssumed as 1000◦C).

Fig. 6(a) and (b) indicate that for a given composition
omposite thickness the tensile stresses generated in th
e-A layer increase and the compressive stresses gen

n the outer Cr-A layers decrease with increasing outer
hickness. Hence, to generate high compressive stres

able 4
alculated thermal expansion mismatch between the inner and outer
f the chosen 3L-Cr-A/Fe-A composites

omposition (vol.%) �α (×10−6 ◦C−1)

L-15Cr-A/15Fe-A 0.90
L-25Cr-A/25Fe-A 1.50
L-35Cr-A/35Fe-A 2.10
L-15Cr-A/35Fe-A 1.72
L-35Cr-A/15Fe-A 1.28
r
d
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Table 5
Experimentally determined tensile strength (σTS) values of some transition
metal/Al2O3 interfaces15

Metal σTS (MPa)

Cr (3d5) –
Fe (3d6) 188
Ni (3d8) 116
Cu (3d10) 73
Ag (4d10) 57

It has been shown by Johnson and Pepper14 that the
strength of the metal/Al2O3 interface is a function of the de-
gree of occupation of antibonding orbitals established by the
metal–oxygen interaction. The cluster model and molecular-
orbital theory predicts a decrease of the metal/Al2O3 inter-
face strength in the series Fe, Ni, Cu and Ag. These results
correlate very well with the experimentally measured tensile
strengths of the respective metal/Al2O3 interfaces given in
Table 5.15 Although data for Cr is not given, the Cr/Al2O3
interfacial strength should be expected to be even better than
that of Fe/Al2O3 since Cr possesses less occupied antibond-
ing orbitals than Fe, indicating a stronger adhesion to Al2O3.

Based on these considerations and neglecting stress relax-
ation processes during cooling from high temperatures, the
maximum tolerable tensile stress in the inner Fe-A layers was
assumed as∼190 MPa (Table 5) in the design of three-layer
composites (Fig. 6(a)). Considering three-layer composites
with an outer layer thickness of 0.6 mm, delamination and
interfacial cracking is not foreseen for the selected compo-

F showin e: (a) ou
C er afte n
w d of 200 N. The insets in the upper right corner of the micrographs show an enlarged
v

sitions (Fig. 6(a)). On the other hand, when the outer layer
thickness is increased to 1 mm while keeping the total thick-
ness at 6 mm, the composites 3L-35Cr-A/35Fe-A, 3L-15Cr-
A/35Fe-A and 3L-25Cr-A/25Fe-A would be expected to be
prone to interfacial cracking while the composites 3L-Cr15-
A/Fe15-A and 3L-35Cr-A/15Fe-A are not expected to suffer
from this phenomenon (Fig. 4(a)). In fact, pores/cracks were
not observed in 3L-15Cr-A/15Fe-A composites (Fig. 4(a))
but in 3L-35Cr-A/35Fe-A composites (Fig. 4(b)). The com-
posite 3L-25Cr-A/25Fe-A was also shown to be prone to in-
terfacial cracking since it is predicted to develop residual
tensile stresses somewhat higher than the assumed maximum
tolerable tensile stress (Fig. 6(a)). Nevertheless, it may be ar-
gued that through relaxation processes taking place at high
temperatures the residual tensile stresses are reduced below
the tolerable tensile stress thus enabling the fabrication of this
layered composite without interfacial cracks.

3.4. Microstructural evidence of compressive stresses

The presence of compressive stresses in the outer
Cr/Al2O3 layers was furthermore confirmed by microscopic
evidence.Fig. 7 shows SEM micrographs of indents made
in the inner and outer layers at a distance of about 100�m
form the interface.Fig. 7(a) and (c) show the propagation of
cracks in the outer and inner layers after indentation with a
l
t after
i ase
ig. 7. SEM micrographs of indented 3L-25Cr-A/25Fe-A composites
r/Al2O3 layer after indentation with a load of 100 N; (b) outer Cr/Al2O3 lay
ith a load of 100 N; (d) inner Fe/Al2O3 layer after indentation with a loa

iew of the indentation cracks. The small arrow sets indicate the interface be
g the propagation of cracks perpendicular to the Cr-A/Fe-A interfacter
r indentation with a load of 200 N; (c) inner Fe/Al2O3 layer after indentatio

oad of 100 N, respectively. Similarly,Fig. 7(b) and (d) show
he propagation of cracks in the outer and inner layers
ndentation with a load of 200 N, respectively. An incre
tween the outer Cr-A and inner Fe-A layers.
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Fig. 8. Variation of the residual bending strength of 6 mm thick Fe-A and
3L-Cr-A/Fe-A composites as a function of indentation load and outer layer
thickness. Numbers following the composition labels indicate the thickness
of the Cr–Al/Al2O3 outer layer in mm. Horizontal dashed line shows the
bending stress of unindented monolithic Al2O3.

in the indentation load from 100 to 200 N causes an increase
in the extension of the cracks in both the outer and inner lay-
ers. Nevertheless, it is clearly seen for both indentation loads
that the propagation of cracks perpendicular to the interface
is strongly suppressed in the outer layers (Fig. 7(a) and (b)),
but promoted in the inner layers (Fig. 7(c) and (d)). This in-
dicates that a compressive stress is present in the outer layer
while the inner layer is subject to a tensile stress, as predicted.

3.5. Residual bending strength

The residual bending strength of the indented single-layer
Fe-A and 3L-Cr-A/Fe-A composites (6 mm thick) are shown
in Fig. 8 for different compositions and outer layer thick-
nesses.

As is illustrated in this figure, the residual strength of
the layered composites is much higher than that of the non-
layered reference materials (15Fe-A, 25Fe-A) used here as
representatives of non-layered s-3A materials. The strengths
of 15Fe-A and 25Fe-A materials deteriorate drastically
with increasing indentation load. Single-layered 15Fe-A and
25Fe-A specimens indented at 300 N have a residual strength
of only 90 and 135 MPa, respectively. A decrease in resid-
ual strength with increasing indentation load is also observed
for the layered composites yet the deterioration is far less.
3L-15Cr-A/15Fe-A and 3L-25Cr-A/25Fe-A composites with
1 e a
r duc-
t fur-
t mple,
t rved
t gher
t
a f the
l in sta

ble at high indentation loads, at least for composites with an
outer layer thickness of 0.6 mm.

It is also seen fromFig. 8 that increasing the metal con-
tents in the inner and outer layers of the starting powder mix-
ture from 15 to 25 vol.% is more effective in improving the
residual bending strength of the three-layer composites when
compared with reducing the outer layer thickness. For exam-
ple, an equivalent increase in the metal content of the inner
and outer layers of the 0.6 and 1 mm thick three-layer com-
posites from 15 to 25 vol.% brings about an increase in the
residual bending strength of about 29 and 32%, respectively.
A reduction of the outer layer thickness from 1 to 0.6 mm in
the three-layer composites 3L-15Cr-A/15Fe-A and 3L-25Cr-
A/25Fe-A, on the other hand, yields an increase in the resid-
ual bending strength of about 11 and 14%, respectively. This
result is also in agreement with the predicted compressive
stresses shown inFig. 6(b). The compressive stress in the
outer Cr-A layer of the three-layer composites is predicted to
increase by about 61% on increasing the metal contents in the
inner and outer layers from 15 to 25 vol.% (to = 1 mm). On
the other hand, reducing the outer layer thickness of the com-
posites 3L-15Cr-A/15Fe-A and 3L-25Cr-A/25Fe-A from 1 to
0.6 mm brings about an increase in the compressive strength
of only about 21%, in both composites.

3.6. General discussion

d via
t unin-
d -layer
c tion
o ds.
T ute to
t pera-
t wear
a ation
o lid-
i o be
c terial
w com-
p ss and
t pos-
i led
w as
3 ap-
p rich
i cture
c work
i igh
t

her
f cal-
i lower
s layer
c lay-
e the
mm thick outer Cr-A layers indented at 300 N still hav
esidual strength of 230 and 260 MPa, respectively. A re
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bout 300 MPa). Furthermore, the residual strength o

ayered composites seems to have a tendency to rema
,
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The metal reinforced three-layer composites produce
he s-3A technology seem to have somewhat higher
ented bending strength than ceramic–ceramic three
omposites but are somewhat inferior in terms of reten
f the unindented strength values at high indentation loa29

he presence of a metal phase in the layers may contrib
he partial relaxation of the residual stresses at high tem
ures. Nevertheless, they are expected to be superior in
pplications which apart from hardness require consider
f other physical/mechanical properties. In rubbing or s

ng applications where localized heat build up must als
onsidered, the design of the three-layer composite ma
ould probably depend on the magnitude of the surface
ressive stresses desired, the required surface hardne

he thermal conductivity. For example, a three-layer com
te with a relatively low Cr content in the outer layer coup
ith a relatively high Fe content in the inner layer, such
L-15Cr-A/35Fe-A, might be the better choice in wear
lications where conduction of heat through the metal

nner layer is possible. For such applications, a microstru
onsisting of a three-dimensionally connected metal net
n the inner layer may be most beneficial in achieving h
hermal conductivity.12,17

On the other hand, the ability of an outer layer with hig
racture toughness to withstand microcracking from lo
zed loads, thermal shock and thermal stress can offset
urface hardness. For this type of applications, a three-
omposite with relatively higher Cr contents in the outer
rs would probably be more suitable. The Fe content in
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inner layer may then be tailored depending on the additional
toughness and/or thermal conductivity required and the mag-
nitude of compressive stresses that can be generated in the
outer layers.

4. Conclusions

(1) Incorporation of coarse Al powder in the starting com-
positions necessitated the use of higher milling speeds
and/or increased milling times.

(2) In agreement with the theoretical calculations, three-
layer composites with reduced surface layer thickness
had higher residual strength values for a given composi-
tion.

(3) Microstructural investigation of the indented three-layer
composites verified the presence of compressive stresses
in the surface layers.

(4) Four-point bending tests of indented and unindented
three-layer and single-layer composites confirmed the
improved damage tolerance of the layered structures.

(5) A relatively higher increase of the residual strength is
achieved via adjusting chemical composition when com-
pared with reducing the thickness of the surface layer, in
the investigated thickness and composition range.
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