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Wear of 3Y-TZP containing compressive
residual stresses at the surface
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Tetragonal zirconia polycrystals doped with 3 mol % yttria (3Y-TZP) was heat treated to
stimulate the tetragonal to monoclinic phase transformation in order to induce
compressive residual stresses at the surface. Pin-on-disc wear tests were performed at
different sliding speeds to evaluate the wear behavior of treated and untreated materials.
The friction coefficients were also measured. The conditions for mild and severe wear were
defined. The material containing compressive residual stresses had lower wear resistance.
A possible explanation for this behavior is discussed. © 17999 Kluwer Academic Publishers

1. Introduction 2. Experimental procedure

Since 1983, when for the first time a large part of Discs with a diameter of about 30 mm and a thickness of
the Conference on Wear of Materials [1] was dedi-about 2 mm were prepared by sintering 3 mol 0¥
cated to ceramics, several studies have been carried otbntaining ZrQ (3Y-TZP powder, Tosoh, Japan). The
on the wear of ceramics and their practical applicafpowder was uniaxially pressed at 39 MPa in a steel
tions. Nevertheless, reliable and complete data on thdie and then isostatically cold-pressed at 294 MPa. The
wear and friction of many ceramics are still not avail- samples obtained were sintered in air at 1530@or 1 h.
able. This is mainly due to the fact that wear resis-The density was measured using Archimede’s method
tance is not an intrinsic property of materials but theand reached the theoretical value of 6.05 génThe
result of an interaction between two or more bodiesdiscs were ground by a diamond wheel and polished
and depends also on the method used for assessing thisth 1 xm diamond paste to remove the residual stress
parameter. induced by grinding. The roughness was assessed by

The potentially high wear resistance of ceramicsmeasuring theR, parameter R, = 0.01 um), using
can be used not only in high performance systems but conventional stylus-type instrument (Form Talysurf
also in many conventional applications. The develop-Plus, Taylor-Hobson, UK). X-ray diffraction analysis
ment of tough ceramics, like zirconia, has stimulatedXRD) showed only the presence of the tetragonal (t)
a particular interest in the basic understanding of weaphase. In order to stimulate the surface residual stresses
for this class of materials. These ceramics show conthe approach suggested by Green [2] was used. The
siderable mechanical properties, especially toughnessiethod implies that the samples of Y-TZP are heat
and can be designed to stimulate controlled residuareated in an unstabilized Zgowder bed. In this con-
stresses for improving performance. These stresses cdlition the Y,03 stabilizer can diffuse from the surface
be distributed over the whole material; however, sur4into the powderleaving aregion, with areduced amount
face residual stresses can control the fracture behaviaf stabilizer, in which the transformation during cooling
in many cases. is favored. In our case athermal treatment at 142for

The surface transformation technique [2] in general 36 h was used. The XRD analysis (X-Ray diffractome-
generates surface residual compressive stress in a thier, Rigaku Geigerflex, Rigaku, Japan) performed after
layer of material (10-3@:m) and, consequently, has this procedure showed the presence of about 30% of the
little effect on the properties controlled by large de-monoclinic phase. In order to evaluate the thickness of
fects. However, the performance of wear-resistant mathe transformed layer, a few microns of material were
terials is related to the properties of thin surface lay-+removed in several steps by polishing. After each step
ers [3]. The basic idea is that the development of ahe amount of monoclinic phase was assessed by XRD.
compressive residual stress at the surface of tetragrhe surfaces of the material before and after the ther-
onal zirconia polycrystals doped with 3 mol % yttria mal treatment were observed by optical and scanning
(3Y-TZP) increases the apparent surface toughness efectron (SEM) microscopes (Leitz DM RME, Leica
the material and, therefore, the resistance to conta&G, Switzerland and Cambridge S 460, Cambridge,
damage. UK, respectively).

The question is: can this improvement in contact The toughness (j§) of both treated and untreated
damage affect the wear resistance of this type of zirmaterials as well as the presence of residual stresses
conia? The aim of this work was to provide an answerand their effect on surface crack propagation were deter-
to this question for the system studied. mined by using the indentation technique [4]. A Vickers
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TABLE | Physical, mechanical and microstructural parameters of the ™
pin and the discs of different materials

Disc

Pin
WwC 3Y-TZP untreated 3Y-TZP treated

Density (g cnr3) 14.75 6.05 6.05
Grain size f¢m) 1-3 023+ 0.02 051+ 0.02
Roughnessi(m) — 0.01 0.01
Hardness (GPa) 14 12+ 0.1 121+0.1
Kic (MPant/2) — 40+01 62405
Thermal Conductivity

Wm1k-1 121 1.8 —

indenter with loads ranging from 29.4 to 612.5N was E
used to stimulate the formation of cracks of different S
lengths. This procedure was followed after each step £
verify the effect of the different amount of monoclinic &%

amount of residual stress present at different depths ¢
the transformed layer was determined from the relatives
percentage of the monoclinic phase [5]. ’

Wear tests were carried out in air on both treated an{#%
untreated samples using a tribometer (Watzau, Berling™
with an inverted pin-on-disc configuration. Cobalt- gas
bonded tungsten carbide (WC—6% Co) was used as tt#
pin. It had a length of 16 mm, a diameter of 5.64 mm&*
and a radius of curvature of 2.82 mm. Some physi#
cal, mechanical and microstructural parameters of th|
pin and the disks (both treated and untreated samplef
are reported in Table I. The force (10 N) and the slid-
ing distance (1 km) were kept constant while dif'reremFigure 1 Optical micrographs (Nomarski interference) of the surface of
sliding speedsy = 0.01,0.05,0.1,0.2,0.3,0.4 and untreated (a) and treated (b) samples.

0.5 ms1) were used. Several parameters such as to-
tal wear, torque and normal force were continuously
recorded via a computer during the test.

The specific wear rate (unit of mass lost per unit v
of distance and of applied load) was estimated by the
weight difference before and after the tests. The speci; #1
mens were weighed with an analytical balance and thg
mass lost during each test was measured to an accura
of (0.01 mg). The friction coefficient was calculated
from the torque data using the following expression

35

201

Monoclinic Pl

M 1)

H=TE |

WhereM is the torquer is the radius of the circum-
ference covered by the pin amdis the applied force.
The worn surfaces were observed by SEM and anal-

ysed by XRD. The depth and the profile of the wornFigure 2 Percentage of the monaclinic phase as a function of the depth

tracks were assessed by the same instrument used fefimaterial removed for the thermal-treated material.

measuring the roughness. Before the wear tests the discs

and the pin were cleaned with acetone in an ultrasonic

bath for 10 min, dried at 70C for 15 min and cooled at evident, especially when the Normarski technique is

room temperature for 1 h. All wear tests were carriedused.

out in air under controlled temperature and humidity The percentage of monoclinic phase (m), trans-

(21°C and 60%, respectively). formed after the thermal treatments, for each step, was
evaluated by XRD analysis taking into account the scat-
tering factor for each phase [6]. The results are plotted

3. Results and discussion as a function of the depth of the removed material in

Photographs of the surface of the material before anéig. 2. It appears that the amount of monoclinic phase

after the thermal treatment are shown in Fig. 1a and bgecreases linearly from the surface to a depth of about

respectively. The effect of the phase transformation isl2 yum.
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Figure 3 Value of the residual surface compressive stress as a functiorf:
of the depth of material removed for the thermal-treated material.

The residual compressive stress profile presentinsid
the transformed layer was evaluated taking into accoun
the percentage of monoclinic phase at different depths;
using the following equation [5]

o0 = 3<ﬂ) =V @)

3\V J1—v

whereAV/V = 0.049 is the fractional molar volume » SO ‘ :
increase due to the tetragonal-to-monoclinic transfor- sl ; -.
mation [7], V; is the volume fraction of monoclinic n SR g e
phase,E is the Young’s modulus (210 GPa) ands

the Poisson’s ratio (0.25) [8] The calculated values 0f=igure 4 Ar.tificial gracks qn €) u.ntransforn?ed and (b) transformed sur-
o¢ as a function of the depth of the removed materialfaces, obtained using a Vickers indenter with a load of 20 kg.

are plotted in Fig. 3.

The presence of a residual stress at the surface h 1™ . .
been revealed also by the indentation technique. Th DD S
cracks starting from a Vickers impression on untreater 10"
(stress-free) samples (Fig. 4a) are longer than thos2
starting from an impression produced with the sameg 1o
load on the surface of heat-treated (stressed) sampl £
(Fig. 4b). Using the crack length data, the toughnes§ o
calculated according to Anstist al. [4] is Kic =
4.0+ 0.1 MPant/?2 and K¢ = 6.2 +£ 0.5 MPant/?
for untreated and treated materials, respectively. Thes e
results reveal that the phase transformation induced £ g+ ) ]
thermal treatment improves the surface toughness t
~50%. The values of [¢ as well as the measurements . ‘ ‘ . ‘
of crack length as a function of indentation load sug- ~ *° o1 ®2 Sliding speed (m/s) 0% 06
gest that the material containing compressive residual
stresses at the surface exhibits superior resistance Ftgure 5 Specific wear asa function of sliding speed for transformed
static contact damage. Detailed information on this sup2nd untransformed material.
ject can be found elsewhere [9].

Unfortunately, as can be seen from Fig. 5, a resisof the friction coefficient of the two different materials
tance to static contact damage does not necessarily le&@n be interpreted as follows.
to animprovement of wear resistance to sliding contact.

Fig. 5 shows the values of specific wear as a functior8.1. Mild wear

of sliding speed for both stress-free and stressed maté&or the stress-free material, strong grain boundaries
rials. It is evident that the material containing surfacecan prevent the formation of large cracks at sliding
compressive residual stress has lower resistance to slidgpeeds lower than 0.4 m% In this case the stress
ing wear than the stress-free material. A more in-deptltoncentration at grain boundaries is not sufficient to
evaluation of the data suggests that the wear procesdimulate a large+t> m transformation but can enhance
can be divided into two regions: mild wear and severehe plastic deformation before crack nucleation and
wear. The reasons for such behavior and the high valuggrowth (Fig. 6).

Specific w
4
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Figure 6 SEM micrograph of the worn surface (sliding speed
0.03 ms 1) of an untreated sample. Plastic deformation is visible.

The peak in the specific wear observed at a sliding
speed of 0.05 ms can be attributed to a possible ex-
aggerated phase transformation due to the experimel
tal conditions. In fact, it has been shown [10, 11] that
3Y-TZP undergoes an enhanceds>t m phase trans-
formation at about 200-30@ especially in a humid
environment. It is possible that at= 0.05 ms* the
temperature at the contact point reaches a value sim n
lar to that mentioned above, leading to a catastrophié
trans.f(.)rmatlon with the co_rltrlbutlpn of a relative high Figure 8 Tipical pits observed in the worn surface of a thermal-treated
humidity value (60%). In this condition the wear mech- gampje. siiding speed: (a) 0.05 msand (b) 0.01 msL.
anism becomes similar to that observed for the stressed
material.

For the stressed material the presence at the surfac
of ~30% of monoclinic phase leads to the formation
of microcracking around monoclinic particles. In ad-
dition, the procedures for stimulating residual stresse:
induced the grain growth of the remaining tetragonal
particles ¢-0.5 um) so that they became closer to the
critical size. In this situation the energy necessary to
transform these particles into monoclinic is very low. |
This means that a large number of grains undergo th
t — m transformation, leading to extensive surface
cracking (Fig. 7) with a consequent production of large
pits (Fig. 8a and b) and hence a lower wear resistance™
Single grains can also be loosened during rubbing, ané
because monoclinic grains are softer than the tetragomﬁlllgure 9 Magnification of the surface inside the pits of treated material

(sliding speed= 0.01 ms1). Intergranular fracture is evident. Powder
of crushed grains is also visible.

ones they can be crushed, forming small particles that
can be smeared on the surface in some part of the track

(Fig. 9).

3.2. Severe wear

Increasing the sliding speed from 0.4 misto

0.5 ms causes a significant increase in the specific
wear of the stress-free material. This could be due to
the high plastic deformation as a consequence of the
high temperatures reached at the contact (Fig. 10). In
this situation grains or groups of grains initially loos-
ened from the surface due to thest m transformation
Figure 7 SEM micrograph of the worn surface (slidingspeed  are smeared on the surface and form flakes (Fig. 11).
0.01 ms) of a treated sample. Magnification of a pit-free area. Ex- AS @ consequence of such a mechanism a layer of sur-
tensive surface cracking is visible. face material is formed. Fatigue processes and thermal
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Figure 10 Magnification of smeared and plastically deformed layer in Figure 13 Cracks parallel to the surface, underneath the worn groove of
the worn surface (sliding speed 0.5 ms™1) of untreated material. transformed material.

Figu_re 11 Flakes of material smeared at the surface of untreated samplgjgyre 14 Cracks parallel to the surface, far from the worn groove of
(sliding speed= 0.5 ms™). transformed material.

This transformation produces a change in the sign of
the stresses, i.e. from compressive to tensile stresses,
at the boundary between the thin surface layer and the
bulk. As the results of the discontinuity in the stresses,
wear particles may be formed by crack formation and
propagation.

In addition, cracks parallel to the surface were ob-
served (Fig. 13) in the cross-section of the material at
the depth of about 5—4m. These cracks were present
in the whole sample, also quite far from the worn sur-
face (Fig. 14). Because these cracks were not observed
in the stressfree material, they can be attributed to the
very high compressive stresses measured at the surface.
Figure 12 Crushed material detached from the surface on an untreated \When the crack reaches this depth the material can
sample (sliding speed 0.5 ms™). be easily removed and the wear continues to increase,
even if the other mechanisms, as mentioned above, are
cycling can crack this layer and detach large parts o 0 longer active. At a_slldlng speed above 0.3Ths

he depth of the track is about 25%0m and the effect

material from the surface (Fig. 12). of the surface layer is negligible. The value of specific
For the stressed material the change from mild to y gugroie. P

severe wear is not so sharp as in the stress-free sanyea! IS therefore very similar to that observed for the

. ) rHi'ghest speed of the stress-free material, and the wear
ples. This behavior may result from the fact that themechanism is similar for both materials (Figs 11, 12,

mechanism of mild wear is still present together with

. ) . 15 and 16).
mechanisms stimulated by residual stresses and/or ré-
lated to plastic deformation.

During rubbing at sliding speeds greater than3.3. Friction

0.1 ms the temperature at the contact point couldThe friction coefficients as a function of sliding speed
be so high as to re-transform the monoclinic phasdor both materials are plotted in Fig. 17. The analysis
into tetragonal with an appreciable volume reduction.of the data suggests the following possible explanation.
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According to Rice [12] the plastic deformation may
result in an increase in friction. In addition, for the
stress-free samples the relatively smooth sliding surface
can lead to an increase of the cohesive force between
the two contact surfaces due to the reduction of the
absorbed air film, similar to vacuum conditions [13].

The friction coefficient of the stressed material is
higher than that of the stress-free material except at
sliding speeds higher than 0.3 m'sIn the latter case,
as described above, the wear mechanisms are similar
for both materials and hence the friction coefficients
are also similar. Below this sliding speed, as soon as it
exceeds 0.01 nT$ the removal of materials by pull-

) , out of grains or fracture in microcracked regions (large
Figure 15 Micrograph of the worn surface (severe wear) of treated ma- i<y ganerates a rough surface. As a result, the friction
terial. Flakes of smeared grains and plastic deformation are visible. . . .

increases considerably, favoring the occurrence of wear
particles in the contact area.

4. Conclusions

The stimulation of compressive surface residual
stresses by phase transformation in 3Y-TZP improves
the contact damage resistance considerably. The ap-
parent surface toughness increases by more than 50%
(from 40 £+ 0.1 MPant’? to 6.1 &+ 0.5 MPant/?).
Nevertheless, the presence of microcracking associated
with the t— m transformation, the increase of the size
of tetragonal grains (due to the thermal treatment) and
the weakness of the monoclinic phase reduce the wear
resistance of this material.

Figure 16 Flakes of smeared material in the groove of the worn surface 1 € friction is very high and can be due to two differ-

of treated sample. ent mechanisms in mild and severe wear regions. In the
first case it can be caused by the loosening of microc-
racked regions by spalling of individuals grains or large

25 T T T

¥ 3Y-TZP untreated pits, with a consequent roughening effect. In the latter
T 3YTZP treated case the high friction coefficient can be attributed to the
201 ] observed plastic deformation, favored by possible high

flash temperature, and the large contact area due to the
penetration of the pin in the zirconia disesZ50 um
at the higher sliding speed).

At the highest sliding speed the wear and friction are
. very similar for both stressed and stress-free material,
indicating a similar wear mechanism.

Friction

0.5 b
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