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Abstract

The paper presents results of investigation on slow crack propagation of two composites in TZP/metal system, where 10 vol.% of tungsten and
molybdenum were used as dispersed phase. The mean grain size of the inclusions wag.abdrdposites were prepared by intensive
attrition milling/mixing of the constituent phases in ethyl alcohol and densified by hot-pressing atCLl666er 25 MPa in argon atmosphere.
Strength, fracture toughness and hardness were investigated. The threshol® yabfes(ow crack propagation is higher for both composite
materials when compared with TZP. Both investigated composites show skpilalues and maximum values of the critical stress intensity

factor (Kic) by using different methods.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction velocity, are important. For a characterization of slow crack
propagation in materials Double Torsion Tests could be
The possibility of some mechanical properties utilized113This method gives a possibility of determining
improvement of TZP ceramics by particulate compos- of minimal values of stress intensity factor&;f) which
ites manufacturing has been well recognized during the causes slow crack propagation (with velocities in order
last 25 years. Different materials were incorporated to the 10-1 to 10-1?m/s). The knowledge of these data is helpful

zirconia matrix as inclusion—oxides:-Al 03,1 Cr,0Og;2:3 in correct selection of work conditions for investigated
carbides’® nitrides’” and also metal? In this way mate-  materials.
rials with improved properties when compared with “pure” In this work we tried to describe the influence of metal-

matrix material were obtained. The improvement of hard- lic inclusions (tungsten and molybdenum) on slow crack
ness, stiffness, fracture toughness and/or strength of materiapropagation in the tetragonal zirconia-based composites. Par-
depends on the type of inclusions, their size and amountticularly, we were interested in identification of minimal
but also the sintering conditions. It was also reported that values of stress intensity factor which causes crack propa-
decreasing the inclusion size to the nanometric scale allowedgation (threshold values).
extremely high values of flexural strength and fracture tough-
ness to be achieved what confirms the ideas expressed by
Niihara1® 2. Experimental
The composites as mentioned above were mainly used
for structural applications. One of the most important Materials investigated in this work were prepared from
properties for such materials is its fracture toughness. Not commercial powders of zirconia (TZP=TZ-3Y Tosoh,
only its maximum value (measured when crack propagation Japan) and metals (Baildonit, Poland). The content of addi-
is very fast) but also the “first steps” of crack propaga- tiveswas 10vol.%. The mean grain size of the metallic pow-
tion, which take place under low loads at slow cracking derswas 2vm measured by the supplier for both tungsten and
molybdenum. The composite powders were homogenised
* Corresponding author. Tel.: +48 12 6172397; fax: +48 12 6334630. N an atrittor mill in ethanol. The powders were intensively
E-mail address: pedzich@uci.agh.edu.pl (ZeBzich). mixed (and ground) for 4 h.
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Sintering of the samples was conducted using hot-pressingTable 1
technique. The powders were placed in a carbon die, underProperties of the matrix and composites
argon atmosphere. The maximum temperature applied wagMaterial TZP TZP/Mo TZPIW
1500°C for 30 min and the pressure was 25 MPa. Discs, Relative densityp (%) 99.740.1 99.7+0.1  99.8+0.1
75 mm in diameter and-3 mm thick, were formed. These Vickers hardness, HV (GPa) 14400.5 13.8£0.7 14.0+0.8
discs were polished and cut to obtain samples for bending Fracture toughness by Vickers5.0+0.5  7.1£1.0  7.5£12
and double-torsion tests. Three types of materials were pre-_ "dentationKi (MPan?)

.~ Fracture toughness by SENB 4.6+ 0.5 7.2+0.5 7.8+£0.8
pared: hot-pressed TZP/W, TZP/Mo and “pure” TZP matrix  pending k. (MPanPS)

as a reference. Threshold value oKy, Ko 34 5.0 4.8
The densities of the sintered bodigs (vere measured (MPan?5) _
by the Archimedes method in water. Hardness was measurecﬁ"et'aget‘;]a'u(eM"; t;‘e bending 1150+75  1020£110 104Q:70
. - . . ) strengthp al
by Vickers pyramid indentation (HV) on the polished sur Maximum value of the 1250 1150 1200

face of samples. The values of critical stress intensity factor  penging strengthyy, (MPa)
(Kic) were determined by means of different methods. The weibull modulus 18 18 20
Vickers pyramid indentation was the firs one. Calculations of Zirconia matrix mean grain ~ 0.35+0.11  0.27:0.08  0.29:0.09
the K} value were made according to the Niihara equation size,D (pm)
applying the Palmqvist crack model. Another comparative Meti:fé?;e'zszor::)mea” - 0.74+061 083£0.58
method was Single Edge Notched Beam (SENB) three-point g a
bending according to referené&The size of samples was
andKjc measurements).

25 mmx 2.5mmx 2mm. The notch depth was 0.4mmand o Denotes the standard deviation of mean value of 40 experimental results
its width was 5Qum. for o measurements.

Bending strength«) was measured in a three-point bend- °© Denotes the mean deviation of grain diameter described by Saltykov
ing test. The samples of 25 mr2.5 mmx 2 mmwere used. ~ Proceduré (for D andd measurements).
The Weibull modulus values were calculated using a method
described it and the following dependence:

@ Denotes the confidence interval on the 0.95 confidence levep(feivV

ilar way. The fracture toughness of TZP/metal composites
was distinctly improved. Th& factors for composites were
In {In (l) } =mln (G) 1) about 60% higher than this measured for TZP. Kieval-

P 00 ues measured by means of both applied methods (bending

wherem is the Weibull parameteP, the value of the prob- and indentqtion) were comparable.
ability that a sample withstands the tensile stresnd oo Composites showed the hardness on the same level as TZP

is the value ofr for which theP value is 1¢ (~37%). The ~ Matrix. Also bending strength of composites ¢max) and
number of samples was 40 for each material. measured values of Weibull modulus)(were on the same

The double-torsion (DT) tests were conducted under static '€Ve! @s determined for the pure zirconia.

loading according to the procedure described in [11]. The = Fi9- 1 summarises results of Double Torsion tests con-
samples of 40 mmx 20 mmx 2 mm with 10 mm pre-crack ducted under static loading. It is clearly visible that incor-

were used. The load was 100N and it was applied on the poration of both metallic phases significantly increased the
sample with 0.1 mm/min speed. These investigations allowed threshold value o} below which no crack propagation

the correlation betweeki; parameter value and crack propa- 2CCUrs: g‘g(’o value raised from 3.4 MP&ht to 4.8 and
gation velocity {/) for composites and matrix material to be -0 MPant, relatively for TZP/W and TZP/Mo composites.

described. s
The mean grain sizes of the matriR) and inclusions TZP/W
(d) were calculated by the Saltykov methbdInclusions E-6 4 Tzp
grains size was measured on the polished surfaces and zir- ]
conia matrix grains size was determined on thermally etched 1B TZP/Mo
surfaces (1350C with 1 h soaking time). . IE84
The composite microstructures were examined using £ ] f
scanning electron microscopy (SEM) with Oxford Instru- > 'F93 25
ments 30XL equipment. IE-10 3
1E-11 d d)
K
3. Results and discussion IE12 -szpj . “’WUK“’MO . ‘ -
3 4 5 6 7 8 9 10
Table 1summarises results of all tests performed in this K, MPam

work. The hot-pressing technique results in practically fully
dense samples. The addition of 10 vol.% of metallic phasesrig. 1. The crack velocity; vs. stress intensity factd; for TZP matrix
influenced the mechanical properties of TZP material in sim- (O), TZP/Mo @) and TZP/W () composites.
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Fig. 2. A typical SEM microstructures of composites.

Similar effect was reported for TZP/WC composite systém
but the threshold shift was not so significant (4.3 MB&n

Fig. 2 collects typical composite microstructures. Dur-
ing composite powders preparation intensive attrition milling
caused significant inclusion grain sizé) feduction. It is
worth to notice that intensive attrition mixing caused frag-
mentation of metal particles and produced a considerable
number of submicron inclusions. It enlarged the standard
deviation of particle mean grain size.

Both kind of metallic additives modified grain growth of
the zirconia matrix in a similar way. The mean grain size of
zirconia matrix ) was reduced about 17% (TZP/W) or 23%
(TZP/Mo) when compared with single-phase matrix material
densified under the same conditions.

The method of materials preparation (simple mixing of
powders) could not provide a proper microstructure. It did
not eliminate the possibility of inclusions agglomeration
and their non-uniform distribution. This phenomenon can be
observed in small areas. The size of the biggest inclusion
agglomerates found in both composites excepth4 From
the other, formation of irregular agglomerates and presence
of elongated inclusion grains, caused that a new toughening
mechanisms could appearé&ifs. 3 and $how distinct crack
bridging Fig. 3 and fragmentation of metallic agglomerate
by the crack Eig. 4). Such phenomena could absorb energy
during fracture and increase measured fracture toughness.

Microstructure differences between composites and
single-phase zirconia consist in different grain sizes and the
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Fig. 3. The SEM image of a typical crack bridging in TZP/W composite.

presence of interphase boundaries. The threshold of slow
crack propagationkp) increase should be ascribed to these
factors. The smaller mean grain size of the zirconia matrix
in composite also possibly decreased the initial defect size.
This phenomenon is profitable for fracture toughness of the
material.

It is worth to notice that distinct inclusion agglomeration
observed in composites could promote the creation of a big
defects in their microstructure. Presented results did not con-
firm such anticipation.

It could be connected with presence of strong grain
boundaries in investigated composite systems. Electron back-
scattered diffraction (EBSD) investigations made by Faryna
et al1®19 gave many evidences that in zirconia/nonoxide
inclusions systems interphase boundaries were particularly
strong due to their crystallographic correlations. Probably,
the elimination of a considerable amount of zirconia-zirconia
grain boundaries and the incorporation to the system another
type of grain boundaries (zirconia-metal) decreased the sus-
ceptibility for slow crack propagation in these systems. It
could not be excluded that the plasticity of metallic inclusions
and possibility of plastic deformation could significantly
change crack behavior of the composite (B&gs. 3 and %
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Fig. 4. The SEMimage of agglomerate fragmentation in TZP/W composite.
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4. Summary
Powders of composite materials investigated in the present

work were manufactured by a very simple mixing method
utilizing commercial powders. Such processing could not

assure the optimal homogenization. The agglomeration is 4.

quite common in composites microstructure. Metallic pow-
ders used as an additives were not very fine (much bigger
than zirconia grains in sintered bodies) and their influence
on matrix grain growth during sintering was limited. On the

other hand the inclusion do not much influence densifica- 6.

tion. But as an effect of such easy method of preparation we
achieved a dense materials with promising properties.

The incorporation of tungsten or molybdenum particles
into the TZP matrix practically did not change hardness,
bending strength or Weibull modulus value of this mate-

rial. The main difference is in fracture behavior. Composites 8

showed significant increase of critical stress intensity factors
(Kic) and decrease of susceptibility for slow crack propaga-
tion (increase the value of the threshold stress intensity factors

(K0))-
The reason of such material behavior was not obvious.

Possible explanation could be a limitation of potential defect 10.

size by matrix grain size decrease and probably different ,;
behavior of zirconia/metal boundaries during cracking.
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