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Abstract

Hafnium diboride-silicon carbide (HS) and zirconium diboride-silicon carbide (ZS)
composites are potential materials for high temperature, thermal shock applications such
as for components on re-entry vehicles. In order to establish material constants necessary
for evaluation of in situ fracture, bars fractured in four-point flexure were examined using
fractographic principles.. The fracture toughness was determined from measurements of
the critical crack sizes and the strength values and the crack branching constants were
established to use in forensic fractography for future in-flight tests. The fracture
toughnesses range from about 13 MPam"? at room temperature to about 6 MPam'” at
1400°C for ZrB,-SiC composites and from about 13 MPam'”? at room temperature to
about 4 MPam"? at 1400°C for HfB,-SiC composites. Thus, the toughnesses of either the
HS or ZS composites have the potential for use in thermal shock applications. Processing
and manufacturing defects limited the strength of the test bars. However, examination of
the microstructure on the fracture surfaces shows that the processing of these composites
can be improved. There is potential for high toughness composites with high strength to
be used in thermal shock conditions if the processing and handling are controlled.



Introduction

Hafnium diboride-silicon carbide (HS) and zirconium diboride-silicon carbide (ZS)
composites are potential materials for high temperature, thermal shock applications such
as for components on re-entry vehicles. In order to evaluate the properties of the
materials to assess their applicability and to provide baseline data for future failure
analysis, test bars were fabricated, machined and tested in four-point flexure to determine
strength, elastic modulus, deflection and density by Southern Research Institute (SoRI).
Some of the test bars were made available for further fractographic analysis by NASA
Ames Research Center. Four billets of hafnium diboride-silicon carbide designated HS-
04, HS-05, HS06 and HSO7 and one billet of zirconium diboride-silicon carbide
designated ZS-08 were made available. The fracture toughness in terms of the critical
stress intensity factor was determined from the size of the fracture-originating crack at
four temperatures: 21°C, 400°C, 1200°C and 1400°C. In addition, there was also
limited, but useful, data on the boundaries of fracture mirrors surrounding the fracture
initiating flaw. These measurements provided the baseline information necessary for
future forensic analysis of in situ test results. The crack branching stress intensities were
determined for several billets of the hafnium diboride and for one billet of the zirconium
diboride. The purpose of this report is to evaluate the potential for use of these materials
in a high-temperature, thermal shock environment and to suggest methods for
improvement, if necessary.

Methodology

The fracture toughness of a material that fails in a brittle manner can be expressed by
the critical stress intensity factor, Ky, a development of linear elastic fracture mechanics,
LEFM. In an elastic material the stress field near a crack tip, as described by the stress
intensity factor, Kj, is material independent, but depends on the geometry of the sample
and the distance from the crack tip (1). The critical value of K, denoted K, is
determined by:(2,3 )

K, =ac,(m)"* /¢ )
where a = surface correction and loading factor
Cs = stress at fracture
c = crack size (equivalent semi-circular radius)
¢ = crack geometry factor (elliptical integral of
the second kind)

The elliptical integral accounts for the variation in the stress field due to the shape of
the crack tip. For a semi-circular crack the value is /2. For a surface crack that is small

relative to the thickness, o = 1.10. Any elliptical or semi-elliptical crack can be modeled
as a semi-circular crack using ¢ = (ab)" 2 where 2a and 2b are the lengths of the minor
and major axes of the elliptical crack, respectively.(4) The calculation of K|, assumes



that the material is linear elastic, that any surface effects are accounted for in the
determination of «, and that the loading is tensile. Notice that if all flaws are made to
have the size of their semi-circular equivalent, then Equation (1) becomes:

K, =Yo,(0)"* @
where Y = 1.24 for a semi-circular crack that is small relative to the thickness, Y =
1.4 for a corner crack and Y = 2 for an internal crack. Minor modifications to standard
LEFM theory can be made to account for a small zone of plasticity near the crack tip (3).
The resulting equation is:

K; =(a’noic)(¢* - (02120 /0),) (3)

where the terms are as previously defined and ©,s = yield stress.

The topographic features of a fracture surface depend on the nature of the failure that
created the surface.(5, 6) A schematic of a typical fracture surface is shown in Figure 1.
The presence of the mirror region and the increase in roughness away from the flaw are
characteristic of brittle fracture, although the appearance of the individual regions and the
clarity of the boundaries between them may be altered due to microstructural features or
anisotropy of the fractured material.(6). The flaw size and stress can be independently
measured and used in equations 1 and 2 to determine the fracture toughness. This
technique was developed for inorganic glasses (7) and used in the analysis of many other
materials (8).

We observe that from the point of fracture, the crack propagates in a relatively
smooth plane, called the mirror region, to the boundary, r;. From this point the tortuosity
discontinuously increases and the deviations from the plane progressively increase in a
region known as mist, to the boundary r». At this point, there is another sharp increase in
deviations out of plane in the region known as hackle. At the end of the hackle region, r3,
macroscopic crack branching occurs, i.e., the entire crack front branches as opposed to
parts of the crack front branching as it does in the mirror, mist and hackle regions.
Normally, we refer to the mirror-mist boundary, mist — hackle boundary and the
macroscopic crack branching boundary. However, for ease of discussion, I shall refer to
all of the boundaries as mirror boundaries and distinguish them by their r; designation,
where j = 1,2 or 3 depending on the boundary. These regions are all related to the applied
(far field) stress at fracture, Gg,:

Ky, =Yo, (rj)m'

or Q)

K.
oD = 7y M



where the M;’s are called mirror constants with j=1 corresponding to the mirror-mist
boundary, etc., Y’(0) is a crack border correction factor, where 0 is the angle from the
surface to the interior, i.e., 8 = 0° to 90°. Kg; is the notation for the crack branching stress
intensity factors. There are three, one for each boundary, i.e., j=1, j=2 and j=3. Note that
Kg; is proportional to Ke, ie., Kgj = A K¢, where A is about 2-4 for most ceramic
materials.

Results and Discussion

The fracture surfaces of flexure bars for HS-04, HS-05, HS-06, HS-07 and ZS-08
at four temperatures ( 21°C,400°C,1200°C & 1400°C) were examined to determine the
size of the fracture initiating defect and the measurement of the surrounding topography,
if available. An example of the appearance of the fracture surfaces with the crack
outlined is shown in Figure 2. The tables containing the individual measurements and
results of the calculations are included in an appendix to this report. The graphs of the
fracture toughness as a function of temperature for HS-04, HS-05, HS-06, HS-07 and ZS-
08 are included as Figures 3-7. Several of the bars showed an unusual fracture pattern to
indicate that there may have been a misalignment during fracture. In addition, some of
the bars had secondary breaks. This often happens if there is an uneven loading of the
four-point flexure apparatus, i.e., one side of the top loading pins is loaded more than
another side. The result of this uneven loading is that the stress at failure is not the same
as the calculated maximum stress. Thus, because of these possible errors in loading,
there may be a larger amount of scatter than usually encountered in fractographic
analysis. However, the general behavior is correct.

In examining the graphs in Figures 3-7, several noteworthy points are observed.
The potential fracture toughness of both the HS series and the ZS material is reasonably
good for a brittle material, i.e., at room temperature the ZS-08 has an average toughness
of 13 + 3 MPa m"? and HS-07 also has an average toughness of 13 + 3 MPa m'? . It

“appears that the toughness is also greater at 400°C. The reason for this increase is not
known at this time, but the increase has been observed for all of the billets except one.
The strength data also show this increase at 400°C for most of the materials measured.
The strength as a function of temperature for representative materials, i.e., HS-04, HS-07
and ZS-08, are presented in Figures 8-10. In addition, the elastic moduli (E), which were
measured by SoRI, show a similar trend as a function of temperature [ Figures 11-15] in
that the moduli stay about the same or increase for the HS composites at room
temperature and 400°C. The only anomaly is that the moduli appear to decrease
monotonically as a function of temperature for ZS-08. The toughness values should be
proportional to the elastic modulus if these materials behave as most ceramic materials.
The graph of K¢ versus E are shown in Figures 16-20. As can be seen within the scatter
of the data, there is a linear relationship between toughness and modulus for these
materials.

One of the other observations is that there are billet-to-billet differences in
fracture behavior. This indicates that better control in processing is needed. Also, notice



that the toughness values are reduced considerably at high temperatures, i.e., at 1200°C
and 1400°C. The fractographic analysis showed that there was some slow crack growth
at these temperatures, €.g., Figure 21. The original cracks were comparable in size to the
size of cracks leading to failure at 21°C and 400°C. But at the higher temperatures, the
cracks grew from this initial size to a much larger size. This can be noted in the tables in
the appendix by comparing average crack sizes at the different temperatures. The high
temperature crack growth can partly explain the low strength values at the high
temperatures. However, this cannot be the cause of the low toughness values and thus
cannot explain the entire strength decrease. There has to be a change in the
microstructural integrity at high temperatures to decrease the toughness.

There were only a few bars on which the surrounding crack topography could be
determined. However, there were enough measurements that a reasonable estimate of the
crack branching stress intensities can be made. The results of this analysis are shown in
Table 1. The mirror constants are given, along with the corresponding crack branching
stress intensities. The supporting measurements are provided in the appendix. The
values of the crack branching stress intensities can be used to estimate the stress at
fracture from measurements of the mirror boundaries in the same material. It has been
shown that the stress at fracture can be reasonably estimated even when the stress field is
complex. This is because the fracture of materials that fail in a brittle manner, fail when
the crack is approximately perpendicular to the maximum principal tensile stress and the
critical stress intensity level is reached.

As a check on the fractographic approach to stress analysis, Figures 22-24 are
graphs of the branching stress intensities, Kg1, Kg2 and Kg3, respectively, versus the
fracture toughness, K¢c. There should be a constant relationship between these values and
as can be seen, there is a reasonable agreement. The branching constant values that are
provided in the tables are estimates based on all of the bars that were examined. For
future studies, care should be taken to insure wide enough samples to gather as much data
as possible.

Application of Fracture Analysis To Future In-flight Test Results

Materials on re-entry vehicles will be subjected to high temperatures for a relatively
short time. This exposures means that the materials must be able to withstand thermal
shock environments. The constants determined in this report are essential for future flight
test result analysis. The value of toughness that is needed for calculation of thermal shock
resistance is the toughness at or near room temperature. Even though the initial
temperature may be large, the thermal shock response will take place in a matter of
seconds or not at all, because thermal shock fracture is a result of transient thermal
stresses. Fracture from thermal shock must be distinguished from fracture at high
temperatures. Thermal stresses developed in thermal shock are delivered in a relatively
short period of time and the location of the large tensile stresses are away from the heated
region. In fact, many times the thermal stresses are developed on the surface during cool
down, which is also rapid. Thus, the material properties of importance are those near
room temperature even though some parts of the specimens are at high temperatures.



Fracture from high temperature exposure can involve some high temperature process
before fracture, such as slow crack growth or creep before catastrophic fracture. These
processes are usually relatively slow and need time for reactions to occur. Although the
high temperature behavior here is important for overall understanding of the
microstructure-property relationship, it is less important for the understanding of thermal
shock behavior.

In the future, thermal shock tests should be performed in order to assess the
mechanical response to this type of stimulus. For example, quench tests into oil or water
are a possibility. Water is not as good as oil because of the difficulty in knowing the heat
transfer coefficient for quenching into water. If a continuous-wave laser with at least
capability of 1 kw/cmz, and a spot size of at least 1 cm?, is available, then irradiation of a
thin, i.e., < 1 cm, plate of the material can be a quick test of the thermal shock resistance
of the materials.

Conclusions and Recommendations

1. The toughnesses of ZrB,-SiC and HfB,-SiC composites are sufficient for use in a
thermal shock environment. ‘

2. Processing and manufacturing defects limited the strength of the bars.

Processing of the materials can be improved.

4. Fractographic principles can be used in future failure analysis of in situ tests of
components from these materials.

5. Wider test bars should be fabricated in any future flexure tests in order to be able
to measure the mirror boundaries and obtain the necessary constants for forensic
analysis.

6. Careful attention should be given to the alignment and rotational flexibility of any
four-point flexure test set-up to avoid errors in loading.

7. Thermal shock tests such as quenching in water or oil or CW laser irradiation
should be planned to evaluate the thermal shock capabilities.

et
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Table 1 - Crack branching Data
Designation  |Strength (ksi) | Strength(MPa) | r r3 M, M, M; Ke1 Ks2 Kga
m10° |m10®° |m10° |MPam"?|MPam'? MPam'?|MPam'? |MPam'® |MPam'?
2508-1 (21C) 79 545 690 1020 1700 14.3 17.4 22.5 17.7 21.6 27.9
2508-13 (21C) 77.6 535 550 900 1340 12.5 16.1 19.6 15.5 20.0 24 .3
134 16.8 211 16.6 208 26.1
2508-14(400C) 89.4 616 1090 1900 20.3 26.9 25.2 33.4
ZS08-18 86.2 594 1080 1650 19.5 23.4 242 29.0
19.9 25.2 247 31.2
ZS08-22(1200C 37.9 261 1390 9.7 12.0
ZS08-4(1400C) 46.3 319 870 2200 9.4 15.0 1.2 11.7 18.6
ZS08-8 36.9 254 1000 1150 3170 8.0 8.6 14.3 9.9 10.7 17.7
9.0 14.7 5.6 11.2 18.2
HS04-9 (21C) 33 228 1260 2100 8.1 104 10.0 12.9
HS04-13(21C) 41.5 286 770 1260 2100 7.9 10.2 13.1 9.8 12.6 16.3
HS04-17(21C) 39.2 270 600 1150 1700 6.6 9.2 11.1 8.2 114 13.8
7.5 9.9 12.1 9.3 12.3 15.1
HS05-13(21C) 62.6 432 740 1230 1850 11.8 15.2 18.6 14.6 18.8 23




Figure 1 — Schematic of Fracture Surface. The critical crack size is (ac Obcr)” 2
11 is the distance to the mirror-mist boundary; r; is the distance to the mist-
hackle boundary; and r.(r3)is the distance to macroscopic crack branching.
The difference between a; b; and a ,b;, is that there can be slow crack growth
which increases the crack size before final fracture. The primes on the 1;’s
indicate that there can be asymmetrical boundaries.
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Figure 2A — Photograph of Fracture Surface of ZS-08 (#4) without markings.
[1400°C/ 319 MPa]
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Figure 2B — Fracture Surface of ZS-08 (#4) Showing Regions Depicted in
Figure 1. r; and r 5 are shown; r; is the unmarked arrow. The white line
outlines the fracture initiating crack.
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Figure 3 - Fracture Toughness As A Function of Temperature for HS-04.
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Figure 4 — Fracture Toughness Of HS-05 As A Function of Test Temperature.
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Figure 5- Fracture Toughness of HS-06 As A Function of Temperature.
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Figure 6- Fracture Toughness of HS-07 As A Function of Temperature
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Figure 7 — Fracture Toughness of ZS-08 As A Function of Temperature
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Figure 8 — Strength of Flexure Bars As A Function of Temperature.
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Figure 10 — Strength of Flexure Bars As A Function of Temperature.
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Figure 12 - Elastic Modulus Versus Temperature.
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Figure 13 - Elastic Modulus As A Function of Temperature.
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Figure 14 - Elastic Modulus As A Function of Temperature.
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Figure 15 — Elastic Modulus As A Function of Temperature.
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Figure 16 — Fracture Toughness (K¢) As A Function of Elastic Modulus (E) For HS-04.
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Figure 17 — Fracture Toughness (Kc) As A Function of Elastic Modulus (E) for HS-05.
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Figure 18 — Toughness (K¢) Versus Elastic Modulus (E) for HS-06.
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Figure 22 - Crack Branching Constant (Kg;) As A Function of
Toughness (K¢) For All Materials.
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Figure 23 - Crack Branching Constant (Kg;) Is A Function of Toughness (K¢)
For All Materials.
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Figure 24 - Crack Branching Constant (Kg3) Is A Function of Toughness
(K¢) For All Materials.




Appendix 1 - HS-04

Orientation -Sgepimen Temp.°C|Strength Modulus a 2b c ;L Ke B
o (°F) (ksi) |MPa |(Mpsi) GPa Im10°% m10® |m10° ‘ (MPam'?)

longitudinal 1/21°C 38.4| 264.8| 67.3] 464.0 940, 1400 810 9.3|

HS04 ) 5/(70°F) 37.5/258.6| 65.3] 450.2 320, 1700 520 7.3

9 332275/ 569 3923 500 850 480 6.2

- 13 41.5 286.1 759 5233 260 910 340 6.5

- 17 39.2, 270.3| 78.3] 539.9 240/ 1000 350 63

avg - 37.9| 261.5 68.7| 474.0 A

stdev 3.1 215 8.6 59.4 _ 1.3

6.9 6.9 ‘ o

longitudinal’ 2/400°C 44.3/305.4| 66.1 4558 300/ 1400 470 82

6|(752°F) 40| 275.8 63| 434.4 440 490 470 8.4

10l 47.3| 326.1 67.3] 464.0 460, 1200 530 9.3

~ 14| 38.3| 264.1 64.9] 4475 340 590 320 5.9

avg 42.5| 292.9 65.3| 4504 8.0

stdev 4.1 28.2 1.8 12.6 1.4]

- 6.9 6.9

longitudinal 3,1200°C 19.9/137.2) 315/ 217.2| 1200, 2100, 1100 5.6

71(2192°F) 10.9| 75.2| 287 197.9 ]

11 16.7| 115.1 28.1]  193.7 900, 3100/ 2100 4.9

15 18.2) 1255 34.2] 2358 1.6 22/ 1300, 5.6

avg 16.4) 113.3 30.6] 2112 _ 5.4

stdev 3.9 26.9 28 194 0.4

o 6.9 6.9 |
longitudinai 4/1400°C 19.6/ 135.1 26.1] 180.0 | L

8/(2552°F) 214/ 147.6] 284 1958/ 1000/ 1900 980/ 5.7

12 19/ 131.0, 276 190.3 ’ o

16 18.7/128.9) 21.5| 1482 1500, 2000, 1200 5.5

18 21.8/150.3| 31.4] 2165 500 960 490 4.1

avg . 3 20.1) 138.6 270, 186.2 ) 5.1

stdev | 14 9.8 3.6 25.0 0.9
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Appendix 2 - HS05
Orientation Specimen Temp °C | Strength |Strength |Modulus |E a 2b c Kic
(°F) (ksi)  |(MPa) | Mps) |(GPa) |m 10 m 10°|m 10°|(MPam'?)
longitudinal 1 | 21 56.9 3923 71.6] 493.7 B
HS05 5/(70°F) 50, 3448 79.8| 550.2| 400| 1500/ 550 10
9 53.2 366.8 77.5| 534.4
13 62.6 431.6 829! 571.6/ 330, 600 310 9.4
17 42 289.6 69.5| 479.2| 130 350/ 150 4.4
javg 52.9 365.0 76.3) 525.8 7.9
stdev 7.7 53.1 5.6 38.6 3.1
longitudinal | 2 400 62.1 428.2 721 497 1
6/(752°F) 57.8 398.5 82.9| 571.6/ 1700| 4400/ 1900 21.5
) 10 s8] 3099 79.8] 5502 360 930 410 10
o 14 712 490.9 78.3, 539.9] 470| 1150, 520 13.9
avg 623 4294| 783 539.7 15.1]
stdev 6.3 43.2 4.5 31.3 5.8
longitudinal 3| 1200 24| 1655 34 2344
71(2192°F) 25 1724 35.3] 243.4) 790] 2300/ 950 6.6
11 24.1 166.2 39.9] 275.1] 400, 840, 410 4.2
15 20 137.9 35.7 246.2]| 390| 600] 340 3.2
avg 233|  1605|  36.2| 249.8 47
stdev ! 2.2 154 2.6 17.6 1.7
longitudinal 4 1400 19.7 135.8 29.3) 202.0
8/(2552°F) 18] 1241  27.8] 191.7 660/ 2600, 920/ = 47
. 12 189 1303|239 1648 B .
16 194 133.8 25.4 175.1| 460| 1190, 520 3.8
18 20.9 144.1 28/ 193.1; 560 720/640c 3.2
avg 194 133.6 26.9 185.3 i 3.9
stdev 1.1 7.4 2.2 15.0 0.4
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Appendix 3 - HS 06 i
Orientation Specimen (Temp °C |Strength |Strength |Modulus E a 2bjc Y K¢
°F) (ksi) MPa (Mps) |GPa m10® |m10° |m 10° (MPam'?)
longitudina 2 21 41.2) 284.1 74.8, 515.7| 550| 1300 600 1.24 8.6
HS 06 | 6/(70°F) 50.3] 346.8 79.5! 548.2 o
10 39.3] 271.0 71.6/ 493.7| 880| 2700 1100| 1.24 141
B 14 435 299.9 70.2| 484.0/ 810 2300 970 1.24 11.6
777777 18 50, 3448 70.9| 488.9, 680| 1300 660, 1.24 11
lavg 449/ 309.3 73.4| 506.1 10.6|
stdev 5 34.8 3.8 26.5 13
o 6.9 ;
longitudinal 3 400 59.6/ 4109 845 582.6/ 510| 1200 550/ 1.24 12
‘ 7|(752°F) 65.7| 453.0 85.5| 589.5 450| 2200 703 1.24' 14.9
| 11 55.3| 381.3 78.7] 542.6 f o
15 65.4| 450.9 83.8/ 577.8/ 550/ 1000 520/ 1.24 128
avg 61.5| 4240 83.1 573.1 13.2
stdev 5.0 34.5 3.0 20.9 1.5]
G 6.9 -
longitudina: 4 1200 20.6 142.0 41 2827/ 740, 1300 700) 1.24 3.8
) 8|(2192°F) 21.4| 1476 49.4| 340.6; 360/ 1150 640| 1.24 4.6
12 19.3 133.1 36.3] 250.3; 660 1800 770] 1.24| 4.6
16 18.5| 1276 404| 278.6/ 380, 1100 460| 1.24 3.4
avg 2000 137.6 418 288.0 4.1]
stdev 1.3 8.9 55 37.9 _ 0.6
_______ o ! 6.9 -
longitudina 1 1400 17.5] 120.7 29.5| 203.4) 820/ 1200 700| 1.24 3.2
5/(2552°F) 15.4, 106.2 21.3] 146.9| 630, 1200 615 ’ 3.3
) 9 16.7] 115.1 23.8/ 164.1 _
13 15.9; 109.6 228  157.2| 1400| 2200 1200 47
17 17.5{ 1207 28.7) 197.9| 910| 2200 1000 47
avg 16,6/ 114.5 25.2) 173.9 ’ 4.0
stdev 0.9 6.5 3.7 25.3 ; 08
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Appendix 4 - HS-07
Orientation |Specimen|Temp (°C) |Strength |Strength |Modulus |E a 2b Y Ke
| &) (ksi) (MPa) | (Mps) |(GPa) |m10° im10° im10° {(MPam"?)
longitudinal | 1 21 53.3] 3675 78.6) 5419 o
HS07 3/(70°F) 70, 4827 83.8)| 577.8| 343| 1810] 557 1.24 14.1
7 37 2551 78.6] 541.9
11 48.8/ 336.5 83.5| 575.7| 606/ 956/ 538 1.24 9.7
o 15 717, 4944 85.8/| 591.6] 482| 1343] 568 1.24 14.6
avyg | 56.2) 387.2 82.1| 565.8 12.8
stdev 147 101.2 3.3 22.6 2.7]
longitudinal 4 400 754 5199 84.5| 582.6 o
i 8/(752°F) 57.1| 393.7 86.2] 594.3| 754| 2406; 952, 1.24 15.1]
‘ 12 56.8/ 391.6 85,5 589.5| 732| 1774 806| 1.24 13.8
‘ 16 59.7) 4116 78.9. 5440/ 510/ 1409| 600! 1.24 12.5
avg 623 429.2 83.8| 577.6 ~13.8
stdev 8.9 61.1 3.3 22.9 1.3
longitudinal | 5 1200 272 1875 40.7| 280.6| 1641, 2051 1835, 1.4,  11.2
9{(2192°F) 219 1510 37{ 255.1] 610| 3392 1017] 1.24! 6
13 23.3] 160.7 39.3] 271.0] 760| 1197| 674! 1.24 5.2
17 219/ 151.0 35.7, 2462, 452| 1630] 607 1.24 4.6
lavg 23.6] 1625 38.2] 263.2 6.8
stdev ; 25 17.3 2.2 16.5 3.0
longitudinal 2 1400 23, 158.6 28.7| 1979 1277 1672 1461 14 8.5
6/(2552°F) 20.1] 138.6 25.8| 177.9 1328 2263| 1733| 1.4 8.1
10 20.4] 1407 25.8| 177.9) 1416, 1898] 1639) 1.4 B
14 20.1] 1386 25.5] 175.8) 1109 1971| 1478, 14 7.5]
18 19.4) 133.8 34| 234.4| 1044| 1898 1408 14 T
Javg 20.6] 142.0 280 192.8 7.8]
stdev 1.4 9.6 3.6 25.0 0.6
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Appendix 5 - ZS-08

Orientation |Specimen |Temp °C |Strength |Strength |Moduius |E a 2b ¢ Kic
: P (ksi) (MPa) |(Mpsi) |[(GPa) |m10° Im10° |m10° (MPam'?)
longitudinal 1 21 79|  544.7 70.3|  485.0] 220 350[ 200 9.6
2508 5/(70°F) 90.8] 626.1 78.1 538.7| 350] 940[ 400 15.5]
- 9 88 606.8 70.2]  484.3] 390] 1000] 450 16|
o 13 776 535.1 69.6]  480.1] 350 440] 280 11]
- 17 96.6] 666.1 79.3]  546.4 |
avg - 86.4  595.7 735  506.9 13.0
stdev 8.0 55.4 4.7 32.7 3.2
longitudinal 2 400 939 647.4 64.7| 446.2 o
| 6/(752°F) 95.4] 657.8 66.5| 4585 300c 15.9
I 10 103.6] 714.3 67.4| 465.0/ 300 830] 350 16.6|
| 14 89.4] 616.4 64.9] 447.5] 350 460] 280 12.9
- 18 86.2] 594.3 61.1 421.4] 310] 600/ 310 13.1
- 21 98.2] 6771 63.8] 439.6
avg | 945 651.2 647 4463 14.6
stdev ! 6.2 42.8 2.2 15.3 1.9
6.9 |
: 3 49.7| 3424 370, 540[ 320 7.5
longitudinal 3] 1200 492]  330.2 49.8] 343.2] 370/ 540/450c 10
7((2192°F) 31.9]  220.0 51.8] 357.3
- 11 66.4 457.8 44.4|  306.3] 290] 500{ 270 9.3
15 21 144.8 46.3] 319.3] 600/ 990[ 550 4.2
777777777777 o 19 68.9] 475.1 53.3] 367.6 ]
- 22 379 2613 49.2] 339.3] 550/ 700 470 71
avg 4] 3164 3.3 23.0 7.6|
stdev 19 132.3 o 2.6
| 354 2444 = | | _
longitudinal 4] 1400 463  319.2 335 230.8] 230, 500] 240] 6.1}
s 8[(2552°F) 369 2544 455 313.8] 500/ 730] 430 6.5]
; 12 67.9 468.2 36.9] 254.4
N 16 26/ 179.3 44.4]  306.3] 380] 960] 430 4.6
B i 18 31.8] 2193 39.1 269.9
avg i 41.8] 288.1 5.5 37.7 5.7
stdev 164 113.0 1.0
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