phys. stat. sol. (a) 201, No. 1, 26—45 (2004) / DOI 10.1002/pssa.200306715

Plastic deformation
of yttria stabilized cubic zirconia single crystals
I. Activation parameters of deformation
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Cubic zirconia containing 10 mol% yttria was deformed along the hard (100) direction and materials with
15 and 20 mol% yttria along the soft (112) orientation between 1400 °C and the lowest possible tempera-
tures without brittle failure. The 10% material shows along (100) a strong increase in the flow stress at
decreasing temperature, while the materials with 15 and 20 mol% yttria along (112) exhibit a higher flow
stress with a weak temperature dependence. The activation parameters of deformation were measured by
stress relaxation and temperature change tests. The microstructures are studied by high-voltage transmis-
sion electron microscopy. The results are interpreted by long-range interactions between the dislocations,
the Peierls mechanism at the lowest temperatures, precipitation hardening between 500 °C and 800 °C,
and by recovery-controlled deformation at high temperatures. The occurrence of plastic instabilities are
described in Part II [phys. stat. sol. (a) 201, No. 1 (2004)] of this paper.
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1 Introduction

Above about 2400 °C, pure zirconia has the cubic fluorite structure. Below that temperature, it trans-
forms to a tetragonal phase and finally below about 1200 °C to a monoclinic one. However, the cubic
high-temperature phase can be stabilized to lower temperatures by adding aliovalent cations. The most
intensively studied system is the zirconia-yttria (ZrO,—Y,0;) system. Addition of more than about
8 mol% yttria stabilizes the cubic phase (c-ZrO,) down to room temperature. It should be the matrix
phase of two-phase materials containing precipitates of the tetragonal phase. These materials show a
remarkable high-temperature strength owing to an effective precipitation hardening mechanism [1].
Studies of the plastic deformation of the cubic phase are a prerequisite of understanding the mechanical
properties of these more complex zirconia materials. Besides, cubic zirconia with higher yttria concentra-
tions may also be a promising component to other high-temperature materials owing to its high flow
stress at high temperatures (about 300 MPa at 1400 °C [2]).

Plastic deformation of cubic zirconia single crystals at high temperatures has extensively been studied
by the groups of A. H. Heuer and A. Dominguez-Rodriguez [2-10]. Crystals with 9.4 mol% yttria were
mostly deformed at 1400 °C along the soft (112) compression axis to promote single slip on the easy
{001} 1/2(110) slip system [2—4]. The temperature dependence of the flow stress was first investigated
between 1200 and 1500 °C [5] and later on in creep up to 1800 °C (e.g. [9]). Slip on non-cube planes
was first studied in Ref. [6]. Addition of more than about 9 mol% yttria up to about 20 mol% leads to an
increase in the flow stress [7, 9, 10]. The results around 1400 °C were first explained by solution harden-
ing controlling the dislocation mobility (e.g. [5]). Later on, it was argued that the deformation at 1400 °C
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is controlled by recovery processes of the dislocation structure [11] where the recovery rate depends on
the cationic diffusion coefficient which, in turn, depends on the yttrium concentration [12]. This view
was elaborated in [13] and discussed on the basis of a creep model by Burton (e.g. [14]) with a transition
from climb-recovery controlled deformation above about 1500 °C to viscous glide, controlled by point
defect atmospheres around the dislocations below that temperature [8, 9]. This mechanism was also
claimed in a creep study at low strain rates [15]. Thus, the high-temperature deformation of ¢-ZrO, is
experimentally well documented though the interpretation is not as clear.

So far, c-ZrO, had been supposed to be brittle below about 1000 °C. However, by using a low strain
rate and by careful specimen preparation, c-ZrO, with about 10 mol% Y,O; can be deformed plastically
in the soft (112) orientation down to 400 °C [16, 17] and under confining hydrostatic pressure even down
to 250 °C [18]. In addition to the high-temperature range discussed above, the material shows three tem-
perature ranges with clearly different deformation mechanisms, an athermal range around 1150 °C, a
range where localized obstacles control the dislocation mobility below about 1000 °C and a range below
about 500 °C where the Peierls mechanism is superimposed [17, 19]. The state of the understanding of
the deformation mechanisms of ¢-ZrO, has been reviewed in Refs. [20, 21].

However, the data available on the low-temperature deformation of c-ZrO,, i.e. below about 1200 °C,
are restricted to ZrO,-10 mol% Y,0; and, except a few experiments near 1150 °C [13], to the soft (112)
orientation. It is the aim of the present study to supplement these data by:

(1) Plastic deformation experiments on ZrO,-10mol%Y,0; in the hard (100) orientation, where the
easy {001}1/2(110) slip system has a zero orientation factor, in order to activate slip on the {110} or
{111} planes. Previous studies by macroscopic deformation [6] and by high-temperature in situ straining
experiments in a high-voltage electron microscope (HVEM) [22] have shown that on these planes slip is
controlled by processes different from those on the easy {001} planes.

(2) Experiments on c-ZrO, with 15 and 20 mol% Y,O; to study the influence of the stabilizer concen-
tration on the plastic properties.

All experiments were performed between 1400 °C down to the lowest temperatures where plastic
deformation could be achieved to better characterize the low-temperature mechanisms. For some defor-
mation conditions, the dislocation microstructure was studied by conventional transmission electron
microscopy in the HVEM. The basic deformation data are described in Part I of this paper. Part II pre-
sents the results on plastic instabilities, which occur in the materials with higher yttria concentrations, as
observed before [10].

2 Experimental

Rectangular bars of fully stabilized zirconia single crystals about 8 x 2 x 2 mm’ in size were cut and
carefully polished from large pieces™ with 10, 15 and 20 mol% yttria. The long axis was oriented for
compression along [100] with (010) and (001) side faces for the material with 10 mol% Y,O; and along
[112] with (111) and (110) side faces for the materials with 15 and 20 mol% Y,O;. The crystals were
deformed in a single screw testing machine, usually at a constant strain rate of ¢ = 107 s™'. Further
experimental details are described, e.g., in Refs. [13, 16].

To study the activation parameters of the plastic deformation, stress relaxation tests were performed.
The strain rate sensitivity r of the flow stress o (engineering stress) was calculated from the inverse slope
of the relaxation curves plotted as In (- 6) versus o

r=do/dIné =do/dIn (-0). (1)

Usually, the strain rate sensitivity was determined at the beginning of the relaxation tests so that it corre-
sponds to the strain rate during deformation just before the relaxation tests started. Frequently, a second
relaxation followed the original one at a stress slightly below the starting stress of the original relaxation
so that the plastic strain between both relaxations is very small. The differences between the original
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relaxation tests and these “repeated” relaxations, taken before a steady state microstructure is reached
again, give information on structural changes during the first relaxations. A few strain rate cycling ex-
periments were carried out for comparison with the results of the relaxation tests.

In order to determine the activation energy of the plastic deformation, temperature change tests were
performed. The specimens were partially unloaded before changing the temperature. The deformation
was resumed at the new temperature after thermal equilibrium was reached. Frequently, a yield drop
effect occurred after the temperature change owing to changes in the microstructure. For calculating the
temperature sensitivity Ao/AT, the stress strain curve after the lower yield point was back-extrapolated
linearly to the strain of the temperature change. Thus, the temperature sensitivity corresponds to the
differences in the steady state deformation behaviour. The activation enthalpy was calculated according
to

AH = —kT*(Ac/AT),/r . (2

T is the average temperature T = (T,T>)" and r the average value of the strain rate sensitivities measured
from relaxations immediately before and after the temperature change r = (| + r,)/2.

The structure of the slip bands in the deformed specimens was investigated by optical stress birefrin-
gence and reflection microscopy. Specimens for transmission electron microscopy were cut either paral-
lel to the side faces or to the cross section. They were investigated in the HVEM under diffraction con-
trast conditions.

3 Results

3.1 Macroscopic deformation tests

The first part of this section describes the results of the tests on ZrO,-10 mol% Y,0; deformed in com-
pression along the hard (100) orientation at a strain rate of 10~ s™'. Figure 1 shows selected stress-strain
curves taken at different temperatures. Below 500 °C, the specimens broke without remarkable plastic
deformation. Particularly at low temperatures, the deformation curves show a strong yield drop effect.
The strain hardening coefficient is always low. It is slightly negative at high and low temperatures and
slightly positive at intermediate ones. During almost steady state deformation, the stress-strain curves
were interrupted by stress relaxation, strain rate change and temperature change tests. The critical flow
stress o, is obtained either from the upper yield points or, for curves without a yield drop effect, from a
back-extrapolation of the steady state flow range onto the elastic line. oy is plotted in Fig. 2 as a function
of temperature. The temperature dependence of the flow stress in the (100) orientation can be compared
with reference data in the soft (112) orientation at 107 s7!. determined before [16, 17]. The flow stresses
along (112) are always lower than those along (100) except at the highest temperature of 1400 °C.
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%1300‘5 Fig. 1 Stress-strain curves of ZrO,-10 mol% Y,O;
W = deformed along (100) at a strain rate of 10° 57!, in-
W= s ' /L'/H cluding stress relaxation (SR), strain rate cycling
0 14007 i . (SRC) and temperature change (TC) tests.
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1600 r— . e e D 0 Fig. 2 (online colour at: www.interscience.wiley.com)
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All data in Fig. 2 can be divided into ranges of approximately linear dependencies of o, on T. The
respective values of the temperature sensitivity Ao/AT are plotted in Fig. 3 as straight horizontal lines.
Aol/AT values have also been determined from temperature change tests as described in Section 2. These
data are plotted as different symbols. At intermediate temperatures, the data from the o, versus T curves
are approximately equal to the data from the temperature change tests. In the (100) compression direc-
tion, the temperature sensitivity is practically constant. For the (112) reference orientation, the tempera-
ture sensitivity decreases with increasing temperature. At high temperatures, however, temperature
change tests yield a much higher temperature sensitivity than the slope of the oy versus T curves.

Figure 4 shows typical stress relaxation curves at different temperatures (full symbols) which were
measured to determine the strain rate sensitivity r of the flow stress. The relaxation rates plotted at the
ordinate are proportional to the strain rates. Thus, these plots exhibit the dependence of the strain rate on
the stress. Except at intermediate temperatures between about 1000 °C and 1250 °C, the curves are bent
towards the stress axis. This is the normal shape characteristic, e.g., of the thermally activated overcom-
ing of glide obstacles. At intermediate temperatures, however, the shape of the relaxation curves at low
strains can be described either by an “inverse” curvature or by two distinct ranges, a steep range, stage 1,
of low strain rate sensitivity at the beginning of the relaxation curves followed by a flat range, stage 2, of
higher strain rate sensitivity. This has been observed before in zirconia at high temperatures [13]. Re-
peated relaxation curves (open symbols), which were taken immediately after the original relaxations
without reaching steady state deformation again, start at significantly lower relaxation rates than the

- 6.8
3 L] T Ll
. <100= 10%
- e A <112> 10%
¢ <112> 15%
— ol o <112>20%
X
o
s | ¢
= ik T, e y
"{é A N - .' L alm Fig. 3 (online colour at: www.interscience.wiley.
< A m i - com) Temperature sensitivity of the flow stress
I . T v, as a function of temperature. Horizontal lines:
& ---h-® __. data from the slopes of the straight lines in Fig. 2.
0 1 1 * Symbols as in Fig. 2: data from TC tests.
400 800 1200

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



30 A. Tikhonovsky et al.: Plastic deformation of yttria stabilized cubic zirconia (I)

1 . . . . 1 . . . . .
650 °C ., " 1000 °C B
o] ™ 107% > ] o]l ™ 094% stage 1, ]
= o 1.10% v = 0 0.98% LA
2} - «n s o
g 1 - - g 9 -
= > = -
5 & 5 Y
® 2l K S, - T 2 stage2 . a% DDDD 1
< o o <
- LI =]
- - ﬁ - LI
31 T . 31 E
Y Fiagecs
.r o .-
-4 ; — ; -4 ; ; ; ; ;
740 760 780 800 820 840 460 480 500 520 540
6 [MPa] 6 [MPa]
1 . . . . 1 . . . .
1250 °C 0" 1400 °C
m 0.88% Fo m 1.35%
0 . ° pn J 04 . o _
= 0O 093% *.r-" = 0O 1.39%
%] [ ‘»
wilir
& 1 s ] & 14 ]
=3 o s
5 ) R 5
3 ol ol ggﬁﬁ%ﬁ%- 3 ol -
° ol 2
= - Sﬁmﬂéﬁn =
3 =F Ef 3
1] | | |
N E X
= % -4 ol
200 220 240 260 280 300 100 120 140 160 180 200
o [MPa] o [MPa]

Fig. 4 Stress relaxation curves at different temperatures. Full symbols: original relaxation curves. Open
symbols: repeated relaxation curves.

original curves. At 650 °C and 1250 °C, the relaxation rate first increases before it decreases in the usual
way. The differences between the original and repeated relaxation curves indicate changes in the micro-
structure or dislocation mobility during the relaxation tests. These changes are manifest in the yield drop
effects occurring after all tests with partial unloading, i.e. stress relaxation and temperature change tests
in Fig. 1. r was usually determined from the slope of the original relaxation curves at the beginning of
the relaxations. These values correspond to the conditions during steady state deformation just before the
relaxations. The data are summarized as full symbols (squares) in Fig. 5 in a logarithmic scale. Since r
depends on the strain, the individual data are extrapolated to a plastic strain of 0.5%. A few strain rate
sensitivity data were also obtained from strain rate cycling tests. They do not differ remarkably from
those of the stress relaxation tests. In the intermediate temperature range, where the relaxation curves
show the two ranges, the higher strain rate sensitivities corresponding to the flat stage 2 of the relaxation
curves, i.e. to strain rates considerably lower than the rate before the relaxation test, are plotted as open
symbols. The strain rate sensitivity starts with high values at low temperatures, goes through a minimum
near 1000 °C and increases again at higher temperatures. The data measured along (100) approach those
taken along (112) at low and high temperatures. They are distinctly higher by a factor of about 5 between
about 800 °C and 1200 °C. At the soft (112) reference orientation, r is very low at 1000 °C, only about
1 MPa.

The activation enthalpy AH of deformation was calculated by using Eq. (2). The data for specimens
with 10 mol% deformed along (100) are plotted in Fig. 6. At low temperatures, AH increases rapidly
with increasing temperature reaching about 10 eV at 800 °C and several tens of eV around 1000 °C.
The very high values originate from the low strain rate sensitivity in this range. Between 1200 °C and
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1400 °C, AH is about 10 eV again. Except at high temperatures, the values for deformation along (100)
are smaller than those along (112).

In the following, results are presented on the influence of yttria concentrations higher than 10 mol%
on the deformation along the soft (112) orientation. Some stress-strain curves of ZrO,-15 mol% Y,0; are
shown in Fig. 7. The material is brittle below about 700 °C even in the soft orientation. The deformation
is stable at and below 800 °C and at and above 1400 °C but shows serrations at intermediate tempera-
tures. These plastic instabilities will be discussed in Part II of this paper. The deformation curves of
Zr0,-20 mol% Y,0; are similar except that the brittle-to-ductile temperature and the stability borders are
shifted to somewhat higher temperatures. The temperature dependence of the yield stress of both materi-
als is included in Fig. 2. Both materials show almost the same weak temperature dependence of the yield
stress. At high temperatures, the yield stresses are higher than that of the 10 mol% material by a factor of
two, but at low temperatures they approach that of the 10 mol% reference material. It follows from the
straight lines in Fig. 2 that the temperature sensitivity of ZrO,-15 mol% Y,Oj; is less than that of ZrO,-
10 mol% Y,0;. The data are included in Fig. 3 together with those of the temperature change tests.
Mostly both methods agree quite well. For the 20 mol% material, only a single temperature change test is
available for about 1400 °C.

In the stable ranges of deformation, the stress relaxation curves of the materials with high yttria con-
tents have mostly an inverse curvature but below a certain minimum rate, deformation becomes com-
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pletely blocked. The strain rate sensitivity data are included in Fig. 5. In the stable low-temperature
range, the r values are almost equal to those of ZrO,-10 mol% Y,0; in the same orientation. At stable
deformation at high temperatures, the r values at the beginning of deformation are distinctly lower than
those of the 10 mol% material, while the values of stage 2 (open symbols) are almost equal to them. In
the instability range, strain rate sensitivity data were not calculated. The few activation enthalpy data of
the 15 and 20 mol% materials are included in Fig. 6. They fit the values of the 10 mol% crystals.

3.2 Optical microscopy

Optical stress birefringence patterns give information on the slip systems activated and on the homoge-
neity of slip on a macroscopic level. Figure 8 presents such patterns for ZrO,-10 mol% Y,0; deformed
along (100). At a temperature of 1100 °C, both cube side faces show well developed slip bands running
in (110) directions (Fig. 8a). At the same time, slip steps on the surface observed by reflection micros-
copy run only in (001) directions. This is consistent with {110} planes being activated. At 1400 °C, slip
has become very homogeneous (Fig. 8b).

In ZrO,-15 mol% Y,0; in the range of stable deformation at low temperatures, Liiders bands of the
easy {100}1/2(011) slip system start from places near the grip faces and extend over parts of the speci-
men length. In the instability range at 1000 °C, slip is localized in a few sharp slip bands (Fig. 9a). The

Fig. 8 Optical stress birefringence pat-
terns on the {010} side faces of ZrO,-
oLt 15 mol% Y,0; deformed along (100).
a) 1100 °C, £=2.5%.b) 1400 °C, £=2.8%.

0.5 |:1|:n

b)
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Fig. 9 Optical stress birefringence patterns on the {110} side faces of ZrO,-15 mol% Y,0; deformed along (112).
a) 1000 °C, £=1.5%. b) 1200 °C, £= 1.8 %. c) 1400 °C, £=3.5%.

angle of 54.7° of the band on the {110} face with respect to the compression direction and of 90° on the
{111} face point at the easy slip system on a cube plane. At 1200 °C, a greater number of slip bands is
distributed over the whole specimen length (Fig. 9b). In the stable range at 1400 °C, slip is homogeneous
(Fig. 9c).

3.3 Transmission electron microscopy in the HVEM

All micrographs from ZrO,-10 mol% Y,0; deformed along (100) were taken near a (001) pole perpen-
dicular to a {001} side face. In some cases, the directions of the Burgers vectors were determined using
the g - b = 0 contrast extinction rule. It was one aim of the microstructural investigations under the above
deformation conditions to obtain information on the type of slip planes activated in the hard (100) orien-
tation when the easy slip systems on cube planes have a zero orientation factor. Information on the slip
planes can be obtained from the shape and orientation of the dislocations. In the projection onto the
{001} side faces, for two of the four slip systems with {110} planes and orientation factors of m, = 0.5
the slip planes are oriented edge on and the intersection lines with the surface run in (110) directions. For
the remaining two systems, the slip planes are inclined by 45° with respect to the surface and the inter-
section lines run along (100) directions. The slip systems with the four {111} planes and orientation
factors of 0.41 show all slip planes inclined by 54.7° with intersection lines running along (110).

Preparation of transmission electron microscopy specimens failed for samples deformed below
700 °C, because of the brittleness of the deformed material. At 700 °C (Fig. 10), slip is inhomogeneous,
in accordance with the birefringence observations. In the upper part of the figure, dislocations look quite
straight running in the two (110) directions on the surface plane. This is consistent with the arrangement
of the dislocations on the {110} planes oriented edge on. In the lower part of the figure, dislocations are
curved. The slip bands extend along the two (110) directions (the directions approximately perpendicular
to the images of the dislocation lines which, mostly, cross the specimen with the shortest length on the
slip plane). This points at the dislocations being arranged on {111} planes. Thus, slip systems with
{110} and {111} planes coexist. This is characteristic for other temperatures, too.

Figure 11 displays a dislocation structure after deformation at 800 °C with two sets of dislocations,
indicating multiple slip. At the (200) g vector in Fig. 11a, all dislocations are imaged with non-zero ori-
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Fig. 10 Dislocation structure of ZrO,-10 mol% Y,03
deformed along the compression direction d = [100] at
700 °C to a strain of 1.3%. Imaging diffraction vector
g =(020) near the [001] pole. With this g vector, all
dislocations of slip systems with non-zero orientation
factors are visible.

entation factors. In Figs. 11b and ¢ with (220) and (220) g vectors, always one set of dislocations with
1/2[110] and 1/2[110] Burgers vectors within the image plane are extinguished. Since the dislocations
have Burgers vectors in the image plane and are curved, they should be arranged on two of the {111}
planes. The dislocations have a large screw component. The curved shape of the dislocations with cusps

Fig. 11 Dislocation structure of ZrO,-10 mol%
Y,0; deformed along d = [100] at 800 °C up to
1.1% imaged under different g vectors at the [001]
pole. a) g = (200). b) g = (220). ¢) g = (220).
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Fig. 12 Dislocation structure of ZrO,-
10 mol% Y,0; deformed along d = [100] at
1050 °C up to 1.8%. g = (200).

indicates that they are pinned by localized obstacles and bow out between them. Similar structures are
formed also at 700 °C (Fig. 10) and 1050 °C (Fig. 12). Part of the cusps corresponds to high jogs. These
jogs trail short dislocation dipoles of low contrast. Some of them are labelled J in Fig. 11b. The fraction
of jogs with respect to the total number of cusps is not high. Besides, the density of debris produced by
these jogs (marked D) is not high so that these processes should not essentially contribute to the flow
stress.

At temperatures above about 1200 °C, slip becomes homogeneous and the pinned and bowed-out
shape of the dislocations disappears (Fig. 13a, 1300 °C). They are now smoothly curved and have many
triple nodes indicating that they form a three-dimensional network. The situation is similar at 1400 °C as
demonstrated in Figs. 13b and ¢ which show dislocations lying on the two sets of {110} planes oriented
edge on.

a) b) 9
Fig. 13 Dislocation structure of ZrO,-10 mol% Y,0; deformed along d = [100] at high temperatures. a) 1300 °C,
2.6%. g = (220). b) 1400 °C, 2.6%, g = (020). ¢) Same area as b), g = (220).
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12 = Fig. 14 Dislocation density of ZrO,-10 mol% Y,0; deformed
T —— . | along (100) as a function of temperature.
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Summarizing the qualitative observations, it may be stated that both {110} and {111} slip planes are
activated at all temperatures during deformation along (100), where the easy slip systems with {100}
planes are out of stress. Slip is localized at low temperatures and becomes homogeneous at high ones. Up
to 1050 °C, the dislocations bow out between localized obstacles. At high temperatures, a dislocation
network forms.

The dislocation density p was measured from about four selected micrographs for each temperature by
counting the numbers of intersections of the dislocation lines N; and N, with two orthogonal grids of
straight lines of lengths P, and P, according to p = (N|/P, + N,/P,)/t. The specimen thickness ¢ was esti-
mated from the projected length of dislocations crossing the specimen on a known slip plane. As demon-
strated in Fig. 14, the dislocation density is constant up to 1250 °C and decreases rapidly above this tem-
perature.

In addition, the average length of bowed-out dislocation segments was determined from micrographs
showing dislocations with well visible cusps as in Fig. 11. The average segment length was taken as
evaluated dislocation line length /; per number of cusps m: Iy = l¢/m. The segment lengths are about
73 nm at 700 °C, 170 nm at 800 °C and 140 nm at 900 °C. At high temperatures, the dislocations are not
pinned anymore, as stated above.

Some micrographs were also taken from a ZrO,-15 mol% Y,0; crystal deformed along (112) at
1200 °C (Fig. 15). Dislocations on the {100} easy slip plane are imaged edge-on and appear in very

Fig. 15 Dislocation  structure of  ZrO,-
15 mol% Y,0; deformed along d = (112) at
1200 °C. (110) pole. g = (220).
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narrow slip bands indicating planar slip. The broader bands contain dislocations belonging mostly to the
{111} slip planes. Part of the dislocations of Burgers vectors of equal sign are arranged in planar groups.
This is important with respect to the unstable deformation discussed in more detail in Part II of this pa-
per.

4 Discussion

4.1 Slip systems

Slip on non-cube planes has previously only been studied at or around 1400 °C [6, 13, 23]. While slip on
{111} was reported to be activated during deformation along (100) [6, 23], it is argued in [13] that {110}
planes dominate. The flow stresses on {110} and {111} planes are supposed to be about 30% higher than
that on {100} [6]. The present investigations on samples deformed at lower temperatures suggest that
both slip planes, {110} and {111}, are activated in the whole temperature range. However, the difference
of the flow stress with respect to the easy {100} plane becomes much greater at intermediate tempera-
tures than at 1400 °C.

4.2 Activation parameters of the plastic deformation

In the model of thermally activated dislocation glide, the plastic strain rate is expressed by an Arrhenius
type relationship

&= &, exp (<AG/kT) (3)
with
AG(7%) = AF(7%) — V(%) 7+ 4

Here, &, is the pre-exponential factor containing the mobile dislocation density and the distance of for-
ward jumps after successful thermal activation. &, is usually considered constant. AG is the Gibbs free
energy of activation, AF the free energy of activation, k Boltzmann’s constant, 7" the absolute tempera-
ture, V the activation volume and 7* the so-called effective (shear) stress. It is related to the total shear
stress 7 by

=17 + T 5)

7, is the athermal stress component resulting from long-range dislocation interactions. The activation
volume V is determined from the strain rate sensitivity r by

V=kT/(myr) , (6)

with m, being again the orientation factor relating the flow stress o to the shear stress 7= m;o. According
to Fig. 16, the activation volume of the 10 mol% yttria (112) reference specimen increases from a few b’
at 400 °C to almost 10005 at 1000 °C. b is the absolute value of the Burgers vector. These large values
are not consistent with the model of thermal activation. Along (100), the activation volumes are always
smaller than those along (112) with a maximum of 175b°. The few values of the materials with higher
yttria concentrations fit those of the 10 mol% reference material in the same orientation.

At high temperatures, the strain rate sensitivity can be discussed in terms of the stress exponent

m¥*=dlné/dno=oc/r. @)

Some values are listed in Table 1. At 1400 °C, they are all close to 6, except for the 20 mol% material
which is not yet in the recovery range. However, m* becomes also equal to about 6 at a higher tempera-
ture.
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Fig. 17 (online colour at: www.interscience.wiley.com)
Gibbs free activation energy AG as a function of tem-
perature. Symbols as in Fig. 2.

Fig. 16 (online colour at: www.interscience.wiley. com)
Dependence of the activation volume V on temperature.
Symbols as in Fig. 2.

The Gibbs free energy of activation AG of Egs. (3) and (4) can be calculated from the activation en-
thalpy AH in Fig. 6 using the formula of Schock [24]
AG:AH—TAS:A}I]+§TV:AH“;ﬂZTG/r, (8)

where AS is the activation entropy, u the shear modulus and £ = (7/u) (dg/dT). The formula contains
only measurable quantities and is based on the assumption that the only contributions to the entropy arise
from the temperature dependence of the shear modulus. For the present evaluations, y was substituted by
the energy factor K; of screw dislocations with a/2(110) Burgers vectors calculated in [25] by anisotropic
elasticity theory using the temperature depending elastic constants from [26]. The result is shown in
Fig. 17 for temperatures up to 800 °C. According to Eq. (3), AG should be proportional to T if the de-
formation is controlled by a single thermally activated process. For all specimens, AG increases with
temperature, but much more strongly than predicted for a single process. Thus, the controlling process
may change within the discussed temperature range. Values of AG are not calculated for temperatures
above 800 °C. The large values around 1000 °C are not consistent with thermally activated dislocation
motion. The discussion of the recovery range at high temperatures is based on AH.

In the following, the different mechanisms contributing to the flow stress are discussed. This is based
on the earlier considerations in [11, 13, 16, 17, 19, 25] and reviewed in [20].

4.3 The athermal stress component 7

Long-range interactions between the dislocations cause an athermal component 7 of the flow stress. One
contribution to this component is the stress arising from the mutual elastic interaction between parallel

Table 1 Stress exponent m* of the plastic strain rate in stage 2 according to Eq. (7) at high temperatures.

specimen T [°C] o [MPa] r [MPa] m*

(100) 10% 1400 165 29.2 5.7
(112) 10% 1400 184 38 4.8
(112) 15% 1400 345 54.8 6.3
(112) 20% 1400 392 22.5 17.4
(112) 20% 1475 370 58.8 6.3
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dislocations called Taylor hardening [27]. Using anisotropic elasticity, the stress contribution 7, from
parallel dislocations can be written as [25, 20]

%, = aKbFnp'"127) ©)

where o is a numerical constant of about 8, K again the energy factor of the dislocations, Fy, a
dimensionless maximum interaction force and p the dislocation density. Since the dislocations have
mostly screw character, K and F,,, were selected for screw dislocations. For 700 °C, they amount to
K, = 80.4 GPa and F,,, = 0.30 for {100} planes ((112) orientation of compression axis) and Fy,, = 0.66
for {111} planes ((100) orientation) [25, 20]. Unfortunately, values of F,, are not available for {110}
planes. Taking the dislocation densities for ZrO,-10 mol% Y,0; for the (112) compression direction
from [16] and for the (100) direction from Fig. 14, the dependence of 7, on the temperature is shown in
Fig. 18. The values are slightly greater for the (100) orientation, owing to the greater F,, value. They are
compared with the total (shear) flow stress 7, calculated from oy with the orientation factors of the re-
spective slip systems. In the athermal range around 1000 °C of the (112) reference specimens, z,
amounts to about 40 MPa. It is shown by in situ straining experiments in an HVEM [22] that the disloca-
tions move very jerkily and bow out between large jogs. At 1150 °C, this process causes a back stress 1,
of about 75 MPa [20], which also contributes to the athermal stress component 7. Thus, 5= 7, + 5, = (40
+ 75) MPa, which just equals the macroscopic flow stress. The athermal nature of the flow stress of
Zr0,-10 mol% Y,0; around 1000 °C along (112) is in agreement with the low strain rate sensitivity (or
the large activation volume, Fig. 16) and the very large experimental activation energy (Fig. 6).

At deformation along (100), in situ straining experiments show dislocations moving continuously on
{110} planes also bowing out to similar curvatures as during deformation along (112) [22]. It may there-
fore be concluded that the back stress 7, and accordingly also the total athermal stress component 7 has a
similar magnitude as along (112). In this case, however, the (shear) flow stress at 1000 °C is about
200 MPa. Thus, the Taylor hardening component amounts only to about 60% of the flow stress. At the
(100) compression axis, multiple slip occurs, as demonstrated by Fig. 11. This may induce both an addi-
tional athermal and a thermal flow stress component. Nevertheless, the influence of thermal activation on
the flow stress along (100) is documented by the smaller activation volume (Fig. 16) and the high tem-
perature sensitivity of the flow stress (Figs. 2 and 3).

It may be concluded that the athermal processes yield an important component 7 to the flow stress, in
particular around 1000 °C. Since it increases only slightly with decreasing temperature, it becomes less
important at lower temperatures where the total flow stress increases strongly. Unfortunately, neither dislo-
cation density data nor results from in sifu experiments are available yet for the deformation of specimens
with higher yttria concentrations. Probably, z is slightly higher because of higher dislocation densities in
the localized slip bands but the ratio between 7 and 7, may be similar to that of the 10% material.
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4.4 The Peierls mechanism

The steep increase of the flow stress of the 10 mol% reference material deformed along (112) below
about 500 °C (Fig. 2), particularly if the data measured under confining hydrostatic pressure from [18]
are included, and the related strong increase of the strain rate sensitivity (Fig. 5) were interpreted in [17,
19] by a transition to the action of the Peierls mechanism. As shown in Fig. 16, the large strain rate sensi-
tivity below 500 °C corresponds to activation volumes below about 10b°, which are well consistent with
the Peierls mechanism. Specimens deformed along (100) show also a steep increase of the flow stress at
500 °C and the activation volumes approach, at low temperatures, the values in the soft orientation.
Thus, the Peierls mechanism should also be active on the non-cube slip planes at low temperatures. The
fact that the bowed-out shape of dislocations between obstacles is preserved in the unloaded specimens
(Figs. 10 and 11) points at a friction mechanism being active also at temperatures higher than 500 °C.
However, the Peierls mechanism seems not to be responsible for the difference in the flow stress for slip
on cube or non-cube planes (for the two loading directions) in a wide range of temperatures, since above
about 800 °C the activation volumes are too large for this mechanism (Fig. 16). The specimens with
yttria concentrations higher than 10 mol% broke before the range of the Peierls mechanism was reached.

4.5 Flastic interactions between dislocations and point defects

Originally, the dependence of the flow stress of cubic zirconia on the stabilizer content at 1400 °C was
interpreted by solution hardening, i.e. by the elastic interaction between the dislocations and the yttrium
ions, their charge compensating oxygen vacancies or agglomerates of them (e.g. [2]). There is a remark-
able difference in the ionic radii of the yttrium and zirconium ions which may lead to solution hardening
owing to the size misfit. Estimations about this contribution to the flow stress are given in the Appendix.
As shown there, the size misfit interaction can yield a considerable contribution to the flow stress of
ZrO,-10 mol% Y,0; in a wide range of temperatures and therefore also to the materials with higher
yttria concentrations. Also the order of magnitude of the predicted activation volume fits the range of
experimental values (Fig. 16). However, this model does not agree with the functional dependencies. The
experimental activation volume depends on the temperature much more strongly than predicted theoreti-
cally. Besides, it should be inversely proportional to the square root of the yttrium concentration instead
of being independent of it. In particular, the obstacle distances in the range of 100 nm observed by
transmission electron microscopy in Section 3.3. disagree with the very short distances between the indi-
vidual yttrium ions of only a few b. It may therefore be concluded that direct solution hardening by the
solved yttrium ions yields only a small contribution to the flow stress.

Agglomerates of yttrium ions and oxygen vacancies form electric and elastic dipoles, which have been
proved by mechanical loss spectroscopy [28-30]. Since the mobility of the oxygen vacancy near the
yttrium ion is very high, the relaxation maxima are below 400 °C, i.e. these defects do not act as fixed
obstacles in the range of the present experiments. The respective reorientation processes might lead to
the induced Snoek effect in the temperature range of the relaxation maxima, i.e. also below the present
temperature range. At higher temperatures, the agglomerates dissociate [30-32]. In tetragonal zirconia
polycrystals with 3 mol% Y,Os, the dissociation takes place between 520 °C and 650 °C [31]. At higher
Y,0; concentrations the dissociation is shifted to higher temperatures (e.g. [30]). It is argued in [33] that
part of the yttrium ions are associated with vacancies even at 1400 °C and that the concentration of free
yttrium ions in % is given by ¢, = 2.47c{, where ¢y, are the mole% of Y,0;. Perhaps the oxygen
vacancies balance the size misfit of the yttrium ions so that the associates have only a weak size misfit
interaction with the dislocations.

4.6 Precipitation hardening

Plastic deformation in the temperature range between about 500 °C and 800 °C seems to be essentially
controlled by precipitation hardening. The flow stress exhibits a moderate temperature sensitivity (Figs. 2
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and 3) and the strain rate sensitivity (Fig. 5) corresponds to activation volumes of some tens to some
hundreds of »* (Fig. 16). The Gibbs free energy takes reasonable values mostly below 6 eV (Fig. 17). As
discussed already in Section 4.2, the increase of the activation energy with temperature is too strong for a
single thermally activated process so that another thermally activated process should be superimposed,
probably the Peierls mechanism at low temperatures. The occurrence of precipitation hardening is sup-
ported by the bowed-out shape of the dislocations in the respective temperature range (Figs. 10 and 11).
As described in Section 3.3 for ¢-ZrO,-10 mol% Y,0; along (100), the distance [ between these obstacles
ranges between 73 and 170 nm depending on the temperature, which corresponds to 200 ... 460b. In the
model of localized obstacles, the activation volume is given by V = (2/3) Ibd, where d is the so-called
activation distance, i.e. the effective width of the obstacles at the given stress. The factor 2/3 originates
from the Friedel statistics appropriate for randomly arranged strong obstacles. The present data yield
d =0.15 ... 0.3b. Since the precipitates are certainly much larger, this indicates that the effective forces
on the obstacles almost reach the obstacle strength so that only the tips of the obstacles are overcome by
thermal activation. As shown in Fig. 16, the activation volume is not influenced by the yttria concentra-
tion. Thus, the precipitates should not be connected with the yttria stabilizer. Unfortunately, only a hy-
pothesis can be presented about the nature of the precipitates. According to [33], high concentrations of
nitrogen are solved in zirconia crystals owing to their growth in air, which precipitate at high tempera-
tures to form ZrN particles. In the system ZrO,—ZrN (i.e. without yttrium), the structure of precipitates
has been studied in [34]. Crystals containing more than 2.5 mol% ZrN show small precipitates either of
tetragonal or monoclinic structure. The precipitates are coherent with their tetragonal c-axis or their
monoclinic ¢ or b-axes parallel to a cube direction of the matrix. In addition, the monoclinic particles
are heavily twinned with {100} or {110} twin planes (in cubic notation). Thus, the structure of these
precipitates resembles that of the tetragonal precipitates in partially stabilized zirconia. Since the ZrN
precipitates occur at all yttria concentrations studied in [33] and since the crystal material was supplied
by the same company for the study in [33] and the present one, it is believed that small particles
containing nitrogen cause the precipitation hardening in the temperature range between 500 °C and
800 °C.

The difference in the flow stresses of ZrO,-10 mol% Y,0; deformed along (100) in comparison to
(112) at intermediate temperatures should be related to the dominating thermally activated mechanism,
i.e. to precipitation hardening, since the strain rate sensitivity is much higher along (110) than along
(112). The obstacle distances, however, are practically equal in both directions (compare the values
above with Fig. 8 in [17]) in agreement with the fact that the dislocations interact with the same obstacles
in both orientations. An equal obstacle distance / but a smaller activation volume V along (100) (Fig. 16)
result in a smaller value of the activation distance d. At the same time, also the Gibbs free energy of
activation AG is lower (Fig. 17). This is consistent with different interaction profiles of the same obsta-
cles on different slip planes with similar total activation energies. At the more narrow profile for non-
cube slip at the (100) compression direction, the acting force and thus the effective stress must be higher
to arrive at smaller values of d and AG. According to Eq. (3), however, the different values of AG from
Fig. 17 yield pre-exponential factors &, differing by many orders of magnitude, which is very unrealistic.

In principle, different activation parameters of overcoming the same precipitates on different slip
planes can be understood on the basis of the suggestion above that the obstacles are coherent particles of
different crystal structure. If the dislocations of the matrix cut these particles, antiphase boundary-like
defects have to be created, which impede the motion of the dislocations inside the particles. Since the
energies of these faults may depend on the plane, different interaction forces with dislocations will result.
Thus, the bowed-out shape of dislocations and the values of the activation volume clearly indicate the
action of precipitation hardening in the discussed temperature range, but the details of this mechanism
are not well understood. While for the reference specimens of ZrO,-10 mol% Y,0; deformed along
(112), this mechanism ceases in the athermal range around 1000 °C, it seems still to operate at these
temperatures for deformation along (100). The contribution of precipitation hardening seems to be inde-
pendent of the stabilizer concentration. Thus, it does not explain the higher flow stress of the materials
with higher yttria concentrations.
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4.7 Formation of solute atmospheres on dislocations (dynamic strain ageing)

While along (112) the ZrO,-10 mol% Y,0O; crystals show athermal deformation behaviour around
1000 °C with very low strain rate sensitivities, specimens with 15 and 20 mol% exhibit plastic instabili-
ties in this temperature range. This is usually interpreted by the so-called Portevin—LeChatelier (PLC)
effect [35] or dynamic strain ageing leading to a locking of the dislocations and to an additional contribu-
tion to the flow stress. It is argued in Part II of this paper that the effect is caused by short-range diffu-
sion of unassociated yttrium ions. Thus, this process may result in the difference between the flow
stresses of ZrO,-10 mol% Y,0; and the materials with higher yttria concentrations between about 800 °C
and 1200 °C.

4.8 Recovery-controlled deformation at high temperatures

The deformation of ¢-ZrO, at temperatures around 1400 °C was discussed in detail in terms of recovery-
controlled glide in [13], after the original suggestion in [11]. Similar views were also expressed, e.g., in
[8]. As the work-hardening is low, the high-temperature deformation can conveniently be treated in
terms of an equation for steady state creep (for a review concerning ceramics, see [36])

i =at (9 pexp| 20 (10)
kT \ u kT

where A is a dimensionless constant, n the stress exponent for creep, D, the pre-exponential factor and
AH the activation enthalpy of the respective diffusion process.

The relation between the steady state behaviour as in Eq. (10) and the transient behaviour like that
during stress relaxation tests can be discussed by a model in [37, 38] where high-temperature deforma-
tion is described by a dynamic law of the dependence of the strain rate on the effective stress (analogous
to Eqgs. (3) and (4)) in form of a power law with the dynamic stress exponent m and a law of the evolu-
tion of a threshold stress owing to the dislocation structure including a strain softening exponent p. As
described in Section 3.1, stress relaxation curves may show two ranges, a steep one (stage 1: Fig. 4b, full
symbols in Fig. 5) at the beginning and a flat one (stage 2, open symbols) corresponding to lower strain
rates. This holds for ZrO,-10 mol% Y,0; deformed along (100) between 1000 °C and 1200 °C but in
particular for the two materials with higher yttria concentrations along (112) at 1400 °C. The 10 mol%
material shows only stage 2 because of the lower strain rate of this data set. In the model outlined above,
in stage 1 the dynamic exponent m is approximately equal to the experimental stress exponent m* after
Eq. (7) , i.e. it is given by the strain rate sensitivity » and corresponds to the activation volume in Egs. (4)
and (6). These r values are low owing to the athermal character of the dislocation motion as in the range
around 1000 °C. Stage 2 corresponds to deformation controlled by dynamic recovery where the stress
exponent m* is approximately equal to the softening exponent p and also the creep exponent n in Eq.
(10). As listed in Table 1, the m* values of range 2 at 1400 °C are between 4.8 and 6.3, except for ZrO,-
20 mol% Y,0; which reaches m* = 6.3 only at 1475 °C. According to Table 1 of the review on creep of
ceramics [36], the stress exponents of different mechanisms based on bulk diffusion range between 3 and
4.5 and are 5 or 6 for pipe diffusion. The present values approach these theoretical values.

For deformation along (112), the activation enthalpies at about 1400 °C amount to 5.5 to 6 eV (Fig. 6).
This is close to the values of cation self diffusion in the bulk. For creep processes, diffusion must take
place in both sublattices but is controlled by the slower moving species, i.e. the cations. The activation
energy of self diffusion of Zr** was thought to be identical with that of the Zr—Hf interdiffusion of
4.05 eV [39]. However, tracer diffusion measurements yielded 4.7 eV [40]. According to a dislocation
loop shrinkage study in the lower temperature range between 1100 °C and 1300 °C, the activation energy
(of climb) is 5.3 eV [12, 41]. Certainly, the latter study fits best the situation of the present experiments.
Thus, both the stress exponent and the activation energy of the deformation around 1400 °C are close to
the values suggested theoretically for recovery-controlled deformation. While the activation energy of
cation diffusion seems to be independent of the stabilizer ions and concentration, the diffusion coeffi-
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cient decreases by more than an order of magnitude by increasing the yttria concentration from about 10
to about 20 mol% [12, 40]. This dependence explains the increased flow stress of the materials with
higher yttria concentrations where recovery is suppressed. ZrO,-10 mol% Y,O; exhibits equal flow stres-
ses at the different loading axes since recovery effects are independent of the loading axis. If the occur-
rence of the two-stage stress relaxation curves is interpreted as an indication of recovery, recovery pro-
cesses extend to lower temperatures for deformation along (112).

The influence of recovery is also obvious in the dislocation microstructure. At high temperatures, the
dislocations are arranged in a three-dimensional network (Fig. 13). Besides, the dislocation density de-
creases drastically at high temperatures (Fig. 14). However, this may partly be an artefact owing to static
recovery during cooling [13].

5 Conclusions

— At all temperatures, part of the flow stress is of athermal nature due to long-range interactions be-
tween dislocations and to the back stress of segments bowing out between large jogs or dislocation
nodes. This contribution is responsible for the athermal deformation of ZrO,-10 mol% Y,0; along (112)
around 1000 °C. In all other cases with higher flow stresses, other mechanisms are superimposed.

— At the lowest temperatures of this study, the Peierls mechanism causes a steep increase of the flow
stress and the strain rate sensitivity for glide on both the cube slip planes (activated in the (112) orienta-
tion) and the non-cube slip planes (activated in the (100) orientation).

— Although solution hardening from the yttrium ions may theoretically yield a large contribution to the
flow stress, the temperature range between 500 °C and 800 °C with activation volumes of up to more
than 1005” and dislocations pinned between obstacles about 130 nm apart can best be interpreted by the
action of precipitation hardening. According to equal activation volumes for the materials with different
yttria contents deformed along the soft (112) orientation, this mechanism does not cause the dependence
of the flow stress on the yttria concentration at intermediate temperatures. It should, however, be respon-
sible for the higher flow stress and the smaller activation volume of non-cube slip at deformation along
(100).

— The formation of yttrium ion atmospheres in the dislocation cores may give rise to the higher flow
stress of the materials with higher yttria contents due to strain ageing with serrated yielding at tempera-
tures around 1000 °C. Details will be described in Part II of this paper.

— Around 1400 °C, deformation is controlled by recovery. As the diffusional recovery processes are
little influenced by the slip system, the flow stress is equal for deformation of ZrO,-10 mol% Y,O; along
(112) and (100). On the other hand, the decrease of the cation diffusion coefficient with increasing yttria
concentration results in the higher flow stress of the materials with higher yttria contents at 1400 °C
owing to reduced recovery.

6 Appendix

6.1 The contribution of solution hardening to the flow stress

In the following, the effect of solid solution hardening is estimated which occurs by the incorporation of
yttria into the zirconia matrix. The atomic fractions of the yttrium ions with respect to the zirconium sites
are ¢ = 0.182, 0.261 and 0.333 for the yttria concentrations of 10, 15 and 20 mol%. According to [A1],
the ionic radius of Y** at a coordination number of 8 amounts to 0.102 nm and that of Zr** at the same
coordination to 0.084 nm. This yields a size misfit of d = 0.214. The size misfit results in a parelastic
interaction with the dislocations having a maximum interaction force [A2]

Fo=0.2ub*s. (A1)

u is the shear modulus, which is set equal to the energy factor K of screw dislocations as in Sections
4.2. and 4.3. A value of 80.4 GPa is taken for 700 °C. With this value, there follows Fy = 4.63 x 107°N.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



44 A. Tikhonovsky et al.: Plastic deformation of yttria stabilized cubic zirconia (I)

For a triangular interaction potential and a width of the solute of b, the total activation energy is
AGO = OSF()b 5 (AZ)

which amounts to 0.53 eV.
The contribution of solid solution hardening to the (shear) flow stress at zero temperature is then given
by the statistical theory [A3] as

T = 0.94(1 + 2,570 ¢ FHbp 20" . (A3)

Here, c is the atomic fraction of the solute and /”is the line tension. For a rough estimate, /"= O.SKSb2
may be taken, which gives 7'= 5.4 x 10~ N. 7, is a normalized obstacle width, which is defined by

10 = Yo/b2eTTF) . (A4)

¥, is the width of the interaction between the solute and the dislocation along the coordinate of forward
motion, which was set equal to b for individual yttrium ions. For the 10 mol% crystals, taken as an ex-
ample, 77, equals 2.1. This characterizes the solutes as relatively weak localized obstacles. The contribu-
tion of solid solution hardening at zero temperature turns out to be 7, = 510 MPa. In the theory of solu-
tion hardening [A3], the flow stress at a finite temperature depends on the total interaction energy AG
between solutes and dislocations and the normalized obstacle width 7). AG, determines a characteristic
temperature of the interaction between individual solutes and dislocations

To=AGy/(kn [£/€]) . (A5)

With the value of AG, above, this corresponds to 7y = 307 K, if In [£¢/£] = 20 is taken. According to the
theory, the effective activation energies are larger than the energy AGy to overcome a single solute and
are given by AG. = AGT/T,,. Some values are presented in Table Al. Figures 4 and 5 of [A3] describe
the temperature dependence of the contribution of solution hardening 7; to the flow stress normalized by
Ty, and of a normalized activation volume V/Vj, as a function of 7/T, with 75, as a parameter. Some val-
ues, again for the 77, value of the 10 mol% crystal, are also quoted in Table Al. The normalizing constant
Vo is given by

Vo=gb’nilc, (A6)

where g is a constant close to unity. For the 10 mol% material, V; equals 11.75°. Though the yttrium
ions, owing to their size misfit, should represent only weak obstacles to dislocation glide, they may cause
a remarkable contribution to the flow stress because of their large concentrations. According to this the-

ory, the flow stress is roughly proportional to ¢* and the activation volume to ¢ 2.

[A1] Handbook of Chem. & Phys., edited by D. R. Lide, CRC Press, Boca Raton et al., 1999.

[A2] D. Hull and D. J. Bacon, Introduction to Dislocations, Pergamon Press 1994.

[A3] R. Labusch and R. Schwarz, in: Strength of Metals and Alloys, edited by D. G. Brandon, R. Chaim and
A. Rosen, Freund Publ. (London, 1991) p. 47.

Table A1 Theoretical data for solution hardening in ZrO,-10 mol% Y,0s.

T[°C] TIT, AGui[eV] 1w/, = [MPa] VIV, Vib®

600 2.84 1.5 0.3 153 10 117
800 3.5 1.86 0.26 133 12.5 146
1000 4.15 2.2 0.23 117 14 164
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