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PURPOSE OF THE INVESTIGATION:

To the ceramic industry, color hag long been one of
its ehief problems, not only in reproducing colors im the
many ocomplex silicate struetures but in the development of
steinsg that are stable at high temperatures and that are
eoenamiealiy'reasibla for mass production. XAt the present
time a stable high temperature red or yellow would be very
desirable.

Solid solution has been employed in ceramics to modify
and thereby provide ectamie materials of d4ifferent Physical
cheracteristics. The limited date avallable with.raspéet
$0 such solid solafion serves to indicate that psrhaps
this state may serve as am importent means of modifying
the characteristic color of the trsmsition element oxides.
Any modifications that can be shown to exist will be
importent academically, if not commercially.

REVIEW OF LITERATURE:

There is little in the literature that gives much
1ight upon the development of colors as a result of solid
solution. Certein of the two component systems have been
stuiled in the treamd of the phase rule from pure sclentifie
points of view, that is, with reference to the nature
of the melt and the erystelline portions present at

various temperatures and percent compositions.



(1)

and

(3)

Hedvell has studled the systems of Co0-Mgo,
mgo-—ﬁio,(a) and Passerini has made similar studies;
however, in both cases these imestigator& were interested
cnly in the crystal structure snd the determination of
- the lattice constants. No mentlon has been made of the
color of the resulting solid solution or any prectical
spplication of the systems.

A further literature review of color characteristics

end meesuremsnts, as well as certain eriteria for solld

solution will be included in the introduction.

INTRODUCTION:

(4)

The term "color" 1s used in three different senaes,
To the chemist, & color is simply a meterial such as
a dyestaff. To the physiclists, "ecolor" is practically
synonymous with light, and both are deseribed in objective
terms by the spectral distribution of energy of the radiation
in guestion. To the psychologist, the term "color" denotes
the subjective sensation produced in the brain of a human
observer and is considered a result of a physical stimulus.

All of these meanlings for color meke sense to those who

(1) Hedvell, Zeitsch. Anorg. Chem., 1914, p. 296
(2) Hedvall, Zeitseh. inorg. Chem., 1918, Vol. 103, p. 249
(3) Pascerini, Gees. Chem. Italia, Vol. 59, 1929, p. 144.

(4) Hardy and Perrine, Primeiples of Opties, p. 2906, MeGrew
Eill Book Compeny




use them and there 1s a good deel of sense to all of them.
Naturszlly, in the 'specification and zveluation of the
appesrance of certain materials it wnuld be desirable tc
be able to take sowe ons mecning for the term “eolor™ but
g1l three definitlions of ¢olor sre so fimly embedded in
our language that there is little hope of achleving =
uniforrm usege for the term "color”, however desirable it
night be from the standpoint of avoiding econfusion. 1In
view of this fact Dr. Desne B, Judd of the National
Bureau of Stenderds has suggested peychologlieal and
sclentific definitions of color.(s) As 8 psychologlcel
definition Judd propomses that "ecolor is that aspect of
the appearance of objects and lights which depend upon
the spectral composition of the radiant energy reachling
the retine of the eye eand upon itgﬂfempcral and spatial
distribution therson". 4is a sciégkffio definition he
proposes that "color is that aspect of the appearsnce -
of light whieh depends upon its spectral composition®,
Color by this latter definition mey be evalueted by physical
measurements in reletion to some reference masterisl, and
it is with this type of color measurements that this
investigation 1&g concerned.

The visuel stimwlation that results when e material is

(6)
lecoked upor is dependent upon the source of illuminetion.

(5) A.S.7.M. Symposium on Coloxr, Deane B. Judd, p. 1, 194l

(6) A. ¢. Hardy, Handbook of Coleorimetry, Tech. Press,
Cambridge, lMess,
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Hence, 1if a surface is illuminated by light of substantially
a single wave length, it will reflect only light of this wave
length.

Since daylight consists of a mixture of all the com-
ponents of the spectrum ln nearly equal proportions an
extensive lnvestigation as to the distribution of energy
in the spectrum of daylight has been cerried on over long
per iods of time. These investigations consisted of dls-
persing the light into a spectrum by means of 4a prism end
then isolating each spectral region and determining the
smount of energy present in sach region from the reading
of a: gensi tive temperature measuring device., As s result
of this work a filter has been prepared which when used
with & tungsten lamp operated at the right temperature
provides a source thet 1s a close approximastion to aeverage
daylight. This source has been adopted as an intermational
standerd of illumination to be used for the purposes of
colorimetry except when spesolal ceses reguire other sources.
The standard is known as I.C.I. Illuminant C. Two other
standerds have also been adopted and are deslgnated as
Illuminant A end Illuminent B. The former represents s
source having an energy distribution similar to that of a
gas filled tungsten lemp; the latter is an approximate |
representation of a mean noon sunlight.

From the standpoint of aotual physical messurements

the most important problem is the interpretation of



(7) |
gspectrophotometric data. The young-Helmoliz theory

provides a satisfsctory solution. PFounded on experimental

data, this theory says that any color stimulus can be

matched visuslly by & mixture of the proper smounts of

three arbitrarily chosen stimuli, whioh are ¢slled primeries.

The unknown color can then be specified by three letters,

x, ¥, end 2. These are known as the tristimulus velues,

end each represents the amount of one of the primary stimull.

The tristimulus values that were sdopted by the International

Commission on Illumination in 1931 for the varioue spectrum

colors are indicated graphically in figure 1. Here the

values X, ¥y, =méd z indicate the smount of each of the

I.C.I. primaries that is required to color match & unit

guantity of radiant energy of the various wave lengtihs.
Another method of color expression is that of tri-

ehromati ¢ coefficients whiech are derived from the tristimulus

velues and are caloulated as {ollows:

X ¥ - 2
X=s>= = =1 y: ———amrerrm ? 8 T mrmemm——
X+ §y+ 2 X+ Y+ 2 X+ ¥+ 2

where x, y, & are the trichromatiec cecefflioients, X, ¥,
Z are the tristimulus values. } | |

It can be seen that x, y, end z are the percentages
of esch of the pzimnriestthat must be added in order
to color matoh a particular guantity of radiant energy.

Thus, X + ¥ + z = 1 and to exprese a particular color only

(7) Hardy and Perrime, Prineiples of Opties, p. 298,
MeGraw Hill
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two of the three values need be given.

when & color difference exists between two w lors
the tristimulus velues & not readlly show this difference,
whereas the trichromatic coeffioients‘ immediately bring
this fact forward. The tristimulus values, however, do
indicate directly the valus of the relative brighﬁnesa.

The I.C.I. primaries were gso chosen that the ¥ value
on & gscele whioch represents an absolute black body by zero
end s perfect white body by 100 will be the relative bright-
ness. Thus, instead of using the tristimulus method of
eolor specifiecation, more informetion is suppllied if a
color is specified in terms of y, x, and y.

In a graphical representation the tristimulus values
would require a three dimensional coordinate system,
whereas the trichromatic ccefficients can be plotted 1n
the conventional manner, and the plot is ¢salled a
chromaticity diagrem. From a chromaticity dlsgram the
dominsnt wave lemngth of a particuler color can be determined
by extending a line through the coordinates of the measured
sample and the illumimnant point out to the spectrum peoint.
£ numerical specification of purity of the sample csn also
be ocbtained by merely determining on the chromaticity diegram
the relative distances of the sample point and the corres-
ponding spectrum point from the illuminsnt point. Figure 2
shows a chrometicity disgram for Illuminent 4.

« A oolor speelfication in terms of brightness ¥y, tri-

chromati ¢ coefficient x, y, end z, dominant wave length






and purlity is definitely described in ob jective terms by
the spectral distribution of energy of the illumination

belng used.

S0LID SOLUTICON:

The esrly work on squilibrium diazgrams hed nade it
clear that in meny systems the first addition of one
component to another did not produce &« new phase but
resulted in the formamtlon of & homogeneous system which
. was regerded as & solld soluticon of one ecomponent in the
gsscond. These solid solutions which form the end phases
in equilibrium dlsgrsms are called primary solid solutions
snd x~ray investigatlions have shown that primary solid
solutions have the same erystal structure as the parent
material.(S) |

The s01id solution formed is of two types, that of
substitutional s0lid solutlion, in which the solute atoms
replace those of the solvent and, ag a result, the two
types of stonms are situated on a common lattice. The
sscond type is thet of interstitisl solid solution. Here
the solute atoms Tit into the spaces betwsen those of the
solvent.

The criteria for the existence of solid solution
are as follows:

1. Atomie 8ize Factor - Since it has been pointed
out that a distortion in the lattise tekes place, it is

(8) Hume-Rothery, The Structure of Metals and Alloys,
Institute of Metels, Monmogreph, snd Report Series #I




10

only netural to asaume there should be some connection
between the atomic diemeters of the itwo components and
their tendency to form solid solutioms. From experimentel
evidence, FMume~Rothery, Vebbot, and 2hann@1~Evans,{9)glO)

have postulated that when the atomic dlawmeters of the solute
ené solvent ¢iffer by more than 14~154% of that of the solvent,
the size fector is unfevorasble and the solid solution, if any,
is apt o be very restriocted. If the slizes are within these
limits, the size facitor is fevorable, snd the nesrer the
sizes, the nmore favorable are the eonditions for solid
solution forwstious.

So0lid solutions are not always formed when the size
factors are favoreble, therefore, it is only & preliminary
test to indlcate whether two materiels are likely to form
s0lid solutions.

2, CLrystal Structure - It is not absolutely necessary

for the two components to be of the same cerystal type to
form & s0lid soluticn, however, if the c¢rystel structure

of the components are different & continuous scllid solution
is not likely %o result. Instead only a limited amount
will be obtalined depending on which of the two components
acts as the solvent.

3. Ilectro-negative Valency Effect - In genersul,

{(8) Channel-Evens, Crystal Chem., p. 144, Cembridge
Press

(10 )Hume~-Rothery, Mabbot, snd Channel-EZvens, Phil. Trans.
Roy. Soc., 1934, {A), 238, 1. ,
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the more clsctro-negetive the solute materisl ond the
more elegtro-posi tive the solvent neterial {or viece versa)
the grester ig the tendency for the formation of stable
intermediate compounds, whieh woulé in turn decresze the
chances of snlid solutlon formetlon.

4. The Relative Veleney Effect - It has been

experimentally noted by Bernsl znd other investigetors
that sn element of lower wvalenoy wlll generslliy dissolve
more of one of higher velency than vice verse,

These frur factors are all reletive and there are
excaptions to eaeh of theun, and even though most of the
exper imental work and lliltersture references refer to metallic
alloys the reasoning can well be applied to systems sueh
as are being used ig this investlgatlion. Since thers nmust
be an initial starting point these fectors help ccneidersbly
in that ysspect.

4 solution must consist of more than one component
but must be in & single phase. When the solute is & solid,
it becomes 2 problem to determine whether or not there
is only on2 phase present. The best method of attack is
that of x~ray diffrection, provided 1t is erystalline solids
with whieh we are desaling. If & second phese is present
in considerable amount, twe different x-ray patterns will be
simultanecusly ebtained, superimposed on each other. If
no second phase cen be found, It may tentatively be
agssumed thet the two original components are in soluti&n,

In such & case the x-ray pattern will resemble thet of



12

the sclute materisl except that the latilcee parameter

will be somewhat altered. The higher the concentration

of the solute In the solvent the greater will be the change
in the lattice parameter.

When it has once been establlished that the two
component systems have only a single phase so that it may
be elassified as 2 s0lid solution, it remains to determine
whether the molecules (atoms or ions) of the solute lie
between the molecules (atoms or ions) of the solvent or
whether they replace them in the lattice. This msy be
done by comparing the density of the solid solution deter-
mined by ordinary physicel mesns, with the denslity calculated
by meens of the lattice parameter of the solid solution,

(11)
If the =0lid solution is interstitiel,

n n M, -84
pe—1 " "M xi1.649 x10

v

where:

n, = number of molecules {or atoms) of solvent in
the unit of structure of the pure solvent.

By = number of molecules (or atoms) of the solute
materiel in the unit strueture caleulated from
the concentration of the solid solution,

¥, = molecular weight of the solvent,

My = molecular welght of the solute.

¥ = wolume of the unit cell of the solld solution.

(11) W. P. Davey, 3tudy of Crystal Struetures and Its
Applicetion, Ch XVIII, MoGraw Hill.




If the solid solution is substitutional,
n x 1.849 x 107 %%

D=
%» + b}V

(%1 Hp)

where:

a8 = weight fraction of the solute.

b = weight fraction of the solvent.
n = number of atoms in the unit cell.
v

= vwvolume of the unit eell.

COLOR A3 2 RESULT OF CRYSTAL STRUCTURE:

As has been mentioned, from s physical standpoint
the word color is used to refer to the property of
preferential absorption of light of one or more wave
lengths in the visible spectrum. Of course, thls is
only arbitrary, since absorption ocutside the visible
spectrum is egually important.(la)

The sbsoarption of light including preferential
absorption of particular wave lengths whiech give rise to

color 1s due to electronic transitions within the stoms.

It hes been noted by Hume~Rothery that lons with one

13

incomplete shell give no absorption In the visible spectrum

end are colorless. Those with two inoomplete shells (the

transition elements) are the most highly colored and those

with three incomplete elaetron'shells, generslly the rare

earth elements, give absorption bands, but they are not

in the visible spsctrum. To be able to produce a coclor in

(12) A, ¥. Wells, Struetural Inorgenie Chem., Oxford Press.
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the visgible spectrum an fion must he capable of ankelectronic
transition corresponding %o the absorptiocn of a guanta of
light. |

%hen a particle 1s held in position by definite
constraints, it is capable of vibrating with a definite
freguency, and this freguency is determined by the magni-
tude of the constraints and the mass of the garticle.(lS)
If the constraints are not uniform in a2l1l directions,
there will, in general, be three frequencies of vibration
corresponding to the three constrasints of the different
axis. When the vibretions are in the order of the
frequencies of visible light they cause absorptions which
result in a visible color. Thus, the constrasints along
the axlis controls the frequeney of vibration whieh, in
turn, controls the color. In general, colored substances

have electrons which sre least firmly held.

LABORATORY PROCEDURE:

The initial procedure in the problem was to mske
a literature survey and to classify the transition element
oxidss, rare earth element oxides, snd some refractory
oxides as to their crystal structure and ionic radil of

(14)(15)(18)(17)(18) .
the metallic cation. This clessification

(13) G. N. Lewls, The Atom and the Molecules", J. A. Chem,
Soc., #38, 762, (1916).

{14) Ester Band, Internetionsl Teballen, Vol. 2Q
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was utilized to establish systems in which solid solutions

might possibly be obtalned. Pigure 3 gives a graphical

representation of the size of the metallic cation and

the crystal system of the oxides used in this investigetion.
The proposed method of procedure was to prepsre vaerious

systems in 10 percent by welght intervals end fire them

in an electrie kiln in Iintervals of 100°C from 1000°C to &

temperature sufficient to establish solid sclutien, that

is, within a fesszlble range and 1800°C was arbitrerily

chosen as the maximum limit. X-ray diffraction patterns

were then to be tmken on the semple to determine whether

or not & solid solution was pressnt. Unfortunately, the

forward reflection patterns teken with the $0° rotation

of a North American Phillip X-ray machine was not sensitive

encugh to detect slight shifts in *d" velues; and, &s a

result, a back refiection camera setup had to be employed

to detormine any shift in the lattioe constants. This

proocedure was oconsiderably more tedious than the fore-

mentioned one, 80 the method wes revissd to fire for a

color end then determine if & solid solution was present.

(15) wyeoff, The Structure of Crystals, 2nd Rdition, Chem.
Catalog Co., 1938

(18) Evans, Crystal Chem., Cambridge Press, p. 170 |
(17) 8tillwell, Crystal Chem., MeGrew-Hill Book Company
(18) Handbook of Chem. amd Phys., Chem. Rubber Pub. Co.
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Cohen's least square method of caleulation wes used in
determining the lattice paramster of the s&m@les.(lg)

& co=precipltaetion method of mixing wus considered
end experimented with, but was discarded due to difficulty
in obteining the compound in the desired form at the
correct time, Passerini and Hedvall both hed used &

(20){21)
co-precipitation mixing method; however, they had used
KCH as & precipitating agent, which, in turn, formed XC1l
which weas used as a flux. The third compound was not
desired in thiz investigatlion and, as & result, the oxides
themselves were used to make the samples and they were
mixed mechenically and were formed into small pellets from
a brass mold.

The x-ray data that will be reported for the systems
thet showed no ¢olor will be only that of a representative
sample.

The color data was determined by a General Electric re-
cording spectrophotometer using I.C.I. Illuminant A, (See
figure 4). The tristimulus values were obtained by use of a

(22)
tristimulus integrator, and the trichrometie coefficlents,

{19) M. U. Cohen, Precision Lattice Constants from X-ray
Photographs, Review of 3cientifie Inst., Vol. 6,
Pp. 68-74, {(19385).

{20) Passerini, Gess. Chem. Italia, Vol. 59, 1929, p. 144
{21) Hedvall, Zeltsch. Anorg. Chem., 1914, p, 296
(22) F. W. 8ears, Improved Csloulation for Obtaining Tri-~

stimulus Velues from Spectrophotometric Curves™, Jour.
Opticsl Soc¢. of Ameriocs, Vol. 29, p. 77, (1939)
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dominant wave lengths, purity, and brightness, were
calculated 1n the conventional manner.(gs)

The materials uwsed in this study were all chsemicelly
pure and of the reagent grade with the exception of the
GegOz. This oxide was prepared from pure Ga.‘z.]éiz;m {92.9% pure)
by a method used by the Buresu of Stendards. This
essantially éonsistad of dissolving the G&llinm in aecid
solution of HNOj, Hp80, end HCl, then precipitating the
Ga(OH}3 and igniting to a constant weight., In the prepsration
of the oxide 99.5% of the pure Gelllum was recovered as
the oxide.

DATA:
System NiO-Co0:

The first system prepsred was that of NiO-CoQ because
a continuous solid solution had already been rayorted.(zs)
By knowing that a solid solution was present, it was hoped
that such a solution could be verified by forward reflection
and, too, if any color was developed it could be ianvesti-~
gated, In this ocase the solid solution eould be detected by
a forwerd reflection, since the lattice parameters were

considerably dlfferent (Ni0 1s 4.1717 4i°, Co0 1s 4.24 4°).

(23) 4. C. Herdy, Hemndbeok of Colorimetry, Tachnologioal
Press, Cambridge, Mass.

(24) Lundell and Hoffmen, Bureau of 3tandards, Atomic
deight of Gelllium, RP 838, Jour. of Research National
Bureau of Stenderds, Vol. 15, p. 409, (1938)

(25) Pragserini, Gess. Chem. Italla, Vol. 69, p. 144, (1929)
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Towever, it was felt for more acecurate work, a forwerd
reflection on the Northk ‘imerican Phillip mechine would be used
for identi ficsticn purposes only and then back reflection
wuld be used teo determine the ¢, of the systems, provided
& ecolor wes obtained. Table 1 glves & semuple of the
Co0=NiC system. It will be noted in this case the NiC
is the solvent meterial and Col the solute, end, as 2
result, the "¢" velues of the solld soclution more closely
spproaches thet of NiC.
TABLE 1
80% Ni0 + 20% Col

8 (Cuk_ ) d(exp.) N1o 4 Velues Co0 d Values
39° 247 1.211 1.203 1.227
39° 30 1.263 1.258 1.zl
3° 15 1.48l O 1.47% 1.50
21° 36" ‘2.088 2.08 a1z

18° 36° £.410 2.40  2.4b

Sys tem Tieg - Wo,:

The Ti0p {(rutile) vas prepasred from C.P. Tiog_mm;aae)
by heating to 1200°C end holding for thres hours. | The WOz
wie prepered by hesting tungstic éeia to 1000°C eand m&..ding
for two hours. The oxides, as such, were then weighed and
ssmples processed as given. A continuous solid solution was
not probable with this system, but it was hoped that some
color or color modification would take place and possibly

& partial solid solutlion be found. 1300°C was the maxi mum
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temperature used with this system and m eppreciable

change in color wes noted. Iowever, there was a gradual
gradiation from a brown (90% Ti0,) to = silvery grey

(90% WO.). The semples above 704 0z fluxed down at 1300°C
end it can be zeen from the x-rgy deta in table 2 thet
both materials are definitely present wlth no apparent
erystel structure chenge., The color grediaftion mentlioned

did not seem significant and was, therefore, not measured.

systems Cry0z - VyOps Feglz = Vpla:

The ?203 could not be obtained as suoch and san éttempt

was made to prepare 1t from Vgly. Brlscoe says that

'Vela(gzx; be made from Vacﬁ by mixing with concentrated
HC1. This procedure was attempted and the chls wes
precipltated as V(0H)z with NH4{OH). However, when
the Hﬁ‘cl szl ts were burned off, the V,0z was again
oxidized back to Vy0g.

Semples were then prepersd using the Vp05 as such
end they were fired in & strong reducing atmosphere,
end, as was expected, the Crplz end ihe Fep0y were rﬁ-
duced to Cr0 and Fe( respectively. The Feplz aamp;es
fluxed down around 700°C snd the Crglz samples fluxed
down at about lbﬂo" >« Sinece the melting point of Vaqs,
is comparatively low, 690°C, and thatl of Vp0x .iﬂ 1870°¢C,

it can be sssumed that very little Vaea wag obtelned.

(26) Briscoe, General Chem. for Colleges, Riverside
Press, Cambridge, Mass,




TABLE

2
60% W0, 40% Ti0p

& (Cuk,) d(exp.) Ti0, 4 Values Wog d Values
11° 36° 3.823 - 3.81
12° 12° 5.837 - 3.85
13° 42° 3.245 3.24 -
14° 22¢ 3.105 - $.15
16° 38° £.685 - £.65
17¢ 3¢ 2.6282 - 2.85
18° 3t 2.481 2.49 -
19° 33¢ 2.296 2. 29 -
20° 36! 2.185 2.19 -
22° 00! 2,052 2,05 -
23° 36 1.920 - 1.92
24° 10¢ 1.878 - 1.88 -
26° o' 1.818 - 1.82
26° 421 1.711 - 1.70
27° 7t 1.686 | 1.89 -
27° 54¢ 1.643 - | 1.65
31° 00? 1.492 - 1.49
3L° 18? 1.479 1.48 ~
31° 54 1.455 1,449 -
34° 221 1.362 . 1.389
34° 45° 1.348 1.385 -
38° 15¢ 1.242 1.245 1.24
41° 0 1.172 1.70 1.178

42° 54 1.129 - 1.121
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Systems of 4r0,-Nio; Zri}é-coz}:

Zrop is an oxide of many modifications dependling on the
heat treatment. It is monoclinic from room temperature

0=> 5.37 A®, = 80v32!.

to 1000°C with ag= 5.21, b,z 5.26, o
Abeve 1000°C it is tetragonal with ag= 5.07, Gom 5.16 4°, and
it cen be trigoaal or paeudo-hexagmgl with prolonged heating
et very high toupsratures (1900"6).(&?) Ruff ard Ebert Im ve
reported that with concentrations of Ng0 from 4 to 40 percent
by welght, & cuble solid solution is fmrmaﬁ.(aa) This writer
experimented with Ruff end Zbert's idea, but unfortunately

was not able to completely form one phase. 3Jamyles of ZI‘OE
with 4% and 10% Ng0 were made up and fired to 1400°(. These
vere then investigated with a petrographic nicroscope and by
x-rey di ffraction. ¥rom the mizroscopic anulysis one would
soncluds that there waw only one phase present; owever,

the x-ray showsd two dlstinet pheses, but the Mgl lines wers
shifted somewhat. In view of this fact it wag not expecied to
get a continuous solld solution, but the cystems were iried
hoping that poosivly a color mdification of some sort would
Tesult . The sampies were fired in a gas-oxygen f{wnace 10
1800°C. (This temperature wes chosen due to the refractoriness
of all the oxides). No coler resulted whatsoever. The NiO

samples remaelned intact, but the higher cobalt samples fluxed

(27) Cohn and Tolksdorf, Fomms of ZrOa Depending on the
Heat Treatment, L. Phy. Chem., & (8), pp. 351-56 (1930)

(28) Ruff and Ebert, Ceramic Abstracts, 9 (&), 108, (1930)
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GOWN .

Table $ shows & representutive sample of the
NiO-2r0p system. The "d" values indlcete definitely that
there 1is no sclid solution formed betwsen the 1110 and
Zrﬁa. No gl lines appeared, so it is asssumed that with
this small poroentage it formed &« solid solution with the
Ni¢, but not indieating = slgnifiesnt shift to & how up in
a forward reflection pattern. In eny eveut there was no

color modificotion apparent.

TABLE 3
50% N10 46% 2r0, 4% MgO

® Cuk, Qlexp. ) Ni0 4 Values Z2r0g 4 Velues
39° 371 1.208 1.203 -
37° 36 1.259 1.258 -
31° 22 1.477 1,474 -
29° 54* 1.542 - 1.55
27° 36" - 1.659 -  1.66
85° 00'  1.819 - 1.81
24° 36° 1.846 - - 1.88
21° 40t 2.082  2.08 oy
18° 36T  2.410 . za0 =
15° 45° Cses - o 2.8%

14° 6° 3,155 A 5.19
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System MnO-2r0,:

MnC, having a favorable size fsctor, it was decided
to attempt to make provisions to fire it at high temperatures
in order to keep it from reverting to the ordinary high
temperature form of Mengenese, Mnz04 o

4 small inert atmosphere chamber weas cast in two
pleces from elumine sllp and these were prefired before
being used in & run., Consideresble di fficulty was encountered
in the casting of these pieces, since grinding time, casting
specifie gravity, and percent electrolyte desirable for
deflocculation, had to be experimentally determined. Houth
has done considerable simllar work on alumina cestings and
his casting data 1is based on pH end specific gravity.(ag)
However, at present, he has no data available on the firing
of the castings and this is where the most difficulty was
encountered in the present work. In the final casting slips
that were used for the inert atmosphere chamber tho alumina
wasg first dry ground through 100 mesh and then the bateh was
made up to & specific gravity of 2.3-2.4, and 2% HClL added
as & deflocculent. The pieces were cast and sllowed to alr
dry for 34 days. The dryer was originally used after the
first day, but invarlaebly cracking would occur upon firing.
They were then fired to 1200°C on a 15-18 hour schedule and

allowed to cool very slowly to room temperature. Such

(29) W. E. Houth, Jr., Slip Casting of Aluminum Oxide, PhD
thesis, MIT, Camb., Mass. Reported at 1949 meeting of
A.,C.8. and soon to be puhlishpd in Jour. Amer. Cer. Soc.
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precautions are necessary in solid and thick castings because
the heat shock resistance of alumina is very low., PFigure 5
shows the assembled firing spparetus, figure 7 the modification
used when MnCOz was used to obtain the Mn0O, and figuwe 6 shows
the modification used when ¥MnQ, as such, was used,

Two seperate runs were made. In both cases the tempe rature
was taken to 1300°C. In the first, MnCOz was used as a
source of Mn0 and Nitrogen was used as the inert gas. FHowever,
oxidation occurred due t the seel breeking in the cooling
operation., X-ray data in table 4 indicates clearly the
presence of Mnx0,. No color modificetion occurred and all
the samples were black. Values for the x-ray pattern of
Zirconium Nitrate were also checked. This was a possibility
since oxidation did occur. The data shows that one line

checks very closely; however, this is the only indication.

TABLE 4
40% Mn0 60% Zro, Nitrogen Atmosphere

© Cuk, Qexp. ¥n,0, d Velues ir0g 4 Values
14° &' 3.15 3.11 3.19

18° 44°' 2.84 2.87 2.85

18° 16° 2.74 2.75 -

18° 547 2.36 - 2.34

20° a2t 2.17 - 2.17 (2T(NOg)y)
25° 00* 1.819 - 1.81

27° 18* 1.673 - 1.86

32° 30° 1.431 1.438 1.426
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 Mn0 Modification of Inert Gas Chamber
FIGIRE &



EncOx Modificetion Disessembled

Tnert Ges Chamber, Macu3 Modificatlon
FIGURE 7



29

In the second run two types of samples were meade up,
ons set with MnO (as such) and 2r0;, and a second set with
MRrO-Zr0, end 4 percent ¥gO. In thls run Helium was used as
an inert gass to eliminate the possibility of forming nitrides,
Oxidation also cccurred in this run due to & faulty
chamber. The ssal was good until the maximum temperature
of 1300°C was reached and then apparently the chamber cracked
a8 indleceted by the pressure giving way suddenly. When
this happeimd the ssmples were immedletely drawn, hoping to ecol
them suddenly and possibly get oxidation only on the surfacs.
This was not the case, however, and the samples were all
oxidized and again Mn;0,; formed, resulting in a black color.
Ko difference wes noted in the semples with or without the Ngo.
Teble ©5 gives the x-ray deta of the system fired in the
Helium atmosphere.

Systems NiO~-MgO and CoO-Mg0:

The two aystems that have given positive colors ere
(30)(31)(38)
that of NiO-Mg0 and CoO-Mgo. The s0lid solutions
for these systems have been reported, (see figure 8), but the
color infomation, ags far as can be ascertained, has not
been reported to date.

The N10O-Mg0O system was prepared and fired to 1600°C.

(30) Hedvall, Zeitsch Anorg. Chem., 1914, Vol. 86, p. 298,
1918, Vol. 103, p. B49

(31) Passerini, Gess. Chem. Italia, Vol. 59, 1929, p. 144

(32) H. v. Warenberg and E. Prthet Z. Anorg. u. allgem.
Chem., Vol. 208, p. 379, (1938)




TABIE §
40% Mn0 60% Zrog

Helium Atmosphere

Zrea 4 Values

€& (Cuk ) d(oxp.) ¥n,0, d Velues
14° 7 .18 -
15° 45° 2.84 -
16° 18¢ 2.738 2,75
17° 12¢ - 2.578 2.56
18° 54¢ 2.373 2,56
20° 24! 2,205 -
25° 6t 1,812 -
27° 18 1.676 -
27° 45¢ 1.650 | 1,64
28° 67 1.632 | 1.64

32° 30t 1,430 1,438

3.19
2.865
2.21
1.81
 1.686

1.62
l.428

30
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This high firing temperature was used beceuse the maxi mum
eclor intensity with the low percentages of Ni0 was obtained
in this range, and it was also hoped thst a temperature in
this range would improve the stebllity of the stein as a
colorant.

The Co(~}gl system was fired to 1300°C. Sinecs its
first color appeared around 1100°C, it was also hoped that
the additional 200 degrees would improve its stability, as
well &8 intensify the color.

For the x~ray deata of the samples a flat cassetie, back
reflection type cemere was used and for the celcoulations of
the a, of each of the componentis of the NiO-Ngl system,
unfiltered ?%gger rediation and Cohen's method of calculations
were used. B

For the Col~MgO system, lron radietion was used, but
Cohen's method wes not appliesble becsuse only one doublet
could be obtained on the pattern {(as will be explained
later). As a result, a, of this system had to be caleulated
from the experimentel "4"™ velues and the known radius of
the camersa,

It i known thet the basis for sll precision messurements
is by the use of bsek reflections ar x-rays thaet have been
diffrected through angles of 26 nearly egual to 180°. For

{33) M. U. Cohen, Preoision Lattlce Constants from X-ray
Powder Photogrephs, Review of Scientific Irmstruments,
Vol. 8, pp. 88-74, (1935)
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values of 6 near 90° the values of sin 6 can be csla lated to
a high precision even if the angle € is known only roughly.

Cohen ststes that there are two types of errors,
random and systemstic. The randem errors will average out,
but the systemetlc errors are shrinkege of the film, radius of
the camera, sample displacement, and adsorption.

Por s Debye camera {(the flat, back reflection cassette
is essentlelly a Debye camers) Cohen has sho¥y that the
systematic errors give values of Sinae in error by the smount
D 8in2e, where D is different from film to film but is
constant for any one film.

For cublc erystals the formuls for each reflection
whex no error is present is; S

Ao (b2 + k® + 1%) « sin®e where 4y = ..?..L_iz_

| A 4 8,

When errors ars present 'aha formule becomes:

s00%  + ¥® + 1%) . Dsin®se = sine |

Therefore, when two or more reflections eare given, 1t
is possible to caicmlate both 4, end D, by solving simultzmeous
equations. |

By the method of least squares, the following squations
were set up end solved for 4, end D:

Ao S X 2, DS QZO'(SinaO

hoSoiS + DISE = 55sine

where:
X = (ha + ke . 1_2)

S = 10 x sin®ze
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The sccuraie &, was then caloulated from Ay, and D
indicates the amount of deviation,

Table § glves & sample ecaloulstion using C. 2.
gl and filgures 7 =md 8 ahow s reproduction of the mz-ray
petterns.

The density of a representotive sampls of the systen,
504 ¥10-50% ¥g0d, wae determined by means of a pycnometsry

in scoordance with A.3,.7T.%. deslgnation C 135-47 and was
found to be 4.385. The denslity was slso dﬁtnrmingﬁ by
means of the formulss given in the intro&nctimn,go*) and
wes found to be 4.85 for that of substi tutionsl type
solid solutien end for the inmterstital type to be 5,12,
It 1s expeeted thet the esleoulsted density will be a little
higher bectuse elosed pores in the material would esuse the
specific gravity as deternmined by the pyenometer te be |
somewhat lower. Since the atomie redii of the twn percent
materials are s¢ nesrly allke it may be assumed that the
solid solution is of the substitutional type.

Table 7 gives the complete x-rsy data of the NiQ~uNg0d
system and figure 9 indiocates graphically the ralatiggahi@,
and the approech to Vegard's linear additivivy law.(ab}

{O4) Davey, dtudy of Crystal Strusture and Its ipplications,
Chapter AVIII, MeGraw<Bill

{55} Vegerd, L., Ztsoh. Physik, Vol. &, p. 17, (1081)
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TABLE 7
X-Ray Data of N1o-Mg0

%t. % NiC Molecular % Nie‘se) &g D ag
10 - s.e% 4,201 -.00005 74,2008

20 12.0 - - -
30 19.5 £.195  -.00006 73,8774
40 27.1 4.1922  -.0002 75,6751
50 36 4.1900 -.00011 73,5651
60 . 48  4.1889  -.,00004 Vs:&odo
70 59 4.1827  ~-.00017 73.1720
80 89 ~ 4.1800  -.00011 5%5;5395
90 84 | 41785 -.00010 7 7930
100 100 4717 -.00018 72.5619

The @eréant reflectance 1n;thq.visible renge oI wave
lengths for each of the compoﬁéﬁts of the system N10-Mg0
was made on powdered samples groumd through 100 m@s@,ifThé
percent veristion in domlnsnt wave length betwaan‘different
preparations of the seme semple varied from .5% - i%: The
effect of particle slze was investigated In a representative
semple of each system and it was found that the variation
was withih the limits of the sample preperetion error.

The color data is completely tabulated in table 8 and the

(386) D. S. Eppelsheimer and J. ®. Reynolds, ! NMomogreph
for Converting Welght Percent to Atomic Percent,
dilssouri Zehool of Mines and Metellurgy Bulletin ;72,
June, 1948,
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reflectance aarves are shown in figure 10.

In the CoO-Mg0O system, as hes been stated, Cohen's
method of a, determination could mot be used. Instead the
values were caloulated from Bresgg's law, n = 24 Sine,

and from the fundementel equation of the cubic system,

ﬁas

2 b2 &

Using this method, the rendom and systematlc errcrs were
not eliminated. However, sn appreclable shift in the
lettice constants sre moted. Teble $ gives the tabuleted
x-ray results and figure 1l shows them graphiecally. The
x-rey patterns are reproduced in figures 12 and 13. The
caloulated densities from the &, values of the 50% Col-
50% Mg0O system are 4.59 for the substitutionel type and
5.05 for the interstital type. The true densiiy determined
by means of & pycnometer is 4.50, thue indiceting that the
s0lld solution is of the substitutional type. '
The pereent reflectance of each of the swmponenis
of the system was made on pordor_ed samples ground through
100 mesh, in exaotly the seme manner as the Nio-Mgd system
was treated. The color data is tabulated in table 10
and the reflectance curves are shown in figure 14,



TABLE ©

Color Data ior MgO~N10 Systax
I.CeI. Illuwinant A

gstimvlﬁg Values Trichromatie CoeificientExelitation Relutive Dominant

%Mg0 X v 2 x Y z Purity Brightnesc TAVE LeNgth
106 19.22 17.26 4.88 467 419 ,114 22% 17.28% 584
20 23,83 21.63  5.17 471  .427 102 29 21.63 582
30 20,07 27.16  6.16 486  .435 .09 51 27.16 578
40 37,56 36.20  8.09 .464 .436  .100 35 35.29 579
50 42.17 50.79 9,33 468 .436 .10 29 35 .75 577
80 00,99 48,39  11.95 .458  .434  .108 25 48.39 577
70 55.43 - .5%}555' 13.87 .4ss?ffaf:“ 112 2§g - 52.56 57%
80 so;bO'-féé}é§? ' 15,06 ;455fjf€§35 W14 zé! 56.79 576
90  71.95 67.1&  19.66 .453  .432  .124 15 67.12 575
80% 52,93 49;1é 12,62 .460 4432  ,102 a%i . 49.10 578

~325

184
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TABLE 9@
X~-Ray Data of Co0-Mgl System

Pe Radistion

T$. % o0 Moleculer 7 (a0 &q _EZ_
10 5.8% 4.2014 74.1611
20 12 4.2032 74,2564
30 19.5 4.2086 74,4652
40 27.1 | 4.2099 74.6110
50 36 4.2159  74.9326
60 | 46 | 4.2201 75,1554
70 57 , 4.2251 75.4243
80 69 4.2305 .?5@7;20
90 84 4.2398 76,2126

Sys‘bﬂms 6&205‘01'205 and %203’!3233:

The Gsellium oxlde was prepered as indicated on page 19
snd these systems were ocompounded in three intervels up

to o maximum of 33 1/3% Ga, 0 The samples were fired

275"
to 1200°¢C, 1300°C, and 1400°C with no resulting cclor,
Forward reflection xray patterns show clearly the "a¢
values of 9r203s Gagoa, end Fegoz. There 1s, however,

g slight but irreguler shift in the 33 1/3% mixtures

which may indicate a s0lld solutinon; however, no color
resulted except that of the charascteristic Crglyz 2nd Fepglsz.
Therefore, no back reflection work wes completed on these

semples. Tables 11 end 12 glve the x-ray dats for
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FIGURE 12
Xray Patterns of Co0O-Mg0, Mgl
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: FIGURE 13
X-ray Patterns Of Co0~-Mg0, €o0 Gaglz



PABLE 10

Color Date for CoO-kg0 Sysiem
I.C.I. Iluminant A

Tristimulus Values Triochromatic Coefficients Excitation Relative Dominant

%Mg0 X v z x y z PUrIty -~ Brighthéss Wave Length
104  14.64 12,99  4.35  .458 .406  .136 5% 12.99% 598
20 18.52 15.63  4.90 .474 .400  .185 15 15.63 605
30 23.17 19,26  5.73 .48l  .400  .119 19 19.26 - 599
80 28.99 25.76  7.04 485  .397  .1l8 19 53,76 605
50 38,55 G81.50  9.54 484  .396 120 18 51.59 606
60  48.47 jéeia$ ﬁ 12.40 .461 .396  .123 15 39.83 509
70 60.37  BO.PB3 - 16.21 474 .898  ,l27 ;@%’ 50473 608
80 67,43 -55?.5a-w 17.05 .474 405  .120 is 57.56 599
90 78,78 53,35 23.08 .iél: '.405 «135 68 .86 601
f%gé 49.39 41.86  12.94 .475 .400 128 §i§3 41.56 608

A4
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the forward reflection of a representative semple of
these syatems. Table 13 gives the "d" values for
Gaglz up to € = 45° and figwe 15 shows the x*ray‘pattarn.

Sinee no color resulted with these systems, it was
decided to attempt to meke a spinel with Gallium oxide
end the bivalent oxides N0 and CoG.

The term spinel denotes a compound which has the
formule RO°RgOz and which possesses the perfect symmetry
of the isometric crystal system and erystallizes in the
o] type orystal.(av (28) They are anslogous in structure
to the original spinel Mg0O'Alp0z. The Megnesium mey
be replaced by meny other bivalent metals and the aluminum
by trivelent ones. Soma.spineia oceur in nature, but
these are gemsrally impure isomorphous mixtures of different
spinels. Artificial spinels can be made by heating the
oxides with a mineralizer, such a&s borax, or even withous,
provided 2 high enough temperaiture is attainoﬁ.(39) In
gemsrel, these compounds are refractory and are, therefore,
very important in thet respect. They are also considered
to be relatively resistant to solution by both basiec end

acid slags.

(37) J. W. Mellor, Modera Inorgemiec Chemlistry, p. 6386,
Longmans Green and Co., London, (1916)

(38) Wycoff, The Structure of Crystals, 2nd Edition,
Chem. Catalog Co., 1935

(39) Pritz Ephraim, Inorganie Chem., edited by Thorne
snd Roberts, Interscience
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TABLE 11
86.6% Fo 04 33.4% Ge,0,

d(exg.) ¥ey0s 4 Values
1.443 1.453
1.477 1.485
1.676 1.69
1.886 1.84
2.481 2,51
2.859 -
3.62 3,68
TABLE 18

66. 6% Cr,0y 3B.4% GagOx

4exp.) Crp0z 4 Values
3. 59 5.62
2.654 2.67
2.463 2.47
2.169 2.17
1.809 1.81
1.664 1.87
. 1.578 1.58
1.462 1.465
1.430 1.432
1.286 1.894
1.240 1.8368

50

Gaglz

1.438
1.480
1.678
1.838

2,675
3.66

Gaglz 4 Velues

-

2.6785

1.805
1.678
1.5861
1.462
1.438
l.282
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TABLE 13
d Values for Gay0gz

& Cuk, Gagly d Velues € Cuk, Gagly 4 Velues
9° 27 4.884 27°15¢ 1.678
12° & 5.667 28°44" 1.598
15° 61 2.950 29°30° 1.561
18° 50° 2.817 29° 521 1.561
16° 42 2.675% 30°20° 1.522
17° 30t - 2.542 o Eelrr 1.480
18° 48t 2.397 32°18° . 1.438
19° 12¢ , z}za? ‘ - 34°38¢ . 1.352
21° 24t 2.106 35°4"  1.387
22° 21¢ 2,021 z6°8*  1.303
22° 50* 1.980 36°45"  l.zee
24° 18% 1.887 g8°58! . l.zez
24° 45 1.838 41°00°  1.are
25° 12¢ 1.805 az°1 1,148

26° 15* 1.738 48°46° 1.3
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Thenard's blue (Co0°41503) is a very stable and
effective colorant and a similar green spinel is obtained
from xio-Alaes. Since the properties of Geg0gy and 21,05 are
so similar, it was believed that similer spinels would result.

The first samples that were made were not the true
welght percentages of the oxides, but, instead, an excess
of the bivalent oxide was used due to the lack of Geg0x.
The samples were then fired, first to 1200°C with no
resulting color, then to 1400°C. The latter firing
resulted in a faint green for the Nickel Spinel end a
derk blue for the Cobalt Spinel. Preliminary xray
patterns and calculations of the lattice constants gave
very good indication of the formetion of & true spinel.

The theoretical compositions of the proposed spinels
were then compounded and the samples fired to 1525°C and
held for two hours. The resulting compounds gave a
g od green color for the nickel spinel and a roysl blue
for the cobalt spinel. The reflectance curves are shown
in figures 16 and 17, and the color datea given in
table l1l4.

Back refleection patterns of the compounds were

taken and they sre reproduced in figures 7 and 13.
The lattice parameter of the compounds were calculated
by Cohent's method and the complete data is given in
tables 15 and 16,

The synthetic spinels were ground through 100 mesh
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Composition

€o0 Ga503
Co0 Al g0z
K10 AlgOg

Geﬁj Alone
80 Mgo
40 Co®
Ce0 Ga 805

K10 Alone
60 Mg0
40 NioO
R10 Gag0g

60 Mgo
40 Co0
Co0 Gapgls
40 NiO
60 Mg0
Ni0o Gagz03

Color Data For Powdered Samples, Glesgses, aid Eneamels

TABLE4

x

b

14,20
12,99
20 .87

2,62
4.65
iz.41
28,05
51.25
52.83

64.07
87.14
87.43
86.55

Tristimulus Values

I
29.69
13,83

10,3%

20.73

3.2

4.47
13,62
24.53

45.63
47 .09

58.46

8l.2¢8
78.93
78.56

2 x

10.80 ,410
8.28 W1
6'. 79 R 431
8.78 .4lé

Y

ey

433

-+ D43

412

o157
’228
235
174

Soda Lime siiihﬁvj Glagses

15.65 .161
16.30 .183
17.98 .282
8.23 .477
12.95 .463
13.89 464

Enamel s

25,17 .434
£26.76 .438
24,79 .457
25.20 .455

143

176
309
417
418

«396
« 397
«4l3

413

.696
641
«409
. 1086
124
«122

170
«167
130
.132

,“

15%

18%
8%

85%

77%
45%
19%
154
154

5%
5%
21%
104

Iriohromatio Coefficlen® yyqoitation Relative

D. Wave
Brightness Tength
29.69% 505
13.83% 487
10.37% 5750
20,75% 498
3.2% 476 -
4,47% 477
13.62% 484
24.53% 586
45.83% 5686
47.094 585
58.46% 480
61.26% 479
78.93% 588
78.56% 583

]



TARLE 1O

GCeloulation of &, for Hio

Ga,0g, CR Radletion

Line Plene o sin®26é  Sin®e 2 2 sin®e sin®e
Ng  TIB 107 75°9' 14" 24540  .93434 11449 6,022 262,579 99.48l 2.262
Sy 773 107 74°35'34"  .26242 L9294l 11449  6.886  280.768v 98,377 2,459
=, g6z 104 72°23'10%  .33275  .90844 10816 11.071 545,039 94,012 5.008
X, 862 104 71°58'2L"  .34918  .005¢6 10816 12.192 B83.142 ©3.949 3. 154
Xy 844 96 66°13'18"  ,54200 (83743 9216  29.376  520.320 79.997  4.517
<, 844 06 65°57'55n 55848 .85l4z 9mls  30.634  531.387 79.816  4.602
g 981 91 ‘ss°2§;§5f;9..65535 79440 8281  42.684 | 594.55 71.934 5.165
=, 98 Ol 62°44'67"  .66288 79034 825l _435.954 _71.921 5,259
R . 182.95% B3, 307101

b B
Ko 57 AS

+ DS = 3 5in°e

+ D> &® = xS sin®e

be 79524 + D 3501.909 = 689.487

Ay 3501.909 + D 182,799 = 30.404

AQ = 0008606‘?’ ao = 8.2559, D - -000014
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IABIT
Caleulation of &,

Si.ﬂ:;.‘ﬁﬁ

PR

of Coh Ge. '3, Fe Rediction

X s

2

Linpe Pisne
72

B9

g1ergr

80°C01 T /"
89°00°* 23"
68°43110"

83°46'11"

83°21"

. 14752

L.88728

JLenbe 87801
o987

.30&65
50113

6297 .

ot

L4219
9745
. 20.0274
96 80,9297
" me.b31l

20,8109

‘B .45

3
s3in“e

XS

Singﬁ

70.198

71,079  70.177

1

286 * ‘/-!.& t.aﬁ I3 : 81

292,794  ©5
370,955 4%

8051
L9617
23,8831
3.9728
5.0887
5.1054

- BLLEL.

AgEX B 4 DX xS'= X sin'e

488,% 555

375.:58*fQi‘

AyxS + DSSE 5:5£siu-'e ',

so 85,522 + D 1456,682 = 346..47

A, 145¢.88: + T 122,755 = 19.768

£q

8o

D

1]

|}

8.29667
+.,0001%

19.7683
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and thelr true specific gravities determined by means of
Pycnometer measurements. The two densitles were then
computed from these figures,

With the knowledge that eight spinel molecules are
associated in the unit cell, the theoretical densities

(40)
mnay be computed from the formulea:

P = nM
23
whers:

P = density of the ¢compound
n = number of molecules in the lsttiece
8, ® unit ecell dimension
M = +the absolute mass of the molecule =
1.849 x 10-84 of the molecular weight
This caleculated density represents the maximum theoretical
density of the spinels amd should be greater than the values
which are obteined experimentelly, since the latter de-
terminations involve any voids and inclusions which may be
present in the erystalline meterisl.
The caloulated densitlies ere as follows:

N10 Gag0s = 6.14

(40) Parmelee, Badger, Ballam, A Study of a Group of
Typicel Spinels, University of Illinols Bulletin,
Vol. 29, #84, Jume, 1932




60

The experimental densities asnd specific gravities
are as follows:
Specifie Gravity Density
Co0 Geg04 5.98 ; 5.90

NIO Gej0p 6.09 6.06

THE STABILITY OF THE STAINS IN GLASS BATCHES:
Representative samples were selected from the CoC-Ngl

system and N1O-Mg0 system, as well as those from the $rue
spinels. @round through 100 mesh, these were put into a
pure B0, glass batch in the amount of .1% end fired to
8b0*C. The glasses that resulted showed the stalns in very
pronounced stresks end small globules indieesting that they
were not soluble at this temperature. The stalns wers
then gronnd through 325 mesh emd inserted into similar
batohss. With the inereased surface srea of this particle
size, it wes believed thet the ata.j._na would become thoroughly
, dinominated throughout the gless. This, however, wes a
failure. Even by refining the glass at the pouring temperature
for two hours, the streaks and globules were stil]l present.
The same stains were them put into & sode-lime-sillea

glass of the following bateh composition:

Potters Flint 57.50%
Ccacoy 7.54
NeyCog 23.70
3 Q
Ha 80, 4.7
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NaCl 4%
Cryolite 3604
Lamp Black o350
Colorent .10

Stains ground through 100 mesh were not used because it
seem2d more probable that the 325 mesh would glve much more

contact area. The pourlng temperature of this glass is
about 1425°C and the refining time is approximately one

hour.

Additional glesses were also made oconteining the seme
percent of cobalt and nickel oxide ss did those of the
solid solution., This was to allow a comperison to be made
betwesen the glasses, &3 fer as the colorant was concerned.
The trensmission curves from 400-700 mu and 400-1000 mu are
shown in figures 18, 19, 20, and 21 and the color data is
given in teble 14.

The same stalne were alsn put inte an ensmel batch

having a composition as follows:

Irit
Feldsper 25.0%
Borax 25.5
Quartz 2L.0
Soda Ash 3.0
Sode Niter 3.5
Cryelite 14.0
Zine Oxide 5.0

Antimony Oxide 3.0
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Mill Additions

Frit | - 100%
Cley 7
Tin Oxide 8
Colorant . o1

The coloring oxide was not pleced in the frit due %o
its fritting temperature, as will be seen later. Upon firing,
the stains were fairly well disseminated throughout the
enemel 8; however, there were slight indleations of cclored
stresks indiocsting that eomplete solubility had not teken
place. The reflectance curves are shown in figures 22 and
23 end the color date is given in table l4.

Finally the stains wers plesced in a fritted lead glaze
of the following composition:

it
Pealdsper 20.6
- Borie ield 15.5
Fiint 22.9
Pby0, 24.2
CaCog, l¢.8
Glaze
Frit | 65.9%
Feldspar | 18.0
Clay » 7.28
Fiint  B.44
Zm0 5.33

Colorant | .10
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The firlng of these gsamples showed eamplete solubility
at the maturing temperature of the glaze (Cone 4).

DISCUSSION OF RESUITS:

In the system NiO-Co0, the previously reported solid
solution was verified. This system made it evident that
for this mvastigati_on back refleotion would have to be
employed for accurate determinations. No ¢olor other them
the characteris tie blacks of the Ni0 and Coo \wra noted.

The Ti0p-W0x system gave absolutely no indication of
promising colors. The forward reflection showed definitely
the presence of both the parant materials.

The systems 1::::'203—?263 and rwaoz—-vaoa could not be
prepared dve to the fact that the V20 could nmot be
obtained at the desired temperatures. No attempt was
made to use an inert atmosphere with these systems.

In the systems Zr0,~N10 and Zr0,-Co0, no color
resulted. The report that Zr0, forms a cubie sclid solution
with ocncentretion of 4 to 40% Mgl could mot be eonclusively
verified. The forward reflection x-ray patterns gave
definite indications that the parent mmterials were present
as such. |

The system MnO-Zr0g could mot be thoroughly 1nwstigutad
since MnO ocould not be kept from oxidizing at the desired
temperatures. In the casting of the inert gas chember, it
was found thet 8 very slow drying, firing, snd ccoling
sohedule must be cbserved when dealing with solid or thick
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alumine castings.

In the systems N10-Mg0 and Co0-Mg0, the solid
solutions previously reported were verified; however, neither
were found to obey Vegard's rule, which says thet for two
materials of similar orystel structure and forming a
continuoua series of solld solutions, the lattice constants
are a linear funotion of the composition. Vegerd's original
paper was not available as a2 reference but apparently the
term composition has been misunderstood. Chennel-Evens
and Hume-Rothery sey etomic percent composition, while
Passerini, although he does not say so, but it can be
calculated from his given deta, has used weight percent.
Neturally this interpretation of the data would lead %o
conflicting results.

Jette has suggested & vele?anaral approach to the
guestion of solid solubility. {Ageln this reasoning
is for metsllic alloys; however, there 1z no apparent
reason why it will not apply to oxide systems). He has
drawn an interesting analogy between Reoult's law of
solutions and Vegard'*s law of solid sdutions.

Raoult's lew holds only when the molecular species
present are very similer chemically and physicslly end
Vegard's law of additivity holds when the atoms of the

materiels involved ere very nearly the same size and of

(41) Eric Jette, Intermetellic Solid Solutions, A.I.K.M.E.
Trens., Vol. 3, p. 75, (1934}




71

similer electronic structure.

Hegative deviations from Raoult's law result from
the operﬁticn of specific attractive forees, which, when
extreme, lesd to compound formation. Jetts points out
that negative deviations from Vegard's law ocour in those
alloy systems in which intermetallic compounds are formed.

Positl ve deviations from Reoult's law are those
thought to be due to repulsive forces between unlike
molecules or a tendency for llke molecules to associate.
Positive deviations from Vegard's law are not all clearly
understood. Here, also, the deviation is probably due to
repulsive elsotro~stetic forces or unlike atoms. Jette
again has pointed out that all metel peirs whose solid
solution is known to show 8 positlive deviation are made up
of at least one transition element, and one member of
the pair being cepable of ocourring in at least two valence
states.

Dr. R. ¥. Mehl, in discusaion of Jette's articie,
seys that he believes a plot of ag is more appropriate
to plot sgainst atomic percent inatead of a, alone, since
the stoms and molecules actuslly do exist in three
éincnsiam.-(w) He also points out an exception where
e compound is formed and still there is positive deviation

from Vegard's rule.

(42} R. 'y. Mehl snd B. J. Mair, Chemical Affinity in
Metallie Alloys, J. Amer. Chem. Soe., Vol. 50,
pp. 56-73, (1928)
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Grum and Grzbimeils say thst Vegard's rule is only
approximata,(ﬁs) since it does not take into account the
modification of the effective volume of an atom by chemical
cambination. B. Ya. Pines, in his investigation of Vegard's
rule,(ﬁ*} found that deviationes show correct sizes and
megnitude of deviations in all ceses, except those in which
transition elements are present. He attributes these
enomalies to changes corresponding to the bullding up of
the electron shells.

3

In this investigation, the values of a_ and 8, were

)
glntted'&gainst atomie percent and weight percent. When
the weight percent wes used a positive deviation was
obtained in both eases, but when molecular percent was
used a2 negative deviation was obtained in both cases. The
olosest approximation to a straight line was obtained when
agivas plotted against molecular percent and these curves
are shown in figures @ and 11.

From the above discussion of Vegerd's mle, it might
be possible to have a positive deviation, since Ni and
Co are both transition elements and are cepable of existing

in more than one velence state. On the other hsnd, &

negative deviation mey exist even though no intermediate

(43) Grum and Grzhimails, Compt. Rend. Acad. Solence
U.8.8.R., Vol. 33, pp. 237-40, (1941)

(44) B. Ys Pines, Solid Solution, J. Physles U.S.8.R.,
Yol. 3, pp. 309-19, (1940)
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compounds are evideat, since there are exceptions to the
mle, as pointed out by Dr, Mehl.

Pesserini's x-ray results agreed fairly well as a
linear relationship; however, his data does not sesm too
Tellable. He has caleculated en e, for each line and taken
an aversage. For one sample his velues vary from 4.08 to
4.19 and hls average comes out to be 4.18,

To eccount for the color when these solid solutions
were developed there is epparently some temporary
modifieation of the constraints along the three axes caused
by the exchange of the atoms in the lattlees which change
the vibrational frequenocles from those of the characteristie
Mgl, CoO, snd Ni0, to those of the green given by the
NL0-MgO and the pink by the Co0~Mg0 solid solution.

Prom the elor dats, it is evident that the particle
slze of the powder mekes no differemce in the dominant
wave lengsh, that 1s, withinm the experimentel error of
ssmple preparation.

It is also seen that the type curve for each component
is almost idemtionl, The dominent wave length of the
¥1i0-Mg0 system varies only 1.2% snd the Co0~Mg0 system
vaeries only 1.3% throughout the system, indieating that
the evlor of each of the components are practically the
same. Of oourse, the purity eand the relative brightneas
very with each component.

These stalns are not soluble in a B,0; glass, and
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in & soda~lime-silice glass they are not stable. That is,
the green given by the NiO-Mg( powder and the pink glwven
by the CoC-Mg0 powder reverts back to the characteristie
solution colors of CoC and NiC in this glass. This is
definltely shown by the fact that the seme glass batches
woere mixed with the stains and then with corresponding per-
cents of Co0 and KiQ, the dominant wave length of these
glesses are slmost identiesl, within .2%. These glasses
give conslderable trensmittance in the infra red; however,
this does not seem sbnormal since the glasses with Co0 and
NiQ alone give similar results. The effect that the gl
hes on the glass is not kmown, except that 1t probably
enters the structure as a modifier.

It is evident from the x-ray dete and the calouleted
densities that the spinels N10°Gaglz =nd Co0°Gagldz do exist.
No extensive invaestigation was made to determlne applications
except the possibilitles as eclorants in glasses. In B0,
glasses these compounds were not soluble. 1In & soda~lime~
silica gless the steins were not stable. They reverted back
to the cheracteristie solution colors of Co0O and NiO, and
1t is assumed $hat the Gay0g entered the structure of the
glass as & modifier. Simee 1% 1s so refractory, it possibly
would meke the glass more refractory.

The powdered samples geve a considersble reflectance
in the infra red and the glasses gave & corresponding

transmi ttence except that the latier curves were the
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characteristic CoQ and NiO type.
In the enamel batches the stains were apparently only
partially soluble, since slight streasks could be seen on

the surface. However, the color data indicates that the
color imperted to the batch, in all casaes, reverted to a

characteristic solution color. In the glazes the stains
were completely soluble, But azsin, in all cases, they
were solution eclors.

By using the four types of glasses it was hoped that
it could be shown thet & temperature resnge did exist in
which the stains were soluble and still exhibit the
charsoteristiec colors of the solid solutions end splnels.
This is the reascm for not employing the colorant in the
frit of the glaze and enemel. It iz epparent from the
data, however, that, as soon as the stains become solubls,
they revert bhaek to & solution coloer.

In the comparison of the color of the aluminate
spinels with the gallium spinels it can be seen that the
niokel compounds give stains whose dominant wave lengths
are in the same order. The cobalt aluminate, however,
glves a dominent wave length in the purple region, even
though, visually, 1% looks to bde s royel blue., The
percent conversion mey account for this, since the purity
of the eluminate spinels is not known, whereas, back
reflection date indisates thet the gellium spinels are
pure. Nevertheless, the type curvea are practicslly

fdentical, end no apparent anomelies are present. (See
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figure 24).
CONCLUSIONS :

From the results of this investigetion, the following
conclusions may be drawn:
1. No coler modirfiestion tékes place as‘a result of
@ solid solution in the following systems:
(a) Nio-Co0
(b) Ti0,-Woy
{o) N10-2rog, ©ol-Zro,
(4) Crp05-Gag0x, Fey03-Gaplz
2. A color modification does take plece as a“
result of a solid solution in the following systems:
(a) Mgo-Ni0 |
(b) Mgo-Coo
3. The resulting ste ns of the NiOo-Mg0 and CoO-Ng0

systems sre not stable in glass batches. They revert to

the characteristiec solution ecolers upon becoming soluble.

4. Particle size below 100 mesh of the stains meke
no difference in the color of the powdered stains. The
finer partiecle slzes asid in sample preparation.

5. The lattice constants of the NiQ-MgC amd Co0O-Mg0
system do mot follow Vegard's additivity law, instead, a
negative deviation is noted.

6. The compounds Ni0-Geg0y mnd CoO-Geg0y do exist as

spinels. : .
(a) As stains they are not stable in gleass batches when
they become soluble, but revert to characteristic solution

solors.
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