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1.0 ABSTRACT

The objectives of this program are to determine the millimeter wave
dielectric properties of various single crystal and ceramic materials and
coolant fluids in order to assess their transmission properties for high power
Gyrotron window applications. Chemical and microstructural analysis are
carried out for identifying the key material parameters controlling the
millimeter absorption in these materials in support of future advanced

materials development efforts.
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2.0  SUMMARY

This report presents the results obtained for the program, "Milli-
meter Wave Dielectric Property Measurements of Gyrotion Window Materials,”
Martin Marietta subcontract No. 12Y-51926C, covering the period of performance
01/26/83 through 02/29/84, The dielectric properties of various standard and
advanced ceramics were characterized as a function of frequency over the range
30 GHz-110 GHz, and selected materials were studied at temperatures up to
1200°C. In addition, single crystal sapphire and several fluorocarbon fluids
were also studied. These results are summarized in tabular and graphic format
in Section 4.0 of this report. A materials characterization effort, aimed at
basic understanding of the parameters and mechanisms controlling the observed
dielectric loss in the best candidate window materials was initiated during
the last quarter of the program. This effort included chemical and micro-
structural analysis for determining grain size distribution, porosity and the
presence, location and chemical state of minor and trace elements within these
materials. In addition to standard quantitative analysis methods, X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), Scanning Transmission
Electron Microscopy (STEM), and Energy Dispersive X-ray Analysis (EDAX) are
used to measure the physical and chemical properties of micro-crystalline and
intergranular secondary and impurity phases.

The results obtained for the millimeter wave dielectric properties of
the A1,04 materials studied in this program indicated that, as expected,
single crystal sapphire has the lowest loss tangent. The loss tangent for z-
cut optical grade sapphire samples (Crystal Systems Hemlite) was found to be
2.5 x 10°% at 90-100 GHz. The best ceramic alumina samples (Coors AD-995,
Ampex 99.5%, Wesgo AL-995) have losses approximately 50% larger, while the
fine-grained alumina samples (Coors AD-999, Union Carbide hot-pressed alumina)
showed surprisingly high losses (factor of 5 to 10 larger) when compared to
sapphire. The dielectric constants for all the A1,05 materials studied are
essentially independent of frequency over the range of measurements while the
loss tangents decreased monotonically with decreasing frequency. The increase

2
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in dielectric constant with temperature was found to be approximately linear
over the range 25-1200°C while the loss showed a drastic increase at tempera-
tures beyond 800°C. Preliminary chemical and microstructural analysis carried
out on these ceramic samples yielded differences in trace element composition,
grain structure, and secondary and intergranular phases. Establishment of the
correlation of these material properties with the observed dielectric response
is essential in order to provide the necessary information for developing
advanced ceramic alumina materials with properties approaching those for
sapphire. A systematic investigation is currently underway to identify the
basic mechanisms and key material and processing parameters controlling the
millimeter wave absorption in this class of material.

It is also not clear at present whether the measured loss in sapphire
is intrinsic to the material or still dominated by trace impurities or crystal
defects. Consequently, the ultimate achievable value for the millimeter wave
absorption of alumina is not known. Dielectric measurements are planned on a
series of well-characterized sapphire samples of different optical quality
grades as a function of both frequency and temperature in order to establish
the intrinsic millimeter wave dielectric response in single crystal sapphire.

Of the other candidate ceramic window materials examined, hot-pressed
spinel was found to have loss tangents comparable to sapphire and better than
the best alumina material. ALON and Be0 have loss tangents comparable to
alumina at 35 GHz but are substantially higher than alumina at 90-110 GHz.

The various silicon nitride samples studied all showed loss tangents which are
an order of magnitude larger than alumina and it is likely that extensive
materials development need to be undertaken before they can be improved to be
comparable to the other candidate window materials.

Three different types of fluorocarbon fluids were studied in the
current program, (3M Fluorinert FC-43, FC-75 and FC-104). Their dielectric
properties were determined at 8.36 GHz, 35 GHz, 60 GHz and 95 GHz. The
results were very similar for FC-75 and‘FC-lO4, with loss tangent values of
0.008 at 8.35 GHz, decreasing to approximately 0.003 at 95 GHz. By contrast,

3
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the fall-off in loss tangent with increasing frequency was substantially
faster in FC-43, with values of 0.007 at 8.36 GHz and 0.001 at 95 GHz.
Exposure of these fluids to liquid water did not significantly change their
millimeter wave dielectric properties, nor did an increase in temperature from
23°C to 50°C.
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3.0 EXPERIMENTAL METHOD

Two separate measurement methods were utilized for determining the
millimeter wave dielectric properties of the samples studied. Laboratory
capabilities for each of these approaches have been established at selected
frequency intervals within the range 30-110 GHz. Standard free-space trans-
mission and reflection bridges, utilizing either collimated or focused beams,
are used to measure the dielectric properties of planar disk samples. For
cases where large samples are not available and for liguids, a cavity
perturbation approach, utilizing various right rectangular and cylindrical
cavity resonators, is used, Brief descriptions of these two measurement
methods are given in the following discussion.

3.1 Free-Space Transmission and Reflection Method

For this method, a plate of the sample material of uniform thickness
is placed between a set of high directivity transmitter and receiver horns.
The observables are the power transmission and reflection coefficients and/or
their relative phase changes referenced to the incident power. In principle,
measurements of any two of these four parameters will be sufficient for
determining the dielectric constant and the loss tangent of the sample. In
order to minimize diffraction effects, the planar dimensions of the sample
must be made large compared to the free~space wavelength of the incident
electromagnetic radiation and typical dimensions of the order of 10 A or
greater are generally required for very accurate measurements. At 35 GHz,
samples with uniform thickness of the order of 9 cm on each side are necessary
to meet this criterion. In addition, for‘very low loss materials, it is
desirable to have as large a sample thickness as practical so that the at-
tenuation within the sample can be made sufficiently high to be measurable to
the required degree of accuracy.

The power transmission and reflection coefficients (ngz,(R]Z) for a
plane wave incident on a low loss dielectric sheet, {(tan“s << 1), with the

5
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electric field vector polarized perpendicular to the plane of incidence can be
well approximated by the following expressions:

2 2.2 22 2
2 A (1l -a ) + 4A"a sin g
7| 77 (1)

(1 - A2a2)2 + 4A%a sin2 (o + ¥x)

]Rlz - az(l - A2)2 + 4A2a2 sin2¢ (2)
(1 - A%9)2 + 4022 in? (o + y)
5 -(2ndk tana)/xo(k - s1‘n26)1/2
A" = e (3)

1/2 ~-1/2

¢ = (2nd/r) (K - sinfe)2 | o = tan [ (k/k-1)(k - sin%e) cose tans]
(4)
a = Lk - s1'n2€>)/cosze]l/2 -1 (5)

[(x - sinze)/cosze]l/2 + 1

where @ is the angle of incidence, k and tand are the dielectric constant and
the loss tangent of the sheet, Ao is the free-space wavelength of the incident
radiation, and d is the thickness of the sheet.

The angle y is the phase shift caused by the dielectric loss of the
material and is only at most of the order of 2 degrees for k = 3 and tans =
0.05 at all angles of incidence. Consequently, it can be neglected for most
applications.

Although the two simultaneous transcendental equations given by (1) and
(2) can be used to determine k and tand at any arbitrary angle of incidence, it
is more convenient to adopt an alternative procedure where the factor (¢ + x)
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can be determined directly. This can be accomplished by either fixing the angle
& and varying the wavelength until the transmitted power is a maximum (or when
the reflected power is a minimum), or alternatively, fixing the wavelength and
varying the angle of incidence until the same conditions are observed., For
these cases, the factor (¢ + x) is equal to Nn where N is an integer including
zero. An iterative procedure can then be used by first assuming tans = 0 and
compute an initial value for k via Eq. (4). This preliminary value then can be
substituted into either Eq. (1) or (2) to calculate tand, which can then be used
to find a more accurate k, and so on. Convergence is sufficiently rapid for
most cases so that one such iteration is usually sufficient to obtain final
values of k and tand which are consistent with the accuracy of he measurements.

The majority of the plate samples studied in the program are suffi-
ciently thick, so that many reflection and transmission minima and maxima are
present over each of the frequency bands, 33-50 GHz, 50-60 GHz, and 90-110
GHz. Consequently, the observed frequencies of these extrema, as well as the
frequency interval between thém, can be used to compute the dielectric constant
of the sample. In addition, the loss tangents are low enough to allow inde-
pendent determinations of k and tandé from the measurements of freguency and
transmitted power respectively, without having to resort to the iterative
procedure previously outlined. Under these conditions, k and tand can be
computed directly from the magnitude of the transmission coefficient and the
frequency corresponding to the observed transmission maxima (or reflection
minima), fy, by the following expressions:

~
1]

(c/ZdAfN)2 + sinze ;

= (Nc/2di)2 + sinze ;

Foy
|

tans = -Tn(Ay)[2(k - sinZe)/Nnk] 3

™
pd
f

(1/2) {101 - a2 27a%1)2 + /22212 - (1 - 27?7 [

afy = f £

N~ T(N+1) TN
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3.2 Resonant Cavity Perturbation Method

The basic experimental system for this approach consists of a fixed-
frequency cavity resonator into which a small sample of regular geometry is
inserted. The dielectric constant and loss tangent of the sample are respec-
tively computed from the observed shift in resonant frequency and the change
in quality factor, Q, of the cavity. Various right cylindrical and right
rectangular reflection type cavity resonators operating at frequencies of 8.4
GHz, 35 GHz, 60 GHz and 95 GHz are used in the current study for determining
the dielectric properties of small rod-shaped ceramic samples and of the
liquids.

This experimental method has been described in detail in a previous
report, ("High Temperature Millimeter Wave Characterization of the Dielectric
Properties of Advanced Window Materials," final report AMMRC TR 82-28,
Contract No. DAAG46-79--007, Army Materials and Mechanics Research Center,
May, 1982). |

3.3 Chemical and Microstructural Analysis

In order to identify possible mechanisms giving rise to high dielec-
tric losses in the materials studied, chemical and microstructural analysis
are carried out to determine the presence and location of minor and trace
elements and their chemical states within the material. In addition to stan-
dard quantitative analysis methods, x-ray diffraction (XRD), scanning electron
microscopy (SEM), scanning transmission electron microscopy (STEM), and energy
dispersive x-ray analysis (EDAX) are used on select ceramic samples to char-
acterize the micro-crystalline and intergranular properties of secondary and
impurity phases.

8
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4.0 EXPERIMENTAL RESULTS

4.1 Alumina

The measured room temperature millimeter wave dielectric properties
of the alumina samples are summarized in Table I. In addition to samples from
commercial sources (Coors, Wesgo, Ampex), an Union Carbide hot-pressed sample
was also studied. In general, the observed dielectric constants decreases
slightly with increasing frequency, while the loss tangents are significantly
larger at the higher frequencies. Where more than one sample of a particular
type of material was available, good agreement was obtained for the loss tan-
gents to within the stated measurement accuracy. The Coors AD-995 and Ampex
99.5% samples are vitually identical in terms of loss tangent values, while
the Wesgo AL-995 sample was somewhat higher. By contrast, the Coors AD-999
and the Union Carbide hot-pressed samples showed surprising high loss. The
frequency dependence of the loss tangents at room temperature for the low~loss
materials (Coors AD-995, Ampex, Wesgo AL-995) are shown in Fig. 1., where the
3.5 GHz values reported by Westphal and Sils, ("Dielectric Constant and Loss
Data," Technical Report AFML-TR-72-39, April 1972), are also shown. Except
for a differece in magnitude, the general frequency behavior is very similar
for all three cases.

The temperature dependences for the dielectric properties of Coors
AD-995 at 35 GHz are summarized in Table II. The observed increase in both
the dielectric constant and loss tangent are similar to those reported by
Westphal and Sils at 3.5 GHz, (Figs. 2 and 3).

9
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Table I

Alumina Data Summary:
Room Temperature Dielectric Properties (23°C)
(Sheet 1 of 2)

Sample Type: Coors AD-995 Sintered Alumina, Batch 8360, Firing No. 1L58-150

Sample Type: Coors AD-995 Sintered Alumina, Batch 8260, Firing No, 158-150

30-40 GHz 5§5-60 GHz 90-100 GHz
Sample No. Thickness Densit k tans (x1075) k tans (x10'5) k tans (x1072)
(cm)  (gwicc) (10.008)  (+10) © 0.010 o (x10)  (30.005)  {5)
1 3.8176 3.870 9.720 29 9.712 34 9.708 38
2 3.8176 3.873 9.730 29 9.718 34 9.714 38
3 3.8176 3.872 0.715 29 9.711 34 9,705 38
4 3.8176 3.871 9,724 29 9.715 34 9.709 38

Sample Type: Coors AD-995 and AD-999, Sintered Alumina, Thin Samples

30-40 GHz 55-60 GHz 90-100 GHz
Sample No. Thickness Densit K tans (x107%)  « tans (x107%) & tans {x1079)
() {gmcc) (20.01 (+0.01) (90501) (820)
AD-995-1  0.7798  3.905  9.75 <40 9.74 <40 9.73 40
AD-995-2  0.7813  3.902  9.74 <40 9.73 <40 9.72 45
AD-995-3  0.6335  3.875  9.72 <40 9.71 <40 9.71 43
AD-999* 0.6368  3.882  9.71 100440 .71 120440 9.71 133

Sample Type: Wesgo AL-995 Sintered Alumina

30-40 GHz 55-60 GHz 90-100 GHz
Sample No. Thickness Densit K tans (x10°5) K tans (x10°°) k tans (x107°)
(cm) {gm/cc
1 5.0000 3.837 9.602 43 9,593 46 9,681 52
(£0.014) (+10) (10.010) (£12) (+0.007) (+10)

2 0.6491 3.845 9.61) <40 9.60 <40 9,58 45
(Lot: 3006 (+0.01) (+0.01) . (+0.01) (+20)
Batch: 3175)

3 0.6527 3.856 9,68 <40 9.67 <40 9,67 50
{Lot: 3006 {+0.01) {+0.01) (+0.01) {+20)

Batch: 3177)

*Samples were also received where the measured densities were 3.934 gm/cc, but their dimensions {1.317 ¢m
diameter, 0.324 cm thickness) were too small for the dielectric measurement requirements.,
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Table I

Alumina Data Summary:
Room Temperature Dielectric Properties (23°C)
(Sheet 2 of 2)

Sample Type: Union Carbide, Hot-pressed Alumina (A1203-CR—10-18)

Sample Diameter = 7.52 cm
Sample Thickness = 0.6528 cm
Sample Density = 3.863 gm/cc

Frequency k tans

30-40 GHz 9.495 + 0.046 0.0030 + 0.0005
55-60 GHz 9.501 + 0.040 0.0033 + 0.0008
90-100 GHz 9.512 + 0.037 0.0036 + 0.0015

Sample Type: Ampex 99.5% Sintered Alumina

30-40 GHz 55-60 GHz 90-100 GHz
Sample No. Thickness Densit k tans (x107%) k tans (x10°°) K tans (x107°)
{cm) (gm/ccy {+0.008) {+10) +0.010 {+10) {+0.005) (15)
1 2.9736 3.870  9.673 29 9.660 33 9.642 37
2 3.0858 3.870  9.669 31 9.662 34 9.635 38
3 2.9738  3.872  9.671 28 9.663 33 9.642 36
3 2.9721 3.875  9.680 31 9.670 32 9.654 36

Table 11

Temperature Dependence of Dielectric Properties for
Sintered Alumina

Sample Material: Coors AD-995

Sample Shape: Thin rod, 0.0495 cm diameter
Measurement Method: Cavity perturbation
Frequency: 35 GHz

Temperature k tand (X10~5)

(°C) (+0.03) (£15)

23 9.72 32

470 10.24 50

750 10.59 81

915 11.00 99
1000 11.16 120
1110 11.49 145

12
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Fig. 2 Measured change in dielectric constant as function of temperature
for Coors AD-995 alumina at 35 GHz.
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Fig. 3 Measured loss tangent as a function of temperature for

Coors AD-995 alumina.
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Chemical and microstructural analysis were carried out on the Coors
AD-995, Coors AD-999, Wesgo AL-995, and the Union Carbide hot-pressed samples
in an effort to correlate the observed dielectric properties with materials
properties for identifying potential causes of the observed differences, (the
Ampex samples were received too late for inclusion in this portion of the ef-
fort. Analysis are currently being carried out. We expect their properties
to be similar to the Coors AD-995 material). SEM photographs of fracture sur-
faces for these samples are shown in Figs. 4-7. The grain structures for the
Coors AD-995 and Wesgo AL-995 are very similar, consisting of smaller grains
(5-10 pm) distributed in a much larger grain-size (~ 30 um) matrix. Both
samples showed the presence of voids, with the number density as well as
average size being significantly smaller for the Coors AD-995 sample. This is
most likely the reason for the observed lower density, and hence the lower
dielectric constant, of the Wesgo AL-995 when compared to the Coors AD-995
sample. The Coors AD-999 and Union Carbide hot-pressed material are both
fine-grained with no evidence of voids. Average grain size is of the order of
0.5-2,0 ym for Coors AD-999 and 2-4 um for the Union Carbide material. For
purposes of direct comparison, SEM photographs for all 4 samples taken at
identical magnification are shown in Fig. 8, where the differences in
microstructures are dramatically illustrated.
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Fig. 4 Photograph taken by scanning electron microscope for Wesgo AL-995
alumina sample showing a significant presence of voids.
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Fig. 5 Photograph taken by scanning electron microscope for Coors AD-995
alumina. The presence of voids are less in both number density and
size when compared to the results obtained for Wesgo AL-995 sample.
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Fig. 6 Photograph taken by scanning electron microscope for Coors AD-999
alumina sample.

Fig. 7 Photograph taken by scanning electron microscope for Union Carbide
hot-pressed alumina sample, (A1203-CR-10-18).
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UNION CARBIDE Alumina WESGO 995 Alumina
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Fig. 8 SEM photographs of all four samples studied taken under identical
magnifications for direct comparison purposes.
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The Union Carbide material has occasional large grains (50-100 um)
which are fairly uniformly distributed throughout the sample. A typical region
showing the presence of these large grains is illustrated in Fig. 9. In
addition, as seen in Fig. 7, the structure for the Union Carbide material is
significantly different in regions near the edge, or outer skin, of the
sample. Although the presence of fine grains is still evident, there is an
additional amorphous phase present which may possibly be one of the contributing
factors to the observed dielectric properties. Microprobe chemical analysis by
EDAX for this material also showed some interesting results., Figures 10-12 are
EDAX spectra taken respectively for regions corresponding to those shown in Fig.
7 as well as for a polished surface in a region near the center of the sample.
The polishing did not introduce any noticeable contamination, while the edge of
the sample showed significant presence of other cations. In view of these
results, further dielectric loss measurements were carried out by focusing down
the incident microwave beam in an attempt to determine whether the loss tangent
for this material is significantly different between the center of the sample
and the edge of the sample near its outer skin. A spot size of approximately
2 ¢cm in diamter was used at 35 GHz, and the transmitted power was measured as
the spot was moved across the 7.5 cm diameter sample. The result obtained
indicated that, indeed, the sample showed the least loss in the center, while
the regions near the edge was approximately five times more lossy. The dis-
tribution of loss was axially symmetric and, to within the limit of spatial
resolution, varied linearly with the distance from the center of the sample.
The weighted average for the loss tangent over the entire surface of the sample
was found to be in close agreement with the values given in Table I. Since
chemical analysis carried out on the starting powder used in fabricating this
hot-pressed sample indicated that it is extremely pure with very low levels of
impurities, the evidences from the dielectric and SEM/EDAX measurements suggest
that contamination is occurring at or near the outer surfaces of the sample due
to the hot-pressing procedure.
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Fig. 9 SEM photographs of Union Carbide sample showing the presence of
large grains.
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Fig. 10 Microprobe chemical analysis by EDAX for Union Carbide hot-
presses alumina (A1,0,-CR-10-18) taken near center of sample for
a fractured surface. ~ The gold peaks are from the coating and
not from the sample. No other minor impurities are observed.
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Fig. 11 Microprobe chemical analysis by EDAX for Union Carbide hot-pressed
alumina (A1,03-CR-10- 18) taken near outer edge of sample for a
fractured sur;ace under identical experimental conditions as previous
case. In addition to the Al and Au peaks, significant Tlevels of Na,
Si, Cl, K, and Ca are detected.
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Fig. 12 Microprobe chemical analysis by EDAX for Union Carbide hot-pressed
alumina (A1,03-CR-10-18) taken near center of sample on a polished
surface, Ee instrument sensitivity and integration time are iden-
tical with the two previous spectra. Comparison with the results
obtained for the fractured surface indicated that polishing did not
introduce significant contamination of the surface.
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STEM analysis (Figs., 13-16) indicated that both the Coors AD-995 and
Wesgo AL-995 materials have large pockets of glass at the grain junctions, while
the Coors AD-999 and Union Carbide materials showed no evidence of a glassy
phase. The glass pockets in the Coors AD-995 and Wesgo AL-995 samples contained
Al, Ca, and traces of Fe in addition to Si, with the concentration for Ca and Fe
being qualitatively slightly higher for the Wesgo material. The Coors AD-999
material contained large particles with beta alumina structure showing traces of
K and possibly Pb. The Union Carbide material exhibited pores at the triple
points with traces of Fe and Cr detected near some of the pores.

X-ray diffraction patterns taken on powders obtained by milling the
alumina samples with an agate mortar and pestle are shown in Figs. 17-20 for the
4 different alumina materials. For comparison, the XRD pattern for the alumina
starting powder used in preparation of the Union Carbide hot-pressed sample (CR-
10-18) 1is shown in Fig. 21. The alumina starting powder showed no detectable
levels of secondary crystalline phases, while the ceramic samples have XRD peaks
corresponding to Si0,, MgA1,0, and CaA1204. This is expected since the Coors
and Wesgo alumina use fluxes of either CaOMgSi0, or Mg0 in the sintering pro-
cess, and silica is always present to some extent. A comparison of the Coors
AD-995 results with those for the Wesgo AL-995 results showed that the concen-
tration of crystalline S5i0,, MgA1204 and CaAl,0, phases are all qualitatively
Tower in the Coors AD-995 sample., This trend is in agreement with the previously
described STEM results of the calcium concentration in the intergranular glassy
phase. A careful search by SEM and EDAX revealed the presence of micron-size
spinel and calcium aluminate grains in both the Coors AD-995 and Wesgo A1-995
material, thus verifying the XRD findings. Typical results are given in Figs. 22
and 23 showing the presence of these secondary crystalline phases. The Coors AD-
999 sample showed a higher concentration of silica and CaA1,0, with no detectable
spinel, This was very surprising since STEM analysis found no significant glass
phase at the grain junctions or grain boundaries. Subsequent SEM analysis,
however, did reveal localized regions in the sample where substantial silica were
present., The most likely explanation for the apparent discrepancy between the
STEM results and the XRD results for the Coors AD-999 material is that the
material is inhomogeneous and the STEM analysis were carried out in regions
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Fig. 13 Scanning transmission electron micrograph of typical intergranular
structure for Wesgo AL-995 alumina showing the presence of glassy
phase.

23



‘l Rockwell International

Science Center

SC5357.2TR

Fig. 14 Scanning transmission electron micrograph of typical intergranular
structure for Coors AD-995 (batch 8360, firing No. L58-150) alumina
showing the presence of glassy phase.
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Fig. 15 Scanning transmission electron micrograph of Coors AD-999 alumina
sample. Large particles with beta alumina-like structures are

present.
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Fig. 16 Scanning transmission electron micrograph of Union Carbide hot-

pressed alumina sample (A1203-CR—10-18) showing the absence of any
detectable glassy phase.
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Fig. 17 Powder x-ray diffraction pattern of Wesgo AL-995 alumina sample
showing presence of silica, spinel, and calcium aluminate as
crystalline secondary phases.
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Fig. 18 Powder x-ray diffraction pattern of Coors AD-995 alumina sample.
The concentrations of silica, spinel and calcium aluminate are
lower by comparison to the Wesgo AL-995 material,
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Fig. 19 Powder x-ray diffraction pattern of Coors AD-999 alumina sample.
The concentrations of silica and calcium aluminate secondary
crystalline phases are much higher, but there is no evidence for
the presence of spinel.
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Fig. 20 Powder x-ray pattern of Union Carbide hot-pressed alumina sample,
showing no peaks associated with spinel or calcium aluminate and
low concentration of silica.
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Fig. 21 X-ray diffraction pattern of alumina starting powder used in
fabrication of Union Carbide sample. There is no evidence of
any peak associated with crystalline phases other than A1203.
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Fig. 22 SEM and EDAX data for crystalline spinel found in the Wesgo AL-995
material.
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Fig. 23

SEM and EDAX data for crystalline calcium aluminate found in the
Coors AD-995 material.
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relatively free of silica. The Union Carbide material showed the lowest level
of Si0, with no evidence of either Ca or Mg secondary crystalline phases.

Although the results obtained from these chemical and microstructural
studies of ceramic alumina are preliminary in nature, and further in-depth
systematic analysis need to be carried out before the mechanisms controlling
the millimeter wave loss properties can be quantified, some tentative
observations can be made from the data presented. In general, the measured
millimeter wave loss in ceramic alumina is higher than that in single crystal
sapphire throughout the frequency range studied. If the data for sapphire is
a good indication of the intrinsic loss contribution from the low frequency
wing of the infrared lattice transitions for A]203, then the excess absorp-
tions in ceramic alumina can be attributed to extrinsic loss mechanisms
associated with secondary phases and impurities. Since pure secondary phases
such as fused silica, spinel, Mg0, etc., are very low loss materials, it is
not their presence which increases the loss in alumina, but the level of im-
purities which are incorporated into these crystalline as well as other amor-
phous intergranular phases which are most probably the main contributors to
the extrinsic loss. For instance, the presence of small concentrations of
impurities such as Mg, Ca, Na, etc., can increase the millimeter wave loss in
fused silica by over an order of magnitude. Consequently, the key parameter
in determining loss is not necessarily the total concentration of additives
and impurities but depends on their chemical form and their distribution
within the material. Hence the occurrence of high concentrations of secondary
crystalline phases within an alumina sample {such as those observed in the
Coors AD-995 and Wesgo AL-995 samples) will be detrimental to the loss prop-
erties only if the cations associated with these secondary phases are also
incorporated into other chemical compositions which are absorbing. The dis-
tribution of cation additives and impurities will most probably depend on the
alumina microstructural properties such as grain size as well as on the physi-
cal and chemical properties at the intergranular boundaries.
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The materials properties of the Wesgo AL-995 and Coors AD-995 alumina
are sufficiently similar in terms of grain size, grain morphology, secondary
crystalline phases and intergranular amorphous phases such that the physical
and chemical distributions of the cations present are also expected to be
similar. Hence the observed differences in dielectric properties can be
reasonably attributed to minor differences in the measured materials prop-
erties. The higher dielectric constant observed for the Coors AD-995 material
is certainly due to lower porosity, while the higher loss for the Wesgo AL-995
material is most probably due to the higher concentrations of impurities
present. The primary detected cations for these materials are Si, Mg, Ca and
Fe. The STEM and XRD results all showed that their concentrations are higher
in the Wesgo material when compared to the Coors Material in both secondary
crystalline phases and intergranular phases. We therefore expect that
improvement in dielectric loss in this class of alumina can be achieved by
further lowering the concentration of these cations.

Although we have seen evidence of contamination which could conceiv-
ably explain the observed loss tangent in the Union Carbide hot-pressed
alumina sample, the general observation of high loss in the fine grained
ceramic alumina sample remains puzzling. While the range of grain sizes
observed in the samples studied are all very much smaller than the wavelengths
of observations so that there should not be any direct effects on millimeter
wave bulk dielectric properties, this size difference could influence the
distribution of impurities in such a way as to enhance the loss in the finer
grained materials. One possible explanation would be that impurities tend to
concentrate at the grain boundaries. Since the intergranular surface area
associated with fine grained material is much larger than that for the coarser
grained material, the net amount of impurities at the grain surfaces would be
larger in the fine grained material even though the total bulk concentration
may be much less. These impurities could be in chemical states which have
high microwave absorption, or alternatively, could induce defects or changes
in surface stoichiometry of the A1203 grains. The modified surfaces then can
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cause a broadening of the infrared lattice transitions for A1203 thus
increasing the absorption in the low frequency wing of the band. If this
speculation is correct, it would imply that impurities need to be controlled
to a much lower concentration level in fine grained alumina in order to
achieve the same loss tangent values as for the larger grained material.

4,2 Single Crystal Sapphire

The Z-cut single crystal sapphire samples used in this study were
manufactured by Crystal Systems, Inc. and are disks 7.620 cm in diameter and
0.2261 cm thick. The crystals are oriented such that the measured dielectric
properties correspond to the case where the millimeter wave electric field is
perpendicular to the crystal axis, (or the lower dielectric constant direc-
tion). Four samples were measured, and they showed identical properties. The
data obtained are shown in Table III. Since the thickness of each individual
sample was not large enough to allow loss determination to be carried out,
additional experiments were performed by stacking all four samples together in
order to increase the total optical pathlength. The agreement in the measured
dielectric constant for the individual samples and with the samples stacked
together indicated that effects caused by possible presence of air gaps were
negligible., Although the measurement error for the loss tanget is still some-
what large, the data indicated that this material has the best millimeter wave
loss characteristics of all of the window candidates examined in this program.

4.3 Other Ceramics

Dielectric measurements were carried out on a plate sample of alum-
inum oxynitride (ALON) furnished by Raytheon Co., and on several hot pressed
samples of ceramic beryllium oxide (BeO) furnished by Union Carbide/QOak Ridge,
with the free-space transmission and reflection method between 35 GHz and 110
GHz. In addition, measurements were also carried out on small rod samples of
various ceramics using the cavity perturbation technique at 35 GHz.
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Table III
Single Crystal Aluminum Oxide (Sapphire) Data Summary

Manufacturer: Crystal Systems, HEMLITE, Standard Optical Grade
Crystal Orientation: Electric Field Perpendicular to Crystal C-Axis
Sample Diameter: 7.620 cm*

Sample Thickness: 0,2261 cm*

Sample Density: 3.979 gn/cc*

33-50 GHz §0-75 GHz 90-100 GHz
Sample No. k tang (x10'5) k tand (x10'5) k tans (x10'5)
1 Through 4 9,389 - 9,387 - 9.338 -
{+0.005) (+0.050) (+0,005)
A1l 4 Samples 9.386 <20 9.385 <20 9.385 25+15
Stacked (+0.003) (+0.003) (+0.003)

Temperature Dependence Studies at 90-100 GHz
(A11 4 Samples Stacked)

Temperature (°C) k tans
25 9.39 0.00025 ¢+ 0.00015
100 9.42 0.00025 ¢ 0.00015
200 9.47 0.00025% + 0,00015

*A11 4 sampies studied have identical properties.

The ALON sample obtained from Dr. Thomas Hartnett of Raytheon was
approximately 10.6 cm in diameter and appeared to be of extremely high optical
quality. The Be0 samples were hot pressed in the temperature range 1300°C to
1400°C with Mg0 added as a sintering aid. The three samples, as delivered
from Ceradyne Inc., were not identified other than faint pencil marks of 1, 2
and 3 written on the samples. The overall color appearance of the center of
the samples ranged from milky white to light tan, The measured dielectric
properties for the ALON sample and the Be0 samples are summarized in Tables IV
and VI, respectively. The ALON material showed a loss comparable to the best
alumina at 35-45 GHz, but increases much more rapidly as a function of fre-
quency. Its value is approximately 2.5 larger than alumina in the 90-100 GHz
frequency region, For the three Be0 samples studied, there are significant
differences in both the values of dielectric constant and loss tangents among
the samples, with sample No. 3 showing the highest dielectric constant value
and lowest loss, and sample No. 2 showing the lowest dielectric constant value
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and highest loss. Interestingly enough, sample No. 3 was of the darkest color
with significant number of gray spots distributed throughout the sample, while
sample No. 2 has the lightest and most uniform appearance. The same rapidly
increasing trend in the loss tangent as a function of frequency similar to
ALON, is observed for all three samples, while the value at 35-45 GHz in the
best sample is again comparable to the other very low loss ceramic materials,

The data obtained for hot-pressed spinel and varicus different types of
silicon nitride ceramics are given in Tables IV, V and VI, The sintered silicon
nitride samples furnished by Dr. Charles D. Greskovich of General Electric are
doped with oxygen and beryllium (~ 1%) and have been oxidized at 1355°C and
1415°C for several hundred hours. The GTE AY6 and PY6 silicon nitride samples
were sintered with 6% Y505 with 2% A1,05 added in the AY6 material. These
samples were further heat-treated at approximately 1300°C in oxygen for 100 h to
reduce the concentration of cations in the integranular amorphous glassy phase.
The measured dielectric properties are shown in Tables V and VI, while the
temperature dependence of the loss tangents in the GTE AY6 and PY6 materials are
given in Fig. 24. Both GE and GTE sintered silicon nitride materials have
dielectric constants somewhat smaller than typical commercial hot-pressed
materials. The loss tangents are approximately a factor of two lower than
typical values in commercial hot-pressed silicon nitride, but are still an
order of magnitude higher than those observed in silicon nitride fabricated by
chemical vapor deposition processes.
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Fig. 24 Measured loss tangents as a function of temperature for GTE
AY6 and PY6 sintered silicon nitride at 35 GHz.
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Table 1V
Hot-pressed Ceramic Spinel (MgOA1203) Data Summary

Manufacturer: Furnished by Raytheon

Sample Shape: Thin rod, 0.0602 cm diameter
Measurement Method: Cavity perturbation
Frequency: 35 GHz

Temperature k tans (x107°)

(°c) ($0.03) (£15)

25 8.35 23
490 9.03 38

740 9.45 60

900 9,73 82
1020 9.94 104
1100 10.20 183
1180 10.44 312

Aluminum Oxynitride (ALON) Data Summary

Manufacturer: Raytheon (high optical quality)
Sample Diameter: 10.6 cm
Sample Thickness: 0.373 cm

Sample Density: 3.68 gm/cc
35-45 GHz 55-60 GHz 90-110 GHz
k tans(x107°) k tans (x107°) k tans(x107°)
9,190 31t 15 9.181 67 + 15 9,175 96 + 15
(+0,005) (+0.005) (+0.008)
40
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Table V
Sintered Silicon Nitride (Si3N4) Data Summary

o\

Manufacturer: GTE Laboratories, Inc.
Sample Type: AY6 (Si3N4/6 w/o Y,03/2 w/o A1203)

PY6 (SigNy/6 w/o Y,04)
Measurement Method: Cavity perturbation

Frequency: 35 GHz

' Rockwell International

Science Center

SC5357,.2TR

Room Temperature Properties (23°C)

Temperature k tand (x10'4)
(°C) (20.05) (+10)
AY6 7.98 23

7.91 22
PY6 7.74 31
7.68 19

Temperature Studies

Temperature PY6 AY6
°C) kt/kr kt/kr
440 1.025 1.040
765 1.055 1.074
916 1.070 1.099

1035 1,082 1.105
1100 1.090 1.120
1180 1.104 1.130
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Table VI

Room Temperature (23°C) Dielectric Properties at 35 GHz
for Sintered SigN, (1% Be0)

Material k tand (x10'4)

(+0.10)

G.E. Sintered Si3N4

1. Oxidized at 1355°C 7.35 22 £ 5
for 213 hours
2. Oxidized at 1415°C 7.62 17 + 5

for 280 hours

Hot-pressed Beryllium Oxide (BeQ) Data Summary

Manufacturer: Union Carbide (obtained through Ceradyne Inc.)
Sample Type: Hot-pressed with Mg0 added at 1300°C, 1350°C and 1400°C

35-45 GHz 55-60 GHz 90-110 GHz
Sample Thickness  k  tans(x107°) kK tans(x107°) kK tans(x1072)
No. (cm) (0,01) (0.01) (+0.02)
1.834  6.62 54 + 15  6.62 82 + 15  6.61 106 + 15
2 1.834  6.43 90 +15  6.42 112 + 16 6.41 135 + 15
3 1.819  6.78 28+15  6.78 45 + 15 6.77 75 + 15

The data obtained for hot-pressed spinel at 35 GHz as a function of
temperature are given in Table IV. The room temperature loss tangent is lower
than the best ceramic alumina and comparable to the measured values in single
crystal sapphire. The general behavior of the dielectric properties as a
function of temperature is similar to that observed for alumina as given in
Table 11, except that the rate of increase is somewhat faster. Since the
frequency dependence of the loss tangent for this material was shown by Afsar
and Button to be very similar to alumina in the 100-400 GHz frequency range,
(M.N. Afsar and K.J, Button, "Digest of mm and Sub-mm Wave Materials
Information and Measurements," FBMNL, MIT, Cambridge, MA, 1983) its losses are
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not expected to increase drastically as a function of frequency. Conse-
quently, in contrast to the behavior found for ALON and BeO, the loss in this
material should compare favorably with alumina throughout the entire milli-
meter frequency region.

4.4 Fluorocarbon Fluids

Three different types of nonpolar fluorocarbon fluids were studied.

They are manufactured by the Commercial Chemical Division of the 3M Corpora-
tion and are identified under the trade names Fluorinert FC-43, FC-75 and FC-
104, Measurements were carried out on samples taken directly from sealed
containers as delivered from the manufacturer to minimize contamination. The
samples are loaded into small quartz capillary tubes and the cavity perturba-
tion method was used to determine their dielectric properties at 8.36 GHz, 35
GHz, 60 GHz and 95 GHz. Calibration runs were performed for all cases on empty
sample tubes and on the tubes filled with a known standard liquid (CC14).

The data shown in Table VII indicated that the FC-75 and FC-104 samples
are very similar in their dielectric response, with FC-75 showing slightly less
loss. By contrast the FC-43 fluid has a larger dielectric constant and signifi-
cantly less loss at the higher frequencies. Exposure of FC-75 fluid to liquid
water increased the observed loss at 8 GHz slightly, but did not affect the loss
at millimeter wave frequencies. A slight decrease in dielectric constant was
observed for FC-75 over the temperature range 23-50°C, which is most probably
due to density changes. The loss tangent, however, remained virtually the same
as its room temperature value.
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Table VII
Fluorocarbon Fluid (Flouroinert) Data Summary
Manufacturer: 3M Company
Room Temperature Dielectric Properties (23°C) 5
8.36 GHz 35 GHz 60 GHz 95 GHz ’
Sample Type k tand k tand k tand k tand
(#0.005) (+0.0005) (#0.005) (40.05)  (40.01) (+0.001) (#0.02) (+0.001)
FC-43 1.854 0.0069 1.850 0.0045 1.86 0.003 1.86 0.001
(98-0204-1103-3)
FC-75 1.794 0.0075 1.781 0.0051 1.78 0.004 1.78 0.003
(98-0204-0303-0)
FC-104 1.779 0.0083 1.767 0.0066 1.77 0.005 1.77 0.004
(98-0204-0103-4)
FC75 + H,0

(72 hr exposure to 1,793 0.0083 1.783 0.0053 1,78 0.004 1.78 0.003
liquid water)

Temperature Dependence Studies for FC-75 at 35 GHz

Temperature k tand
23°C 1,781 0.0051
30°C 1.763 0.0050
40°C 1.749 0.0049
50°C 1.735 0.0050
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The results obtained for the millimeter wave dielectric properties of
the A1203 materials studied in this program indicated that, as expected,
single crystal sapphire has the lowest loss tangent. The best ceramic alumina
samples (Coors AD-995, Ampex 99.5%, Wesgo AL-995) have losses approximately a
factor of 2 larger at 90-100 GHz, while the fine grained alumina samples
(Coors AD-999, Union Carbide hot-pressed alumina) showed surprisingly high
losses when compared to sapphire. Preliminary chemical and microstructural
analysis carried out on these ceramic samples yielded noticeable differences
in trace element composition, grain structure, and secondary and intergranular
phases. Establishment of the correlation of these material properties with
the observed dielectric response is essential in order to provide the neces-
sary information for developing advanced ceramic alumina materials with
properties approaching those for sapphire. Further research towards this goal
is strongly recommended.

In addition, it is not clear at present whether the measured loss
tangent in sapphire is intrinsic to the material or still dominated by trace
impurities or crystal defects. To address this issue, accuracy needs to be
further improved for the millimeter wave measurements and sample purity needs
to be determined and controlled., It is recommended that a systematic study be
carried out with well-characterized materials over as wide a frequency range
as possible so that the dielectric response can be accurately determined. Im-
provement in the measurement accuracy can be obtained by using thicker sam-
ples, and dielectric measurements need to be carried out for both crystal
orientations,

0f the other candidate ceramic materials examined, hot-pressed spinel
was found to have loss tangents comparable to sapphire and better than the
best alumina material. The various silicon nitride samples all showed loss
tangents which are significantly higher, and it is likely that extensive
materials development efforts need to be undertaken before they can be
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significantly improved to be comparable to alumina or sapphire. ALON and Be0
have loss tangents comparable to the best alumina material at 35 GHz, but are
substantially higher than alumina at 90-110 GHz.

The fluorocarbon fluids all showed a decreasing trend in loss tangent
values with increasing frequency over the range 8.6 to 95 GHz, implying the
presence of a low-frequency dispersion peak. The observed faster fall-off in
the millimeter wave region for the FC-43 fluid may be due to the fact that
this dispersion is occurring at a lower frequency than those for the FC-75 and
FC-104 fluids. It would be desirable to have data available in the frequency
range below 8 GHz so that loss mechanism in this class of liquids can be
better understood.
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