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PREFACE

Documents issued in this series of Technical Memorandums are published
by Willow Run Laboratories in order to disseminate scientific and engineering
information as speedily and as widely as possible. The work reported may be
incomplete, but it is considered to be useful, interesting, or suggestive enough
to warrant this early publication. Any conclusions are tentative, of course.
Also included in this series will be reports of work in progress which will later
be combined with other materials to form a more comprehensive contribution

in the field.

A primary reason for publishing any paper in this series is to invite tech-
nical and professional comments and suggestions. All correspondence should

be addressed to the Technical Director of Project MICHIGAN.,

Project MICHIGAN, which engages in research and development for the
U. S. Army Combat Surveillance Agency of the U. S. Army Signal Corps, is
carried on by the Willow Run Laboratories as part of The University of Michi-

gan's service to various government agencies and to industrial organizations.

Robert L.. Hess
Technical Director
Project MICHIGAN
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The Phase Diagram for the Binary System Cadmium-Tellurium’

ABSTRACT

The phase diagram for the cadmium-tellurium system has been redeter-
mined by measuring the thermal behavior of representative compositions in
the system by the method of differential thermal analysis. The experimental
details and the resulting data are described and discussed, Thermodynamic
analysis shows that the system CdTe-Te appears to form an ideal solution.
The latent heat of fusion of CdTe is estimated to be 10,700 cal/gm mol. The
system Cd-CdTe is an elementary solution and has a relatively large excess
partial molar entropy of solution and a large partial molar enthalpy of solution,
These partial molar qualities are independent functions of composition, but
not of temperature. The eutectic compositions have been determined as 10~
atom-fraction Te and about 0. 99 atom-fraction Te. The validity of this work

vis-a-vis that of other investigators is discussed.

1
INTRODUCTION

Cadmium telluride is receiving considerable scientific attention because of its interesting
semiconductor properties (References 1-5). The Semiconductor Materials Research Laboratory
of The University of Michigan has prepared samples of this material in conjunction with studies
on ternary semiconductor compounds in the binary system CdTe—InzTeS. These materials are

being measured to ascertain their utility as sensors in infrared systems for battlefield surveil-

lance.

The results obtained in this work showed a serious discrepancy in the widely published

melting point of CdTe. In the original work done on this system, Kobayashi (Reference 6) found

IThis research was carried on at the Semiconductor Materials Research Laboratory,
College of Engineering, The University of Michigan, Ann Arbor, Michigan. It was supported
in part by Project MICHIGAN, and in part by grant NSF-G4127 from the National Science
Foundation,

The authors are indebted to Dr, C. D. Thurmond for providing a preprint of his paper
referred to in this memorandum.
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that CdTe is the only compound formed between these elements, and reported that the two
eutectics between the pure elements and CdTe occur very close to the Cd and Te ends of the
diagram, The original data indicate that the melting point of CdTe would be in the range of

1041°C to 1050°C, the values commonly reported in the literature (References 7, 8, 9).

More recently, Lawson, Nielsen, Putley, and Young (Reference 4) have reported a value
of 110600, without describing the details of their measuring technique., DeNobel (Reference 5)
has published values for several additional points on the liquidus line in the Cd-Te system, and
represents the melting point of CdTe to be 1090°C. Visual observations of the first-to-freeze
temperatures were made at each composition reported, In working with this compound in the
binary system CdTe-InzTeS, Thomassen and Mason (Reference 10) observed recently that the

melting point of CdTe is 1098 + 3°C.

In view of these discrepancies, we have redetermined the phase diagram for the Cd-Te
system. A series of samples was prepared in which the Cd-Te compositions were varied over
the range from 1 mol % Te to 98.7 mol % Te, using the purest available elements for their pre-
paration. The latent heat transitions in each sample were determined by using the method of
differential thermalanalysis. On the basis of these experiments and subsequent thermodynamic
analysis, our work appears to be more precise than that of previous investigators, and has

special theoretical significance.

The system CdTe-Te appears to be an ideal solution. The latent heat of fusion of CdTe
from these measurements is estimated as 10,700 cal/gm mol. The system Cd-CdTe is an
elementary solution, and has a relatively large excess partial molar entropy of solution and a
large paftial molar enthalpy of solution. These partial molar quantities are independent func~
tions of composition, but not of temperature. The eutectic compositions have been estimated

-8
as 10  atom-fraction Te and about 0. 99 atom~fraction Te.

2
EXPERIMENTAL PROCEDURES

The experimental operations comprise three categories: the sample preparation, the
DTA (differential thermal analysis) equipment and procedures, and the preliminary interpre-

tation of the data.

2.1. SAMPLE PREPARATION
The samples for thermal analysis were prepared by weighing stoichiometric amounts of the

pure elements (99. 99% Cd and 99. 999% Te from American Smelting and Refining Company) into

2



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM

specially cleaned, clear, fused-gsilica tubes, and sealing them off under moderate (below

10_4 mm Hg) vacuum. The samples were reacted by heating to temperatures well above the
liquidus in a rotating, rocking furnace, and were rapidly cooled or air-quenched to room tem-
perature to obtain a homogeneous sample. In many instances the samples wet the fused-silica
tube and induced cracks and fractures in the containers during cooling. Only those samples
which remained bright, shiny, and unoxidized after fusion were processed further. Each fused
sample was crushed as much as possible (which was impossible with the high-cadmium samples)
and 15 gm of the material was resealed into a new, specially cleaned, clear, fused-silica tube

equipped with a concentric thermocouple well in the bottom end about 1 inch deep.

2.2, EQUIPMENT AND PROCEDURES

A schematic diagram of the DTA apparatus is shown in Figure 1. The power input to the
DTA furnace is controlled by means of an automatically programmed motor-driven autotrans-
former. The system is purged with dry nitrogen in order to prevent corrosion of the nickel
sample holder, which is provided with three sample wells spaced at 120° intervals. Two speci-
mens may be measured at one time, the third well being occupied by the reference material,
The sample temperature is measured by means of a chromel-alumel thermocouple, the output
of which is measured on a Leeds and Northrup precision potentiometer. The output of the
differential thermocouple (Figure 2) is amplified and recorded using a Leeds and Northrup
Speedomax recorder. The thermocouples were calibrated against standards of indium (156°C),

lead (327°C), and silver (961°C) and found to agree within 1°C.
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FIGURE 1. SCHEMATIC DIAGRAM OF DTA EQUIPMENT
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FIGURE 2. DIAGRAM OF DIFFERENTIAL THERMOCOUPLES AND SAMPLE TUBES

The samples were heated and cooled inside the nickel block using a liquid-indium standard,
at a rate of about 2, 5°C/min from room temperature to a maximum temperature well above
that of the highest transition, and back to room temperature. Although the DTA sample tubes
sometimes cracked at low temperatures as the sample contracted around the thermocouple
well, they were not wet significantly by the samples, and no apparent oxidation occurred. The
sample temperature and the differential emf (electromotive force) were both measured as
functions of time, and the data were replotted to show the differential emf as a function of sam-

ple temperature.

2.3. PRELIMINARY DATA INTERPRETATION

In interpreting the experimental differential curves, the liquidus line was chosen on the
heating curves as the point where the differential completed its last deviation. The presence
of chunks and large crystals in many of the samples gave rise to erratic deviations in the region
of the liquidus, so that the liquidus was relatively difficult to establish. In some instances,
considerable supercooling occurred on the cooling cycle, as was evidenced by a large initial
differential emf which sometimes actually induced an increase in the sample temperature. In
those cases where the initial cooling emf was moderate and/or the heating curves were difficult
to interpret, the cooling curves were used to establish the liquidus lines. These results are
indicated in Table I. The data of deNobel (Reference 5) and Kobayashi (Reference 6) are sum-

marized in Table II.
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TABLE II SUMMARY OF PHASE-DIAGRAM DATA
AVAILABLE FROM THE LITERATURE

Composition
Atom % Eutectic Liquidus Reference
Te=y Cd=1-y Temperature Temperature
(°C) (°c)

0 100 322 322 6

0.88 99,12 322 692 6

8.94 91.06 322 - 6

8.94 91. 06 -—— 885 5
18.10 81. 90 322 - 6
18.10 81.90 --- 940 5
27,45 72.55 321.5 -~ 6
27.45 72.55 -——— 974 5
37.00 63.00 321 -~ 6
37.00 63.00 - 983 5
41,92 58.08 --- 1006 5
46. 95 53.05 321 --- 6
46, 95 53.05 -——- 1036 5
50. 07 49, 93 -—- 1090 5
51. 90 48,10 -— 1068 5
52.10 47, 90 366.5 1041.5 6
52.4 47,6 383.5 1032.5 6
56. 97 43,03 -—- 1024 5
60.5 39.5 408 1001 6
67.2 32,8 -—- 926 5
69.5 30.5 422,5 893 6
77,95 22,05 -—- 840 5
79,7 20,3 437 815 6
85.8 14,2 437 741.5 6
93.7 6.3 437 604 6
97.2 2.8 437 506.5 6
100 0 437 437 6

3

THERMODYNAMIC THEORY OF SOLID-LIQUID EQUILIBRIUM

From thermodynamic analysis of the data, it is possible to obtain an estimate of the latent
heat of fusion of CdTe, to establish the form of the liquidus lines on a theoretical basis, to pre=~
dict the eutectic compositions, and to gain some insight as to the nature of the liquid regions.

A more detailed derivation of the thermodynamic equations is presented in the appendix,

For purposes of calculation, the diagram can be considered to be comprised of two separate

binaries: (I) the system Cd-CdTe, and (II) the system CdTe-Te.
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The liquidus curve for a binary system which exhibits ideal solution behavior can be rep-

resented by the Schroeder-vanLaar equation (Reference 11).

s /2 U o
nX=7R T, T

where  x = mol fraction of component A in solution at T°K
Tf = melting point of component A (°K)
R = gas constant, 1.987 cal/gm mol °K
AHf = latent heat of fusion of component A (cal/gm mol)

This equation has been derived by assuming that the system is in equilibrium, that com-
ponent B does not form a mixed crystal with component A, and that the change in specific heat
between liquid and solid (ACp) for component A is negligible or zero. For an ideal solution
the values of AHf derived from the T vs. x data should be substantially independent of com-

position,

In nonideal solutions the departures from ideality are characterized by an activity coeffi-
cient, y. By analyzing the liquidus data for a large number of binary systems containing
germanium and silicon, Thurmond and Kowalchik (Reference 12) have postulated a new class
of solutions, called elementary solutions, wherein the relative partial molar excess entropy
and the relative partial molar enthalpy of mixing exhibit a particular dependence on concen-
tration, but are not direct functions of temperature. The relationship between the activity

coefficients and the excess thermodynamic functions can be represented by an equation in the

form
RT ln AH TAs "
o = g: 5 - =a-bT (2)
(1-x) (1- %) (1- %)
AH
where a-= — = constant
(1-x)
25 E
b =————— = constant
(1- x)
— 2
AH = a(1- x) = partial molar excess enthalpy of mixing of component A in

elementary solutions

2
AST =Db(l - %)

i

partial molar excess entropy of mixing of component A in
elementary solutions

activity coefficient at composition x

7

)
I
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Since the activity coefficients in the ideal solutions are equal to unity, the partial molar

excess enthalpy and entropy are zero.

3.1, CALCULATION OF THE LATENT HEAT OF FUSION, AHf
Using those liquidus data points from each DTA run which were considered to be the most

reliable (""chosen' values), an estimate for the latent heat of fusion of CdTe at each data point

was made, using Equation 1. The compound CdTe was chosen as component A, Cadmium was

taken as component B in the system I, and tellurium was taken as component B in system IIL.

Define the atom fraction of Te in Cd as y. Hence in system I

XCdTe =2y (3)

and in system II

XodTe = 2(1-y) (4)

Figure 3 presents the results of the calculations on the basis of atom-fraction Te, y, in Cd.
Calculations made from the data of deNobel (Reference 5) and Kobayashi (Reference 6) are

also presented for comparative purposes, Kobayashi's data having been calculated on the basis
of his reported melting point of 1042°C. On the Te-rich half of the system, the values of
AHf/R appear to be substantially independent of composition, and ideal solution behavior seems

to be indicated,

T T T T T T T T T
20,0004~ _
18,000} O - MASON, KULWICKI |

— X - KOBAYASHI _
16,000 O - de NOBEL -
14,000 CdTe —
12,000 _

AH n

R 10,000 -
8,000 X _
qoooL B . _]

o OO

— : (o] X O o —

o X
4,000p- o : o o ]
B 7]
2,000 g ° i
L ! .
o i ] 11 1 | | I |
0 10 20 30 40 50 60 70 80 90 100
Cd y=ATOM % Te Te

FIGURE 3. PLOT OF AH/R VS. y, DERIVED FROM EXPERIMENTAL DATA AND
EQUATION 1. O = Mason, Kulwicki; X = Kobayashi; [J= deNobel.

8
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On the Cd-rich half of the diagram, the derived values of AHf/R are not independent of
composition, and the solution is nonideal. At the composition CdTe the two segments of the
curve apparently intersect at approximately the point where AHf/R = 5400, or AHf =10,700

cal/gm mol.

3.2, THEORETICAL FORMS OF THE LIQUIDUS LINES

By using the value of AH, estimated above, a quantitive measure of the nonideality of both

f
binary systems can be obtained by calculating the activity coefficients and the a-functions de-
fined in Equation 2. A plot of @ vs. T is shown in Figure 4, Here again the data of deNobel

and Kobayashi are presented for the larger values of (1 - x) where they fall within the domain
shown on the figure, For very small values of (1 - x) the evaluation of the liquidus tempera-

ture becomes quite critical, and small errors are magnified greatly in calculating the a~function.

This is apparent from the measurement at 45 atom % Te, where a change of 20C in the experi-

mental liquidus temperature changes o by almost 50%.

6000 T T T T T T T

r O - MASON, KULWICKI B
X - KOBAYASHI
5000— O - de NOBEL —
4000~ -
Cd-CdTe SYSTEM: o
- «=16,000-1085T .
3000}~ -
a N .
20001 ]
1000} —
L CdTe-Te SYSTEM:«=0 ]
X
ox ° X
o X
o
L o X o ]
o
. | | ] ] | ]
1000 800 1000 . 1200 1400

FIGURE 4. PLOT OF a VS. T, FOR EVALUATION OF CONSTANTS a AND b
IN EQUATION 2. O = Mason, Kulwicki; X = Kobayashi; [0 = deNobel,



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM

From these calculations it again appears that the system (II) CdTe~Te is an ideal solution,
As Te is dissolved in liquid CdTe there are no significant heat or excess entropy effects on

mixing, and the liquidus curve can be approximated by the expression

AHf 10, 700

= = 5
ASf-Rlnx 7.80 - 1,987 1n x (5)

T

where x = 2(1 - y) = mol fraction of CdTe in Te

AS

¢ AHf/Tf = entropy of fusion, cal/gm mol °K

From the inspection of Figure 4 it is also apparent that the system I (Cd-CdTe) forms an

elementary solution, with e = 16,000 - 10.85T; i.e., AH = 16,000 (1 - x)2 cal/gm mol and

EE = 10.85 (1 - x)2 cal/gm mol °K

The liquidus curve in this region can be approximated by the expression

2
AH, +a (1- x) 2
700 + 16, 000 (1 -
T £ _ 10,700 + 16, 000(1 - x) (6)

2
ASf+b(1— x)z-Rlnx 7.80 4+ 10.85(1-x) -1,9871lnx

where x =2y = mol fraction of CdTe in Cd.

3.3. CALCULATION OF EUTECTIC COMPOSITIONS

The experimental melting point of CdTe (137 1°K), the experimentally measured eutectic
temperature on the Te side (723°K), and the derived latent heat of fusion (10, 700 cal/mol) were
used in Equation 1 to predict the eutectic composition in the system II (CdTe-Te). The pre-
dicted value of 0,986 atom~fraction Te in Cd indicates that the eutectic should be distinguishable
from pure Te. The same relationship can also be used to calculate the eutectic composition
from the properties of pure Te, From its melting point (727°K) and latent heat of fusion
(3230 cal/gm mol) (Reference 13) the eutectic composition is calculated to be x = 0. 014; hence

y = 0,993,

An experimental check was carried out using a sample containing 0. 987 atom-fraction Te
in Cd. The check was made on the presumption that the eutectic point predicted from the CdTe
was more accurate than that predicted from the Te., It was found that the measurement was
almost indistinguishable from that made at 0. 982 atom-fraction Te. This discrepancy apparently
arises because the liquidus curve rises so steeply on the left side of the eutectic that slight in-
homogeneities in the sample tend to give erratic results. We conclude that the eutectic lies at

approximately 0, 99 atom-fraction Te,

10
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In order to calculate the eutectic composition on the Cd side from Equation 6 the mol
fraction of CdTe at the eutectic can be approximated as zero in all the terms except the log~
arithmic factor. Since the experimental eutectic temperature is known (595°K), the eutectic
composition is calculated to be 10-6 atom-fraction Te in Cd, which is experimentally indis-
tinguishable from pure Cd. However, our data would seem to indicate that the solidus transition
temperature (322°C) is higher than the melting point of Cd (321°C), and a peritectic pattern may

be present.

The liquidus curves and eutectic points derived above are plotted on Figure 5 along with
all the experimental data from Table I, deNobel (Reference 5), and Kobayashi (Reference 6).
The liquidus temperatures calculated from Equations 5 and 6 at the experimental compositions

are also tabulated in Table I.

f T T T

[{[ee]
O MASON, KULWICKI

X KOBAYASHI

0O de NOBEL
1000

900

T°C

700 —
LIQUID + Cd Te CdTe + LIQUID
sool}- _
soof-
450°C
© S
X
[ X -
400 x
o 322°C
300 _
‘_ | | 1 | | | L I
0 10 20 30 40 50 60 70 80 S0 100
cd y=ATOM % Te Te

FIGURE 5. PHASE DIAGRAM FOR THE BINARY SYSTEM Cd-Te. The liquidus curves are
drawn using Equations 3 and 4. Q = Mason, Kulwicki; X = Kobayashi; [1= deNobel.

3.4, SLOPE AND CURVATURE OF THE LIQUIDUS LINES
The abrupt change in slope and curvature of the liquidus lines at the melting point of CdTe

is also of interest., For system II (CdTe-Te), the slope is obtained by differentiating Equation 5,

6T f 10, 7T00R
21 . = (7)

2 2
X(ASf - R 1n x) x(7.80 - R 1n x)

11
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Asx->1 Inx -0, and

8T _ 10, 700R

6 7. 802

= 349.5 (8)

*lx o1

For the system I (Cd-CdTe), the slope is obtained by differentiating Equation 6.

5T _ [ASf + b(1 - x)2 -Rln x] [-Za(l- x)] - [AH+ a(l- x)z] [—Zb(l— x) - R/x] (9)

6x

12
[ASf + b(1- x)2 -Rln x]

As x>1,(1- x) >0 and In x >0, giving

5T AHR

= (10)

RN
x=>1 X(ASf)

which is identical with Equation 8. Hence the slope of the liquidus curve is discontinuous at the

composition CdTe but symmetrical on either side as x approaches unity.

The curvature of the liquidus curve is given by the second derivative of the T vs. x ex-
pressions, For the system II (CdTe-Te) which approximates an ideal solution,differentiation

of Equation 7 gives

2 AH R

a°r £ 2R 1
- - 1\—= (11)
- 2
dx? (48, = R In %)> (Asf R In x )x

which for the system under discussion as x->1 (pure CdTe) becomes

2 AHfR

10,700 x 1,987 (3. 975
R (ilz - 1) -1 T0x L0 (3793 - 1) = -171 (12)
dx as,” \ %5 7.8 .

x->1

The moderately large negative value of the second derivative indicates that the liquidus
curve should be convex upwards as x approaches unity from the Te side as shown on the right

half of the diagram; i, e., as x increases the slope is decreasing.

In contrast, however, for the system I (Cd-CdTe) the expression for the second derivative

of the elementary-solution curve is obtained by differentiation of Equation 9.

2 2 2 2
d T _2a- RT/x2+2R T + 4RTb x (1- x) - 4Rax(1- x) - 8abx (1~ x)

2 D 2 2
dx D x

(13)

12
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where D is the denominator in Equation 6.

For the special case wherein x > 1, then D > ASf =7,80, and T> T, = 137 1°K. This gives

f

2
d°T % +RTf <2R } > (14)
. -
as; " 35, \ 25,

dx K51

From Figure 4 or Equation 2 we can find @ = 1110, whence

2
d

dx

H

_ 2220 1,987 x 1371 (3.975 ) 1) - 113 (15)

780" 7. 80 7.8
-1

Nl

XCdTe

The positive second derivative indicates that the slope is positive and increasing, thus
giving the observed curvature to the liquidus curve as x approaches unity from the Cd side.
In fact, in order for the second derivative of the elementary-solution liquidus curve to be neg-

ative at the melting point of component A, it is necessary that

+ = < + (16)

DISCUSSION OF RESULTS

The verisimilitude of the results obtained from this work can be discussed from three
different points of view: the validity of the experimental work, the accord between theory and
experiment, and the theoretical insights which the results give toward a better comprehension

of the structure of the liquid.

4.1. VALIDITY OF THE EXPERIMENTAL WORK

The large discrepancy between the melting point of CdTe reported by Kobayashi (Reference
8) and later investigators can be attributed to three factors; (a) the purity of the Te used in pre~
paring the compounds, as indicated by the melting points (Kobayashi's 437°C vs. 454°C in this
work),(b) Kobayashi's use of cooling curves only, instead of combining results from both heating
and cooling curves, (c) unequal volatilization of the elemental constituents, particularly Cd,

since Kobayashi's samples were open to the atmosphere instead of being sealed.

A close comparison of our data with that of deNobel (Reference 5) indicates that the agree-

ment is excellent below about 25 atom % Cd. Above this range, our liquidus temperatures are

13
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consistently higher than those reported by deNobel. In order to explain this descrepancy, we
suggest that the error lies in deNobel's method of measurement. If the thermocouple and sup-
port rod in deNobel's experimental systems extract heat from the sample holder, it is con-
ceivable that CdTe would freeze out on the bottom of the sample holder before solidification
became apparent by visual observation on the surface of the sample, The liquid remaining
after partial solidification and precipitation of CdTe (component A) would be more rich in com-
ponent B (either Cd or Te,depending on which element was in excess over the stoichiometry of
CdTe). The remaining liquid then would freeze at a temperature lower than the true.liquidus
temperature defined by the sample composition in the absence of partial segregation. By using
thermal means to sense the onset of solidification, we feel that the effects of temperature

gradients in our equipment are thereby significantly decreased.

In the absence of a detailed description of the method used by Larson, Nielsen, Putley, and
Young (Reference 4), we cannot account for the discrepancy between 1098 + 3°C and 1106°C,

which we feel is significant,

4.2, ACCORD BETWEEN THEORY AND EXPERIMENT

On the Te half of the diagram the average discrepancy in our data between the observed
and derived liquidus temperature is about 10°C. The solubility of excess Te in CdTe may ac-
count for this discrepancy. It is also probable that a slight excess entropy and enthalpy of
mixing are associated with this system which would alter the shape of the liquidus curve slightly.
However, since the plot of the data in Figure 4 fails to show any clear trend, and in the absence
of information on the solubility of Te in CdTe, perfect solution behavior has been assumed in

deriving the theoretical liquidus curve.

On the Cd half of the diagram, the average discrepancy between the observed and derived
liquidus temperatures is only about 1°C. This unusually good agreement not only substantiates
the conclusion that this system is an elementary solution, but also gives an example for the ex-
istence of elementary solutions between elements and compouhds. At the same time the vali-

dity of the derived value for AHf is indirectly substantiated,

4,3, THEORETICAL SIGNIFICANCE

In attempting to interpret the physical significance of the relative partial molar enthalpy
and the relative partial molar excess entropy, we can consider first the CdTe~Te system. The
absence of substantial energy and entropy effects suggests that the environment of the Cd atoms

is not changed appreciably as excess molten Te is added to molten CdTe,

14
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However, as excess molten Cd is added to molten CdTe, the Cd atoms form additional

bonds with the Te atoms. The Te atoms are subsequently surrounded by a much larger average

number of Cd atoms, There is a discontinuity in the solution behavior on either side of the

compound CdTe, and the slope of the liquidus curve is discontinuous at that point. A, M. G. D.

15
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Appendix
DERIVATION of THERMODYNAMIC EQUATIONS
FOR LIQUIDUS CURVES

1, INTRODUCTION

This appendix describes the theoretical foundations for the conclusions of this memorandum,
First to be developed will be the appropriate thermodynamic equations, serving also as a means
of review for those readers not immediately concerned with the formal study of thermodynamics;
then the definitions will be reviewed both for ideal solutions (Reference 11) and the various other
classes of nonideal solutions that have been defined (Reference 11), including elementary so-

lutions (Reference 12),

2, DERIVATION of GIBBS-HELMHOLTZ EQUATION
Since the system was maintained at constant volume and there is no pressure-volume work
~ effect in the system, the thermodynamic quantity describing the equilbrium condition will be the

thermodynamic work function, A, rather than the free energy, F.

Starting from elementary thermodynamics, consider first the following definitions for a

system of constant total mols, N:

A=E-TS (A-1)

where A = thermodynamic work function

E = internal energy
S = entropy
T = absolute temperature
Hence,
dA =dE - TdS - SdT (A-2)
But since, from the First Law
TdS = dE + PdV (A-3)

substitution of Equation A-3 into Equation A-2 gives

dA = -PdV - SdT (A-4)
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Defining A as a function of T and V gives

5
dA = —é)

A
oV . dv + (6T dT (A-5)

s, N V,N

from which, by comparing coefficients between Equations A~-4 and A-5 we find

6
(3% - -p (A-6)
T,N
and
[
CONIRE (a0
V,N
From Equations A-1 and A-7 we find
6A
A=E+ E) T (A-8)
V,N

2
Division by T and rearrangement of Equation A-8 gives
E 1 (6A A [5 (A ]
I -—_= == (A-9)
2 2 &
T TAST V,N T TAT V,N

This is the Gibbs-Helmholtz equation for a fixed-composition system at constant volume,

2.1. CHEMICAL POTENTIAL IN MULTICOMPONENT OPEN SYSTEMS. In an open sys-
tem where compositions and masses may vary, the thermodynamic work function at equilibrium

may be expressed in the general form

A =T, V, Ny, Ny ov. Dy L) (A-10)

By using Equations A-6 and A-7 the change in work function in a differential displacement from

equilibrium in an open system can be shown to be

6

dA = -PdV - SAT + LS dn, +... + A dn, +... (A-11)

6n1 1 ni i
T,V,n2,... T,V,nl,...

At constant temperature and volume the partial differentials in Equation A-11 are ex-
pressions for the chemical potential. Hence the chemical potential can be defined in a variety

of ways.
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) 30 _ /6H
My = o, on
T, P, n

S,V,nl,... JPong, .

6S
= _T<6_—> ( (A-12)

&

E,V,nl,.. TVn,...
From Equation A-12 we find
6A
/Ji = (tﬁ' (A-13)
T,V,n

e

2.2. CLOSED CONSTANT VOLUME SYSTEM. The Gibbs-Helmholtz equation for a closed

system can be written in terms of partial molar quantities at constant temperature and volume,

For a system of definite composition, Equation A-11 can be integrated with the aid of

Equation A-13 to give

= + + ... e -
A Hn ot gD, +un, + (A-14)

By maintaining temperature and volume constant in the system during an equilibrium

change in phase, then dA = 0, and

= + -
0 /.4ldn1 uzdn2+ +uidni+ (A-15)

for any phase. Differentiation of Equation A-13 with respect to T at constant total mols N gives

(5,629,

Differentiation of Equation A-7 with respect to n, gives

@), G -

But Equations A-16 and A-17 are equal, hence

(M)

- 1

g (A-18)
5

L NT/y N
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Differentiating Equation A~-1 with respect to n, gives

6A SE 6S
(——an. - 'a?;) 'T(a—;) (A-19)
1 1 1

T,V,n_,... T,V,n_,... T,V,n,...
1 1 i
. SE = s . .
Defining I = Ei and substituting from Equations A-13 and A~17 we find
i
T} 3 3 e .
A% n1
u, = E - TS, (A-20)
i i i
Substitutions from Equation A-18 and rearrangement gives
o )
1 —
- + — T = -E -
Hi T \GT i (A-21)

V,N
s 2 . .
Dividing by T gives the desired result,
-E 5
) A F(M_ﬂ a2
2 2 |8 )
T T \eT V,N T T\T V,N

2.3. FUGACITY AND ACTIVITY. The thermodynamic equations for liquid and solid
systems are derived from concepts established for gaseous systems through a consideration
of the behavior of the fugacity and activity in the various phases. For 1 mol of a constituent

of an ideal gas mixture in a closed system with partial pressure Pi’ M, = u°(T) + RT 1n Pi:

:-:E)—

ou,
T,N i

For a system containing 1 mol of an ideal gas, with mol fraction of constituent i equal to

X, at constant temperature and composition at constant total pressure P,

My = ,ui(T, P) + RT 1ln xi (A-24)

In general, to accommodate nonideal systems the partial pressure is replaced by the

fugacity. Hence

6u = RTd Int, (A-25)

Integration gives
Mi = RT In fi +C (A-26)
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To define the constant of integration, we can define a reference state as the pure constituent
in the gas phase at the same temperature under one atmosphere pressure or its own vapor
pressure (if a condensable vapor, with vapor pressure below one atmosphere) such that it is
substantially a perfect gas.

Hence,

u, -u®=RTInf /f°=RTIna (A-27)
i i ii i

where a; = fi/f(i) = activity = fugacity/fugacity of standard state. Rearranging and differentiating

with respect to temperature at constant volume and composition gives

52, 3, , = (&
(A-28)
dT V. N

Substitution from Equation A-22 gives

dln a. E
( ) 21 (A-29)

These basic thermodynamic concepts can now be utilized to investigate the phenomena

3. CHANGE OF STATE

accompanying changes in state. It is necessary to apply these definitions to the particular

situations of interest.

If we consider a phase change of a pure constituent from solid to the reference state in

the vapor, then in Equation A-29 the various terms evaluated for this special case become

E? = ES = internal energy of pure vapor in standard state (A-30)

Ei = Ef = internal energy in solid state (A-31)
then

E‘i) - Ef = AESV = internal energy of sublimation (A-32)

If instead of the preceding change of state we consider a phase change from liquid to the

vapor reference state, then the various terms in Equation A-29 become

E?= E\OI = internal energy of pure vapor in standard state (A-33)

Ei = Ei" = internal energy in liquid bath (A-34)
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E°-E = AEV = internal energy of vaporization (A-35)

3.1, TWO COMPONENT CONSTANT VOLUME SYSTEM. Consider now a closed system
of three phases (gas, liquid, solid) and two components. At equilibrium from Equation A-15

we must have

g

g L. L s, s g. g L. L s, s
d + -+ = -
Ml n1 ;,tldn1 +/.¢1dn1 +u2dn2+u2dn2 ,uzdn2 0 (A-36)

Also the total mass of each component must be constant, hence

dn® + dn™ + dn® = 0 (A-37)
1 1 1
g L S _ -
dn2 + dn2 + dn2 =0 (A-38)
These relationships can be satisfied for all variations in n., n, only if
g L S
= = A'3
e (A-39)
g L S
= = -4
Mo = Mg = My (A-40)

3.2, SOLID-LIQUID EQUILIBRIA. When the temperature of a closed solid-liquid system
is changed slightly, then the activities of the constituents also change slightly. However, under
equilibrium conditions the activity in the liquid remains equal to the activity in the solid, al-
though the magnitude of the activities can change as a result of the temperature change. Ap-

plying Equations A-27 and A-39 to constituent 1 this result can be expressed as

C 1In ai‘) 6 In allJ L (‘3 In a?) 6 1n a? s
—6,17-— v LdT + ——6—:-1-:—— Xm = —'gT—— v SdT + —;‘—S—-—— Xm (A-41)
! 1 1,V * X1 *1 T,V

After rearrangement and substitution from Equation A-29,

51na11“ . 61na? . EI;-E?
—_— dx = - ——— 6x. = | ———= JdT (A-42)
6xL 1 5 s 1 RT2
1 /v, T 1 J1,v
I

s
where E1 - E1 = internal energy of fusion of component 1 = AE? .
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3.3. IDEAL SOLUTIONS. For an ideal solution the fugacity of the constituent is equal

to the product of the mol fraction times the fugacity of the pure substance

Hence by definition

(A-43)

b
L
X
vV, T 1

s
6 In a1 1
J—— = — (A_44)
6xs xS
1 Vv, T 1

Substituting into Equation A-42 finally gives

6 1n xll"/x? AEfO
—T = 2 (A-45)
' T,V RT

If component 1 is considered as the solute, which separates as a pure constituent on freezing

and

from the solution (hence xi = 1), then integration of Equation A-45 from the solute fusion

temperature, T, and composition XI; = 1, to the equilibrium-~-solution temperature T and com-

f
position xl‘ gives

L
X AE? T
S finxy = — j = (A-46)
1 T, T
f
AE
f/1 1
I e— = e—— _47
In x, R (T, T> (A-47)
assuming AE(f) to be independent of temperature and C\I; - Ci = 0. If the difference in heat

capacities at constant volume is not zero, then an additional integral is introduced into Equation
A-46 which should produce another term in Equation A-47. In most cases of practical interest,
the heat capacity difference is neglected. Not only are the calculations simplified, but also the
precise data are often not available to make the corrections. In any event, the consistency of

the results obtained by ignoring this factor give tacit evidence that it is negligible.
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3.4. NONIDEAL SOLUTIONS. Most solutions are not ideal solutions., However, the
deviation from ideality can be lumped into a single parameter, the activity coefficient, such

that

a, = v.x, (A-48)

Under these circumstances, Equation A-47 would be rewritten as

AE? 1 1
1 = — = L= -
SRS R <1‘f T) (A-49)
As the mol fraction approaches unity, then by definition the activity also approaches unity and

equation A-49 can be rearranged to

f 1 1
+ 1 = —  —— e —— -
In Yl nxl R Gf T) (A 50)

In accordance with the required boundary limitations on vy, it is possible to express In vy

as a function of mol fraction by

o0
In vy Z c (1-x" (A-51)
n=1

which satisfies the relationship that
Y—>1 as x-—>1,

For nonelectrolytic solutions, the Gibbs-Duhem equation can be used to show that C1 = 0,

Hence
[o o]
n
Iny= Z C(1-x) (A-52)
n=2

The simplest concentration dependence obtainable from Equation A-52 is given by the first

term, or we can let
2
Invy = C2(1 - x) (A-53)
By defining the partial molar free energy of the solute in solution as
O ——— — ——
FL-FL=AF= RT In yx = AH =~ TAS (A-54)
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the relative partial molar entropy AS can be expressed as the sum of two terms, the ideal

entropy of mixing Zgl and an excess entropy of mixing AS

AS=05"+A5 - AT -Rinx (A-55)

Substitution of Equation A-55 into Equation A-54 gives

= 22 A-56
Iny=22""% ( )
where AH = relative partial molar enthalpy of mixing of the solute
A—SE = relative partial molar excess entropy of mixing of the solute

Several types of nonideal solutions have been defined according to the various dependencies of

In 7.

3.4.1. Regular Solutions. Regular solutions have been defined as those solutions wherein

the partial molar excess entropy of mixing is zero, but the partial molar enthalpy of mixing is
not zero. In particular, if

— 2

AH = ar(l - X) (A-57)
and

AT =0

then a strictly regular solution has been defined.

3.4, 2. Athermal Solutions. Athermal solutions have been defined as solutions wherein

the partial molar excess entropy of mixing is finite, whereas the partial molar enthalpy of
mixing is zero, A particular example of this type of behavior could be represented by the

relationship

b (1- x)2 (A-58)
a

%4
wn
n

>

o
0
o

This definition is of value predominantly for conceptual purposes,

3.4.3. Elementary Solutions. In general, both the partial molar enthalpy and partial

molar excess entropy need not be zero, However, the particular manner in which these proper-

ties depend on temperature and composition is of considerable importance.
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If the dependence is as defined below, the resulting solutions have been called "Elementary

Solutions''(Reference 12).

AH = a(l - x)2 (A-59)

—E

AS b(1 - x)2 (A-60)

Substitution of Equations A-59 and A-60 into Equation A-56 gives

Iny = R—"’,‘F—g)(l-x)2 (A-61)

Equation A-61 can be rearranged to give a function @, which varies linearly with temperature,

RT In vy _

(1-X)2

a=a-DbT (A-62)

As noted in the text of the memorandum, the function o was calculated for the system I

(Cd-CdTe) and found to be @ = 16,000 - 10,85 T. Elementary solution behavior is thus indi-

cated for this system.

3.5, LIQUIDUS CURVES. The dependency of T on x can be obtained from Equation A-50
to define the liquidus curves explicitly. The various dependencies of In y for ideal, regular,

athermal, and elementary solutions must be substituted appropriately.

For ideal solutions

AHf
s AS, - Rlnx (A-63)
For strictly regular solutions
2
AHf + ar(l - x)
Tr ) ASf -Rlnx (A-64)
For strictly athermal solutions
AHf
T = (A-65)

2
AS. +b (1-x%x) -Rlnx
f a

For elementary solutions

AH, +a(1 - >
T = 5 (A-66)
ASf+b(1—x) -Rlnx
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3.6. THE SLOPES OF THE LIQUIDUS CURVES. The slopes of the various types of
liquidus curves can be obtained by taking the derivatives of the equations in Section 3.5 with

respect to the composition variable x.

For ideal solutions

dTi AHfR RTi
= = (A-67)
d -
X X(ASf -Rin x)2 X(ASf R 1In x)
where Ti is defined by Equation A-63.
For strictly regular solutions
dTr (RTr) - Zar(l - X)x
= A-68
dx X(ASf - R In x) (A-68)
where Tr is defined by Equation A-64,
For strictly athermal solutions
dTa RTa + 2 ba(l - X)X
. 5 (A-69)
X %[AS,+b (1-%"-Rlnx]
f a
where Ta is defined by Equation A-65,
For elementé.ry solutions
dTe RTe - 201 = x)x
= (A-170)
dx

2
X[ASf+b(1 - x) -R 1In ]

where Te is defined by Equation A-66 and « is defined in Equation A-62,

3.7. THE CURVATURES OF THE LIQUIDUS CURVES. The curvatures of the various
types of liquidus curves can be obtained by taking the derivatives of the slopes with respect to

the composition variable x.

For ideal solutions

2
a°“T RT
. . .
21 L [ 2R 1]— (A-T1)

dx (ASf - R 1In x) (ASf - R1ln x) X2
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For strictly regular solutions

62T RT 2a

r_ r 2R -1 _L + r _ 2R(1 - x)
2 (AS, - RInx)|(AS, - R 1ln x) 2 (AS,- R lnx) x(AS, - R 1n x)
éx f f x f f

(A-72)
For strictly athermal solutions
2 2
é Ta RTa + 2b(1 - x)x 1 RTa +2b( 1 - x)x R(2 - Ta)
= + -1
2 2 - - - -
b ASf+b(1-x)2-R1nx X [ASf+b(1 x) = R 1ln x] ASf+b(1 x) - Rln x
(A-173)
For elementary solutions
2 2 2 2.2
8 Te _ 20 - RTe/x ) 2R Te - 40R(1 - x)x - 8ab(l - x) x (A-74)
5 =
dx [ASf+b(l-x)2-Rlnx] x[ASf+b(1—x)—R1nx]2

27



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM

REFERENCES

1, F. A. Kroger, and D. deNobel, ""Preparation and Electrical Properties
of CdTe Single Crystals, " J. Electronics, 1955, Vol, 1, pp. 190-202,

2. G. G. Kretschmar, and L.. E, Schilberg, '"Preparation and Photoconductive
Properties of Cadmium Telluride Films," J. Appl. Phys., 1957, Vol. 28,
pp. 865-867.

3. J. L. Stull, "Semiconductivity in Cadmium Telluride, " PhD Thesis,
State University of New York, 1958, p. 29.

4, W, P, Lawson, S, Nielsen, E. H, Putley, and A, S. Young, "Preparation
and Properties of HgTe and Mixed Crystals of HgTe-CdTe, " J. Phys.
Chem. Solids, 1959, Vol., 9, pp. 325-329,

5. D. deNobel, "Phase Equilibria and Semiconducting Properties of Cadmium
Telluride, " Phillips Research Rept,, 1959, Vol. 14, pp. 361-399,

6. M. Kobayashi, "Uber die Legierungendes des Tellurs mit Cadmium und
Zinn, " Zeits, Anorg., Chem., 1910, Vol. 69, pp. 1-9,

7. M. Hansen, Constitution of Binary Alloys, 2nd ed., McGraw=-Hill, New
York, N, Y., 1958, pp. 444-445,

8. International Critical Tables, McGraw-Hill, New York, N, Y., 1927,
Vol. II, p. 430.

9. Handbook of Chemistry & Physics, 40th ed., Chemical Rubber Publishing
Co., Cleveland, O., 1958, p. 548.

10. L. Thomassen, and D, R. Mason, "Phase Diagram for the Binary System
CdTe-IngTeg, " abstract in J. Electrochem., 1959, Vol, 106, p. 206c.
Paper presented at the Electrochemical Society, fall meeting, Columbus, O.,
21 October 1959,

11. 1. Prigogine, and R. Defay, Chemical Thermodynamics, Longmans,
Green & Company, New York, N.Y. 1954, p. 358.

12,  C. D. Thurmond, and M. Kowalchik, "Germanium and Silicon Liquidus
Curves, ' Bell System Tech, J., in press, January 1960,

13, J. H. Perry, Chemical Engineers Handbook, 3rd ed., McGraw-Hill,
New York, N. Y., 1950, p. 212,

28



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM

DISTRIBUTION LIST 5, PROJECT MICHIGAN REPORTS
1 April 1960—Effective Date

Copy No. Addressee Copy No. Addressee
1-2 Commanding General, U. S. Army 39-41 Director, U, S. Army Engineer
Combat Surveillance Agency Research & Development Laboratories
1124 N. Highland Street Fort Belvoir, Virginia
Arlington 1, Virginia ATTN: Chief, Electrical Engineering
3-28 Commanding Officer, U. S. Army Department
Signal Research & Development 42 Director, U. S. Army Engineer
Laboratories Research & Development Laboratories
Fort Monmouth, New Jersey Fort Belvoir, Virginia
ATTN: SIGM/EL-DR ATTN: Technical Documents Center
29 Commanding General 43 Comr.nandant, U. S. Army War Cllollege
U. S. Army Electronic Proving Ground Carlisle Barracks, Pennsylvania
Fort Huachuca, Arizona ATTN: Library
ATTN: Technical Library 44 Commandant, U. S. Army Command
. i & General Staff College
30 Chief of Engineers Fort Leavenworth, Kansas
Department of the Army .
Washington 25, D. C. ATTN: Archives
ATTN: Research & DevelopmentDivision 45-46 Assistant Commandant, U. S. Army
Artillery & Missile School
31 Commanding General Fort Sill, Oklahoma
Quartermaster, Research & Engineering . .
Command, U. S, Army 47 Assistant Commandant, U. S. Army Air
Natick, Massachusetts Defense School
Fort Belvoir, Virginia
32 Chief, Human Factors Research ATTN: CombatDevelopment Group
Division, Office of the Chief of Research
& Development 48 Commandant, U. 5. Army Aviation School
Department of the Army Fort Rucker, Alabama
Washington 25, D. C. 40 Commanding Officer, U. S. Army Signal
Electronic Research Unit
33-34 Commander, Army Rocket & Guided P. O. Box 205
Missile Agency Mountain View, California
Redstone Arsenal, Alabama
; ; 50 Office of Naval Operations
ATTN: Technical Library, ORDXR-OTL
5 Department of the Navy, Washington 25, D. C.
35 Commanding Officer, Headquarters ATTN: OP-07T
U SE Army Trags”rta“;“ Research 51-53  Office of Naval Research
F& trgme‘ermg. ormman Department of the Navy
ort Eustis, Virginia 17th & Constitution Ave., N. W.
ATTN; Chief, Technical Services Washington 25, D. C.
Divigion ATTN: Code 463
36 Commanding General, Ordnance 54 Chief, Bureau of Ships
Tank -Automotive Command Departmentof the Navy, Washington 25, D, C.
Detroit Arsenal
28251 Van Dyke Avenue ATTN: Code 312
Center Line, Michigan
. ) 55-56 Director, U. S. NavalResearch Laboratory
ATTN: Chief, ORDMC-RRS Washington 25, D. C.
37 Commanding General, Army Medical ATTN: Code 2027
Research & Development Command
Main Navy Building, Washington 25, D. C. 57 Commanding Officer, U. S. Navy
Ordnance Laboratory
ATTN: i iol-
TN: Neurophychiatry & Psychophysiol Corona, California
ogy Research Branch
ATTN: Library
38 Director, U, S. Army Engineer
Research & Development Laboratories 58 Commanding Officer & Director

Fort Belvoir, Virginia

ATTN: Chief, Topographic
Engineer Department

29

U. S. Navy Electronics Laboratory
San Diego 52, California

ATTN: Library



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM

DISTRIBUTION LIST 5 1 April 1960 —Effective Date

Copy No. Addressee Copy No. Addressee

59 Department of the Air Force 94 The RAND Corporation
Headquarters, USAF 1700 Main Street
Washington 25, D. C. Santa Monica, California
ATTN: Directorate of Requirements ATTN: Library
60 Commander, Air Technical 95 Chief, U. S. Army Armor
Intelligence Center Human Research Unit
Wright-Patterson Air Force Base, Ohio Fort Knox, Kentucky
61-70 ASTIA (TIPCR) ATTN: Administrative Assistant
iiﬁngzcn Il-IZaIIVSitat;orila 96 Director of Research, U. 8. Army
ngton g, Virgin Infantry Human Research Unit
71-75 Commander, Wright Air Development P. O. Box 2086, Fort Benning, Georgia
Center :
Wright-Patterson Air Force Base, Ohio 97 Chief, U, 8. Army Leadership
Human Research Unit
ATTN: WCLROR P. O. Box 787
Presidio of Monterey, California
7 . .
6 Commander, Wright Air Development ATTN: Librarian
Center
Wright-Patterson Air Force Base, Ohio 98 Chief Scientist, Research & Development
ATTN: WCLDRFV D1v.151on, Office of the Chief Signal
Officer
77 Commander, Wright Air Development Department of the Army, Washington 25,D. C.
Center )
Wright-Patterson Air Force Base, Ohio 99 Stanford Research Institute
Document Center
ATTN: WCOSI-Library Menlo Park, California
ATTN: isiti
8 Commander, Rome Air Development Center N:  Acquisitions
Griffiss Air Force Base, New York 100 Operations Research Office
The Johns Hopkins University
ATTN: RCVSL-1 6935 Arlington Road
Bethesda, land, hington 14, D. C.
79 Commander, Rome Air Development Center ethesda, Maryland, Washington
Griffiss Air Force Base, New York ATTN: Chief, Intelligence Division
ATIN: RCVH 101-102 Cornell Aercnautical Laboratory,
. Incorporated
80-81 Comma'mder, Air Force 4455 Genesee Street, Buffalo 21, New York
Cambridge Research Center
Laurence G. Hanscom Field ATTN: Librarian
Bedford, Massachusetts VIA: Bureau of Aeronautics
ATTN: CRES, Stop 36 Representative
4455 Genesee Street
82-85 Central Intelligence Agency Buffalo 21, New York
2430 E. Street,N. W., Washington 25, D. C. 103-104 Control Systems Laboratory
ATTN: OCR Mail Room University of Illinois
Urbana, Illinois
86-90 National Aeronautics & Space Administration . .
1520 H. Street, N. W. ATTN: Librarian
Washington 25, D, C. VIA: ONR Resident Representative
1209 W, Illinois Street
91 U. 8. Army Air Defense Human Urbana, Illinois
FRetseBa?ch I{Fit 105-106 Director,Human Resources Research Office
ort Bliss, Texas The George Washington University
ATTN: Library P. O. Box 3596, Washington 25, D. C.
. X ATTN: Library
92-93 Combat Surveillance Project
Cornell Aeronautical Laboratory, 107 Massachusetts Institute of Technology,

Incorporated
Box 168, Arlington 10, Virginia

ATTN: Technical Library

30

Research Laboratory of Electronics
Cambridge 39, Massachusetts

ATTN: Document Room 26-327



WILLOW RUN LABORATORIES TECHNICAL MEMORANDUM

DISTRIBUTION LIST 5 1 April 1960 —Effective Date

Copy No. Addressee Copy No. Addressee
108 The U, S. Army Aviation HRU 115 Director, Electronic Defense Group
P. O. Box 428, Fort Rucker, Alabama U of M Research Institute

The University of Michigan
Ann Arbor, Michigan
109-110 Visibility Laboratory, Scripps Institution

of Oceanography ATTN: Dr. H. W, Ferris

;Inlvsrsity ;f Calli.fforni'a 116-118 Assistant Commandant
an Diego 52, California U. S. Army Air Defense School
Fort Bliss, Texas
111-113 Bureau of Aeronautics 119 U. S. Continental Army Command Liaison
Department of the Navy, Washington 25, D. C. Officer -

Project MICHIGAN, Willow Run
Laboratories
Ypsilanti, Michigan

ATTN: RAAV-43

114 Office of Naval Research 120 Commanding Officer
Department of the Navy U. S. Army Liaison Group
17th & Constitution Ave,, N. W, Project MICHIGAN, Willow Run
Washington 25, D. C. Laboratories
ATTN: Code 461 Ypsilanti, Michigan

31






AATAISSVTONA

£ouady uoljewrIojul TeOTUYIDT

S90TAIRS PRIy

T088L-DS

6£0-98-Vd 10BI3UOD

sdao) reudis Away ‘S ‘0

N pIRUISE ‘THOTMINY

¢ g preuo( ‘uosen
uoT}EpUno,g

20ULIOG TBUOTIEN OT3LL

NVOIHDIW 109f0sd  :oTILL
s1sATeue JewaayL

— 9prJnI[a} Wniwped
sarjaadoad TestwayD

—— S1030NPUOOI WSS
sarjaadoad
oTWrEUApOowaay L,

—— §10}0NpPUOOTWAS

QIIAISSYIONA

AIIAISSVIONN

£ousdy uorjewIOFUl [BOTuY0dL

S90TALRS PoWIAY

1088L-08

6£0-9€-VQ 30€IIUOD

sdxop 1eudig Lway ‘s ‘N

‘N paeuIag ‘TOIMINY

'y preuoq ‘uosenw
uonyepunodg

20UaI0g TeUojeN (JTILL

NVOIHDIIW 103foad  :#1ILL
s1sLTeUR TRUIILDY,

——9pIJNT8} WNTWpPED
sorjaadoad Teoctwray)

— SJ010NpUOCOTWSY
sarjaadoad
QTUTEUAPOWASY,],

— SJ010NPUCOTWSS

QATAISSYVIONO

(1340) ‘uonnios jo Adreyyus seroux

tenaed a8ae] ® pue uonn(os jo AdoJjus Jerow fenraed ssaoxa afaer
A1oATiel9a ® SBY PUB UOTINTOS £I€IUSWST3 Ue ST 9LpD-pD waisds
oyJ ‘Tow wd/Ted Q0L ‘0T 99 0} PAIBWIIISS ST SLPD JO UOISN] JO 3BAY
judje] 9], ‘UOTIN[OS [BapT Ue wrloj o} saeadde 9]-9IpD wealsks
3y} ey} smoys STSA[eUE OTWRUAPOWIIY], ‘POSSNOSIp pue paqlaos
-op aJe elep Sun(nsaa a2y; pue s[re1ap rejuswiaadxs ayl, ‘sisfreue
TewrIay} TeTIUSIIIIIP JO poylawr oy} Aq waisLs ayp ut suorprsodurod
aarjejussaxdaa Jo JorARYSQ [RWISY) Y3 Suransedwr £ pPoUTWIIS}apat
udaq SEY WSS WNTIN{[d}- WNTWped ay} 103 weaderp aseyd ayl,

(1088L-DS 6£0-9£-VJ 30BIIUOD)

(4-6ET-006Z OU ‘OWIN)

*sjoa g1

‘sorqe} g “snyIt ‘rour ‘d gz ‘09 XAV NVDIHOIW Toid jo ~owsy

‘BOTM[NY N pIeused pue uoseW ‘¥ preuod £q WAI¥NTTIAL

-INAINAVD WHLSAS AYVNIG FHL 404 WVHDVIA ISVHJL IHL
J0qJY uuy ‘ueSTyoT Jo ‘N ‘Se1I0jRJIOqRT UnY MOTTIM

WINPUEJIOWaW PITJISSE[oun

¥/v axd av

(1040) ‘uorinyos jo Adreyius JejowWr

Tennaed o8uel e pue uonnios jo Ldoajus yejow renpged Ssooxs afaey
AoA1IETaI © SBY pUB UOTINTOS AIBIUBWIS[S UE ST 9LPD-PD Waishs
oyl -row wid/Ted Q0L ‘0T 29 O} PIYBWIISS ST SLPD JO UOISNJ JO 3By
jueel 9YJ, uONN[OS Teapl ue wJoy 0} saeadde 51-91pD we}sks
Y3 1By} Smoys sisL[eue OTUTRUAPOWISY], ‘PISSNOSIp pue paqrios
-9p oJe elEp SUNNSaJ Sy} pue STreldp Tejuswizadxa aylL -stsdreus
TewIay} TRIIUSISIIIP Jo poyrow ays £q wesks ay3 ur suorisodwod
sajEIUSSaadaa jo JoTaRyaq TewrIay} 3y} Furanseswr £q PauUTUIIS}opaT
u9aq SBY UI9}SAS WNIJIN[{2}-WRIWPED ay; 403 ureaderp aseud ayfg,

(10884-0S 6£0-9€-Vd 10vUOD)

(9-6€T1-006¢ ‘OU "OWIN)

*sjda g1

‘sorqe} g snyrl ‘rout *d gz 09 1dv NVOIHOIW Toid jo ‘owap

“OMINY ‘N PIeuUJSd pue uosey ‘Y preuod 49 WAIYATTAL

~INATINAVD WHLSAS AYVNIE HHL Y04 WVYDVIA ASVHJ THL
20Qay UUY ‘UueSTYOII JO 'l ‘SITJI0JBJIOqeTT URY MOITIM

WNPUBJIOWSW PATJISSEIOUN

v/v "ax@ av

QETAISSVIONN

£ousfy UOTIBRUIIONUT [EOTULDR],

S9DTAJIS PAWIY

1088L-08

6£0-9¢-VQ 1083U0)

sdrop reudis Away ‘g ‘n

"IN paEULSg ‘THOTMINY

‘*yg preuod ‘uoseAl
uoTyepUNO g

90USTOS TeUOTIEN OTILL

NVOIHDIN 108f0ad  *dT3LL
stsreuUe [RWJIAYT,

— BpTaN({a} WNIWpeD
serpaadoad TedTWRYD

~— $J010NPUODTWSS
sanpaadoad
otrureupowraay,y,

— SJ0}0oNPUOSTWSS

QATAISSVIDNN

QATAISSVIONN

£ousBy UOTIBRULIOU] [BOTUYDS],

SIOTAIDS PIWIY

1088L-D8

6€0-9€-V( 10EUOYH

sdaop 1euds Autay ‘g ‘n

‘N pIeuIed ‘THOTMIN]

‘g preuoq ‘uoseN
UoTIBPUNO g

20USTO§ TRUOTIEN (STILL

NVOIHDIN 308foxd o1l
s1sATeue TewWIIay],

— 8plIn(a} WNIWpED
sanpaadoad feotwayd

—— §J0}ONPUOOTUISS
sarjaadoad
oTureudpowraay,],

— SJ0301pPUOOTWIAS

QIIAISSVIONA

(1940) “uomyntos jo Adreyyus Jefoux

Tenzaed a8ae] e pue uonnios jo Adoajus Jejow reryaed ssaoxs afaer
A{oAT7R[24 ® SBY puB UOTINTOS AJIeIUDWS[S Ue ST 9J,pPD-pPD WosLs
oyl ‘row wi3/Teo Q0L ‘0T 29 0} PIFBUWITISD ST BLPD JO UOTSN) JO JERY
jusjel Yy, ‘uUONIN[OS [eSpT Ue wiioj o} saeadde 81-91pD wWalsLs
3y} yey} smoys s1sleur OTweUlpowIay] ‘pPosSSnISIp pue paglids
-op aJe vyep Jun(nsaJd oy} pue S[reap Tejuswisadxa ayJ °sisdreue
TRWLISY} TETIUSIDIITP JO poyjow ay; £q waisds ayy ur suopisodwod
osApRIUSSsaadaa JO JOTARYSQ [RULISY) 3y} Suransesw £q paulllis}epal
u9aq SeY WSS WMIINn{ra}~wnrwped ay; oy ureaderp aseyd aylL

(1088L-0S 6£0-9£-VQ 3021U0D)

(g-6£T-0062 "OU "OWS])

*sisa g1

‘sarqe} g *snITt ‘Tour d gz "09 4dv  NVDIHOIN foid jo ~owa i

‘POIANY ‘W preused pue uosell ‘Y Preucd £q WATYATIAL

~WNINAVO WELSAS A¥VNI ZHL Y04 WVHEDVIQ ESVHJ THL
J0qJay uuy ‘ueSTydIN JOo ‘1 ‘S9TI0BJIOqET UNY MOI[IM

WNPURIOWSUW PITJISSEIOUN

¥/v a1 av

(1240) ‘uorynios jo £dreyius Jerowr

Tenpaed aduer & pue uonnios jo Adoxjua Jerowr Tenraed sseoxs afael
A19ATIBI2 ® SEY pUB UOTINTOS AJBjUdWa[d Ue ST 3L pD-PD waishs
oyl ‘Tow wi3/Ted Q0L ‘0T 3¢ O} PSIEWIIS® ST ALPD JO UOTSNY JO JBay
juajel 9YJL UOTIN[OS [EapT We w10} 0} saeadde 91-91pD wosks
2y} ey} SMoys SISA[EUER OTWEUAPOWL.IdY], ‘PoaSSNOSIp pu® paqlaos
-ap aJe ®IEP SUnNsSad oy} pue S[re}dp Teiuswraadxa sy ‘stsdreue
TRULIaY} [BIFUSISIIIP JO poyzdwt oy} £q walsLs ayy ur suorrsoduwrod
sArjejuesaadad Jo JoTABYSq TEWILY) Y) Juranseaws £q pauUTWIa}apaL
ueaq SeYy WelsAS WNTJIN([9}-WnIWped 3y} 403 weaderp aseud ayl

(10884-DS 6£0-9£-V A 10BIUCD)

(d4-6£T-0062 'OU "OWBIA)

'syaa g1

‘sorqe: g ‘sumt rout ‘d gz 09 4dV NV OIHDIN foad jo "owsiN

"BOIAINY IV pIeuseq pue UOSEW Y PIEUOd 49 NAIHATTHL

~IWAINAVD WALSXS AYVNIE THL 04 WYUDVIQ HSVHJI HHL
JO0qJay uuy ‘ueSYoI Jo ‘| ‘saliojegoqe] uny MOTIIM

WNPURIOWSUWI PITFISSBIOUL

¥/% a1 av



QEIAISSV'IONA

onoag
uopntog

uorsng

yeay juaje]

sisTeue TRULIAY} [RTURISINIA
JOTARYSq] [ewIIay],
WNTIN[[9} - WINTWIPE D)

urexderp aseyd

SINEH LINN
QITAISSVIONN

AEIAISSVIONN

onoang
uoTynyog

uorsng

1esy jusie]

sisd{eue [ewIay) TETIULIDITC
JOYARYSQ TEWIDYT,
WNTIN{TO} - WNTWPED)

urexdeip aseyd

SIWHHLINO
QEIAISSVTONA

*passnosIp ST sxojedrisoaur

J9U}0 JO Jey} STA-¢-STA NJIOM STY} JO LIpI{eA SYL *WIMTJIN[9} UOTIOIF
-WOY® 6 0 INOQE PUE WNTINT[3} UOT}OBII-WOIE g (T SEB PIUTWI}ap
us9q vary suonrsodwiod o1309)Nd Yy, ‘oanyesaduia JO J0U Ing ‘suon
-1soduroo jo suomjouny wopuadepur aae sanjITenb Jefow Tenaed asayl,

av

*pessnosIp ST saojedrpsaaur

I9Y30 JO 3Ry} SIA-EB-STA JIOM STU} JO K3IpITes oYL ‘WNIJN[[S} UOTIOERJ]
-WOJE §6 "0 }NOGE PUE WALIN[} UOTIORAI-TWOIE g (T ST PIUTWISIIP
u29q 24BY SUORTSOdWIOD O1309Na YL, “oanjesodwis) JO 10U INq ‘SUOT}
-1sodwod jo suonouny Wmapuadapur axe sanIrenb Jerow Tenaed ssoyl

av

QIIIISSVIONN

o13o9INg

uonNIog

uorsng

yeay juere

s1sATeue TeWIay} [eTIUSIRIIICL
JOTARYS] [RWISY],
TMTINTS} - WINTWpPE )

ureaderp aseyd

SWYILINO
QEIAISSVTONN

AQATAISSVIONN

oypo9Ing
uonniog

uorsng

jesy jusjeT

s1sd{eue [BULIDY) [BTIURISIIA
JOTARYS] [BWJIAYT,
WINTINTTS) ~ WNTWPR D)

urexderp aseyy

SIWHELINN
QEIAISSVIONA

*pasSSNOSIp ST sIojedpsaaur

3130 JO 1By} STA-B-STA IOM STU3 JO A1IPTIeA YL “WNTIN{[9} UOTIORIF
-WO}e §6 "0 MOYE PUe WNIIN[[d} UOTIORII-WOYE g_(T SE PAUTULISLOP
ud9q aaey suonIsodwIod D[S YL -aanjeaaduwlal Jo j0U jnq ‘suon
-1sodwod jo suorjouny uapuadapur axe ssryifenb Jerow peryaed asayg,

av

*PasSNOSTp ST Sxojednsaaur

JI9Y310 JO 1Ry} STA-B-STA JIOM STU} JO AJIPITRA YL *WNIJN([3} UORORJy
-wole 66 °0 INOqE PUE WNTIN[[2} UOTIORII-UWOIE g 0T SB POUTULISISP
usaq 2A®Y SUOIIISOdWIOD O1303INd BYL ‘2anjesadwrd) JO 30U JNg ‘SUOT}
-1sodwoo jo suonouny juspusadepur aJe saniTenb Jerow Terpaed asaylL

av



AATAISSVTONA

£ousdy uoryeULIONUl [EOTUYDA],

SODTAIIS PaWIY

1088L-08

6£0-98-V{ 10BIUOD

sdaop reudis Lway ‘s ‘N

‘W pIeuISg ‘IHOIMINY

‘*yg preuoq ‘uosep
uotyepunod

20ULTOS [BUOTIBN  OTILL

NVOIHDII 300f0ad 831l
s1s{Teue Tewray],

——9pLIN([d} WNIWped
serjzadoxd Tesctway)

— SJ0}0NPUODIWSS
sanjaadoad
Srureufpouwrasay,L,

~— §.1030NpUOOTWAS

AATIISSVIDNN

QATAISSVTONN

£ouady uotyewWIOUT [EOTUYDI T,

SODTAISS PIWIY

1088L-D8

6£0-9£-Vd }OBIIUOD

sdaop reudig Autay ‘g ‘N

‘I pIEUIDE ‘THOIMINY]

‘*yg preuoq ‘uose|N
uonepunog

20USTOG TRUOTIEN OTITL

NVOIHOIIW 103foag amlL
stsfTeue [ewIIayL

—- 9pIINT[a} WnTWpeD
sanaadoad Testwiayd

— SJ1030NPUCOTWS
sanjaadoad
oTUreufpowrasyy,

— SJ010NpUODTWAS

QHIAISSVIONN

(1240) ‘uorynros jo Adreyjus Jejouwr

Tenpaed a3ae] ® pue uonnros Jjo Adoxjus serow reryaed sssoxa afaey
AT2ATIRISI B SBY puUR UOTIN[OS AIRIUSUWII[d UR ST 3LPD-PD WasAs
oyl ‘rowr wid/Ted (0L ‘0T 29 O} PSIBWIIS3 ST SLPD JO UOISA] JO jeay
juajer 9y UOTIN[OS Teapl ue wxoj o} saeadde a]-aFpD Wajsks
ay3 ey} SMOYs sTsATeur Srweulpowaay), "PISSNOSIP PUE PIqLIos
-9p aae erep Surinsad ayi pue s{leladp [ejuswiJIadxa ayy -sisdreue
TeWIsY} [BIUSIDJIP JO poyrew 3y} £q wraysAs ay; ur suorrsodwrod
aAryeIussaxdad Jo JorARYSq Teway) ay; Suranseswr £q pauIuIIalapag
uaaq sey we}ss wnraniie}-wniwped ay} 1oy urexferp aseyd ayJ,

(1088L-DS 6£0-9€-VQ 308NUOD)

(¥-6£1-0062 "OU "OUWRN)

‘syaa g1

‘serqey g "saqt ‘rout d gg ‘09 xdvV NVOIHOIW Toad jo “ows|y

‘THOTMINY] W paruIed pue UOSE ‘Y preuod 4 WNIYNTIHL

-INNINAVYD WELSAS AYVNIE HHL Y404 WVIDVIA HSVHd JHL
JO0qUY uuy ‘uelmyorjy Jo ‘N ‘Sataojegoqe] uny MOTTIM

WNPUEIOWSUE PATFISSEIOUN

¥/v ma av

(1240) ‘uopnyos jo £dreyiua Jejowx

Tenyaed 98ael e pue uonnros jo Adosjus Jerowr Terided sseoxa afaey
AJoA178[9J B Sey pue uoOTN[os AIejUdWD]d UE ST 9L pD-PD Walshs
eyl ‘rowr wid/Ted O0L ‘0T 2q O} PRREWNSS ST SLPD JO UOISNF JO yeay
juaje] 2YJ ‘UOTINIOS Teopl Ue wio] 0} saeadde a1-a1pD walsks
Y3 ey} SMOYS STSATeur OIWeUAPOWJaY], ‘PISSNOSIP puUe pPaqrios
-9p aJe 'yep Sunnsal ayj; pue s[Teisp (ejuswirdadxad ayy “sisAreue
TEWJIaY} TBTIUSIIIIIP JO poyraw oy} £q waysds ay; ur suonyisodwod
24Ty U SaIdad JO JOTARYSQ [€WIay} Ay} Juransesw £q pauTWIa}apat
usaq SeY WaISAs Wnran[[e}-wniwpes ayy Jo3 wreaderp aseyd ay,

(10882-D8 6£0-9€-V{ 12811U0D)

(4-6£1-0062 ‘Ou "OWAN)

*sjox g1

‘satqe; g snir rour *d gz 09 1dV "NVOIHDIN foad jo ‘owapl

‘O[N] N pIreuasd pue UOSE ¥ preuod 44 NAIYNTIHAL

~NAIAQVD WELSAS AYVNIE THL Y04 WVHOVIA ESVHd HHL
J0quy uuy ‘uedIyorN Jo ‘N ‘SarIojedoqeT] uny MOTTIM

/¥ atq av

WNPUEJOIA W PATFISSBIOUN

QEIFISSVIONA

Aous8y UOTIEWJIOFUI [BOTUYDD,T,

S3OTAIOS PRWLY

1088L-08

6£0-9¢-VQ 10BIU0D

sdaop reudis Away ‘g ‘N

‘N PIeuIeg ‘THOTMINTY

‘y preuod ‘uosen
uoryepunog

2DUSTOG [RUOTIEN  ‘OTILL

NVDIHOIN 309foad  :amiy
STSATeue Teuwrxayy,

—— 3PLIN{[9} WNIWPED
senjaadoad [eoTWLBYD

— SJI0}ONPUCDTWSS
sanpaadoad
STUreULpOWIBY J,

—— $.10]0NPUOOTWISS

QHEIAISSVIDONND

AEIAISSVIONA

£ousfy uorIRWIOIU] TEDTUYDD,

S3DTAJSG pAULIY

1088L-DS

6€£0-9¢-Vd 10BIIUOD

sdaop reudrs Lway ‘s ‘n

‘N preusad ‘THOIAINI]

‘ *y preuoq ‘uose
UOTIEpUNO

20Ua10g TEUOTIEN ‘OTILL

NVDIHOIN 308load  :amiIL
stsdTeue [BWIIaY]

— 3p1an(la} wniwped
sonjaadoad TeoTWIBYD

— §J0}0NPUOOTWIDG
sanzaadoad
STUreuApowJaay],

— SJ030NPUOOTWAS

QATAISSVIDONAN

(12.40) ‘uonynios jo Ldreyius Jerowr

Tenaed aael e pue uonnios jo Ldosjus gefow yerjaed ssaoxa adael
AT9A11RT2a B SeY pue uOHN[os LJBJUIUIST UB ST 3LPD-pD WoIsLs
syl ‘Tow wid/Ted Q0L ‘0T 29 0} PAYEWIIISS ST LPD JO UOISNY Jo jeay
Juajel @Y ‘UOIIN[OS [eapT ue wriol o} saeadde 91,-3],pD Wolsks
9y} jey} SMoys STsATeue OTWERULPOW.ISY], ‘PISSNOSIP pue paqrios
-ap aae ejEp SUI}NSaI By} pue S[Ie}ap Teluswiaadxs ayy, ‘sisdreue
TRWIaY} [EUSISIIIP JO poyrawr oy} Aq walsLs ay; ur suonrsoduod
sAnyejURSsaadad JOo JOTARYRQ [BUWILAY} oY) Suransesaw £q pauTwILe}apad
usaq Sey wWa}SAs WNTIN[{a}-wnrwped oy} Jof urexderp aseyd ayg,

(10884-08 6£0-9¢~VQ 30BHIUOD)

(4-6€T7-006¢ ‘OuU ‘OWAN)

"sjea g1

‘sofqel g "snyt tour 'd gz ‘09 4dV ‘NVOIHDIN foid jo ‘owdW

‘T{OTMINY ‘N pIEUIed pue uosel Y prevod 49 WNI¥ATIHAL

-~INNINAVD WHLSAS AYVNIG HHL 904 WVYDVIA ASVHd EHL
J04JaV uuy ‘ueStyolN jo ‘[l ‘SSTJIO0IRIOqET] UNY MOTTIM

WNPUBIOWSW PIIFISSRIOUN

¥/% "a1a av

(1840) ‘uorintos jo Adieyjyue xerour

Tenraed o8aer e pue uoninios jo Adosjus sefowr [enyaed ssaoxs afaer
A19A13RTOI B SBY PUE UOTINOS AJBJUSWA[D UB ST 3L PD-po) Wass
oyl ‘fow wid/1ed 0L ‘0T 99 O} PAYBUNIISd ST LPD JO UOTSNY JO jesy
Ju9jel Y], ‘UOIIN[OS [eapT ue wrioy o) saeadde oI -] pD Wolsks
2y} JeYy} SMOYS SISATEUER OTUIRUAPOWIay], ‘PISSNOSIp pue paqrios
-ap oae eyep Surnsad oy} pue s[rejap rejuswtasdxe sy, ‘sisdreue
TewJaay} TBT}USISIITP JO poylaw oy} Aq waisLs ayy ur suonisodwod
aATRIURSaadal JO JoTABYaQ TeWadY)} Y} Suranseaw £q paurwaaapad
us9q SBY WISAS WNTIN([O}~WNIWped ay} oy ureaderp aseyd ayg

(1088L-D8 6£0-9£-Vd 10813U0D)

(4-65T-006g 'OU "OWIIN)

*sjad g1

‘satqe; g ‘snift pour d gz ‘09 AdV NVOIHDIW foid jo ~owroly

TOTMINY ‘N pJeuted pue uosel] Y preuod 44 WNI¥ATIAL

-IWAINAYD WELSAS AYVNIE FHL 9O0Jd WVYDVIA ISVHI THL
J0qay uuy .EMMMSUHE o n .mQMhOwNMODNJ uny morItm

¥/% "a1Q av

WNPUBIOWS W PITFISSBIOUN



sTsATeue TewWJIay} [RTIUSISIFI

TIATIISSYIONN

QUIdISSVIONA

syosng
uonniog
uorsng

jeay justeT
sIsATele TRULIdY)} [EULIDIIQ

JI0TABYDY [RWIJISYL,

WMTINT[9] - WNIWPED

urexSelp aseyd
SINYILINO

AITAISSVTONA

QIIIISSVIONA

onoeng
uorinrog
uorsng
189y Jusiey

JOTARYq [RUIISYT,

WNTINT[S}- WNTWpe D

wrealeIp aseyd
SWYHLINN

*paSSNOSIp ST Saojesiisoaur
J9Y30 JO Jey} SIA--STA IOM STU} JO £3IPITeA YL “WMIANT[S} UOTOBIY

~WO}E §6 *0 INOQE PUB WNTINT[3} UOTIORI-WOIE o QT SE PIUTULISIP
u33q 9a'Y SUOTIIsodurod 21309IND YT,

*aanteJaduwra)l JO 10U Inq ‘SUOT)
-tsodwoo Jo suoriouny juepusdepul aae sanirenb xerow reraed ssayy,

av

‘passnoOSIp s1 saojeSiysaaur
JI9Y30 JO Jey} STA-T-STA MJIOM STU} JO AJIPI[eA Y], “WINTJINI[S} UOIOBIF

-WOlE §6 ‘0 HOQE PUT WNIIN([S} UOTIOBIJ~UIOIE o 0T ST PIUTWI}P
U399 9ABY SUOTISOdUIOD DTIOIINS BYT,

*aanjexadwral Jo j0U jnq ‘SuUOT
~1sodwroo Jo suorjouny juapusdspur aae sapirenb Jerowr teryaed assyl,

av

stsA{eus Tewday) TeTIURISIIIA

AETAISSVTONA

QEIAISSVIONA

oyosng
uopnrog
uorsng
jeaY juageT
s1sA[RUE [RULIAY) [RT}UaIaIIC

J07ABYSq [BUIIYJ,

WNTINTIO}- WNTWPED

urexdeip aseyd
SWYHLINO

AATAISSVTONA

QATIISSVTONN

onosng
uonniog
uorsng
yeay jusyeT

JorARYDq TeWIRY],

WNTIN][D~ WNTWPE D)

urea8elp oseyd
SIWHALINA

*passnosIp s1 sxoredrsaaur
JI3Y30 JO JeYy} STA-B-STA {IOM STU} JO A3TPITRA SYL “WMIJIN{[S} UOTIORIF
-WO}e 66 "0 INOGE PUE WNTIN([9} UOTIOBIF-UWOIE g_(T SE PIUTULIINIP
usaq aaey suorjrsodwod 013099 By,

I9U30 JO 18U} STA-B-STA JJOM STY} JO A1IPITEA 9YT,

raanjesadwa) jo j0u g ‘suony
-1sodwoo jo suomnouny mepuadopur aae sanjifenb Jerow (ensed asayg

av

*passnosIp ST saojedrisaaur

‘WINTINTS) UOTIORIY
-woje 66 °0 INOGE PUE WINTJIAT[S] UOI}OBI-WOIE o O] ST PIUTULIS}SP
u2a( daey SuoTIISoduwon DTI0VNS YL

*aanjexsdurd) JO J0U jng SUOTY
~-1sodwod jo suonouny juspuadapul dJe sarpITenb sejow reraed asayg,

av



