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1 . 0 SUMMARY

Monolithic SiC and Si3N4 are susceptible to contact stress
damage at static and sliding interfaces.

The objective of this study program was to evaluate trans-
formation-toughened zirconia (TTZ) under realistic contact condi-
tions. Measurements of coefficient of friction and material
strength retention as a function of normal load, contact geometry
and temperature was accomplished for sliding contact conditions.
Material characteristics such as baseline room temperature and
elevated temperature flexure strength, and stress rupture proper-
ties, also were measured.

Four TTZ materials were evaluated in this study. The mate-
rials evaluated included:

o Nilsen TS Grade (thermal shock resistant) MgO stabi-
lized TTZ

o NGK Z-191 Y203 stabilized TTZ

o Coors TT-ZrO2 MgO stabilized TTZ

o Feldmiihle TTZ MgO stabilized TTZ

Contact stress tests were conducted at normal loads ranging
from 0.455 to 22.7 kg (1 to 50 pounds) at temperatures ranging
from room temperature to 1204°C (2200°F) . Static and dynamic
friction were measured as a function of temperature.

Flexural strength measurements after these tests determined
that the contact stress exposure did not reduce the strength of
TTZ at contact loads of 0.455, 4.55, and 11.3 kg (1, 10, and 25
pounds) . Prior testing with SiC and Si3N4 materials resulted in
a substantial strength reduction at loads of only 4.55 and 11.3
kg (10 and 25 pounds) .

Baseline material flexure strength was established and the
stress rupture capability of TTZ was evaluated. Stress rupture
tests have determined that TTZ materials are susceptible to de-
formation due to creep and that aging of TTZ materials at ele-
vated temperatures results in a reduction of material strength.

These evaluations will provide guidelines for material se-
lection, contact design, load limitations, temperature limita-
tions, and further development needs for ceramics for advanced
heavy duty diesel applications.



2.0 INTRODUCTION

Ceramic materials have the potential for substantially im-
proving the performance of heat engines by permitting uncooled
operation at increased temperatures. In addition/ ceramics
potentially have lower cost and are lighter in weight.

Transformation-toughened zirconia (TTZ) has been selected as
one of the current materials most likely to benefit advanced
heavy diesel engines (ref. 1, 2). Zirconia has a low thermal
conductivity that makes it a very good insulator. By fabricating
the piston cap, cylinder head, cylinder liner, and exhaust ports
from TTZ, thermal energy normally lost to cooling water and
exhaust gas can be recycled and converted to useful power through
turbocompounding. Turbocompounding is accomplished by compress-
ing the engine inlet air with a turbocharger. Combustion occurs
in the insulated combustion chamber, and useful energy is ex-
tracted from the pistons. The high-temperature, high-pressure
exhaust gas is expanded through two high-temperature turbines.
The first turbine is used to drive the turbocharger. The second
turbine is connected by gears to the engine crankshaft to further
increase the useful power output of the engine. Turbocompounding
increases engine efficiency and power, and eliminates the water
cooling system. Another advantage of TTZ is that the thermal
expansion coefficient is very close to that of steel. The close
expansion match will make TTZ easier to interface with metallic
components and minimizes contact and thermal stresses. The
transformation toughening provides much higher toughness than is
available in typical ceramics and should make this material less
sensitive to contact stress damage. Diesel engine manufacturers
as well as companies that manufacture TTZ have been working
together to successfully introduce TTZ into diesel engines.

In recent years much work has been done on introducing ce-
ramic materials, such as Si3N4 and SiC in gas turbine engines
(ref. 3) . Because of their brittle nature, contact stresses at
ceramic-to-ceramic and ceramic-to-metal interfaces cause unique
design problems. High localized stresses in contact regions do
not redistribute in ceramics as in metals. The use of finite-
element analysis computer techniques including zoom modeling has
been used to calculate the complex state-of-stress at contact in-
terfaces (ref. 4, 5). The analysis has shown that when ceramics
-a-r-e--i-n--con-tac-t—and—a—tangen-ti-al—load—component—is—added--(-S-uch—as-
results during sliding), a sharp tensile stress spike is present
at the trailing edge of the contact (Figure 1) (ref. 6, 7). Some
of the key parameters affecting the magnitude of the tensile
stress spike are the contact load, the coefficient of friction,
and geometry of the contact interface (ref. 8).

Contact stress damage resulting from the tensile stress
spike has caused ceramic turbine engine components to fracture
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unpredictably and prematurely (ref. 3). Much testing has been
performed using reaction bonded Si3N4, .hot-pressed 813̂  and
sintered alpha SiC to determine experimentally the threshold co-
efficients of friction, temperatures and normal contact loads
that lead to contact stress damage in these materials (ref. 9,
10).

Determining the contact stress behavior of TTZ is an
important and necessary task if TTZ is to be introduced in
advanced heat engines. The following paragraphs describe the
evolution of pure zirconium oxide to the strong and tough TTZ
materials considered for heat engine use.

Zirconia

Pure zirconia (Zr02) exhibits the following transformations
between room temperatures and its melting point:

1170°C 2370°C 2680°C
(2138°F) (4298°F) (4856°F)

monoclinic * tetragonal ~ cubic s liquid

The cubic phase is stable from 2370°C (4298°F) to the melt-
ing point of 2680 ±15°C (4856 ±27°F). This phase is identified
by Smith and Cline (ref. 11) by high-temperature X-ray diffrac-
tion. The cubic phase has a fluorite-type crystal structure in
which each Zr atom is coordinated by eight equidistant oxygen
atoms and each oxygen atom is tetrahedrally coordinated by four
zirconium atoms.

From 1170 to 2370°C (2138 to 4298°F) the stable phase is
tetragonal in structure. Teufer (ref. 12) has shown that each Zr
atom is surrounded by eight oxygen atoms, four at a distance of
0.2455 nm and four at 0.2065 nm.

The monoclinic phase is stable below 1170°C (2138°F). The
crystal structure of monoclinic Zr02 was analyzed by X-ray dif-
fraction by McCullough and Trueblood (ref. 13), Smith and Newkirk
(ref. 14) and others. The structure has sevenfold coordination
of Zr atoms with various bond lengths and bond angles, triangular
coordinated Oj-Zr3 and tetrahedral coordinated On-Zr4, and lay-
ers of Zr atoms parallel to the (100) planes separated by layers
of 0 atoms.

The monoclinic # tetragonal transformation was first de-
tected in 1929 by Ruff and Ebert (ref. 15) using high-temperature
X-ray diffraction. A major problem associated with pure Zr02 is



the three-percent volume expansion that occurs when cooling
through the tetragonal to monoclinic transformation at 1170°C
(2138°F). This volume expansion leads to extensive macrocracking
which causes the zirconia to crumble. Wolten (ref. 16) suggested
that the tetragonal to monoclinic transformation was martensitic,
for the following reasons:

o The high-temperature tetragonal phase cannot be
quenched to room temperature

o The thermal expansion of monoclinic Zr02 is strongly
anisotropic. The b axis exhibits negligible expansion
and the a and C axis exhibit substantial expansion

o The transformation is athermal. The transformation
does not take place at a fixed temperature but over a
range of temperatures

o The transformation exhibits a large thermal hysteresis.
The forward transition occurs at 1170°C (2138°F) and
the reverse at between 850 to 1000°C (1562 to 1832°F)

o The transformation occurs at a velocity approaching the
speed of sound

The disastrous effects of the volume expansion in pure
zirconia can be avoided by doping the zirconia with additions of
CaO, MgO, or ¥203. These additions stabilize Zr02 in its high-
temperature form, the cubic crystal structure. This material is
known as fully stabilized zirconia (FSZ). FSZ can be cycled from
room temperature to its melting point without any destructive
phase transformations. Fully stabilized zirconia has a coarse
grain structure, low strength, low toughness, and a high thermal
expansion coefficient.

Many problems associated with pure and fully stabilized zir-
conia can be eliminated by partially stabilizing the zirconia
with additions of CaO, MgO, or 0̂3. Partially stabilized zir-
conia (PSZ) has a lower thermal expansion coefficient, making it
more resistant to thermal shock than fully stabilized zirconia.
Also, PSZ has a higher strength and toughness than FSZ. Micro-
structural evaluation of PSZ has shown the major phase to be
-cubic -Zr02 solid -solution—with monoclinic—or- tetragonal Zr02 as
the minor precipitate phase (ref. 17 through 20). The tetragonal
or monoclinic phase may precipitate at the grain boundaries or
within the cubic matrix grains depending on the processing and
heat treatments. With correct processing the tetragonal precipi-
tates in PSZ are held (in a metastable condition) within the
cubic matrix at room temperature. Though normally the martensitic
transformation from tetragonal to monoclinic occurs at 1100°C



(2012QF). The metastable tetragonal phase in the cubic matrix
will transform to the monoclinic phase with the application of
stress. The importance of this stress induced transformation on
toughening of PSZ was first noted by Garvie (ref. 21). Porter
(ref. 17) demonstrated this by showing that all precipitate .par-
ticles within several microns of a crack were monoclinic and all
others remained tetragonal. The stress near the crack tip caused
the precipitates to transform from tetragonal to monoclinic,
which stopped crack propagation. The stress induced martensitic
transformation of metastable tetragonal particles to the stable
monoclinic phase is the mechanism which stops crack propagation.
This transformation strengthens and toughens the PSZ. PSZ with
the metastable tetragonal phase became known as transformation-
toughened zirconia (TTZ).

One or more of the following mechanisms are believed to con-
tribute the high toughness and strength of TTZ materials.

The mechanisms are:

o The advancing crack front is deflected by interaction
with the compressive stress fields surrounding the
transformed areas

o Transformation induced microcracking leads to crack
branching and an increase in energy necessary to con-
tinue crack propagation

o Energy absorption by the tetragonal to monoclinic phase
transformation process itself

o The tetragonal to monoclinic transformation places the
material at the crack tip in compression, therefore,
requiring higher applied tensile stresses for crack
propagation

Program Scope

The objective of this study program was to evaluate TTZ
under realistic contact conditions. Measurements of coefficient
of friction and material strength retention as a function of nor-
mal load, contact geometry and temperature was accomplished for
sliding contact conditions. Material characteristics such as
baseline room temperature and elevated temperature flexure
strength, and stress rupture properties, also were measured.
These evaluations will provide guidelines for material selection,
contact design, load limitations, temperature limitations, and
further development needs for ceramics for advanced heavy duty
diesel applications.



Four TTZ materials were evaluated in this study. The mate-
rials evaluated included:

o Nilsen TS grade (thermal shock resistant) MgO stabi-
lized TTZ

o NGK Z-191 Y203 stabilized TTZ

o Coors TT-Zr02 M9° stabilized TTZ

o Feldmiihle TTZ MgO stabilized TTZ



3.0 TECHNICAL PROGRESS SUMMARY

3.1 Baseline Flexure Testing

3.1.1 Baseline Flexure Testing Procedure

Sufficient specimens of the four transformation-toughened
zirconia (TTZ) materials were procured to conduct the study.

The baseline four-point flexure strength of all four TTZ
materials was measured. The quantities of specimens tested and
test temperatures are listed in Table I. The test specimen size
was 0.3175 x 0.627 x 4.90 cm (0.125 x 0.247 x 1.930 inches). A
self-aligning metal four-point flexure fixture with an outer span
of 3.81 cm (1.5 inches) and an inner span of 1.91 cm (0.75 inch)
was used for room temperature testing. A silicon carbide (SiC)
test fixture of the same dimensions was used for the elevated
temperature flexure testing. An Instron test machine was used at
a crosshead speed of 0.05 cm (0.02 inch) per minute to apply the
load.

TABLE I. BASELINE STRENGTH TEST MATRIX

Material

Coors TTZ

Nilsen TTZ

NGK TTZ

Feldmuhle TTZ

Temperature °C (°F)

Room
Temperature

10

10

10

5

760
(1400)

10

5

5

5

982
(1800)

10

5

5

5

1093
(2000)

10

5

5

5

1204
(2200)

10

5

5

5

3.1.2 Baseline Flexure Strength Results

Nilsen TTZ. - The baseline flexure strength of Nilsen1s TTZ
is -summarized in -Table—LI in terms of average -strength, charac-
teristic strength, and Weibull modulus. It should be recognized
that 5 or 10 data points are insufficient to determine an
accurate Weibull slope. Therefore, the Weibull slopes reported
can be considered only as rough approximations.

The fracture surfaces of the specimens were visually in-
spected at 10X to 40X magnification. Fracture origins were
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TABLE II. BASELINE FLEXURE STRENGTH SUMMARY OF NILSEN TTZ

Parameters

Mean Flexure Strength,
MPa (ksi)

Standard Deviation,
MPa (ksi)

Characteristic Flexure
Strength, MPa (ksi)

Weibull Modulus

Data Points

Temperature °C (°F)

Room
Temperature

604.0
(87.6)

29.0
(4.2)

617.8
(89.6)

21.6

9

760
(1400)

368.2
(53.4)

13.8
(2.0)

375.1
(54.4)

27.5

5

982
(1800)

329.6
(47.8)

44.1
(6.4)

349.6
(50.7)

7.4

5

1093
(2000)

287.5
(41.7)

39.3
(5.7)

306.8
(44.5)

6.8

5

1204
(2200)

254.4
(36.9)

13.8
(2.0)

264.8
(38.4)

18.4

5

identified to determine the types of flaws distributed through
the material and to correlate the fracture strength to the frac-
ture initiating flaws (Table III). Scanning electron microscopy
(SEM) was performed on several specimens that had fractured at
the tensile face. At the higher magnifications, small irregu-
larly-shaped pores open to the surface are visible as shown in
Figures 2 through 4. This type of flaw appears to be typical of
the majority of Nilsen baseline fracture origins.

The mean flexure strength of baseline Nilsen TTZ versus tem-
perature is shown graphically in Figure 5. Figures 6 and 7 in-
clude Weibull plots of individual data points for each tempera-
ture.

NGK Z-191 TTZ. - A summary of baseline flexure testing re-
sults on NGK Z-191 TTZ are tabulated in Table IV. The mean flex-
ure strength is 993.5 MPa (144.1 ksi) at room temperature, 427.5
MPa (62 ksi) at 760°C (1400°F) , 301.3 MPa (43.7 ksi) at 982°C
(1800°F) , 254.4 MPa (36.9 ksi) at 1093°C (2000°F) , and 1020 MPa
(14.8 ksi) at 1204°C (2200°F). The baseline flexure strengths are
plotted as a function of temperature in Figure 8. Visual inspec-
tion of the fracture surfaces at 10X to 40X was performed and the
fracture origins are listed in Table V. At room temperature the
fractures appeared to originate from the tensile surface. No
flaws could be detected visually. At 760 and 982°C (1400 and
1800°F) the predominant flaws are internal pores. At 1093 and
1204°C (2000 and 2200°F) most flaws appeared to originate at the
test bar surface.

10



TABLE III. FLEXURE STRENGTH OF NILSEN TTZ

Specimen
Number

Room Temperature

11873
11874
11875
11876
11877
11878
11879
11881
11893

760°F (1400°F)

11882
11883
11884
11885
11886

982°C (1800°F)

11887
11888
11889
11890
11891

1093°C (2000°F)

11953
11954
11955
11956
11957

1204°C (2200°F)

11892
11894
11895
11896
11897

Four-Point
Flexure Strength,

MPa (ksi)

630.2 (91.4)
550.9 (79.9)
593.0 (86.0)
593.0 (86.0)
566.1 (82.1)
626.0 (90.8)
628.1 (91.1)
620.5 (90.0)
622.6 (90.3)

374.4 (54.3)
353.0 (51.2)
358.5 (52.0)
368.2 (53.4)
387.5 (56.2)

348.9 (50.6)
343.4 (49.8)
312.3 (45.3)
379.9 (55.1)
264.1 (38.3)

317.9 (46.1)
322.0 (46.7)
224.1 (32.5)
288.2 (41.8)
286.1 (41.5)

244.1 (35.4)
269.6 (39.1)
269.6 (39.1)
264.8 (38.4)
244.1 (35.4)

Fracture Origin
Identified by Visual

Inspection
(10X - 40X)

Tensile Face (TF)
Internal, near chamfer
TF
TF
TF
Missing, appears to be TF
TF
TF
TF

TF
TF
TF
TF
TF

TF
TF surface irregularity
TF
Missing, appears to be TF
Internal, pore

TF
TF
TF
TF
W

Internal, pore
TF
Internal, near TF
TF
TF
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TABLE IV. BASELINE FLEXURE STRENGTH SUMMARY OF NGK TTZ

Parameters

Mean Flexure Strength,
MPa (ksi)

Standard Deviation,
MPa (ksi)

Characteristic Flexure
Strength, MPa (ksi)

Weibull Modulus

Data Points

Temperature °C (°F)

Room
Temperature

993.5
(144.1)

75.8
(11.0)

1030.1
(149.4)

13.5

10

760
(1400)

427.5
(62.0)

37.9
(5.5)

445.4
(64.6)

10.8

4

982
(1800)

301.3
(43.7)

31.7
(4.6)

315.8
(45.8)

9.6

5

1093
(2000)

254.4
(36.9)

51.0
(7.4)

277.2
(40.2)

4.9

5

1204
(2200)

102.0
(14.8)

6.9
(1.0)

105.5
(15.3)

15.0

5

Typical NGK baseline flexure fracture origins were charac-
terized by SEM. The predominant mode of failure was caused by
internal clusters of small irregular-shaped pores or larger
single irregular-shaped pores. Figures 9 through 11 reveal that
room temperature, 760°C (1400°F), and 982°C (1800°F) fractures
originated at porosity. As shown in Figures 12 and 13, 1093°C
(2000°F) and 1204°C (2200°F) fractures originated at porosity,
and evidence of slow crack growth was visible surrounding the
fractur,e origins.

Weibull plots of the baseline flexure data are presented in
Figures 14 and 15.

Coors TTZ. - Baseline flexure testing of Coors magnesia
stabilized TTZ is summarized in Table VI. The flexure strength
at room temperature is 446.1 MPa (64.7 ksi); this drops to 199.3
MPa (28.9 ksi) at 760°C (1400°F) and gradually drops to 130.3 MPa
(18.9 ksi) at 1204°C (2200°F) (Figure 16). The individual test
bar strengths and fracture origins are listed in Table VII.
Figures 17 and 18 display the Weibull plots for Coors baseline
flexure strength data. Visual inspection of the fracture sur-
faces under a 10 to 40X optical microscope revealed that a major-
ity of the fractures appeared to originate at the chamfer and
tensile face of the test bar. Coors has many large pores but
only a few specimens failed at these pores.

Scanning electron microscopy (SEM) examination of Coors TTZ
baseline flexure specimens was performed to characterize typical
fracture initiating flaws. A 760°C (1400°F) fracture, which

12



TABLE V. FLEXURE STRENGTH OF NGK TTZ

Specimen
Number

Room Temperature

12384
12385
12386
12387
12388
12389
12390
12391
12392
12393

760°C (1400°F)

12394
12395
12396
12397
12398

982°C (1800°F)

12399
12400
12401
12402
12403

1093°C (2000°F)

12404
12405
12406

— 1-2-4-0-7- -
12408

1204°C (2200°F)

12409
12410
12411
12412
12413

Four-Point
Flexure Strength,

MPa (ksi)

1034.9 (150.1)
1065.2 (154.5)
1043.2 (151.3)
944.6 (137.0)
902.5 (130.9)
1014.9 (147.2)
904.6 (131.2)
884.6 (128.3)
1075.6 (156.0)
1065.2 (154.5)

452.3 (65.6)
134.4 (19.5)*
402.0 (58.3)
466.1 (67.6)
388.2 (56.3)

315.8 (45.8)
293.7 (42.6)
347.5 (50.4)
285.4 (41.4)
263.4 (38.2)

257.2 (37.3)
337.2 (48.9)
215.1 (31.2)

•--208-^9— (-30̂ -3-)
255.1 (37.0)

98.6 (14.3)
106.2 (15.4)
108.2 (15.7)
106.2 (15.4)
92.4 (13.4)

Fracture Origin
Identified by Visual

Inspection
(10X - 40X)

Tensile face (TF)
Missing, appears to be TF
2 Origins, TF and chamfer
TF
TF
TF
Missing, appears to be TF
TF
TF
Missing, appears to be TF

Internal pore
TF
Subsurface pore near TF
TF
Internal pore

Internal pore
Pore at chamfer
Missing
Missing
Internal pore

Missing
Chamfer linear pore, SCG**
TF linear pore, SCG
-T-F--l-i-nea-r- pore, SCG
TF linear pore, SCG

Chamfer, SCG
Chamfer, SCG
Chamfer, SCG
Chamfer, SCG
Chamfer, SCG

* Data Point Omitted ** Slow Crack Growth

13



originated at the chamfer, is shown in Figure 19. A fracture
which originated near the tensile face at a subsurface cluster of
porosity is shown in Figure 20. These two fracture origins are
typical of the majority of Coors fracture origins. Specimen
13106 baseline flexure tested at 1204°C (2200°F), fractured
through a large irregular-shaped internal pore (Figure 21).

TABLE VI. BASELINE FLEXURE STRENGTH SUMMARY OF COORS TTZ

Parameters

Mean Flexure Strength,
MPa (ksi)

Standard Deviation,
MPa (ksi)

Characteristic Flexure
Strength, MPa (ksi)

Weibull Modulus

Data Points

Temperature °C (°F)
Room

Temperature

446.1
(64.7)

37.2
(5.4)

463.3
(67.2)

12.7

10

760
(1400)

199.3
(28.9)

16.5
(2.4)

207.5
(30.1)

12.3

10

982
(1800)

143.9
(20.8)

14.5
(2.1)

149.6
(21.7)

10.5

10

1093
(2000)

144.8
(21.0)

33.8
(4.9)

159.3
(23.1)

4.5

10

1204
(2200)

130.3
(18.9)

19.3
(2.8)

138.6
(20.1)

7.4

10

Feldmiihle TTZ. - Baseline strength tests were conducted on
Feldmiihle TTZ at room temperature, 760, 982, 1093, and 1204°C
(1400, 1800, 2000, and 2200°F).

Table VIII and Figure 22 summarize the flexure test results.
Flexure strength at room temperature is 377.8 MPa (54.8 ksi),
which reduces to 192.4 MPa (27.9 ksi) at 760°C (1400°F) and grad-
ually reduces to 139.3 MPa (20.2 ksi) at 1204°C (2200°F).

Weibull plots for the baseline strength are shown in Figures
23 and 24.

Visual inspection of the fracture surfaces was performed to
determine the predominant mode of failure (Table IX). No
material flaws could be detected by visual inspection at 10 to
40X. All fractures appeared to originate from the surface at the
chamfer, or tensile face.

Typical baseline flexure fracture surfaces are shown , in
Figures 25 and 26. The exact location of the Feldmiihle TTZ frac-

14



TABLE VII. FLEXURE STRENGTH OF COORS TTZ

Specimen
Number

Room Temperature

13059
13060
13061
13062
13063
13064
13065
13066
13067
13068

760°C (1400°F)

13069
13070
13071
13072
13073
13074
13075
13076
13077
13078

982°C (1800°F)

13079
13080
13081
13082
13083
13084
13085

. -13.0-8.6---
13087
13088

1093°C (2000°F)

13089
13090
13091

Four-Point
Flexure Strength,

MPa (ksi)

402.7 (58.4)
470.2 (68.2)
484.7 (70.3)
454.4 (65.9)
442.6 (64.2)
402.7 (58.4)
496.4 (72.0)
478.5 (69.4)
440.6 (63.9)
390.2 (56.6)

206.2 (29.9)
188.2 (27.3)
177.9 (25.8)
199.9 (29.0)
188.2 (27.3)
194.4 (28.2)
199.9 (29.0)
192.4 (27.9)
239.9 (34.8)
208.2 (30.2)

146.2 (21.2)
137.9 (20.0)
142.0 (20.6)
144.1 (20.9)
154.4 (22.4)
126.2 (18.3)
150.3 (21.8)
174 4 f 25 3 )
132.4 (19.2)
124.1 (18.0)

214.4 (31.1)
115.8 (16.8)
132.4 (19.2)

Fracture Origin
Identified by Visual

Inspection
(10X - 40X)

Internal pore
Chamfer
Chamfer
Tensile Face (TF)
TF
Internal pore
Chamfer
Chamfer
TF
TF

Chamfer
TF
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer

Chamfer
Chamfer
TF
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
TF
Chamfer

TF
Chamfer
Chamfer

15



TABLE VII. FLEXURE STRENGTH OF COORS TTZ (Contd)

Specimen
Number

1093°C (2000°F)

13092
13093
13094
13095
13096
13097
13098

1204°C (2200°F)

13099
13100
13101
13102
13103
13104
13105
13106
13107
13108

Four-Point
Flexure Strength,

MPa (ksi)

120.0 (17.4)
134.4 (19.5)
128.2 (18.6)
142.0 (20.6)
120.0 (17.4)
142.0 (20.6)
196.5 (28.5)

132.4 (19.2)
135.8 (19.7)
106.2 (15.4)
157.9 (22.9)
164.1 (23.8)
110.3 (16.0)
117.9 (17.1)
132.4 (19.2)
117.9 (17.1)
128.2 (18.6)

Fracture Origin
Identified by Visual

Inspection
(10X - 40X)

Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer

Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Chamfer
Internal pore
Chamfer
Chamfer
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TABLE VIII. BASELINE FOUR-POINT FLEXURE STRENGTH
SUMMARY OF FELDMUHLE TTZ

Parameters

Mean Flexure Strength,
MPa (ksi)

Standard Deviation,
MPa (ksi)

Characteristic Flexure
Strength, MPa (ksi)

Weibull Modulus

Data Points

Temperature °C (°F)

Room
Temperature

377.8
(54.8)

28.3
(4.1)

391.6
(56.8)

12.9

5

760
(1400)

192.4
(27.9)

27.6
(4.0)

205.5
(29.8)

6.4

4

982
(1800)

162.0
(23.5)

23.4
(3.4)

173.1
(25.1)

6.3

4

1093
(2000)

120.0
(17.4)

6.9
(1.0)

123.4
(17.9)

17.1

5

1204
(2200)

139.3
(20.2)

23.4
(3.4)

150.3
(21.9)

5.4

4

ture origins are difficult to determine although the area where
the fracture initiated is visible. Arrows point to the areas
where the fractures originated.

3.2 Microstructural Examination of TTZ

A microstructural examination of as-received TTZ was per-
formed. Photographs of the microstructures at 200X of Nilsen,
Coors, and NGK TTZ are shown in Figure 27. Nilsen and Coors,
both magnesia stabilized TTZ, have a large grain structure. The
grain size ranges from 6 to 10 microns. The light area surround-
ing the grains of Nilsen material is reported (ref. 1) to be
monoclinic phase. The yttria stabilized NGK material has a much
finer (0.2 to 3 microns) grain structure.

Further microstructural examination was performed using the
SEM. The microstructure of Nilsen TTZ at 2000X is shown in
Figure 28. Visible in this photograph is the irregular shaped
porosity as well as large grains typical of Nilsen TTZ. At
20,OOOX the grain boundary structure is visible. Energy disper-
sive X-ray (EDX) analysis identified the presence of zirconium
and minor amounts of silicon. At 50,OOOX the individual tetra-
gonal or monoclinic precipitates* embedded in the cubic stabi-
lized zirconia matrix (ref. 1) are visible.

*The difference between tetragonal and monoclinic precipitates
cannot be distinguished by SEM. Since the application of a
stress can cause the tetragonal phase to spontaneously transform
to monoclinic it is possible that transformation from tetragonal
to monoclinic occured during sample preparation.
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TABLE IX. FLEXURE STRENGTH OF FELDMUHLE TTZ

Specimen
Number

Room Temperature

13791
13792
13793
13794
13795

760°C (1400°F)

13796
13798
13799
13800

982°C (1800°F)

13801
13803
13804
13805

1093°C (2000°F)

13806
13807
13808
13809
13810

1204°C (2200°F)

13811
13812
13813
13814

Four-Point
Flexure Strength,

MPa (ksi)

352.3
387.5
359.9
366.1
422.0

187.5
232.4
172.4
177.2

195.8
148.9
144.8
157.2

113.1
121.3
127.6
125.5
113.1

146.9
140.7
162.0
106.2

(51.1)
(56.2)
(52.2)
(53.1)
(61.2)

(27.2)
(33.7)
(25.0)
(25.7)

(28.4)
(21.6)
(21.0)
(22.8)

(16.4)
(17.6)
(18.5)
(18.2)
(16.4)

(21.3)
(20.4)
(23.5)
(15.4)

Fracture Origin
Identified by Visual

Inspection
(10X - 40X)

Chamfer
Tensile Face (TF)
Chamfer
TF
Chamfer

Chamfer
Chamfer
Chamfer
Chamfer

Chamfer
Chamfer
Chamfer
Chamfer

Chamfer
Chamfer
Chamfer
Chamfer
Chamfer

Chamfer
Chamfer
Chamfer
Chamfer
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Figure 29 shows the typical microstructure of Coors TTZ.
The tetragonal or monoclinic precipitates of Coors TTZ are
visible in this 50,OOOX SEM photograph.

The microstructure of NGK TTZ is shown in Figure 30. Woods
and Oda (ref. 2) have shown from X-ray diffraction that the major
phases are tetragonal and cubic with a trace of monoclinic. The
larger 1 to 3 pm grains are cubic and the smaller 0.2 to 0.5 pirn
grains are tetragonal in structure.

3.3 Stress Rupture Testing

3.3.1 Stress Rupture Test Procedure

Stress rupture tests were conducted using silicon carbide
four-point flexure fixtures with an outer span of 3.81 cm (1.5
inches) and an inner span of 1.91 cm (0.75 inch). The ceramic
specimen size was 0.3175 x 0.627 x 4.90 cm (0.125 x 0.247 x 1.930
inches).

Two types of stress rupture tests were conducted. Stepped
stress rupture tests were initiated at a stress level approxi-
mately one-half the baseline flexure strength at the temperature
of interest. The specimen was held at that stress level and tem-
perature for 24 hours. If no failure occurred the stress level
was increased by 68.9 MPa (10 ksi) while the temperature was held
constant. This sequence was repeated until the specimen either
deformed or fractured.

The second type of stress rupture test was conducted at a
constant stress level and temperature for 500 hours. Subsequent
to the stress rupture testing the specimens were broken in four-
point flexure to measure the retained strength.

3.3.2 Stress Rupture Results

Nilsen TTZ. - Stepped stress rupture tests were conducted on
Nilsen TS (thermal-shock resistant grade) specimens at constant
temperatures of 760, 982, 1093, and 1204°C (1400, 1800, 2000, and
2200°F). Figure 31 shows the stepped stress rupture test data

_f_o_r_ Nilsen.

At 760°C (1400°F) the specimen failed at 344.7 MPa (50 ksi)
after 5 hours. At 982°C (1800°F) and above, the specimens
deformed but did not fracture. These tests were conducted to
determine appropriate stress levels and temperatures for
subsequent 500-hour stress rupture tests.

Temperatures of 982, 1038, and 1093°C (1800, 1900, and
2000°F) were selected at respective stress levels of 137.9,
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103.4, and 103.4 MPa (20, 15, and 15 ksi) for the 500-hour stress
rupture tests. On completion of the 500-hour tests all specimens
had deformed under the load. Test results are summarized in
Table X. The three stress rupture specimens were flexure tested
at room temperature to measure retained strength after the 500-
hour static exposure under stress. The specimens were tested in
such a manner as to apply tensile stress to the concave side of
the test bar. The retained strength after 500 hours at 982°C
(180QOF) is 235.8 MPa (34.2 ksi), which dropped to 164.1 MPa
(23.8 ksi) at 1038°C (1900°F), and to 135.1 MPa (19.6 ksi) at
1093°C (2000°F).

NGK TTZ. - Stepped stress rupture test results for NGK at
760, 871, 982, 1093, and 1204OC (1400, 1600, 1800, 2000, and
2200°F) are shown in Figure 32. Unlike the Nilsen TTZ, which
deformed during stress rupture testing at the higher temper-
atures, the NGK specimens always fractured. -

At 760°C (1400°F) the stepped stress rupture test was
started at a load of 137.9 MPa (20 ksi). The load was increased
every 24 hours until a stress level of 413.7 MPa (60 ksi) was
attained. The specimen failed after 53 minutes at this load. At
871°C (1600°F) the specimen failed at 344.7 MPa (50 ksi) after
1.5 hours. This test was initially started at a 137.9 MPa (20
ksi) stress level. At 982 and 1093°C (1800 and 2000°F) both
specimens failed at 137.9 MPa (20 ksi) after 7.3 hours and 10
minutes, respectively. At 1204°C (2200°F) the specimen failed
after 15 minutes at 68.9 MPa (10 ksi).

Five-hundred hour stress rupture tests were conducted at
760, 871, and, 982°C (1400, 1600, and 1800°F) at constant loads of
137.9, 137.9, and 68.9 MPa (20, 20, and 10 ksi), respectively.
Results of these tests are reported in Table XI. Little deforma-
tion was detected at 760 and 871°C (1400 and 1600°F) but 0.76 mm
(0.030 inch) was measured at 982°C (1800°F). Retained strength
after stress rupture testing was measured and compared to the
baseline room temperature strength. Strength reductions of 36.5,
57.7, and 64.5 percent after stress rupture testing at 760, 871,
and 982°C (1400, 1600, and 1800°F), respectively, were measured.

Coors TTZ. - Stepped stress rupture results are shown in
Figure 33. At 760°C (1400°F) the specimen was started at an ini-
tial stress level of 68.9 MPa (10 ksi); every 24 hours the level
was increased until it failed at 206.8 MPa (30 ksi) after three
minutes at load. At 982°C (1800°F) the specimen failed after
reaching 344.7 MPa (50 ksi) after 2.5 hours. The 1093°C (2000°F)
test specimen failed after 18 minutes at 310.3 MPa (45 ksi).
The 1204°C (2200°F) stepped stress rupture test was ini-

20



(O
EH
r5
P
in

S
to.
to

to

c*§rei
o
o
m

I
CO

a

-H ^ W

<" S *"*
w S m
^ CO S

-p

c: .-*
<y »H
Vj (0
4J .*
CO »—

<U (0

3 5)
X
<D

C
O —
•H C
-P -H
O "•*
<D
rH 6

.4-1 g

Q

,-̂

- (0
no JKS
(0 «-'
O

ri

- -~-

0
J-l
3 "~*

\ VX4

fo ^ ^
VJ

o ^
c O
0

IO

r-
00

o

o
vo

•

M.

00

in
CO
CM

in
o
o
o

m
rH

o

o
d.

a\. •
r>*.
CO
rH

O
O
00
rH

C-J
00
<y\

vo

00

o

o
vo

00
•

M
CN

rH

<?
VO
rH

O

O

O

rH
in
o

m
rH

•
M
O
rH

O
O

rH

00
ro
0

vo

00

o

o
vo

vo
•

a\
rH

rH

in
ro
rH

in
o
o

rH

rH

in
rH

•

ro
o
rH

O
o
o

•—

ro
<y\
o

21



CO
EH

EH
01

D
EH
Oi
D

COs
EH

D
Oai
o
o
in

EH
EH

O

X

wJI

xT
& \ *

O <U CJ>
O M C ~
05 3 <1)-H

-U M 03
(I) <0 4J J£
C »H CO >—

•rl CJJ
rH ft 0) (0
<1) g U Oj
ra <u 3 2
(0 EH X

CO 0)

<u x: „

3 CT> D 2
4-» c o 3_ro <u w _n ."̂ J"
- i Oj c/2
W 4^ «J ^T1

^[ y^ ^3 ^J ^6 ^n i*

3 O W Sj
g X JJ *
O <U M-l £J

c
o —
•H C
4-) -H
o *—
0rH e

M-l g
0)
Q

^_^

•« w
T3 J^
(0 >-
o
i-5 <0

a

0)
^1
3 JP*

^£,
O r

6
U)

»— »
rH
•

*3<
^t
rH
*-*

m
•

CO
Crt

in

£
en
o
ro
vo

r7
o
o
o

ro
o

o

o
CM

°i
r-
ro
rH

o
o
rH

o
vo

*-*.
rH
•

^̂f
H
*-*

in
•

ro
<T>
o>

o

vo

VO

o
CM

CM
o
o
o

m
o
o

o
CM

a\
r^
CO
rH

O
O
VO
rH

rH
r-»
GO

,— .
rH

•
•Sj!

^f
rH
*—•

in
•

ro
en

r7

,,-|r"l
m

ro
CM
in
CO

o
ro
0

o

vo
t-

o

o
rH

°i
00
vo

0
0
00
rH

CM
00

22



tially started at a stress level of 68.9 MPa (lO.ksi). The spec-
imen fractured after being at a 206.8 MPa (30 ksi) stress level
for 1.2 hours.

Five-hundred hour constant temperature and stress, stress
rupture tests were conducted at 760, 871, and 982°C (1400, 1600,
and 1800°F) at a constant load of 137.9 MPa (20 ksi). Upon com-
pletion of 500 hours, each specimen was measured to determined
the deflection and four-point flexure tested to measure the
retained strength. The results are listed in Table XII. At
760°C (1400°F) the specimen exhibited no loss in strength. At
871°C (1600°F) the specimen retained 78 percent of the room tem-
perature baseline strength. However, at 982°C (1800°F) the
specimen deflected 0.84 mm (0.033 inch) under the 137.9 MPa (20
ksi) load and retained only 33 percent of the baseline strength.

Feldmiihle. - Stepped stress rupture results of Feldmiihle TTZ
are presented in Figure 34. Tests were conducted at 760 and
871°C (1400 and 1600°F). At both temperatures the specimens
fractured on application of a 275.8 MPa (40 ksi) load after sur-
viving 24 hours at both 137.9 and 206.9 MPa (20 and 30 ksi).

Five-hundred hour stress rupture tests were conducted at
760, 871, and 982°C (1400, 1600, and 1800°F) at a constant stress
level of 137.9 MPa (20 ksi) as summarized in Table XIII. At 760
and 871°C (1400 and 1600°F) little or no creep was noted. After
completion of 500 hours, no reduction in room-temperature
strength was measured compared to the baseline strength. At
982°C (1800°F) and 137.9 MPa (20 ksi) the Feldmiihle specimen
deformed 0.015 cm (0.006 inch) after 500 hours and had retained
79 percent of its strength.

3.3.3 Stress Rupture Tests Discussion

Stress rupture test results illustrate much about material
behavior at temperatures under load for an extended period of
time. These tests provide information on creep deformation and
aging effects on the material, which cannot be obtained from ele-
vated temperature fast fracture test results.

._jStepped jstress...rupture ̂ testing- on- Nilsen1' s -TTZ -r-evea-l-ed—t-h-a-t
at 982°C (1800°F) and above, specimens deformed severely so that
the test had to be stopped at loads lower than measured during
fast Jracture. This limits the use of Nilsen TTZ to stress
levels considerably lower than both the fast fracture strength
and the stepped stress rupture loads if deformation is a concern.

The results of the 500-hour constant stress rupture tests
indicate that there is an aging effect which significantly
reduces the room temperature flexure strength when Nilsen1s TTZ
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is exposed to a constant elevated temperature under a constant
load. The reduction of room temperature strength from 604.0 MPa
(87.6 ksi) to 135.1 MPa (19.6 ksi), .a 77-percent reduction,
after 500 hours at 1093<>C (200QOF) under a 103.4 MPa (15 ksi)
load limits the use of Nilsen TTZ to <1093°C (<2000°F) if high
strength is required.

NGK stepped-stress rupture specimens fractured, unlike the
Nilsen TTZ specimens which deformed at the higher temperatures.
At 760°C (1400°F) the NGK specimen fractured at a stress level
very close in value to the fast fracture baseline flexure
strength. At 982 and 1093°C (1800 and 2000°F) the stepped stress
rupture specimens fractured at stress levels approximately one-
half the value obtained during fast fracture baseline testing.

NGK TTZ also experiences an aging effect that results in
reduced strength after exposure at elevated temperatures for 500
hours. The excellent NGK room temperature strength of 993.5 MPa
(144.1 ksi) is reduced to 352.3 MPa (51.1 ksi) after 500 hours at
982°C (1800°F). The strength reduction as well as the excessive
creep at 982°C (1800°F) limit NGK's use in heat engines to tem-
peratures less than 982°C (1800°F).

Comparisons of stress rupture results between Nilsen and NGK
TTZ materials show that both materials creep at elevated tempera-
tures but that creep occurs more readily in NGK TTZ. For
instance, a Nilsen specimen deformed 0.13 mm (0.005 inch) after
500 hours at 982°C (1800°F) under a 137.9-MPa (20-ksi) load. NGK
tested for the same time and temperature under a 68.9-MPa (10-
ksi) load deformed 0.76 mm (0.030 inch).

Results of Coors TTZ stepped-stress rupture tests conducted
at 760, 982, 1093, and 1204°C (1400, 1800, 2000, and 2200°F)
yielded results very different than both NGK and Nilsen. The
initial stress level of 68.9 MPa (10 ksi) was selected because
the baseline fast fracture strengths reported here and by Larsen
and Adams (ref. 22) are relatively low 130.1 to 199.3 MPa (18.9
to 28.9 ksi). The stepped-stress rupture specimens ultimately
failed at loads greater than the fast fracture strengths mea-
sured. At 982 and 1093°C (1800 and 2000°F) the stress rupture
specimens failed at 344.7 and 310.3 MPa (50 and 45 ksi), respec-
tively. Results of stepped temperature stress rupture testing
conducted on Coors MgO stabilized TTZ by Schioler, Quinn, and
Katz (ref. 23) showed that specimens ultimately failed at loads
of 296.5 MPa (43 ksi) at 1100°C (2012°F) and 248.2 MPa (36 ksi)
at 1200°C (2200°F). No elevated temperature baseline flexure
strength values were available to compare to the stress rupture
data. Similar stress rupture results were obtained in both
studies.
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3.4 Contact Stress Testing

3.4.1 Contact Stress Test Procedure

The contact test apparatus used for room temperature and
high-temperature tests is shown in Figures 35 and 36. The appar-
atus consists of a furnace, a dead-weight loading system for
applying a normal force, and an Instron test machine for applying
relative motion and recording the resulting tangential force.

The contact test apparatus, which is very versatile, can be
operated from room temperature to 1400°C (2550°F) over a broad
loading range. The test bar contact configuration allows for
point, line, or area contact, although the line contact condition
was used for this study since it best simulates a typical heat
engine configuration.

The specimens were machined to close tolerances as shown in
Figure 37, to allow the specimens to expand during high-
temperature testing without breaking the contact stress fixtures.
Specimen B was held stationary during the test, and the 0.635 cm
(0.250 inch) radius surface was held in contact with Specimen A.
Specimen A was tangentially moved during the test, and the 0.630
cm (0.248 inch) flat surface was used as the test surface.

The contact test sequence consisted of the following steps:

(a) Mount specimens in fixture.

(b) Heat specimens to test temperature.

(c) Apply normal load and zero load cell.

(d) Hold under load at temperature 30 minutes.

(e) Apply relative motion with Instron crosshead and record
the friction-induced tangential breakaway and sliding
loads.

(f) Remove the specimen from the contact apparatus and con-
duct a four-point flexure strength test to measure
Ye tallied" "strength"" after^contact"^

(g) Examine the contact surface and fracture surface by
optical microscopy and scanning electron microscopy
(SEM); calculate the static and dynamic friction coef-
ficients; calculate the strength after contact expo-
sure; and correlate this data to determine if the spec-
imen received contact damage and to determine the
extent of the damage.
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The contact test quantities, temperatures, and normal loads
applied for the four TTZ materials are shown in Table XIV.

3.4.2 Contact Stress Test Results

Nilsen TTZ. - Contact stress tests were conducted at room
temperature, 760, 982, 1093, and 1204°C (1400, 1800, 2000, and
2200°F) with contact loads of 0.455, 4.55, and 11.3 kg (1.0, 10,
and 25 pounds). Static and dynamic coefficients of friction and
forces as well as retained strength after contact are tabulated
in Table XV. The static and dynamic coefficients of friction are
plotted as a function of temperature in Figures 38 and 39. At a
temperature of 982°C (1800°F) and below the load has a negligible
effect on the coefficient of friction of Nilsen TTZ. Above 982°C
(1800°F) the dynamic and static coefficients of friction are sig-
nificantly greater with the 4.55- and 11.3-kg (10- and 25-pound)
normal contact load than with a 0.455-kg (1.0-pound) normal load.
This is opposite from what was found with SASC, of which the
lower normal loads had the higher coefficients of friction at
higher temperature. The high friction of SASC at low loads was
attributed to a viscous oxide layer that forms on the surface of
the material at high temperatures (ref. 9). In the case of
Nilsen TTZ, the increased friction above 982°C (1800°F) for 4.55-
and 11.4-kg (10- and 25-pound) contact loads may be a result of
creep deformation. The stress rupture testing at 982°C (1800°F)
and above has shown that Nilsen TTZ readily creeps. During
contact testing at high temperatures the material may be
deforming at the contact point. This may cause a depression in
the material surface, which results in higher friction at the
4.55- and 11.4-kg (10- and 25-pound) contact loads but not at
0.45-kg (1.0-pound).loads.

Subsequent to the retained strength tests, visual inspection
of contact stress test specimens revealed that several specimens
under 4.5- and 11.4-kg (10- and 25-pound) contact loads fractured
in the contact areas. Specimens that failed in the contact area
did not appear to have a significantly lower strength than those
that failed elsewhere. SEM evaluation revealed that none of the
fractures were caused by contact stress. Figure 40 shows the
fracture origin of specimen 11927, which was contact tested at
760°C (1400°F) with a 11.4-kg (25-pound) normal contact load and
fractured through the contact area. The fracture origin was due
to a linear pore and agglomerate located in the contact area.

SEM photographs of the contact area of the moving Nilsen
contact specimens are shown in Figure 41 for room temperature,
760, 982, 1093, and 1204°C (1400, 1800, 2000, and 2200°F).
Little evidence of contact is visible from room temperature to
982°C (1800°F). The contact area is visible on specimen frac-
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tured at 1093 and 1204QC (2000 and 220QOF) , but no damage is
visible. The lack of contact damage was verified by the high
retained strengths of the Nilsen bars after contact stress test-
ing.

NGK TTZ. - Contact stress test results are tabulated in
Table XVI. Static and dynamic coefficients of friction are
plotted as a function of temperature in Figures 42 and 43. The
static and dynamic coefficients of friction measured at 11.4- and
22.7-kg (25- and 50-pound) normal loads are close in value over
the entire temperature range. The relationship between the
static coefficient of friction and temperature appears to be
increasing linearly with increasing temperature. The 4.5-kg (10-
pound) normal load data also follows fairly close to this trend,
although there is more scatter. The dynamic friction increases
with temperature to 760°C (1400°F). Between 760°C (140QQF) and
1204°c (2200QF) the coefficient of friction is constant at a
value of 0.7.

After contact stress testing was completed, the specimens
were flexure tested to measure the retained strength after
contact. None of the specimens failed at contact loads of 4.5 Kg
(10 pounds). At 11.4 kg (25 pounds), one specimen tested failed
due to contact damage at 760°C (1400°F). At contact loads of
22.7 kg (50 pounds) all three test specimens failed due to
contact at 760 and 1204°C (1400 and 220QOF). At 871, 982, and
1093QC (1600, 1800, and 200QOF) and at a contact load of 22.7 kg
(50 pounds), several specimens did fail in the contact area.
These specimens were inspected by SEM to determine if the
fracture was caused by contact damage. One specimen tested at
871 and 982OC (1600 and 1800<>F) did fail as a result of contact
damage.

Selected contact stress test specimens, which fractured
through the contact area, were photographed by SEM to
characterize the fracture origins. Both the moving and
stationary contact areas typically have shallow grooves where the
material appears to have been pushed by the moving contact
specimen and then deposited back on the specimen surface. Figure
44 shows the contact area and fracture origin of specimen 12365,
which was Contact tested^ at 1093°C (̂ OOJ)°F) wjjth ̂ _̂ 2̂ .7-kg (50-
pourfd)~ normal" ̂ ontacTt Toad". ThTê  contacTt did not reduce specimen
strength.

The contact area and fracture origin for specimen 12347 is
shown in Figure 45. This specimen was contact tested at 871°C
(1600°F) under a 22.7-kg (50-pound) load. The fracture
originated at an area where material had been removed and
deposited on the surface. This flaw reduced the strength by only
20 percent of that of a specimen without contact damage.
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Specimen 12338 (Figure 46) , which was contact tested at 760°C
(1400°F) under a 22.7-kg (50-pound) normal contact load, also
fractured at the contact area in a groove where parent material
had been removed. This specimen experienced a 30-percent reduc-
tion in strength.

Coors TTZ. - The contact stress data is tabulated in Table
XVII. The static and dynamic coefficients of friction are plot-
ted versus temperature in Figures 47 and 48. The static and dy-
namic coefficient of friction were measured over the temperature
range of room temperature to 1204°C (2200°F) . The static coef-
ficient of friction is 0.13 at room temperature, increases to
0.38-0.41 at 760°C (1400°F), increases to 0.59-0.61 at 982°C
(1800°F), increases to 0.70-0.77 at 1093°C (2000°F), and in-
creases further to 0.82-0.91 at 1204°C (2200°F). The dynamic
coefficient of friction closely follows the static friction val-
ues measured, except at 1204°C (2200°F) where the dynamic coef-
ficient of friction is 0.78.

After completion of the contact stress testing the Coors
specimens were four-point flexure tested. The fracture location
and the fracture surfaces were visually inspected with an optical
microscope at magnifications of 10 to 40X. Only two of the Coors
TTZ specimens, both at 22.7-kg (50-pound) normal contact loads,
failed due to contact stress damage.

SEM examination of the contact areas was conducted on
selected specimens tested under the 11.4-kg (25-pound) normal
load. At room temperature and 760°C (1400°F) the contact sur-
faces revealed little evidence that the specimens had been in
contact (Figure 49). At 982, 1093, and 1204°C (1800, 2000, and
2200°F) (Figures 50 through 52) the areas in contact can be
clearly seen. Several items to note regarding the contact areas
are no chipping or severe surface damage is visible and contact
is complete over the area of contact. In comparison, under the
same conditions, reaction bonded silicon nitride (RBSN) and
sintered alpha SiC (SASC) has previously shown an uneven contact
pattern covering only 30 to 50 percent of the surface, chipping
or surface damage, and would fracture through the contact area
(ref. 8, 9). The TTZ materials have more complete contact
(usually 80 to 100 percent). This additional contact is probably
due to the material deforming at the contact point. The in-
creased amount of contact results in the contact load being more
evenly distributed over the line contact area, thereby minimizing
contact damage.

Feldmuhle. - Feldmiihle TTZ was contact tested at normal
loads of 4.5, 11.4 and 22.7 kg (10, 25, and 50 pounds) at room
temperature and at 22.7-kg (50-pound) loads at 316, 538, 760,
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871, 982, 1093, and 1204°C (600, 1000, 1400, 1600, 1800, 2000,
and 2200°F). The static and dynamic coefficients of friction are
plotted as a function of temperature in Figures 53 and 54. Feld-
miihle TTZ shows the same trends in coefficient of friction as the
NGK, Nilsen and Coors materials. From room temperature to 316°C
(600°F) the coefficient of friction is 0.35. The friction
gradually increases until it reaches 0.66 at 1204°C (2200°F).

After contact testing was completed the specimens were
flexure tested to determine if the specimens were damaged during
contact. From room temperature to 982°C (1800°F) none of the
specimens received contact damage (Table XVIII). One specimen,
at 1093°C (2000°F), and all three specimens at 1204°C (2200°F)
received contact damage.

Scanning electron microscopy was used to characterize
specimen surfaces after contact testing at 22.7-kg (50-pound)
normal contact loads. No indication of contact was visible at
test temperatures below 760°C (1400°F). At 760°C (1400°F)
(Figure 55) the contact area could be seen but contact did not
damage the specimen surface. At 871°C (1600°F) and above the
contact areas were clearly visible. Shallow grooves where TTZ
material had been pushed and redeposited on the specimen surface
are visible. At 1204°C (2200°F), under a 22.7-kg (50-pound)
contact load, all three specimens were damaged due to contact and
when flexure tested broke in the contact area (Figure 56).

3.4.3 Contact Stress Testing Discussion

Room temperature contact tests conducted on all four TTZ
materials yielded relatively low static and dynamic coefficients
of friction, 0.10 to 0.13. In comparison, the room temperature
static and dynamic coefficients of friction for sintered alpha
SiC (SASC) is in the range of 0.27 to 0.33 (ref. 9) and
reaction-bonded Si3N4 (RBSN) has a range of 0.20 to 0.22 (ref.
8) . The surface finish of the Nilsen specimens was measured and
compared with the machined SASC and RBSN used for the above
friction measurements. The surface finish of all four
longitudinally-machined materials was in the range of 8 to 10
microinches rms. Therefore, the difference in room temperature
coefficient of friction measurements does not appear to be due to
surface finish.

3.4.4 Analytical Contact Stress Analysis of TTZ to TTZ Interfaces

A finite element stress analysis technique for evaluating
the complex state of stress at ceramic-to-ceramic sliding inter-
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faces was developed by Finger (ref. 5). The model developed was
for a cylinder contacting a semi-infinite plate, similar in con-
figuration to the contact stress test specimens.

The model showed that when the cylinder and flat plate are
held in contact under a normal load and at the same time a
tangential load is applied, that a tensile stress is present at
the trailing edge of the contact area. The magnitude of the
tensile stress was found to be directly proportional to the co-
efficient of friction. If the friction was very high the tensile
stress could actually exceed the strength of the material.

The analytical results compared favorably with actual room
temperature contact stress tests conducted using Carborundum
SASC (ref. 9). When the model predicted a high peak tensile
stress due to the sliding contact, actual specimens contact
stress tested at the same conditions had a significantly reduced
strength due to contact stress damage.

The analytical model did not hold at elevated temperatures.
Smyth (ref. 4) found that the model predicted contact damage
should occur at elevated temperatures but actual SASC specimens
tested did not receive contact damage. A viscous oxide layer
which forms on SASC at elevated temperatures was thought to be
responsible for preventing contact damage.

The analytical model developed by Finger was used to
determine if it could accurately predict when contact damage
would occur in TTZ. Table XIX lists the contact zone width and
the minimum compressive stress due to contact specimens in
contact without motion. Using the coefficients of friction
measured during contact testing and the analytical model, the
peak tensile stresses were calculated (Table XX) . At elevated
temperatures the calculated peak tensile stress due to contact
exceeds the elevated temperature strength of the TTZ materials.
Because contact damage was not observed for a majority of the
specimens it can be concluded that the model does not hold at
elevated temperatures for TTZ materials. The analytical model is
based solely on linear elastic behavior. Parameters such as
plastic deformation and toughness may need to be added to the
model in order to more accurately predict the peak tensile
stresses caused by sliding contact at elevated temperatures of
TTZ.
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4.0 CONCLUSIONS

There is a wide variation in four-point flexure strengths of
the four TTZ materials tested. To compare the baseline flexure
strengths as a function of temperature for the four TTZ mater-
ials, baseline strength is plotted as a function of temperature
in Figure 57. NGK TTZ has the highest room temperature flexure
strength, 993.6 MPa (144.1 ksi) of the four materials, but also
shows the greatest decrease in flexure strength with increasing
temperature. NGK has a 1204°C (2200°F) flexure strength of 102
MPa (14.8 ksi), a reduction of approximately 90 percent of the
room temperature strength. NGK material that is stabilized with
¥203 also contains 0.72 percent by weight of Si, which is in the
form of Si02 (ref. 22). This glass is believed to be present in
the grain boundaries, which accounts for the extremely low 1204°C
(2200°F) flexure strength and slow crack growth visible on the
1093 to 1204°C (2000 to 2200°F) fracture surfaces.

Coors, Nilsen, and Feldmtihle TTZ, which are MgO stabilized,
show a more gradual decrease in flexure strength as a function of
temperature. Nilsen decreases from 604.0 MPa (87.6 ksi) at room
temperature to 254.4 MPa (36.9 ksi) at 1204°C (2200°F) , a 58-
percent decrease. Coors, which has a room temperature flexure
strength of 446.1 MPa (64.7 ksi), decreases to 130.3 MPa (18.9
ksi) at 1204°C (2200°F) , a 71-percent decrease in strength.
Feldmuhle decreases from 377.8 MPa (54.8 ksi) at room temperature
to 139.3 MPa (20.2 ksi) at 1204°C (2200°F) , 63-percent reduction.
Although NGK TTZ has the highest strength from room temperature
to 760°C (1400°F) , Nilsen TTZ has the highest strength from 982
to 1204°C (1800 to 2200°F) .

At room temperature all four TTZ materials tested appeared
to have adequate strength for heat engine applications. The Y2°3
stabilized fine grained NGK material has much greater strength
than the three large grained MgO stabilized Coors, Nilsen, and
Feldmuhle materials. The strength of all four TTZ materials
drops rapidly at elevated temperatures. The NGK material has the
most dramatic drop in strength at elevated temperature; again
this is due to fine grain structure and Si02 at the grain bound-
aries. The relationship between grain size and strength is
typical _.jof_._m̂ ŝ _ĉ j:Â .P_niaJtej:ial. _(.rejE_..._2A).-. ____________________________

TTZ materials experience degradation of strength when aged
at elevated temperatures. The four TTZ materials tested
experienced creep at temperatures of 760°C (1400°F) and above.
The temperature where creep started and was the most severe
varied with the different TTZ materials.

The coefficients of friction measured for the four TTZ
materials were considerably lower than previously measured for
SASC and RBSN over the entire temperature range measured. There

49



was no significant difference in friction coefficients between
the four TTZ materials.

Contact did not cause damage at normal loads of 0.455, 4.55
and 11.3 kg (1, 10, and 25 pounds), but several specimens were
contact damaged at 11.3 kg (50 pound) normal contact loads.

TTZ specimens that did sustain contact damage had retained
strength approximately 70 to 90 percent of those specimens with-
out contact damage. In comparison (Figure 58) all SASC and RBSN
specimens contact tested with a 11.3-kg (25-pound) contact load
sustained contact damage, which reduces the strength by as much
as 50 percent when compared to samples without contact damage.
At contact loads as low as 4.55 kg (10 pounds) many RBSN speci-
mens have been damaged due to contact stress. TTZ specimens can
survive contact loads much greater than can be tolerated by other
structural ceramic materials such as RBSN and SASC.
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NORMAL LOADING BIAXIAL LOADING

CONTACT
AREA

TENSILE

STRESS
DISTRIBUTION

COMPRESSIVE

TENSILE SPIKE

• LOCALIZED AT SURFACE

• TRAILING EDGE AT CONTACT

• AMPLITUDE DEPENDENT UPON FRICTION

Figure 1. Schematic of Stress Distributions Resulting from
Uniaxial and Biaxial Loading at a Contact Surface.
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40x 400x

Figure 2. Nilsen TTZ 1093°C (2000°F) Baseline
Flexure Fracture Origin, Specimen 11955
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S/N 11877

400x

S/N 11896

Figure 3. Nilsen TTZ Room Temperature Baseline
Flexure Fracture Origin, Specimen 11877,
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40x 400x

Figure 4. Nilsen TTZ 1204°C (2200°F) Baseline
Flexure Fracture Origin, Specimen 11896
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Figure 5. Baseline Flexure Strength of Nilsen TTZ.
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Figure 8. Baseline Flexure Strength of NGK TTZ,
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40X 400X

Figure 9. NGK TTZ Room Temperature Baseline Flexure
Fracture Origin, Specimen 12389.
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40X 400X

Figure 10. NGK TTZ 760°C (1400°F) Baseline Flexure
Fracture Origin, Specimen 12396.

60

MP-89061



400X

Figure 11. NGK TTZ 982°C (1800°F) Baseline Flexure
Fracture Origin, Specimen 12399.
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40X 400X

Figure 12. NGK TTZ 1093°C (2000°F) Baseline Flexure
Fracture Origin, Specimen 12407.

MP-89063

62



40X

Figure 13. NGK TTZ 1204°C (2200°F) Baseline Flexure
Fracture Origin, Specimen 12409.
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Figure 15. NGK TTZ tfeibull Plots for Baseline Flexure
Strength Data.
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Figure 19. Coors TTZ 760°C (1400°F) Baseline Flexure
Fracture Origin, Specimen 13074.
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200x

Figure 20. Coors TTZ 1093°C (2000°F) Baseline Flexure
Fracture Origin, Specimen 13089.
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Figure 21. Coors TTZ 1204°C (2200°F) Baseline Flexure
Fracture Origin, Specimen 13106.
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Figure 29. Coors TTZ Microstructure,
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Figure 31. Nilsen TTZ Stepped Stress Rupture Tests.
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Figure 32. NGK TTZ Stepped Stress Rupture Tests
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ĈNJ

\

= s
« ~
5

mf
m

CM

~^
CO
^£

1
LU

— ?

113
^J-
*̂.CC

LL.

h—
00
<c
LL.

LU
_

__J

LU

CO
«c
QQ

=•
CO
h£

He-
CO
O. —
E co

^
^
K~

*? -OU 2

GC

CM

CC
3:
^-j-
CM

k.

E oo
a

en
^§co i

f

3

CO

CO

LU
QC

J—
C_3
<
QC

^_
GO

U»

LU

cc z

— 1 ro
9 LJJ

~ S IS
SS, ^oo

. CO C3
\

a. =r
s«2
DO
tci
1

IE

^>
CXJ

^S.

D_ —
ECO

is

O
E2.

^ JM_

CC

1
LU,

CO

£
CC LU
z ae
CM ^

CO «= =•
^ °- CO
co E S

CO
o- =r , co en
E co .̂  cc en cei

&£ ^X^ = en CM
"^ea C m
3=1 X. S S
CO ^̂ ^ 1̂

CO 1—
ec — o

S ss = s— u_

*§• gas s
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Figure 34. Stepped Stress Rupture of Feldmiihle TTZ,
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Figure 35. Contact Stress Test Apparatus Schematic.
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Figure 36. Contact Stress Test Apparatus.
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SPECIMEN A

CHAMFER
TWO EDGES

45 DEG x 0.013
(45 DEG x 0.005) ^

r 0.312 ± 0.0013
(0.123 4- 0.0005)

0.635R
(0.250R)

4.90 + 0.003
'(1.983 ± 0.001)

0.630 ± 0.003
(0.248 ±0.001)
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(0.250 R)

7
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(45 DEG x 0.015)

1.65
(0.65)

| DIMENSIONS IN CM (INCHES)]

0.630 ± 0.0015
' (0.248 ± 0.0005)

0.318 ± 0.003
(0.125 ± 0.001)

Figure 37. Contact Stress Test Specimens.
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Figure 38. Nilsen TTZ Static Coeff ic ien t of Friction.
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Figure 39. Nilsen TTZ Dynamic Coefficient of Friction.
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Figure 40. Nilsen TTZ 760°C (1400°F) 11.4 kg (25-Pound)
Normal Contact Load, Specimen 11927.
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Figure 58. Relative Contact Stress Resistance
Of TTZ, SASC and RBSN.
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