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SUPPLEMENTARY DIELECTRIC-CONSTANT AND LOSS MEASUREMENTS
ON HIGH-TEMPZZRATURE MATERIALS

by

J. Iglesias and W. B. Westphal

Laboratory for Insulation Research
Massachusetts Institute of Technolugy
Cambridge, Ma:sachusetts

Abstract: This is a summary report on dielectric constant and loss measurements

made in this laboratory after 1958, excepting high-dielectric-constant mate-

rials. The emphasis is on high-temperature materials (those with melting

points above 1200°C), but data on some plastics and liquids are also included.

The samples of solids include oxides of Al, Be, Cr, Hf, Mg, Si, Ta, Th, Y,

Zr, nitrides of B and Si, La.A103 and various silicates, rocks, and minerals.

Pure samples of A1203. BeO, MgO, SiOz, and BN all show loss tangents

< 0,01 at 1500°C in the microwave region. Various phenomena of electric
loss, e.g., transconductance, dipole orientation, and molecular vibrations
are clearly discernible. A fundamental analysis will be undertaken in con-

nection with our over-all research program on dielectric spectroscony.

General Properties

The obvious prime requisites for any high-temperature solid insulator are
high melting point and wide optical-energy gap. The first parameter for most of
the elements and compounds of interest is known and available in physics hand-
books. The optical-energy gap refers to the one-electron band model and is the
energy required to excite an electron into the conduction band. 1 These ultra-
violet absorption data are incomplete. Electrical conduction is often greatly
enhanced by impurities and in some materials predominantly ionic; in practice
the optical-energy-gap data are only a very rough guide. As has been previously
pointed out, ) electrical losses in the microwave region in pure materials are
due to infrared absorption spectra as well as charge transfer. Materials with
impurities show increased losses in three ways: (l) increased conduction, i.e.,
charge transfer; (2) dipole relaxation losses; {3) broadened infrared spectra,
The general appearance of the electrical spectra is illustrated in Fig. 1; in

practice the individual loss regions may overlap considerably.

1} Technical Report 191, Laboratory for Insulation Research, Massachusetts
Institute of Technology, Cambridge, Mass., July, 1964.

2) Summary Technical Report No. 1 (AFML-TR-65-396), November, 1965,
Laboratory for Insulation Research, Massachusetts Institute of Technology,
Cambridge, Masas,
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-~ Melting Points
o
¢
",::: A discussion of the factors influencing the melting points of the elements and
)
}‘;.‘: some of the binary compounds has been given previously. 1 As there is only one
¥
iaf insulating element for high temperatures (diamond), most of the materials of
interest are diatomic. The largest categery are the oxides; their melting points
"‘} are arranged according to the periodic chemical table (Table 1). About 25 of these
i; are known to have melting points above 1600°C. The heavy atoms, in general.
!t‘ supply many electrons for conduction at moderate ternperatures. All known bor-
o ides, carbides, halides, nitrides, silicides, and sulfides, with the exception of
those listed in Table2, have melting points {or decompose rapidly) below 1600° or
are known to exhibit high conduction. Table 2 also lists compounds with 3 or 4
5% elements which have high melting points. The 25 high-temperature oxides of
' ";‘ Table 1 and compounds listed in Table 2 comprise the present chemical list of
7 compounds worthy of consideration. If the temperature limit is raised to 2000°C
ot and the heavy and multivalent atoms are eliminated, the list reduces to C, BeO,
L MgO, AL, 04, CaO, Sc203, Zn0, 5r0, CazSi04, MgA1204. Be3N2, BN, AIlN,
813N4.
Measurement Techniques
When only small samples were available, two-terminal measurements were
made in the lumped-circuit range, 102 to 107 Hz, using a laboratory-built bridge.a’ h

3) Tech. Rep. 201, R. E, Charles, K.V. Rao, and W, B, Westphal, Lab. Ins. Res.,
Mass. Inst. Tech., Cambridge, Mass., Qctober, 1966,




Table 1. Melting points of oxides in degrees centigrade,

Li Be B C N O F
>1700 2530 | 460 -566 | -908] -192 03 -
Na Mg Al Si P S Cl
1275s 2800 | 2015 1713 | 580 {.d70 -95] -
K Ca Sc Ti v Cr Mn Fe Co Ni
490 2580 - 1830 1970] 2435 1705 | 1565 1935 | 1990
Ti,0,
2130
Cu Zn Ga Ge As Se Br

1326 1975 | 1900 1115 | 193 | 350s -

Rb Sr Y Zr Nb | Mo Tc Ru Rh Pd

570 2430 | 2410 2715 | 1780] 795 - 255 41100} 870

Ag Ccd In Sn Sb | Te 1

d300 d900 | v850} 1127 656 | 733 -

Cs Ba La Hf Ta w Re Os Ir Pt

490 1923 | 2315 | 2812 | 1800} 1500 d1000| 500 d1100{ d550

Au Hg Tl Pb Bi |Po At

- d500 | 717 8838 860 | - -

Fr Ra Ac

Ce Pr Nd Pm Sm | Eu Gd Tb Dy Ho Er Tm Yb Lu
2600 - 1900 | - - - - - 2340 - - - - -
Th Pa U Np

3050 - 2500 | -

8 = sublimes; d = decomposes.

For larger samples three-terminal measurements could be made, and micro-
wave measurements were performed using the standing-wave method with shorted-
line and dielectric-filled resonant cavities. 3 Materials that are very sensitive

to atmosphere are noted in the data section, and more than one set of data is
given. The microwave measurements with Pt-foil covered dielectrics are rela-
tively free from atmospheric or diffusion effects. The highest temperature

reached was about 1700°C.
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- Table 2. Binary tri-element compounds.
N
Tri-element Melting point Binary Melting point
N (°/c) (°/c)
y BeAl,0, 1870 Cas 1750 (100 A)
) CaA1204 1600 HIN 3305
. CaCr,0, 2090 MgS d > 2000
f:f ('2213(P04)2 1670 MOZC 2687
* Ca25i04 2130 Si0 > 1702
.:Z C.a,ZrO3 2550 SrS > 2000
‘ LiAlO, 1600 ThC, 2655
o (or Li2A1204) UB, 2365
b MgAl,0, 2135
. ‘: MgZSiO4 1910
X KAISiO,  ca 1800
) S:l'SiO4 > 1750
L $rs0, 1605
0

Materials Measured and Their General Characteristics

The frequency characteristice of all materials measured under this program
show common trends. The dielectric constant k' (relative to vacuum) increases
at low fregquencies with high temperatures. The loss factor k' at high temper-
ry atures decreases with increasing frequency bi.t seldom is proportional to 1/f. The
slower change implies that the conductivity ¢ {= wK''e o) rises with frequency. Plots
of log ¢ vs. the reciprocal of absclute temperature show deviations from the strajght
line given by the relation

c=0 e'A/kT.
o
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The microwave temperature runs show the ioss tangent steadily rising with temper-

A Y

ature except for Brush B-6 beryllia and Carborundum alumina. These have sharp

absorptions which look like vibration spectra. Exact interpretation will depend on

data taken versus frequency at fixed temgperature (given in the Index to the data).

Wide-Band Spectra. The dielectric spectrum of elemental insulators (we

need consider only carbon in diamond form) consists ideally of two parts: low-
frequency conduction loss due to thermal excitation of electrons from the valence
to conduction band and electronic vibration spectram in the ultraviolet region. In
the microwave region conduction losses should predominate; we 2stimate that the
loss tangent should reach 0.01 at about 2100°C.4) No data are available to indicate
if best crystals approach the ideal, a strongly bonded material {(m.p. > 3500°C)
with large energy gap (5 to 7 eV).

The cubic diatomic insulators - MgO is the best example - ideally show only
three regions of loss. The vibration spectrum of the magnesium-oxygen bond is
added to low-frequency conduction loss ard elecircnic ultraviolet spectrum. The
optical energy gap of MgQ is 8,7 eV. Measurements of conductivity show much
lower gaps {2 to 4. 6 eV), partly because of impurities and partly because of
vacancies existing at high temperatures.

We have data in the far infrared on SrF2 indicating agreement b_tween extra-
polated vibration loss and microwave data (p. 62).

The heavy diatomic insulators - thorium oxide is a cubic exan:ple - have
strong bonds with many electrons {m.p. = 3000°C), but only moderate temper-
atures are needed to excite electrons for conduction. Our data on a technical
grade ThO, ceramic show appreciable conduction at 500°C and a dipolar response
at lower temperatures,

The noncubic materials have more than one infrared vibration mode. The
reflectivity of hexagonal A1203 showsl; complicated response with high losses

Hz). Optical data indicate a band gap of
above 8 eV at 25°, decreasing to about 6. 9 eV at 900°C. Conductiviiy data indicate

over the region 8 to 30 p{lio 3.8x10

much lower activation energies, probably due to oxygen vacancies and ready
acceptance by the lattice of many metallic impurities.

Ancther hexagonal oxide, BeO in ceramic form, has recently been measured
in this labora.torys) and shows very low high-temperature conductivity in agreement

with the reported statement that BeO exhibits lower conductivity than any other

4) Based cn the one-electron model, see Ref. 1, pp. 20 and 21, and no change in
energy gap with temperature. Measurements on Ge show appreciable reduction
gap with temperature.

5) Summary Tech. Rep. No. 1 {AFML-TR-65-396), Lab. Ins. Res., Mass. Inst.
Tech., Cambridge, Mass., November, 1965, pp. 18, 19.




6)

oxide.
The heavy noncubic oxides all exhibit high conduction at 500°C. N

High-purity yztriag‘ shows lower losses than previously reported for a single

crystal; 9 losses to 500°C are comparable with those of high-purity alumina.
Nitrides of B, Al, 5i, and Mng are of interest for high-temperature work.

Data on a commercial ceramic and pyrolytic material of S have been published

3N4
. 10)
previously.

Summary. Pure oxides of alumina, beryllium, magnes;um, and silicon have
¢lectrical properties suitable for microwave windows to at least 1500°C. Boron
nitride is also suitable and has considerably lower temperature coefficient of di-
electric constant, While the dominating microwave loss process is conduction in

low -purity materials, the infrared absorptions are also important.

Ihelectric Data

The following pages of data list materials as inorganic or organic. The first
section is arrangad alphabetically according to chemical name. The organics are
listed alphabetically accordirg to manufacturer or supplier. The data show per-
mittivity relative to vacuum k' or €'/ o dielectric loss factor k' or ¢" /e o loss
tangent, tan §, a.c. conductivity ¢ in ohm-cm -1 Oor a.c¢. resistivity in chm-cm.
The magnetic parameters shown are the permeability relative to vacuum K;n or
p'/po, magnetic loss factor x;}'n or p."/po. znd magnetic loss tangent tan 6., Refer
to Tech. Rep. 189 for convercion to other parameters such as attenuation factor,
propagation constant, intrinsic impedance, etc.m

In the index are listed many materials measured in our laboratory since 1958.
Data already given in our technical reporis are not repeated, but references are
given. The index also lists the temperaturc (TOC) at which the microwave loss

tangent reached 0.0l in our measurements.

6) E. Ryshkewitch, '"Oxide Ceramics,' Academic Press, New York and London,
1960, p. 330.

7) Ref. 5, p. 24.
8) Ref, 5, p. 25,

9) W. B. Westphal, Tech. Rep. 182, Lab. Ins. Res., Mass. Inst. Tech., October,
1963.

10) Ref. 5, pp. 26, 27.
11) Tech. Rep. 189, Lab. Ins. Res., Mass. Inst. Tech., May, 1964.
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1. INORGANIC COMPOUNDS

T°C T.R, 182 Summary . o 553

T.R. 1
Aluminum nitride
AlN, hexagonal, MP > 2200 (in NZ)
Carborundum, hot-pressed 670 15
Aluminum oxide
Al,0, hexagonal, MP 2050°C
Single crystal
Linde 24,25
Multicrystalline
Alberox A-950 892 15
A-962 820 45
American Lava 576 1050 45
614 1035 45
719 960 45
Armour Research , density = 3. 32 16, 17
E-11 18, 19
E-20 20
A-T76 21-23
A-75 24~ 26
mixtures 27
Carborundum 1542 1085 46
Centralab 205 28
206 28
Coors AD-99 1300 46
AD-995 ~1500 46
MC-2014 - 46
RR 800 47
Coors-NBS 10F2 800 28
Diamonite B-890-2 960 47
P-3662 9275 47
Frenchtown 7225 28
General Electric Lucalox (1965} 365 29,48
" " " (1960} 1000 29
Interntl. Pipe & Ceramic V-69 29
" " " TC-301
" " " TC-302-H ~900 29

" " " TC-351 ~ 1000 30
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i. o Summary
g Aluminum oxide (cont. ) TC T.R.182 T.R. 1 T.R. 203
Minneapolis Honeywell A-127 930 48
. A-203 810 48
N National Beryllia Alox 1170 48
o Norton 99. 5% 1300 49
&' Raytheon - 30
- Steatit-Mag A.G. A-18 - 49 3]
:‘0 U.S. Stoneware 610 1230 49
o A-212 1235 49
R A-216 665 50
ot A-312 675 50
Std. 3050°F 955 50
) Western Gold Platinum AL-300 1100 50
i Modified AL-300 32
i AL -400 1030 51
x AL-500 32
Al.-995 1280 51
Al.-1009 1390 51
K Barium fluoride
‘ BaF,, cubic, m.p. 1280°C
) Single crystal
i M.1. T., Crystal Phys. Lab. - 33, 34
h
::, Beryllium oxide
i Single crystal, hexagonal, m.p. 2530
= Electronic Space Products 34
Multicrystalline
American Lava 754 - - 34
) Brush B-6 1060
N B-7-6 1320
) B-7-37 1320
F-1 1420
Coors BD-98 - - 34
National Beryllia, cold-pressed 1190
Berlox - - 34
with silicon carbide,
see SiC
North American translucent 18,19
' - Beryllium orthosilicate (BezSiO4), trigonal
Single crystal
Electronic Space Products 35
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.' T°C  T.R. 182 Sprpeary T.R. 203
W
Bismuth silicate 35
:‘: Boron nitride, hexagonal, 3000°C sub-
i limes 36
gf Carborundum, hot-pressed 1130 53
X High-Temperature Materials, pyrolytic 31 37
@ National Carbon, hot-pressed HBN 1400 38
:; " " " HD-0056 - 39
& . i, " HD-0086 940 39
i ::: Raytheon, pyrolytic 1740 40
" Calcium carbonate
e Single crystal mineral (Calcite),
‘_:|: hexagonal, decomposes at 894 C 41
‘5: Calcium fluoride
X Single crystal, cubic, m.p. 1360°C
> M.1I.T., Crystal Physics Laboratory 42
" M.I.T., Ceramics Laboratory 43
E“ Cerium fluoride, m, p, 1460°C
l: Ceramic, M.1. T,, Lab. Ins. Res. 44
W Chromium oxide
- Single crystal, hexagonal, m. p. 1990°C
;; Linde 32
‘!:' Cobalt oxide
:: Single crystal, cubic, m.p. 19359
' M.I1.T., Crystal Physics Lab. 44
» Cobalt oxide /nickel oxide mixed crystal,
M.1, T., Crystal Physics Lab, 44
C Copper halides, m.p. 430°-605°C
‘J Preesed-powder, M. 1. T., Lab. Ins. Res, 44
Hafnium oxide, cubic, m.p. 2810°C
Multicrystalline
Zircoa 20,24
- Hydrogen oxide, glacial, ices, see Sec. 1I
Lanthanum aluminate, m. p. 1612°C
Single crystal
National Lead 33
Lead bromide, orthorhombic, m.p. 37 3°C
e Single crystal, M.1. T., Crystal Physics Lab., also see 45
) see Final Report under Contract Nonr-1841{88), March 11, 1965
. Lead bromide/lead chloride mixed crystals, see above 45
‘ Lead chloride 45
v
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*; ° Summary
X Magnesium-~aluminum silicate T°C T.R. 182 T.R. 1 T.R. 203
. (cordierite)

Multicrystalline, Raytheon T =550 45
:: Magnesium carbonate, d 350°
: Pressed powder 45
i: Magnesium oxide, cubic, m.p. 2800°C
B Multicrystalline
{.‘ Kodak Itran-5 46
;}: M.L T., Lab. Ins. Res. 34, 36
W Minneapolis Honeywell

Magnesium metasilicate, steatite fired
to clinoensteatite, monoclinic, de-
composes at 1570°C

& Multicrystalline

o Bell Telephone Labs, F-66 T =780 46
7t

?: Internatl. Pipe & Ceramic TC503 46

Magnesium orthosilicate (fosterite),
orthorhombic, m.p. 1890¢C

W7
EE: Multicrystalline
::: Steatite-Magnesia AG Frequenta M 47
. ::: Magnesium titanate, MgTiO,
« Multicrystalline, U,S5. Sonics 48
i Magnesium fluoride, tetragonal,
& m, p. 8560C
f: Single crystal, Columbia Univ, 49
R Nickel oxide, cubic, m.p. 1990°C 49
Rubidium manganese fluoride, RanF.‘3
2 Single crystal, cubic, m.p. 10500C
;\E M.L T., Materials Center 49
g:: Silicon o
¢ Single crystal, cubic, m.p. 1420°C, 50
Y » Brown Univ.
b M,L T., Crystal Physics Laboratory 50
Silicon carbide
Multicrystalline
R Carborundum 51
With BeO
National Beryllia Corp. Carberlox 52

Silicon dioxide
Single crystal quarte mineral,

hexagonal-cubic,’ m,p, 17i0°C 52, 53
(Prog. Rep. No., XXXIV, L.LR.,
Al p. 65)
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Silicon dioxide (cont.)
Fort Monmouth
Glasses (glass mica mixtures and glass

ceramics, see Sec, I)

American Optical Amer=zil, clear T >1400

" {ranspar. T =165
Corning 7940 T »1500
C.E. 101 T =1170

Mixed Silicate glasses
Corning Lab. No. 119BUC
Corning, Code 1723
Lancaster 7352
7357
L1957
L8loo0
QOwens-Corning X994
Pittsburgh Plate Glass, plate glass
" " " sheet glass
Silicon nitride, sublimes at 1900°C
Pyrolytic, North American Res,
Ceramic, Haynes Stellite
Silver iodide
Pressed powder, L.IL R.

Sodium chloride + BiCl,, M.I1.T., Crystal
Physics Lab., see &uart. Prog. Rep.
No. 8,

Strontium fluoride, cubic, m.p, > 1450

Single crystal, M.I.T., Crystal
Physics Lab.

Tantzlum oxide, orthorhombic, de~
composes at 1470°C

Ceramic, Ciba powder, fired at L. L, R.

Thallium bromide crystal, M.L T.,
Crystal Physics Lab.

bromide-chloride cryst,, ditto
bromide-iodide " '
Thallium chloride crystal
Thallium fluoride pressed powder
Thallium jodide, polycrystalline
Thorium oxide, cubic, m.p. 3050°C
Ceramic, L.I.R., M.L.T.

Zircoa

T°C T.R. 182

53
53

38,39,55

42

40,41

Summary
T.R. 1
27
26

T.R. 203

54, 55

55
55
56
56
57
58

59
59

60

! ‘}-’ qﬂ
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61, 62

63
63
63
63
63
63
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‘:’! o Summary
o T°C T.R, 182 T.R. 1 T.R. 203
‘ Vanadium oxide (V203), pressed powder 63 o
N Yttrium oxide (YZO3)‘ m. p. 2410°C :
g Single crystal, M.I.T., L.I.R. 43
u', Ceramic, Zircoa 25 5
w Zinc oxide (ZnO), hexagonal, m.p. 1975°C i
o Single crystal, Airtron Division, 63 ®
. Litton Industries
’::: Zirconium oxide (ZrO,), mono. -cubic, : '
;: m. p. 2715°C L
:".‘ Ceramic Zircoa, tech. grade 21,24
R " " nuclear grades 22-24 S
. "Zircolite'", AFML 64
\:’;: Zirconium silicate (zircon)
My Single crystal, mineral 65, 66,
B 67
: °
‘:::. II. MINERALS, ROCKS, SOILS, MISCELLANEOUS INORGANICS
:
f:‘ Single crystal minerals
! Apatite 68, 69
;;,". Astrophyllite 69
. f;: Benitoite 69 4
@ Beryl 70, 71
4 Calcite, see Sec. 1 Y
Neptunite 71
Quartz, see Sec, I
{J Spodumene 72, 73,74
é; Topaz 75, 76
o Tourmaline 76
RS Zircon, see Sec. 1
Crushed minerals
Halite 7
o Limonite 7
i Magnesite 7
/ *i Quartz sand 77
'1 Rocks
N Basalt, Hawalan, dense 78
" " porous 78
Granite, Quincy 79
“  Virginia 79
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T.R. 203
Greenstone, Virginia 80
Limestone 80
Rhyolite 81
Sandstone, aimond 31
Soils
Hawaian 82
Mass. loams 83
Fullers earth, Foxboro 82
Desert sand 83
Miscellaneous inorganics and mixtures
Ices, glacial 84, 85, 86
CF1 1003, 1006 attenuator materials 87
Corning 7941, 9606, see T.R. 182, p. 55
Ferrites, General Ceramics:
3308D, 3310, 3321, 3330, "Q"-3 88
R-i, R-4, R-5, R-6 89, 90
"Havelex'' glass-bonded micas:
Types 1080, 1090, 1101, 2101, 2103,
2801, 2803 91
"Mycalex' 410, 500, 555, 560, 620 91, 92, 93
, Asphalt pavement and asphalts 94
Concrete pavement 94
oI, ORGANIC COMPOUNDS
American Cyanamid, cyanoethylated
cotton molding 95
"Cymac' 325 96
AVCO Research Labs., polyvinylidene
fluoride 97
H.1. Crowley Co., polyiron attenuator 97
Dow Corning Corp., molding compound 306 98
"Silastic' RTV 501
RTV 521
1602
RTV 5350
S-6538
V"Sylgard" 182
DC-92-007
Dupont de Nemours and Co., "H" film 99, 100, 101
"Teflon" FEP 101, 102
"Teflon” TFE 103

L"'I."
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"Teflon" 100,
"Teflon" 9033
Electronized Chemical Corp, "Polyguide'

Emerson and Cumming, A-19 attenuator
material

General Electric Silicone Rubber SE 900
"Lexan'

Minnesota Mining and Metallurgy,
"3IM" board

Nopco Chemical Corp. , polyurethane foam
Polymer Corp., "Fluorosint"

Rex, William Brand, Div. American
Enka Rexolite, 1422

"Rexolite'" 2200

""Rexolene" P
Rogers Corp., "Duroid' 5870
Shell Chemical, ""Epon'' 828 + PMDA epoxies
Tellite Corp., ''Tellite" 3A

Union Carbide Corp., Plastics Div.,
pelysulfone

U.S. Air Force Materials Laboratory,
Wright-Patterson Air Force Base,

Fiberglass laminates

IV. LIQUIDS

Dow Chemical, "Dowtherm' A

Esso, "Teresgso' oil

V. FOODSTUFFS

Cooking oil, Kremax, Armeour

Beef steak, lean, frozen and vacuum dried
Raw potatoes

Potatoe flakes

Potatoe chips

Instant coffee, powder

Instant tea, powder

Eggwhite

Bread

Bread dough

e -'!_ & .;‘ft A AR
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sodi-

T. R. 203

102,103
102
104
104

105
105

106
106
106

107
108
109
110

111,112

112

113, 114

115
115,116

117
113
118
118
118
119
119
119
119
119
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Aluminum nitride, hot pressed 40
The Carborundum Co.
| f:10?
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Temperature °C
Aluminum oxide [ ]
O
Alberox Corp. A-950
3.663 g/cm3
T°C K tan §
25  9.01 .00051 o
100 9.14 .00055 -?
200 9.30 .00074 ° -
300 9.46 .00108 ton 3 -es
;188 9.53  .00149 Q008 ;
9.79 .00192 7 Jio 2
600  9.95 00237 0008 e o -2
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Alumina, high-purity Armour Research Foundation

From Alcoa 99.99% Al with HF, fired air 1820°C

: Spectrographic analysis: concentration of elements in
" parts per million:

Si Mg Fe Ca Ca

111 58 38 3 5

K . 3

% Density 3.32 g/cm

;; Fired silver electrodes
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Density 3.32

Alumina (cont.)
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Alumina, high-purity Armour Research Foundation
From Reynclds 99.999% Al with HF, fired air 1840°C

Spectrographic analysis: concentration of elements
o in parts per million:

Si Mg Fe Ca Ni Cr Cu
6C 30 60 15 5 4 3

Density 3.23 g/crx:3
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Alumina {cont.)
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Alumina oxide with added silicic acid Armour Research Foundation

g Fired air 1890°C
850 ppm Si, 550 ppm Na

. Fired silver electrodes
:{ Density 3. 49 g/cm3
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Armour Research Foundation

Alumina, high purity, hot-pressed in C

Density 3. 84 g/cm3

A-76 (no additive)
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Alumina, hot-pressed Armour Research Foundation

A-76 (no additive)
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Armour Research Foundation

Alumina with 10% titanate addition
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Armour Research Foundation

Alumina with 10% titanate addition
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Alumina with 10% titanate addition Armour Research Foundation
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N Alumina (cont.)
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Alumina (cont. )
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Raytheon
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Alumina A-18 Steatit-Magnesia Aktiengesellschaft
Density 3. 676 g/cm3
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Alumina, Western Gold and Platinum
Al-300 modified
Density 3.771 g/cm3
4.1to 3.85 GHz
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Barium Fluoride Massachusetts Institute of Technology
Crystal Physics Laboratory

1 1 T

For more complete daia see K. V. Rao and
A. Smakula, J. Appl. Phys. 37. 319 (1964). 3
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Barium fluoride {cont.)
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Beryllium silicate crystal KSC 7013 Electronic Space Products Inc.
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Boromn nitride
Average dielectric constant versus density
X-ray density 2. 25 g/v:m3
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Pyrolytic Boron Nitride High Temperature Materials, Inc. oy :
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Hot-pressed boron nitride, grade HBN Carbon Products Division
Union Carbide Corp.
(Formerly National Carbon Co.)
4.95 to 4.88 GHz
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Pyrolytic boron nitride Raytheon

Density 1.23 g/cm3

At £.74 to 5. 65 GHz
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Calcium carbonate
Calcite, single crystal mineral

Ell ¢, crystal No. 1
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Calcium fluoride crystal M.1.T., Crystal Physics
Laboratory
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For more complete data see
K. V. Rao and A. Smakula,
J. Appl. Phys. 37, 319 (1966).
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Calcium fluoride doped with YZOS M. id'l‘ ,nDepart(r:nent qf Lab
etallurgy, Ceramics .
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Cerium iluoride, zt 1 MHz

M.1.T., Lab. Ins. Res.

K,

s

40
{o]
K' :
ton 3
Lo
L
oil /
> v
0.0 1
-140 -10Q -60
Cobalt oxide M.1.T.,

Crystal Physics Lab.
Cobalt oxide-nickel oxide

At 25°C, 1 MHz
)

K tan &
CoO 12,9 .0005
CoO- NiO 40 . 39

50/50 mole percent

For complete data see:
K. V. Rao and A. Emakula,

3. Appl. Phys. 36, 2031 (1965).

-20 0 20%°%C

Copper haifide M.1.T., Lab.
pressed powders Ins. Res.

Measured values at 14 GHz

Sample /X-ray
density. density
xl

tan §
CuBr 4.85/5.17 6.33 < .00l
CuCl 3.68/4,10 6.52 < .001
Cul 27.8 .112
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Lead halides M.I1.T. Cryetal Physics Laboratory
Electric field dir. At 1 MHz, 25°C Activation energy for
parallel to Py tan & "intrinsic" conduction
PbBr, a 4.72 52.17 .0052 -
b 8.06 56.3 .0033 -
c 9.55 25.3 .0033 -
PbCl, a 4.53 47. 4 L1 .30 eV
b 7.62 51.3 . 065 .28 eV
c 9.05 Z4.8 .051 .42 eV
PbCl, -PbBr, ¢ 28,5 .016 1.1 eV

85/15 mol %

For additional data on these materials see: A. Smakula, Tech. Rep. No. 6,
(Final Report under Contract Nonr 1841(88)), M.I.T., Crystal Phys. Lab.,
March 11, 1965.

Magnesium aluminum silicate

Cordierite ceramic, Raytheon Co.

8.52 GHz
50 Magnesium carbonate, hard-packed
, K fine powder, reagent grade,
| =] at 8.52 GHz, 259C:
0.03 48
m————
/ K' tan &
e 1.282  .0109
. 3
Density . 189 g/cm
0.02 /
1on 3
fan 3
0. /j
/‘
o

(] 200 400 600 800 1000 1200
Tamperoture *C
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Y Transparent MgO ceramic Kodak
‘ IRTRAN-5

Density = 3. 57 g/cms, 25°C

f (Hz) x tan §
102 9.82 .0014
8.5x10° 9.72 00045

Magnesium metasilicate, International Pipe and Ceramic Corp.
multicrystalline, F-66 (Gladding McBean and Co.)

ite TC-503, 8.52 GH
Bell Telephone Laborato:ies Steatite 5 z

14 CHz
T°C K' tan & 005 es
25 6.37 .0012
100 6.39 .0012 004}—— —lea
200 6.43  .0012 ‘
300 6.47 .0012 X K K
400 6.52 .0013 | ——— 6.2
500  6.58  .0015 A /]
600 6.67  .0020 ton 3 -
700 6.75 . 0047 002 €0
800 6.85 .0165
———
.Q0t
[o]
o] 200 400 600 800 1000
Temperature °C

DRI vk w5 w1 N I I N W B N N W . W N R S S Y P O S S S N S N S P NI WL T Y
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Frequenta M Steatit-Magneria Aktiengesellschaft
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Magnesium titanate (MgTiO3) U.S. Sonics
Density 3.21 g/cm3
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Manganese fluoride crystal (Man) Columbia University
f (Hz) K' tan &
103 7.2 +.2  .043 E 1 to piatelike, unoriented crystal

107 6.7+.2 <.004

Nickel oxide, NiO, single crystal M.I1.T.,Crystal Physics Lab.
At 25°C, 1 MHz

K'=11.9
tan 6 = .0154

For complete data see: K.V. Rao and A. Smalkez:la, J. Appl. Phys. 36,
2031-2038 (1965).

Rubidium manganese fluoride M.I. T., Crystal Physics Lab.




Silicon crystal, intrinsic M.I1L T., Crystal Physics Lab.
at 25°C
f (Hz) K' tan & L {ohm-cm)
103 - - 4100
l.4x1010 12.0 .0090 1190
: Silicon crystal, undoped Brown University

Apparent properties of 1 cm cube sample
with evaporated gold electrodes

. Silicon single crystal Radiation damaged single crystal
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Silicon carbide type attenuator materials Carborundum

Noraneity Temperature  f (Hz) ko cans  YERRNSD
(ohm-c¢m) (°c) {(chm-cm)
35 25 3x108 167 0. 96 37.2

25 107 107 0. 686 24.4

25 3% 107 60 0.58 17.2

25 8.5x10° 47 7  0.55 8.05
0.1 25 8.5x10° 2130 1.85 0.069

50 25" 10° 10, 150 1.17 151
25" 10® 29, 450 1.36 45
25* 107 2810 1.21 56. 5

*
Two-terminal measurement.

3
Four -terminal measurement, different sample

Nominal 50-ok.m material at 107 Hz
KI

(ohm-cm)
P 4000

GOr

T —/
0 100 200 300 400 500 600
Temperaiure °C

1.0 20
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Carberlox 20, 30, 40

BeO and silicon carbide ceramic

il R TN TR Pl S N |

National Beryllia Corp.
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Silicen dioxide, natural quartz crystal, °
Y -cut plate, silver paint electrodes, at 25 C
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Quartz, continued

Y -cut plate
At 25°C, k' = 4. 40

dk'\_ -5
l/x'((T)- -2,8x107°/°C

Z -cut plate, E Il optic axis
At 25°C, k' = 4.64

V' (4€) = -3.9x107° c

Silver electrodes

0000,

-]

o b b

Pt electrodes
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. Silicate glasses Corning Glass Works
: Fused silica, Corning 7940 Microwave data on fused silica,
Corning 7940, density = 2, 20027

g/cm>. Data with foil taken on

By one sample at 6.1 GHz, data

y 00 with paint taken on second sample

K — at 4. 3 GHz.
R, -

St —
- ..‘l( B T T T | 1 !

xl

: * 1200 °C 4001~

.‘: © Au fai! 6.1 GHz
Coug 0 398l . P foil 6.1 -
A — . L)

\ =V + Pt paint 4.3

' 800 4 Ag point 4.3

;l 396} ;o —4

o - 600 T2sec #

B 3,99 * / -
*
i <!
. 0 10* 1t 1* ©* K 10* 1® a9zl o —
i 10 000

K

N - —
;':‘ \ 380 /
7 1000

/

388 iy —
g N S
:‘ \'zoo'c e |
& el .
NN w7
y
;: \\100} .0 4
;‘ \ \ \ 3.84— A/ —
: 10 .

X W

" 620 \ 00004
W | \ \ 1300 5 8 ! l ' ‘ L
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g N N \ AN o | i i | | !
\500 \ ) 200 400 600 800 1000 1200 1400
“ o
8 \ \ LS Temoeroture °C
\ N

s ¥ v Yo
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& \ NN
i L L S
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N\ \ R T Y
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Corning 7940 continued
35 T T 1 T 1
L]
, ) 30 r—- \ —
25§ —
g
9
8 20} -
g
K}
£
£ 15 —
8
S /
o] o / -
L} B 5 r —
o 1 | 1 1l L
10! 102 103 0% 0% 10® 107 o*
Frequency ( Hz)
Corning Lab. No. 119BUC Corning Glass Works

magnetic glass

25°C, 8.52 GHz

K' tan & K|rn tan 6m
20.8 0.157 1.006 0.372
Corning Code 1723 glass -‘:‘:;:.:;:"
14 GHz 24 GHz angtied
T°C K' tan 6 T°C K tan &
25 6.18 . 0069 25 6.13 .0075
85 6.21 . 0067 85 6.16 .0075
144 6.24 . 0065 155 6. 20 .0074
234 6.27 .0063 251 6. 24 . 0073
305 6. 31 . 0061 333 6.28 . 0074
339 6. 33 . 0060 419 6. 32 . 0073
396 6. 36 . 0059 446 6. 35 .0073
464 6. 40 . 0057 510 6. 39 . 0074

502 6.43 . 0056




Silica glasses

- 7357
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Lancaster

Resistivities measured at 100 Hz
No. 7352
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Lancaster glaszes (cont. )
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Lancaster glasses (cont.)

No. L 8100
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Silicate glasses {(cont.)
X994 Owens-Corning
aioam LT I SER S T
i 1:::’%3:} ﬁ}ﬁ H i Bh '-zt ! {t
S8 L IO STty ¥ i
it il i il
it subitithnditdny
¢ it it ol R
* ] 1 M !
' 3 5 I IR L SRR
i e A i i AXARE
i :gi 4 3 %
+ fidat UL UK
ll,‘,ﬁ.,‘la

Pittsburgh Plate Glass Co.

Plate glass Sheet glass

187 Plate glass - 07 b
27.4°C X' tan & Sheet glass
. )
60 Hz  8.24 0.039 e «' tand
1 kHz 7.85 0.0198 60 Hz 8.24 0,060

1 kHz 7.72 0,0288 -

0%+ 1 MHz 7.44 0.0090 - 0t -
! MHz 7.23 0.0108

l i -
0022 0026 0030  0OM
171K
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Silver iodide, pressed powder M.I1.T., Laboratory for

o (oh

at 10, 000 psi, 27°C , aged Insulation Research
several weeks unless noted
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Taw

Strontium fluoride M.1.T., Crystal Physics Lab.

For more complete data see
K.V. Raoc and A. Smakula,
J. Appl. Phys. 37, 319 (1966).
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28 Mmicrons) 0% 103 102 ' K° K
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Wide-frequency-range data on SrF; crystal. At frequencies above
microwaves, reflection data obtained with several optical instruments
were combined and Kramer's-Kronig relations used to calculate k' and x'.
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Thallium halides

k'. 25°Cc  «x', 4°k
Material 106 Hz

T1F pressec 19.7 -
T1C1 31.9 -
T\Br 30.4 -
Tl polycrystalline 20.4 20.0
KRS6 32.2 38.4
(T1C1) 7 -(TlBr)‘3
KRS5 32.4 -
(T1Br) 42 ~(T1I) %8

32.5 39.4

Tl + Csl
.01

For more complete data sez reports under Contract AF 19(628)-395.

Vanadium oxide (VZOB)

Pressed powder samples, -185°C:

M.I. T., Crystal Physics Lab.

tan 5, 25°C Af\ctivation energy
6 or conduction in
10" Hz eV
. 00015 -
. 00006 .73
. 00005 77
. 00024 -
. 000075 .71
. 00016 . 66
. 000068 . 65

M.I1I.T., Lab. Ins. Research

f (Hz) K' K' Density
meas. corr. t) full density g/cm3

10° 6.52 15.2 2. 60
106 4,72 14.5 2.28

Zinc oxide
P

bt
e

)ﬂ
4

-y

- 4—-J +
X

Airtron Div. of Litton Industries

Measurements of 1 and 300 MHz
with electric field % to c axis.
At 1. 4 GHz tield was perpendicu-
lar.
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Zirconium oxide, '"Zircolite" ceramic Air Force Materials Laboratory
Wright-Patterson Air Force
Base, Ohio
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Zirconium silicate (zircomn), ZrSiO,,
all samples from one crystal

E il ¢ EINl c
Sample 1, runl Sample 2, runl,
N, to 200°C, air to 500°C, same conditions as for Sample 1

Apg electrodes
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Zircon (cont.)
EIll ¢ ELlc
Sample 2, run 2 Sample 1, run 1l
Argon atmosphere throughout N, to 20n°c,
the run, Ag electrodes air to 500°C,
Ag electrodes SRR R BRI S
102 il T
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Zircon (cont.)
E Ll c
Elc Sample 1, run 3,
Sample 1, run 2, Ax to 500°C, Pt electrodes
N, to 500°C,
- Ag electrodes
’ Y 10?
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- II. Minerals, Rocks, Soils, Miscellaneous Inorganics

Single crystal minerals
Apatite
B Elc Elc
A Sample 1, run 1, 25°C Sample 1, run 2,
R 1 MHz, ' =10.1 repeat of run 1l
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EN ¢, 25°C, 1 MHz, k' = 8. 58
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Astrophyllite
Unoriented crystal

Benitoite

BaTi5309 » unoriented cryst.

102 Hz
K' 15,42

tan 6 0.035

' 23.8

tan § 0,374

103}!2.
15.17
0.021

19.6
0.090

104 1
14,83
0.014

19.2
0.0195
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Beryl, E L ¢
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108 10® 104 10® 10® 107 108 10? 10

Neptunite, (Na, K)Z(Fe,Mn)(Si, Ti)solz,

Frecuency in cycies per second

data on unoriented crystal

104z 10tz

/

K 8.33 8.19

tan & 0.0335 0.068
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Spodumene (cont.)
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Spodumene (cont.)
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Topaz
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Topaz (cont.)
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Multicrystalline minerals
Halite (rock-like pieces of porous salt), at 50% R, H., 25°C, 14 GHz

Sample K' tan & Density (g/cms)
1, surface 4.52 - 4,63 . 0056 - . 0057 1. 808
2, " 4.68 - 4.82 .0106 - .0103 1.861
3, v 3.81 - 3.83 .0127 - . 0109 1.565
4, " 3.95 - 4.00 .0104 - . 0134 1. 670
5, 1' down 3.69 - 3,94 .0198 - . 0125 1.500
&, " 3.25 - 3.50 . 0077 - .0113 1,422
7, 3+ r 4.17 - 4. 18 .036 -.046 1. 646
7, dried 4.12 - 4.19 .0193 - . 0206 1.640
Limonite, crushed, density 1.733 g/cm3 Harvard College Observatory
. 107 Ha 3x 107 Limonite, 8. 52 GHz
T°C X' tan 6 K' tan 6 Sample 1, coarse, 25°¢
' =3,95-4. i i
25 417 .0108 3.73  .046 tag 5o 3 ?8 _; g;gdependmg on rotation
475 3.65 .0134 3,63 .0193 ’ : >
404 3.62 .0070 3.60 .011: Sample 2, fine, 25 C
325 3.61 . 0057 3.58 . 0084
250 3.61 . 0048 3.57 .0073 tan 6 = 0.0122 -0.0127
185 3.60 .0045 3.56 .0064 s o ,
107 3.58 . 0047 3.55 . 0059 ample 3 Zg; 3 ’8‘2 t()a(;llg
22 3.56 .0057 3.53 .0055 510 3.60 0085
Sample in equilibrium with room 400 3.55 .0047
humidity approx. 50%. 300 3,52 ,0039

200 3.50 .0042
100 3.48 .0043
25 3.49 .0043

Magnesite, crushed powder, hard-packed
25°C, 50% R.H., 8.52 GHz, k' = 3.29. tan 6 = . 0054 - . 0059, density 1.11 g/cm3

Quartz powder, 8.52 GHz, pre-dried in oven at 100°C , density 1.22 g/cm3

Tk ' tan &
80 2. 446 .0021
200 2. 460 .0027
300 2.472 .0028
400 2. 483 .0027
500 2. 495 .0031

600 2. 497 .0035

AN R U LT e

SN N R TR I TR AT i O 2 AR ON
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Rocks
Hawaian, high-density basalt

1000 g S
-+ 4+ 4+
b T
00, 4 =
=2
PUE §
1 HI- iy
[\o]
E — s s & ¢ 113 i
ameii gloweiiaiamei 4
—1 - r-‘.—< 444 H
. T 6 1 R D O & QNG 0 N0 0 6 QA O
i _ . = ——r
¥ $ T 4 = H
wond 1. - 40T T I”
S SHETTRRG T T
o.\H_ = - =
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+ : o T
b H 11 -~ -4 14 _I
J EERE T . Rguas ion
44 -t NSS! U T B e
e ot ,+.I, boi agja» 1_L—¢§_»_; . R e
oo i [ P ] P 1! H 1
0t 0? 0* [ o* 07 0* o*
Frequency (Hz)

e % H,0 on dry weight basis 0. 358
% H,O on dry volume basis 0. 956
denaity 2. 6756 g/cm3

® Dry after 3 days in oven at 105°C
density 2. 669 g/cm3

A% H,O on dry weight basis 0. 377
% H,0 on dry volume basis 1.005
density 2,677 g/cm3

Hawajan, low-density basalt
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Frequency (Hz)

® % HZO on dry weight basis 0. 441
% H,O on dry volume basis 0. 0617
density 1. 401 g/cm3

® Dry (after 3 days in oven at 105°C
density 1. 400 g/cm3

A % H,0 on dry weight basis 2.71
% H,O on dry volume basis 3.79
Jdensity 1. 438 g/c:m3
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A . 3
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) ". Frequency (Hz) Frequency {Hz)
\)
1.‘
K Quincy granite
. S
: ) ) | kHz
. T°C 10% Hz 10° 1z 0% He 10° He ™°c X P
' 25 x 10.5 9 26 8 0l 2 06 1o
3 \
Ty tan & 0 0796 0.0R75 0.0875 0.0108 26 9.26 4.50 x 10
f . soax 10! asxi10® o 0% 276 x 107" 69 103 4,58
T A
- 200 &' 15.4 12 47 1 07 9,78 los  10.9 4.04
. tan & 0 21 0121 0. 088 0.090 a7 iy 5 3 10
...‘ a L7 x 10710 B x 1070 540 x 1077 asnx jp7® 204 l2sl 8.6l x '0_9
" 100 K’ 64 29 19, 42 - 251 14.87  1.B5 x 107"
X [+
L tan & 1 02 0. 60 0. 374 0.25%2 305 19,3 3.38 ¥ 10_9
T o rr s es v 1007 1097 x 10 40110t 1797 x ot s 234 5.51 » 10 .
E”' i 600 K’ 293 106 42.5 22.0 400 309 109 x 10
t wns 6 85 2 a1 L o3 0 54 466 4.4 9.5 5107
. . . . -7
ot oM a L x 10T e x 10! zarvx 10 660 x 10 2 AL 9.Mx 10
- :‘ 800 «x' 1196 218 va 17 4 601 106 1.36 x 10 )
1*¥ -
b tan b 14 4 9 65 3.95 T 700 1nd 425000
y - - -6 -6 :
a | P Lrie x 1078 215 x 10 tazzx 107 230 x 0 fo6 243 bata v lo
. 1000 &' 47000 6100 710 874 26,800 1 H4 x '04
= tan 14,0 26 12.4 996 45, 900 157 x 10
- ; -4
L . 165 x 1074 426 x 1071 489 x 10
'
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Virginia Greenstone
Density 2.936 g/cms, temperature run in dry Nz
(=== R, 4. 52%

102 103 104 10° 108 0? 108 10° 00
Frequency (Hz)

Limestone, from Lucerne Valley Raytheon
50% R.H., 25°C, 14 GHz

Sample X' tan 6 Density
1 8.21 - 8.45 . 0038 - . 0080 2.667
2 8,62 - 8. 64 .0178 - .0189 2,646

a
O e S N N R S S S SV T T SO S SE S S S S W N N S G VU VLN S V. G S VU VR RO VS WK WU TP SR S S ey |
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Rhyolite
Density 2. 655 g/cm3, temperature run in dry N,

108
1 1.+ - -4
' TN
o0 mim
Pl 1%
H f!, 4+ i
i
: ISR R L
0.001.5 - ﬁ—l
Vol
i zi;
‘ BRLiRRk
0.0001 L N . N .
102 103 Ic4 10" [l o7 10" 10° 1o®
Frequency (Hz)
1
Sandstone, almond, ocil-bearing as cored, 25°C Raytheon ‘:;..:;.':
\:t':'l‘:’l
N

Frequency in MHz

Sample 1 3 10 60 100
1 K' 5.64 5.23 4,90 4,55 4.50
tan & 0.131 0.104 0.084 0.059 0.049
2 K' 6.13 6. 09 6.07 6.06 6.06
tan & 0.0100 0. 0084 0.0059 0.G6047 0.0051
3 K’ 6.05 6.04 6.01 5,91 5.87
tan § 0.0068 0. 0079 0.00855 0.0095 U. 0097
4 K! 5. 33 5.08 4,92 4.75 4.73
tan & 0,060 0, 057 0.051 0.036 0 027
5 K' 5. 40 5.16 4.93 4. 68 4.61
tan & 0,080 0.068 0. 058 0.04:2 0.032
6 K’ 22.9 11,24 9. 20 6. 60 6.20
tan & 1.88 1. 39 0. 68 0.338 0.29
7 X' 6.15 6.12 6.10 6.04 6.00
tan 6 0.0088 0.0093 0. 0096 0.0102 0.0105

A A T ARSI I SO N S N W PG R PV G VA o
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Soils

at 8. 52 GHz

Fullers Earth,

by waight

ht basis 20.0

g
O on volume basis 14.4

2O on wei

® % H

% H2

3

Density 0.8634 g/cm
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Mass., loams, at 10 MHz, 25°C
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Desert sand (Raytheon)
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Sample,
Source
Dartmouth

Firm ice
No. 12

Dartmouth

Sea ice
No., 14

Tuto
Tunnel

Little
America

Artic

Density

TR

TR L R T IR LRV TR IV I U U WL U UN W LW L A WL MU N W R M NS l‘|';;:::;
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DIELECTRIC CONSTANTS

Temp.

(g/cm>) (° /)

0. 898

0.917

0,902

0. 881

0.835

-1

110*

3,22
3.21
3.20
3.18
3.17
3.15
3. 14
3.13

3.41
3.33
3.28
3.26
3.23
3.22
3.21
3.19
3,18
3.15

3.22
3.20
3,19
3.17
3.16
3,15
3.14
3.13

3.09
3.07
3.06
3.04

3.01
3.00

2,90
2,89
2,88
2.86
2.85
2.85
2.84
2,83

WWLWWWWW WWwWwhWwwblWw WWwWbLwwWwwWwW Wb L wwiw

NIwivi

Frequency in MHz
300

by

PRLEELW BLWERWL WY WWEWLL LW

NN N

500

3.20
3.20
3.19
3.18
3.16
3.15
3.14
3.13

3. 31
3.27
3.24
3.23
3.20
3.19
3.18
3.16
3.15
3.14

3.20
3.19
3.18
3.17
3.16
3,15
3.14
3.13

3.07
3.06
3.05
3.04
3.03
3.01
3.00

2,85
2,84
2.84
2,83

1000

WWWWwW WWWbWWWwWww WWwWwWwWwWwwwwe WoWwiwwiw
[ =] —
W »

2,85
2.84
Z.84
2.83

2700

. 201
. 195
188
.175
.163
. 151
.139
. 129

W W w W ww

.197
184
173
159
144
133

.197
.189
182
170
159
149
138
129

065
057
050
.038
025
.012
. 000

. 880
. 875
.870
. 861
. 852
. 844
. 835
2.827

NN NN uuuwww&» WIWWWWwWwww Wwwinwww
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t
\'9,‘4
o LOSS TANGENT
'I N
‘/ Frequency in MHz
o
it
* g Sample, Temp. *
%3 Sourre (0/C) 110 150 300 500
s:-:‘
A Darimouth -1 0030 .0022 .00108  .00052
No. 12 5 .0019 . 00144 .00076  .00040
. 10 .00145 . 00110 .00055  .00028
W 20 .00092 . 00068 .00033  .00019
1 30 .00059  .00043 ,00021  .00013
X 40 .00034 . 00026 .00013  .00008
N 50 .00020  .00014 . 00008  .00005
s 60 .00008 . 00005 .00003  .00003
. Dartmouth
! No. 14 -1 .039 . 037 . 0225 .0200
R 5 .026 . 025 . 0200 L0130
8 10 .0195 .01990 . 0145 .0097
4 15 .017 . 0157 .0107 . 0082
S 20 .015 . 0130 . 0091 .0068
25 .013 . 0106 . 0067 .0047
0 30 .010 . 0080 . 0048 . 0033
Ny 40 .0058 . 0045 . 0026 .0017
i 50 .0028 .0023 . 0015 .00098
o 60 .Gol4 .0012 .00078  .00054
!
':' Tuto See data for Dartmouth No. 12 (no measurable
Tunnel
Little -1 .0049 .0037 .0018 .00106
America 5 .0035 . 0026 .0013 .00072
10 .00286  .00217 .00108  .00056
20 .0020 . 00154 .00078  .00038
30 .00146 . 00116 .00057  .00029
40 .00105  .00085 . 00044  .09025
50 .00076 . 00057 .00030  .00021

Artic -1
5
10
20
30
40
30
60

Cooling failed, sample melted

AT AN i RS R W W R,

. 00045
. 00032
. 00022
. 00015

B TR SR G T AN F ol Sl S Nk

1000

. 0004

.0122
. 0080
. 0067
. 0054
. 0045
. 0030
. 00205
.00112
. 00062
. 00035

difference)

. 00054
. 00037
. 00025
. 00018
.00014
.00013
. 00012

* 112 MHz values are extrapolated, not measured.

.00032

2700

.00038
. 00034
. 00030
. 00024
. 00020
. 00016
.00014
.00013

.0044
.0029
.00185
.00065
.00030
. 00016

.00038

. 00027
. 00024
. 00020
. 00014

.00033
.00029
.00024
. 00018
.00016
.00014
,00013

TR R T
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CF1 1003 Ceramics for Industry
At 8. 52 GHz
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Division of Indiana General

General Ceramics

Ferrites

Farrits 3330 Ferramic Ql

Farrite 3310

Ferzite 338D

Ferrite 1324
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Ferrites {(cont.)

R-1

General Ceramics
Division of Indiana General
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General Ceramics .
Division of Indiana General

Ferrites (cont.)

R-5
®
a0*

Tl

1 [
[N
DRI

' Bh i
H H H i
, )
—- - L-d 3 - b +
—+ 1 i+t i
- - [ G
110 Hetd o+ r
of _ TP Ltur
: 51
1 B 3 ;§” Pl 1§
3 tift 1t _t

L1
o
LY
Y
3
5
]

amT S - LT MR T T W B L B R Mg kg WL A Sy B B AR
AR N A A P T S AN STV E TSy S A AN SN TSR ST SASR SRS S T 54 S AN




-91 -

Havelex, glaes -bonded mica Haveg Industries, Inc.
At 8. 52 GHz, 25°C Taunton Division N
Type K' tan 6

1080 6. 35 . 0025
1090 6.17 . 0058
1101 8. 89 .0027
2101 6. 35 .0013
2103 9.2 . 0021
2801 6. 35 . 0020
2803 6. 05 - . 00255 -
6. 39 . 0026

Mvcalex 410

p-! N a—
i g— i -
1T i o 1
it 41 -+ :
tan® T -t : T . 1
. + + + T T
b T -+ T r
m_‘ . i b
SEEss s = }LA::T“:H: =+
T +—+14 r— f rag i
H - 1 ¢ Tl
H il g -
i 1 HER Tl [ 1 1
0 $ - e et . 0
1 a1 i aai
it + HE + b — + 75
TR 81 S . A o
T . H——+ bged Y + &
: it Hi— t )
0 w0 wt o 10* w0’ ot g w0
Froquarcy W cycles par second

Note: all Mycalex samples from sheet stock. 102 through 108 Hz, E 1 sheet.
31x10%102.4x10% Hz, EN sheet.




Mycalex (cont.)
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Mycalex (cont.)
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I x
7.0
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- ] —1] 65
10 of 103 10 0®  of 107 10° 10* 10°
Fraquency i cycles per sacond
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. Miscellaneous Inorganics and .xtures Raytheon
. Asphalt pavement at 40% R.H., 25°C, 14 GHz

Sample Thickness Density H,O Orientation K' tan &
No. (em)  (g/cm’) (%)
1 0.1 Independent 4.73 .0114
* 2 0.1 " 4,62 .0103
3 0.1 5.03 .0120
4 0.1 5.48 . 0095
5 0.91 2.35 .754 Facel ° 6.02 .021
N Face 1, 90 5.53 . 052
Face 2 ° 5. 37 . 204
Face 2, 90 5.44 . 102
Concrete pavement at 40% R. H., 25°C, 14 GHz Raytheon
1 0.1 Various 5,03-5.06 .026-.029
2 0.1 Various 5.06-5.17 .034-..030
3 0.335 2. 14 2.21 Face 1l o 5.21 . 059
Face 1, 90 5.20 L0612
Face 2 ° 5. 30 . 0509
, Face 2, 99 5.26 .0505
1 4 0.453 2.04 2.81 Face 1 o 4,71 .0470
Face 1, 90 4. 60 , 0455
Face 2 o 4. 70 . 0487
Face 2, 90 4. 55 . 0487
’ Liquid asphalt Esso
f (Hz) K' tan &
1 x10° 2. 46 .0017
3 %107 2. 46 .0019
8.5x10° 2. 46 ,0013
Solid asphalt formed by burning liquid for 2 days at 300°C
1.5 x 10% 2. 64 . 0043
107 2. 64 .0030
L8x10° 2. 64 . 0027
4x10' 2. 64 . 0025
8.5 x 107 2.63 .0018

e R AN AR TR A
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1III. ORGANIC COMPOUNDS

7 (Listed according to supplier)

Cyanoethylated cotton moulding American Cyanamid
. $4403-160-1

2 DIELECTRIC CONSTANT

.OOl|

o' o* w* 10* 0t 0* 10" w? 1o* o -3
Fraguency i cycles par sacond

PRI LT e R EY VY G GV VIV GESY S0 N0, Sl b ik ™ A.Rn%\“"
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e Cymac 325 American Cyanamid
including effect of Van De Graaff irradiation

OO L
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Igld.‘ﬂ.

E - E
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' F -+
10° _ 1
= +H
i
Io-l =E
tans ¥
E |
)
T : THE T
3 + — +3 - —t— s
1075.E
102 107 108 10° 10
Frequency in cycles per second
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AVCO Research

Polyvinylidene fluoride

!
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Moulding compound 306 Dow Corning
1GHz 3 GHz 8.52 GHz
T°C & tan & k' tan & T°C Kk’ tan &
25 3.92 .00538 3.87 .00622 -55 3.85 . 0060
16 3.91 .0052 3.86 .0058 25 3,84 .0067
103 3.90 .0052 3.85 .0058 61 3,835 .00655
.- 129 3.89 .0051 3.84 .0056 118 3.825 .C064
150 3.87 .0050 3.83  .0055 147 3.82 . 00635
216 3.83 .0050 3.78 .0051 199 3.807 .00525
255 3.80 .0052 3.75 .0051 315 3.74 . 00615
305 3.77 .00%6 3,72 .0054 400 3. 66 , 0061
410 3.68 .0064 3.63 .0068 499 3.57 . 0060
504 3,62 .0058 3.58 .0066 296 3.72 . 0061
301 3.75 .0048
Silastic RTV 501 T°C 1000 MHz 3000 MHz 8500 MHz
-55 k' 3,17 3,07
tan & 0.025 0.037
23 «x' 2.89 2.88 2.87
tan & 0.0053 0.0104 0.0175
150  «x' 2.62 2. 62
taa & 0.042 0. 0045
RTV 521 23 x 3.33 3.32 3,31
- tan & 0.0086 0.0153  0.0252
& RTV 1602 -55 k' 3.09 3.03
v tan § 0.0220 0.0308
23 &' 2.93 2.92 2.91
tan § 0.0073 0.0117 9.0187
150 «’ 2.77 2.75
) tan & 0.0044 0. 0060
RTV 5350 -55 «' 3.22 314
tan 6 0.0234 0.0287
23 ! 3.06 3.05 3,04
tan § 0.0043 0.0088 0.0166
150 «' 2.82 2.79
tan § 0.0040 0.0043
5-6538 -55 ' 3.01 2.96
tan & 0.0242 0. 0260
23 k! 2.99 2.98 2.97
tan § 0.0069 0.0124 0.0187
150 «' 2.78 2.117
tan § 0.0039 0.0047
o Sylgard 182 -55 ' 2.90 2.86 2.81
: tan & 0.0200 0.024 0.029
23 x 2.79 2,77 2.13
' tan & 0.0081 0.0120 0.0199
150 &' 2.50 2,48 2.45
% tanbd  0.0026 0.0040 0,0073
DC-92.007

8. 52 GHz, 25°C, S0% R.H., k' = 4.92; tan 5 = 0. 091




"HY-film E.Il. Dupont de Nemours and Co.
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"H" -{ilm (cont.) E.I. Dupont de Nemours and Co.

DuPont "H-fiim

0
Sample 1 Second run
in air except below I80°
on cooling in N
-] Ioz Hz
. 107 My
! x jo4 Hz .
& w¥ He
o1
ton3
001
000
©.0001
20 100 200 300 380

Temperature °C




- 101 - ‘;*!";a"i ¢
‘ K 3C

- CR

"H%film (cont.) E.I. Dupont de Nemours and Co.

DuPont "Hifilm /

0
Sample 2 Heated in air to 330°
In prepurified N2 for
remainder of run
[}
a.t
tond
0.0l
103
0.001
20000
20 100 200 300 380

Tempercture °C

Teflon FEP (1963)
Density = 2.153 g/cm>, at 25°C, 8.52 GHz

k' = 2.058, tan § = 0.00108

PEPSE S TReY
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Teflon FEP (1964) E.I. Dupont de Nemours and Co.

S

/r“

0002} - —f — - b

PR

Teflon 9033, Lot 10601, density at 25°Cc = 2. 147, similar for
Teflon T-100, Lot 38180, " " v o=2.1582

o4

2,00 - .
o012
tand

w _.‘|

Ve rdng, v vl (@ ARl
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Teflon 100X (FEP) 1960 and TFE E.1. Dupont de Nemours aad Co.
Effect of Van De Graaff irradiation, 25°C

s 10t 10? 104 W0 10* 107 10® o° T
e FLaquency in cycies per Secona

TFE-6C (1964)

[

W= < -
Frénuemsy = o1 pee second
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"Polyguide" Electronized Chemicals Corp.
3 GHz 8. 52 GHz % wt.
x' tan & x' tan § increase
As received 25°c  2.32 . 00034 2. 319 . 00030
-48°C 2.320 .00017
74°C 2.300 .00040
After 24 hrs. HZO 2.32 . 00047 2. 320 . 00038 .007

Emerson and Cumming A-19

graphite fiber loaded plastic, November 1966




SE 900 Silicone Rabber Ceneral Electric

& Sample cursd 1 hr at 300°F, measursd at 50% R. H.
? Normal cure

10!

tand 34
=

of

T3

.._)
T
—t 4 it
e 1.
B i 1
A0
-~ 13,0
T = SR N B
e bell e by i IR i
N S -rQI r ey 7; 91 L
P B e R IS SH AN i; 2.75
oo ARSI B 1NN B B
3% J‘;Lj j i J{L{’ | it g
10? 14 1P (o8 AT 10° oo "
Freguency i cycles per second

Ternperature (5C) Lexan General Electric
f{Hz) x' tan §

8.5x107 2.77  .00615
2.5 x10% 2.7 00593
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e
-'As'f’ '"3M" board Minnesota Mining and Metallurgy
o 3 GHz 8.52 GHz o wt
. 'S tan § K tan § increase
As received 25°C 2.32 00038  2.316 .00037
- -48°C 2.316 .00015
74°C 2.300 00040
. After 24 hrs H,0 25°C  2.32  .00060 2.316 .00043
N Polyurethane rigid foam, at 399 MHz Nopco Chemical Corp.
K
e
* 3.80 1bs/cu. ft 7. 54 1bs /cu. ft
T°F K tan & K' tan &
e 77 1.087 .00136 1. 165 . 00242
116 1.088 .00176 1.170 . 00276
0 164 1.093  .00208 1.175 . 00344
A
Fluorosint {1950) Polymer Corp.

4 o

[ J) SHERNSH NS

Y T w* AT W’ 4 1o° 1g°
Fougueancy in cycies per second
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Brand Rex Division

of American Enka Corp.

Wm.
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0y

10 1
Frequency i cyciey per second

NSTANT

O

TR, 0

C

L C ]
Gesapanion FALToR XIQ

DIELE

including effect of Van De Graaff irradiation (1960)

Rexolite 1422 (1964),
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Pexolite 2200 (1964),
including effect of Van De Graaff irradiation (1960)

270 DIELECTR "Qons ANT
2.6
=25
) 2.60 4
K 00*
JI
2.55 X
J47'
2.50 = ==
0.0l DisSIPATION FACTOR
AN
\
1]
" 5' 5‘- %ﬂ-“ 4?.
- ¢
0.00!
140
140 —
L - -
~ -
Le b" ADS et <
N 0.00dl
10* 10t LY 10* o* 1ot 0’ n* [y w0* 10"
Frequincy tn Cycies per second
Rexolite 2200 (1965) -
3 GHz 8. 52 GHz % wt.
K' tan § K' tan § increase
As received 25°C 2.65  ,00169 2.65 .00170
-48°C 2.64 .00110
74°C 2.645 .00209
After 24 hrs. HZO 25°C 2.66 . 0026 2.66 .00343 . 055
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Wm. Brand Rex Division

Rexolene P

of American Enka Corp.
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Epon 828/PMDA casting
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Shell Chemical Company

Epon 828 epoxy 100 pts. by weight

156 pte. { PMDA (pyromellitic dianhydride) 56 pts. by weight

plus

Tetrahydrofurfural alcohol 99 pts. by weight

20 pts.

1Dicyandiamide 1 pt. by weight

300 *C|

N gsor
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Frequency (Hz)

0 1010




- 112 -

Epon 828 /PMDA casting Shell Chemical Company

Epon 828 epoxy 100 pts. by weight
PMDA (pyromellitic dianhydride) 31 pts. by weight

4.2

~
300°C
4.0 --'—-It\‘
3.8 : 200 T
36 Ko = -
_ﬁ ..‘t -
K 34 T R N
— "‘-s BN
2 oS N
AN
3.0 b S
2.8
0y FErnE = F F
¢ J : SHiESt =2
ton § 3 T I ;
g B ] =T =
0.0l 1] e L L] Tl
. & - —+ S .:;‘E'W -
+ = 1 —t L T q;;; I» m
SRR Y AR B B S a8 e e i”
0,001 1 I
10’ 0t wo? 10 108 0t o7 100 w0* 0w
Frequency (Hz)
Tellite 3A Tellite Corp.
% weight
°c &' tan & K’ {an §  IncTease
As received 25 2.31 . 00028 2.311 . 00022
-48 2.318 .06020
74 2.294 .00027

After 24 hrs HZO 25 2.131 . 00036 2.311 .00032 .003




- 113 -

Polysulfone, 25°C, 50% R. H.

Union Carbide Corp.

Plastics Division
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Frequency { Hz)

Fiberglass laminate

with polybenzimidazole resin (approx. 24%)

density 1. 949 g/cm3

10! 100 109 104 0% o¢ 107 0? 0* Qv

Air Force Materials Laboratory
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004,00 200

Temperature (*C)
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Fiberglass lamiuates Air Force Materials Laboratory

-2, TC187 1-8, TC-318

bty g w
< i i iy

Fiberglasse laminate with 181 glass Fiberglass laminate with 181 glass
cloth and a polyol cross-linked cloth and a polyimide resin,
polyimide resin, 8.52 GHz 8.52 GHz

= ‘i Elagoed
.8 - ume (mis)
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3 lass laminate with 181 glass cloth
w.d epoxy resin, 8. 52 GHz
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Dowtherm A Dow Chemical
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Teresso V-78 (cont.)
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V. FOODSTUFFS
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Frozen lean steak

150 MHz 1000 MHz 3000 MHz
T°F K tan & K tan § K tan &
-75 3.42 .022 3,33 0164 3.22 .0105
-60 3. 61 .040 3,42 .026 3. 40 .014
-50 3.70 .058 3, 46 .036 3.44 .0185
-40 3.82 .072 3.51 . 050 3.46 .024
-30 3.92 094 3. 60 . 066 3,55 .032
-20 4.18 .102 3, 80 . 089 3.70 .040
-10 4,50 .138 4.10 .12 3.80 .054

0 5,33 .18 4. 40 . 165 3.95 .076

10 6. 35 .24 5.18 .223 4. 37 .108

20 9,55 .39 9.50 .203 7.30 .174

30 33 . 60 20.8 . 254 8. 40 .250

40 53,5 .22 33,0 .32 8. 30 .208

50 53.0 .21

Vacuum-dry lean beef

-6uL 1. 495 .00320 1.471 .00335
-40 1.535 .0060 1. 497 .00375 1.473 .00395
-20 1. 548 .0080 1. 502 . 00416 1,475 . 0047

0 1.562 .0102 1.511 .00535 1.480 .0057

20 1.582 .0132 1.520 .0066 1.483 .0068

40 1. 60 .0168 1.530 .0080 1.490 .0082

60 1.62 0216 1. 542 . 0096 1. 500 .0099

80 1. 648 .0264 1. 558 .0111 1.509 .0113
100 1.571 .0127 1.522 .0138 S—
120 1. 587 .0143 1.535 . 0147 Attt
140 1. 604 .0160 1.545 .0175 BN
160 1. 622 L0176 1,560 .0193
180 1. 642 .0198 1.590 0214

Potato (Maine, 78.9% 11,0), 25°C

f (GHz) K' tan &
.3 130 .83
1 87 .39
3 81 .38

Potato flakes, density 0. 284

.3 1.50 .034
1 1,485 .030
3 1.47 . 029

Potato chips

partly cooked 1 5.76 . 36
3 5.18 . 55

[

1. 89 . 034
3 1. 86 . 036

cooked



‘.

Nescafe
£ (Hz} K' tan §
10° 1.557 .0115
103 1.529 L0113
10t 1.490 .0103
10° 1.488 . 0030
10° 1.471 . 0089
107 1.453 . 0093
35108 1.432 . 0106
107 1.39 . 0098
3x107 1.36 .0093
8.5x10°  1.34 . 0086

density 0. 241 g/cm3

Eggwhite
Frequency k'
3 x10° 35
9.2 x109 i3
10?, 10°
Bread
1.2 x107 1
Dough
107 2x10

€ W L

-1
.

S I - B REN |

-19 -
Nestea
o K tan &
93x10°1  1.290 . 00442
58x10° % 1.281 .00384
s2x10"1  1.276  .00301
43x107°  1.270 . 00245
27x10°7  1.267 . 00230
52x10°8 1,260 00196
531077  1.24 .0023
s7x1n"®  1.22 0024
11x107°  1.28 . 0026
65x10°°  1.20 .0033
0.126 g,"c:rn3

tan & P
.5
1.1

15
3. 35
2.25 1

b e e AT SR AP AN WS | 2

.—Ulh-a.hl—'b-b-'NNw

17xi07
J73x10712
.13x10°1
.73 x10°
. 62x1077
.37x10°
75 x1077
L 63x1077
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