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INTRODUCTION 



INTRODUCTION 

The technical and industrial importance of metallic oxide 

mixtures as components of minerals, pigments, catalysts, building 

materials, and other natural and manufactured products has made 

them the objects of extensive investigation. Before the develop¬ 

ment of x-ray diffraction techniques, both industrial and pure re¬ 

search chemists studied the effects of adding one oxide to another 

on such important physical properties as melting point, viscosity, 

solubility, and electrical resistivity. 

The advent of x-ray diffraction analysis gave for the 

first time a simple means of determining the amorphous or crystal¬ 

line character of a solid substance as veil as changes in its 

crystal structure vith varying temperature and composition. Thus, 

compound formation, crystal mixtures, and solid solution were 

studied in many oxide mixtures. 

Most of these new studies, however, were concerned with 

the changes effected over only a narrow range of compositions rather 

than with changes extending through a whole series of samples of 

all possible concentrations. Then too, these investigators were 

for the most part interested in the structures of mixtures heated 

above their melting points and then cooled, rather than in the ef¬ 

fects to be observed in heating the amorphous solids at crystalliza¬ 

tion temperatures. Moreover, the dual samples were usually pre¬ 

pared by mixing the dry oxides together instead of by simultaneous 

precipitation from mixed solutions of the metallic salts. 
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Some years ago Interest turned in the Bice Institute lab¬ 

oratories to a systematic investigation of the behavior of metallic 

oxides mixed together in all proportions by simultaneous precipita¬ 

tion and heated at temperatures near the crystallization temperature» 

In the first such system investigated, CuO-Fe^O^ (l), a mutual protec¬ 

tion against crystallization was noted, wherein the addition of in¬ 

creasing amounts of either oxide to the other raised the tempera¬ 

ture of crystallization. 

This study of the protection phenomenon afforded at the 

same time an excellent means of observing the various types of inter¬ 

action between the oxides at higher temperatures. In the case of 

the CuO-FegO^ system, this interaction formed the compound CuO.FegO^ 

and mixtures of crystals of the compound and the pure oxides. 

This thesis describes similar experiments carried out on 

the dual systems: EiO-AlgO^, Fe^O^-CrgO^, BeO-IngC^, and ZrOg-CTgO^, 

and the tertiary system: NiO-CrgO^-ZrOg, for the purpose of collecting 

further data concerning this protective action and the behaviour of 

such mixtures at slightly higher temperatures. 



EXPERIMENTA.!, 
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EXPERIMENTAL 

I. The System: RiO-AI^O^ 

The method of preparing these samples vas similar to that 

used for the other systems. A series of eleven gels varying in com¬ 

position "by ten mole per cent, vere precipitated by equivalent 

amounts of a sodium hydroxide solution (ça. 3*5 M) from mixtures of 

nickel and aluminum nitrate solution (0.5 M to the anhydrous oxides, 

NiO and Al^O^). The compositions of the gels and the amount of 

each solution used for each sample is record in table I. The amount 

of base needed had been determined by pH titrations. The precipi¬ 

tation vas carried out in a rapid-mixing device previously described 

(2). Such a process resulted in the simultaneous precipitation of 

both oxides, forming gels of intimately mixed colloidal particles. 

The precipitated gels vere vashed vith distilled vater, 

using a centrifuge, until the supernatant liquid vas free of nitrate 

ions, and after filtering on a Buchner funnel, they vere dried in 

air at room temperature. Portions of the air-dried samples vere 

heated in an electric furnace for periods of tvo hours at tempera¬ 

tures of 500, 700, and 1000°C. 

The x-ray diffraction patterns of all of these samples 

vere obtained photographically using chromium x-radiation, the 

Kp radiation being filtered out by a vanadium pentoxide filter. 

For clarity of reproduction these patterns have, been converted 

into chart form (fig. 1-3). Reproductions of the x-ray diffraction 

negatives obtained from the gels heated at 1000° C. are given in 

figure 4. 
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The alr-cLried samples vere essentially amorphous to x-rays. 

However, the gel formed from pure nickel nitrate solution gave an x- 

radiogram consisting of "broad "bands corresponding to Ni(0H)2 (3,4), 

and some of the dual gels gave weak x-ray diffraction lines correspond¬ 

ing to «C-AlgO^’SHgO (5,6). This appearance of the <£- modification of 

alumina trihydrate ms due to the length of time required for washing 

the gels in the centrifuge, as the Y -Al^O^* HgO usually precipitated 

from the nitrate solution (5,6) changes spontaneously into the <£- 

Al^O^'SHgO on standing in contact with an alkali solution for several 

hours. 

The x-ray diffraction patterns (fig. 1) of the gels heated 

at 500°C. show that each oxide retards or prevents the crystalliza¬ 

tion of the other. Samples containing from 0 to 20 mole per cent 

alumina show only the diffraction pattern of nickel oxide. The lines 

"become broader as the amount of alumina increases . The samples con¬ 

taining 30 to 50 mole per cent of alumina are amorphous to x-rays, 

and samples containing 60 to 100 mole per cent alumina exhibit the 

diffraction pattern of Y -AlgO^, which becomes progressively sharper 

as the nickel oxide content decreases. 

Samples heated at 700°C. (fig. 2) are all crystalline, but 

the protective action persists since the diffraction lines are still 

quite broad. 

The x-radiograms (fig. 3 and 4) of the gels heated at 

1000°C. show that while all the samples are crystalline, the lines 

are shifted in a regular manner. The results indicate solid solution 

phenomena. In figure 5, compositions of the gels are plotted against 

inter planar s pacings for the diffraction line where d/n = ca. 2.4 kx 
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unite. The results strongly support the view that a compound having 

the composition HiO'AlgO^ has "been formed. The observed interplanar 

spacings agree with values previously reported in the literature 

(7,8) for nickel aluminate. It will be noted that both nickel oxide 

and alumina form solid solutions with the nickel aluminate. Forma¬ 

tion of nickel aluminate is supported further by additional lines 

faintly visible in figure 4, but omitted from figure 3 since the 

extreme faintness of these lines on the x-radiograms for the 70, 60, 

and 40 per cent nickel oxide samples made accurate measurements of 

their positions difficult. 

The heating of the gels produced interesting changes in 

their color (table II). Schenk has previously reported (9) that on 

heating a blue gel of 5 per cent Cu(0H)g and 95 per cent hydrous 

alumina, the color tended to remain blue. He attributed this 

phenomenon to the finely divided state of the CuO formed on heating. 

In a preliminary survey of other oxides, he precipitated an alumina 

gel containing 5 per cent NiO obtaining thereby a green gel which 

turned yellow on heating with a blast lamp. The results given here 

are in disagreement, for it vas found in this case that the presence 

of 10 to 40 mole per cent HiO caused the green gels to become blue 

on heating at 1000*C. for two hours. It has been tentatively sug¬ 

gested that this blue color may be attributed to the Tyndall effect, 

the finely divided HiO crystals acting as the scattering centers; 

or to the exceedingly fine state of subdivision of the crystals. 
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The close similarity of th© crystal structures and lattice 

constants of chromic and ferrie oxides made them the choice for the 

next dual oxide system studied. 

The samples for this series vere prepared in a manner 

similar to that of th© nickel and aluminum oxide series. Mixtures 

of the nitrate solutions (0.5 M to the anhydrous oxides) vere pre¬ 

cipitated in "quick-mixers" "by equivalent amounts of sodium hydroxide 

solution ( ça. 3» 5 M) to give eleven gels varying "by ten mole per cent 

in composition (table III). The gels vere vashed in a centrifuge 

and poured into evaporating dishes to dry in the air at room 

temperature. Portions of the air-dried gels vere heated for two 

hour periods at 300, 400, and 500°C. 

The x-radlograms of the samples vere made with the same 

diffraction unit as before using chromium x-radiation. The re¬ 

sults are tabulated in table IT. 

The air-dried samples vere amorphous to x-rays. Even when 

some of them vere examined by radiation rendered monochromatic by 

means of a quartz crystal monochromator (24-100 hour exposures), only 

one or two amorphous bands were obtained. Heating at 300° C. did not 

render the gels crystalline. Heat treatment at 400*C. made th© 

phenomenon of mutual protection clearly visible, as extensive crystal¬ 

lization of those samples containing much iron oxide vas prohibited by 

the small amounts of chromic oxide present. All of the gels heated 

at 500*C. vere crystalline. 

The gels precipitated by sodium hydroxide exhibited two 

unusual phenomena. First, even the pure gels were amorphous at 
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temperatures much above the crystallization temperatures usually ob¬ 

served for ferric and chromic oxides precipitated by ammonium hydroxide. 

Second, the gels containing 50 to 100 mole per cent chromic oxide ex¬ 

hibited at 400-500° C. a new crystalline pattern (table IV) in addi¬ 

tion to the standard pattern of chromic oxide. These unexpected re¬ 

sults are attributed to the use of sodium hydroxide as the precipi¬ 

tant. 

Gotte (10) has observed that small amounts of silica will 

retard the crystallization of ferric oxide. It was felt that perhaps 

in this case the precipitating base had dissolved enough silica from 

its glass container to cause a similar effect. Gels of pure chromic 

oxide and pure ferric oxide were precipitated with freshly distilled 

ammonium hydroxide and deliberately contaminated with silica (about) 

1 per cent). This small amount of silica retarded considerably the 

crystallization of both gels, thus explaining the unusually high 

crystallization temperatures of the series of dual gels described 

above. 

On the other hand, contamination with sodium hydroxide 

(about 1 per cent) of gels precipitated by ammonia and heated for 

two hours at 450*0, engendered in the chromic oxide the new crystalline 

phase found in the dual gels heated at 400-500° C. The possibility 

has been considered that this ^pattern is for a new crystalline form 

of chromic oxide engendered by the presence of adsorbed sodium, analo¬ 

gous to the formation of fi in the presence of sodium. Another 

possibility is the formation of a sodium chromite. The identifica¬ 

tion of these extra diffraction lines would require a careful systema¬ 

tic study of the system: Cr2°3"^a2°* 
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Because of these indeterminate effects of contamination which 

the use of sodium hydroxide as a precipitant Brought about, the ex¬ 

periments were repeated using gels precipitated with ammonium hydroxide. 

A new series of eleven samples was prepared exactly as before, but using 

ammonium hydroxide ( ça. 5.0 M ) instead of sodium hydroxide. 

These gels crystallized at lower temperatures than those pre¬ 

cipitated by sodium hydroxide, and the new high-temperature crystal¬ 

line phase observed previously was not present. Heat treatment at 300, 

350, UOO, and 500®C. (table V and fig. 6 and 7) resulted in the forma¬ 

tion of crystalline products which consist of solid solutions of A-FegO^ 

and Cr203. The observed variations in interplanar spacings (fig. 7) 

agree closely with the results obtained by Passer ini (11) and Wretblad 

(12) for mixed oxides heated to higher temperatures. 

Marked mutual protection was observed at temperatures as 

high as 350®C. (fig. 6). As little as 20 mole per cent of CrgO^ re¬ 

tards or prevents crystallization of «C -FegO^, whereas 40 to 50 mole 

per cent of FegO^ re‘tar^s the crystallization of CrgO^. One irregular¬ 

ity is noted in the protective action at this temperature; although 

the samples containing 60 to 80 mole per cent CrgO^ are crystalline, 

that containing 70 mole per cent is not. Thus there seem to be two 

zones of mutual protection one on either side of the composition 30$ 

FegO^O# Cr203. 

The unheated, air-dried gels of this series precipitated 

with ammonia were also examined by x-ray diffraction (table V and fig. 

8). These samples were all found to be amorphous to x-rays except for 

the gels containing 100 and $0 per cent chromic oxide. The x-radiogram 

observed for this air-dried pure chromic oxide gel is not that of 
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ammonium nitrate, a possible impurity. It is also distinct from the 

pattern of anhydrous chromic oxide and does not appear to correspond 

to the x-radiogram reported by Simon, Fischer, and Schmidt (13) for 

prepared in a bomb at high temperature and pressure. The 

x-ray diffraction data of these investigators were presented in the 

form of an unlabeled chart from vhich quantitative values for the in- 

terplanar spacings cannot be obtained. However, from a consideration 

of the relative intensities of the lines, it does not appear likely 

that the new x-radiogram for hydrous chromic oxide gel corresponds to 

this monohydrate. Hydrous chromic oxide gels previously prepared in 

this laboratory (1*0 have been found to give amorphous x-ray and elec¬ 

tron diffraction patterns. 

The new pattern observed here was not the same as that of 

the high temperature phase engendered by the addition of sodium. 

Figure 9 and table VI show that the phase precipitated by ammonium 

hydroxide is stable only at temperatures much below the formation tem¬ 

perature of the phase engendered by sodium hydroxide. 

The identification of this new, low temperature, hydrous 

chromic oxide phase is considered in the next section of this report. 
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III. Hydrous Chromic Oxide 

The fact that the gels exhibiting this new crystalline phase 

had been precipitated from neutral or slightly acid solution suggested 

the possible formation of a basic salt* In order to test this hypothe¬ 

sis, a chromic oxide gel was prepared as above from, chromic chloride 

and ammonium hydroxide. The x-radiogram of this gel agreed exactly 

with that of the gel from the nitrate. This result indicated that the 

new crystalline phase was not a basic salt, since it is unreasonable 

that a basic chromium nitrate and a basic chromium chloride would ex¬ 

hibit identical x-radiograms. 

Furthermore, a series of gels precipitated from chromic 

nitrate solution by ammonium hydroxide at pH values of S.hO, 8.79, 

7*97# 6.99# 8.7^, and 5*5exhibited identical crystalline x-radio¬ 

grams (fig. 10). Although high pH values favored the formation of 

larger crystals, the formation of a basic salt appeared to be definitely 

excluded. 

It was also observed that the x-ray pattern of the original 

sample became progressively weaker as the sample remained in contact 

with the atmosphere. One sample, although weakly crystalline after 

seven weeks of exposure to the atmosphere, was only very faintly 

crystalline after eleven weeks, A similar sample originally prepared 

in 1932 appeared entirely amorphous to x-rays in 19^6. These x-ray 

observations were made using chromium x-radlation and photographic 

film and were checked with copper K£ x-radiation from a Geiger-counter 

type of recording x-ray diffraction apparatus. 

This unusual behavior suggested that the crystalline material 

might be a complex, unstable chromium amine contaminating the original 
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gel. To test this hypothesis, pyridine, piperidine, and hydrazine hy¬ 

drate vere used as précipitants. The resulting gels were washed and 

air dried; and these again shoved the same crystalline x-ray diffrac¬ 

tion pattern (fig. 11). It seemed improbable that such possible amines 

or amine-like compounds should have identical crystal structures. 

The effect of temperature of precipitation vas studied by 

forming the gel at approximately 0, 25, 50, 80, and 100* C. The gel 

vas alvays crystalline vhen precipitated at or below 50*C. and amorphous 

when formed at 100*C. The transition temperature appeared to be in the 

range 60-90°C. Figure 12 gives the x-radiograms of the gel precipi¬ 

tated at 0, 25, and 100®C. 

Preliminary heat-treatment studies shoved that heating the 

original hydrous chromic oxide sample for two hours at 100°C. rendered 

the sample amorphous to x-rays (table VI and fig. 9) • Since decomposi¬ 

tion occurred below 100°C., it was possible to carry out isobaric 

studies at atmospheric pressure using a water bath to contrai the 

temperature. Four samples of the pure chromic oxide gel vere placed 

within a desiccator immersed in a thermostatically controlled water 

bath. The air circulated through the desiccator was first dried by 

passing over calcium chloride. The method has been described previously 

(15). 

Beginning at 25°C. the temperature of the bath was increased 

in five degree increments, the samples being brought to constant 

weight at each temperature. Thus an isobar was obtained in tripli¬ 

cate, the fourth sample having provided sma.ll portions at various 

temperature levels for x-ray examination. Data at temperatures above 

70° C. were obtained by heating the samples in a small electric oven. 

Figure 13 shows the resulting curve from 25*C. to 205*C. Above 



12 

205°C. the samples vere heated In an electric furnace. Figure 1^ shows 

the data for the entire temperature range 25-800°C. 

The abrupt loss of weight equivalent to three moles of water 

per mole of chromic oxide upon contact with dry air, and the subsequent 

flat portion of the curve from 35° C. to 90°C. emphasized that a definite 

compound may he decomposing. It, therefore, appeared desirable to in¬ 

vestigate the behavior of the compound at lower temperatures. To ob¬ 

tain such data, similar samples vere studied under reduced pressure in 

a sorption-desorption apparatus described elsewhere (16). These 

measurements vere made by H. H. Eachford, Jr. The isobar obtained in 

this manner showed points from -13*C. to + 75*C. (fig. 15)» Samples 

removed from the apparatus at various temperatures and subjected to 

x-ray analysis shoved that at -13°C. the material was extremely crystal¬ 

line but after being heated to equilibrium at + 20* C. it was amorphous 

to x-rays. 

In most respects this curve resembled that obtained at 

atmospheric pressure. It also shoved a definite equilibrium com¬ 

position which abruptly lost three moles of water per mole of oxide 

at a lower temperature, however, than observed under atmospheric pres¬ 

sure. This indicated rather conclusively that loss of water and not 

increased temperature alone caused the change In crystallinity. There 

remained, however, to be explained why the hydrous chromic oxide did 

not became anhydrous upon loss of the combined water. 

To dispell any further doubt that it was loss of water 

which destroyed the crystalline pattern, a new batch of the hydrous 

oxide was precipitated by ammonia. The washed gel was divided into 

three portions and treated as follows: (a) the first portion was dried 



13 

in air at room temperature and left exposed to the atmosphere; (h) the 

second portion vas dried over PgO^; and (c) the last portion vas aged 

under vater. Small samples of each of the three portions were x-rayed 

at various time intervals. The air-dried gel was amorphous to x-rays 

after standing thirty days (fig. 18). The gel dried over 3?2°5 
tecOE*e 

amorphous after 15 days (fig. 16). But the gel aged under vater still 

exhibited a strong crystalline pattern after twenty-two days (fig. 17). 

The intensities of the patterns of the gels aged over PgOtj and under 

vater are plotted against time at the bottom of figure 16. 

Baccaredda and Beati (17) have reported a chromic oxide gel 

vhich gave an electron diffraction pattern closely similar to the pat- 

pern of <JL -AlgO^’SHgO and which they designated as CrgO^’SHgO. The 

pattern reported in this work does not agree exactly with the inter- 

planar spacings reported by Baccaredda and Beat!, but the pattern does 

resemble the x-radiogram of bayerite (fig. 18). In table VII are 

listed the interplanar spacings of the x-ray diffraction pattern of 

the new hydrous chromic oxide as calculated from photographic data 

using UaCl as a reference standard. (l8) 

Thus, both the x-ray diffraction and isobaric data support 

the hypothesis of the formation of chromic oxide trihydrate, CTgO^SHgO. 

The gradual loss of weight shown by the isobar curve after the three 

moles of vater of crystallization have gone, is apparently a loss of 

adsorbed vater requiring more energy for its removal than the chemically 

combined vater 
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IV. The System: BeO-Ir^O^ 

These two oxides were chosen for their distinctively different 

crystal structures in the hope of obtaining mixtures of the two types 

of crystals on heating at high temperatures. 

Samples of the dual gels were prepared as before. Appropriate 

portions of beryllium and indium nitrate solutions (ça. 0.7 M with re¬ 

spect to the anhydrous oxides) were mixed together and precipitated 

with ammonium hydroxide (ça. 5.OM) to form eleven mixed oxide gels 

containing 0, 10, 20, 30, 40, 50, 60, 70, 80, §0, and 100 mole per cent 

In^Og (table VIII). After being washed in a centrifuge with distilled 

water and dloxane until nitrate free, the gels were poured into evaporat¬ 

ing dishes and allowed to dry in air at room temperature. Small por¬ 

tions of the air-dried gels were heated for two hour periods in the 

electric furnace at 300, 400, 500, 600, 700, and 800°C. 

X-ray diffraction patterns of the air-dried and the heat- 

treated samples were obtained using Cu x-radiation and a recording 

spectrometer type of x-ray apparatus. The graphic representations of 

the patterns were converted into the more convenient chart form for 

reproduction herein (fig. 19-22). 

The air-dried samples were amorphous to x-rays, and heat 

treatment at 300°C. did not increase the crystallinity appreciably. 

The series of samples heated for two hours at 400°C. and 

that heated for two hours at 500#C. exhibited identical x-radiograms 

(fig. 19). At these temperatures the mutual, protection phenomenon 

was clearly visible. Two zones of mutual protection were observed, 

one between 90 and 70 mole per cent IrigOg and another between 'JO and 

0 mole per cent. 



15 

The samples heated at 700°C. and at 800°C. were all crystal¬ 

line (fig. 21 and 22), the latter set giving sharper patterns, All of 

the dual samples exhibited the diffraction pattern of In^O^ alone, in¬ 

stead of the anticipated patterns indicating the presence of both hexa¬ 

gonal BeO crystals and cubic crystals. The pattern of IngO^ was 

observed even when $0 mole per cent BeO and only 10 mole per cent In^O^ 

was present. The positions of the diffraction lines did not change ap¬ 

preciably with the addition of increasing amounts of BeO. 

Most solid solutions exhibit with change in composition a 

change in lattice constants revealed in their x-radiograms by a shift 

in the positions of the diffraction lines, as observed in the Fe2°3“Cr2°3 

system (fig. 7) • The change in lattice constants is caused by the re¬ 

placement of ions of one kind by ions of another having different ef¬ 

fective radii and therefore causing a deformation of the unit cell. 

This phenomenon is the lattice substitution type of solid solution. 

Another possible type of solid solution is the interstitial 

type. If the packing of the ions in a compound leaves large enough 

holes between its ions, small incoming ions foreign to the original 

substance might fit into these holes without greatly disturbing the 

structure about them. In such an instance an appreciable shift of the 

lines of the diffraction pattern might not occur. If this distribution 

of the incoming ions among the holes were entirely random, no coherent 

scattering of the x-rays would be expected to add new lines to the 

pattern of the original solid. 

The small radius of the beryllium ion compared to that of 

the oxygen and indium ions and the lack of a detectable shift in the 

observed IngO^ lines (fig. 22) make this type of interstitial solid 

solution a possible explanation of the crystal structures giving rise 
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to the x-radiograms obtained of the BeO-In^O^ system. 

V. The System: ZrOg-CiVjO^ 

A series of eleven gels vas prepared as before by precipitat¬ 

ing mixtures of solutions of zirconium and chromium nitrates (0.5 M 

vith respect to the anhydrous oxides) with ammonium hydroxide ( ca. 

5.0 M ) (table IX). The gels were washed vith distilled rater and 

dioxane until nitrate free and then allowed to dry in the air at room 

temperature. Portions of these air-dried samples were heated for two 

hour periods at 500, 700, and 900°C. 

The x-radiograms of these samples were obtained photographically 

using Cr Kj- x-radiation. The patterns are recorded in chart from in 

figures 23, 25, and 26 and are summarized in table X. 

The air-dried gels were all amorphous to x-rays except those 

containing 100 and 90 mole per cent CrgO^. These exhibited the CrgO^'S^O 

pattern described in section III. 

In the samples heated at 500° C. (fig. 23) the amorphous charac¬ 

ter of the gels containing 50 to 90 mole per cent zirconium oxide in¬ 

dicated the existence of one zone of mutual protection. At this tempera¬ 

ture the pure zirconia gel crystallized into its tetragonal form. How¬ 

ever, the remaining samples containing 60 to 100 mole per cent CrgO^ 

exhibited only the pattern of hexagonal chromic oxide vith a small shift 

in the positions of the diffraction lines as the zirconia content in¬ 

creased. This indication of solid solution was rather surprising as 

a form of zirconia isomorphous vith the structure of Cr^O^ is not 

known. The graph of the composition of the samples plotted against 

the interplanar spacing for the (321) reflection (rhombohedral indices), 
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where d/n = ca. 1.6 kx units, followed Vegard's law (fig. 24). 

Thus at 500® C. the presence of as little as 10 mole per cent 

chromic oxide prevents the crystallization of zirconium oxide as such, and 

the presence of 50 mole per cent or more chromic oxide causes the substi¬ 

tution of the ions of the zirconia into the hexagonal lattice of the 

Cr202 structure. 

Heating at ’J00°C. decreased this influence of the chromic oxide 

on the zirconia. The x-radiograms of the 40 to 100 mole per cent CrgO^ 

samples showed the lines of the standard Cr2
03 pattern with no apparent 

displacements in positions and the 40 to 60 mole per cent samples even 

exhibited the diffraction lines of tetragonal Zr02 as well. The 90 mole 

per cent Zr02 sample and the pure oxide had formed the tetragonal crys¬ 

tals and only the 80 and 70 mole per cent ZrOg samples were amorphous. 

Although only one amorphous region was present, there seemed to be two 

zones of mutual protection at this temperature as the ZrO^ lines in the 

x-radiogram of the 50$ Zr02-50$ Cr20^ ssmple were stronger than in the 

patterns of the 40 and 60 mole per cent samples. Also in the presence 

of more than 60 mole per cent chromic oxide, the zirconia had not 

crystallized at all. 

The samples heated at 900°C. were all crystalline and consisted 

of mixtures of the separate oxides (fig. 26). The tetragonal modifica¬ 

tion of Zr02 persisted at this temperature level, although a trace of 

the monoclinic form was observed in the pure zirconia sample. The 

lines of the monoclinic form were too weak to be measured accurately and 

hence were omitted from figure 26. Seme protective action was noted even 

in this series, for the diffraction lines of chromic oxide are extremely 

weak in the x-radiograms of the $0 and 80 mole per cent Zr02 samples. 
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VT. The System KiO-Cr^O^-ZrOg (Preliminary Results) 

Three component oxide systems have "been studied "by many investi¬ 

gators in many different ways. One example is the work of Ruff, Ebert, 

and Loerpabel (19) who studied portions of ternary systems having zir¬ 

conium dioxide as one of the components. Their work, however, involved 

only the composition range in which at least 50 per cent ZrOg was present 

and was concerned with the melting points of these mixtures and their 

structures after solidification from the molten state. 

The experiments described in this section are the first in a 

systematic study of the ternary system: Ni0-Cr20g-Zr02, in which the 

whole range of composition will he studied in a manner very similar to 

that used in examining the dual systems already described. 

To cover the three-component diagram with enough points to 

make the results meaningful, gels were prepared for every 10 mole per 

cent change in composition. Table XI lists the compositions of the 

sixty-six samples necessary to fulfill this condition, as shown in 

figure 27. 

These gels were precipitated in quick-mixers from 60 ml.- 

portions of mixtures of nickel, chromium, and zirconium nitrate solu¬ 

tions (0.5 M with respect to the anhydrous HiO, Cr20g, and Zr02) by 

ammonium hydroxide (ça, 5*0 M). The 60 ml. nitrate solution mixtures 

were precipitated with between 12 and 36 ml. of ammonia, the necessary 

amounts having been previously determined by pH titrations. For in¬ 

stance, in preparing sample number 50 of composition 60$ HiO-30^ 

Cr20g-10$ Zr02, 19.3 ml. of ammonia were used to precipitate a mixture 

of 36 ml. HiCNO^)^ 18 ml* CrCNO^g, and 6 ml. ZrOso^)^. The precipi¬ 

tated gels were thrown down in a centrifuge and transferred without 
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further washing into evaporating dishes in "which they were allowed to 

dry in air at room temperature. Portions of these gels were heated for 

two hours at 500°C., and then the x-ray diffraction patterns of these 

heat-treated samples were then recorded using Cr K^ x-radiation and 

photographic film. The results are summarized in figure 28. 

After heat-treatment at 500°C., this ternary system displayed 

six major phenomena. These will he discussed with reference to the re¬ 

gions A, B, C, etc. outlined in figure 28. 

1. Considering the system as a whole, one extensive zone of 

mutual protection is observed. In figure 28 this region is labeled A. 

All the samples included in region A are amorphous and their composi¬ 

tions are particularly rich in ZTOQ and/or MO. It is inherent in this 

method of summarizing the data that degree of crystallinity cannot be 

represented concurrently with the other results shown. Furthermore, 

quantitative determination of the degree of crystallinity is difficult 

or impossible. One must, therefore, bear in mind that the boundaries 

between the amorphous and crystalline regions are not so sharp as the 

figure might suggest. 

2. Begions B, C, and D illustrate the second phenomenon, 

which consists of the wide range of compositions over which 

crystals are formed. Almost all samples containing 4o mole per cent 

or more Cr^O^ exhibited the Cpattern, either alone or in addition 

to another pattern. It is then apparent that chromic oxide is more 

crystalline at 500°C. than either nickel oxide or zirconium dioxide. 

At the same time the greater susceptibility of the latter oxides to a 

mutual protective action is observed. However, regions E and F show 

that nickel oxide crystallizes even in the presence of 30 mole per cent 
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Cr203 or ZrOg. 

3. The samples of regions C and E give x-ray diffraction pat¬ 

terns which include a set of unidentified lines. This new pattern is 

attributed to an unknown phase designated in this report for purposes 

of reference as the x-phase. Crystals of the x-phase are mixed with 

Cr203 crystals in the samples of region C and with NiO crystals in the 

samples of region E. The pattern of the x-phase does not correspond to 

the known spinel" structure (20) of HiO'Cr^O^ and can not be attributed 

to thé presence of ammonium nitrate crystals, which would decompose on 

heat-treatment at 500°C. 

h. An apparent anomaly occurred in region 3). The one sample 

included in this region exhibited a diffraction pattern unique in this 

system. Its x-radiogram showed the presence of a mixture of crystals 

of NiO and CrgO^. The x-phase pattern was not detected. 

5. Along the bottom of figure 28, regions, F, G, and H show 

a tendency of the dual NiO-ZrO^ samples to form mixtures of the crystals 

of the two components. This behavior is similar to that observed at 

higher temperatures in the ZrOg-Cr^O^ system discussed in section V. 

The amorphous character of the sample of composition: 10$ Ni0-0$ 

Cr203-90$ Zr02, demonstrates the existence of a mutual protective ac¬ 

tion between these two oxides. 

6. In section V there was noted the presence of solid 

solution phenomena in those ZrOg-Cr^O^ samples rendered crystalline by 

heating at 500°C. In this three-component system the corresponding 

samples are also crystalline but the presence of solid solution is 

not nearly so pronounced. It will be recalled that the previous 

study made of the dual system indicated that heating at J00*C. destroyed 
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the solid, solutions and began the formation of mixtures of ZrO^ and 

Cr^O^ crystals. The exact temperature at which this transition commences 

•was not determined but it is probably nearer 500° C. than 700“ C. There¬ 

fore, minor variations in temperature and time of heat-treatment near the 

500“ C. temperature level may influence markedly the initiation of the 

transformation from solid solution (i.e mixed crystals) to a mixture 

of crystals of the separate oxides. This behavior is assumed to account 

for the varying extent of the solid solution phenomenon in the system 

ZrOg—CrgO^. 

It would be of interest to heat the entire ternary system at 

higher and lower temperatures as one would expect alterations in (a) 

the size of, and (b) the shape of, and (c) the phases comprising the 

regions of figure 28 analogous to the transformations observed in the 

dual systems. These preliminary experiments suggest a number of interest¬ 

ing problems for future investigation. Among these may be enumerated 

the following: (a) to identify the x-phase, (b) to investigate the ex¬ 

tent of the mutual protection zone at higher and lower temperatures, 

(c) to explain the unique appearance at 500®C. of the mixture of crystals 

of NiO and CrgO^ in an equimolar mixture of the oxides, (d) to study 

further the transition from mixed crystals to crystal mixtures in the 

samples of the ZrOg-CrgO^ system, and (e) to determine definitely the 

crystal structure of the samples of the HiO-ZrC>2 system at higher tempera¬ 

tures 
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SUMMBEÏ 

The following is a brief summary of the results of this in¬ 

vestigation: 

1. The mutual protective action observed by Milligan and 

Holmes in the system: CuO-FegO^ has been extended to the dual oxide 

systems: HiO-AlgO^, Fe^O^-CrgO^, BeO-In^O^, and ZrOg-CTgO^, and to the 

ternary system: NiO-CrgO^-ZrO^. 

2. In the NiO-AlgO^ system the mutual protective action per¬ 

sisted upon heating the samples for two hours at 700° C. Heat-treatment 

at 1000®C., however, formed solid solutions of the pure oxides with 

the spinel MO’AlgO^. 

3. In studying the FegO^-CrgO^ sys'':em it was found that 

traces of sodium in chromic oxide engender the formation at 400-500°C. 

of an unidentified crystalline phase, and that small amounts of silica 

retard the crystallization of the dual gels. Dual gels precipitated 

by ammonia and heated at 300°C. show two zones of mutual protection. 

Heat-treatment for two hours at 500° C. forms mixed crystals of the 

oxides. 

4. A new hydrate of chromic oxide, stable below 50°C. at 

ordinary pressures and precipitated from chromic salts by ammonia or 

other organic bases, was Identified as CTgO^’SHgO. 

5. Marked mutual protective action was observed in the 

system: BeO-IngOy The composition ranges over which two zones of 

mutual protection were found, varied with the temperature level at 

which the gels were heated. Heat-treatment of the dual gels for two 

hours at 700 and 800°C. resulted in interstitial solid solution of 

the beryllium oxide in the IngO^ structure. 
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6. In the ZrO^-Cr^O^ system the mutual protective action and 

the crystal structure of the samples varied markedly with the tempera¬ 

ture of heat-treatment. The samples heated at 500°C. show one zone 

of mutual protection, those heated at 700®C. show two zones. Those 

samples which are crystalline after heat-treatment at 500® C. form solid 

solutions. Heat-treatment at 900°C. transforms the samples to mixtures 

of crystals of the separate oxides. 

7. Heat-treatment at 500*C. for two hours of the samples com¬ 

prising the three-component system: HiO-CrgO^-ZrOg, yields x-ray diffrac¬ 

tion patterns demonstrating the presence of an extensive zone of mutual 

protection. Also noted were (a) an unidentified diffraction pattern 

exhibited hy samples containing 10 mole per cent or less zirconia, (h) 

a diminution of the solid solution phenomenon previously observed in 

the dual ZrOg-Cr^O^ system, (c) the enhanced crystallinity of chromic 

oxide at 500° C. as compared to that of nickel or zirconium oxides at 

the same temperature, and (d) the formation of mixtures of crystals 

of the separate oxides in the HiO-ZrOg samples. 
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TABLES 



Table I 

Preparation of NiO-Al^O^ Samples 

Sample 
Number 

Solution A Solution B Mole 7, Mole 1 
NKNOgJj, (a) AI(NUs)3 (a) NaOH (b)' NiO 

1 40 ml. 0 ml. 8.4 ml. 100 0 

2 36 4 10.3 90 10 

5 32 8 12.2 80 20 

4 28 12 14.1 70 30 

5 24 16 16.0 60 40 

6 20 20 17.9 50 50 

7 16 24 19.8 40 60 

8 12 28 21.7 50 70 

9 8 32 23.6 20 80 

10 4 36 25.5 10 90 

11 0 40 27.4 0 100 

(a) 0.5 M with respect to NiO or Al^O^ 



Table II 

Heat Treatment of N1J-A1„0- i^amjilee 
6. O 

Sample 
Number 

Mole % Mole *U Color of Air- 
Dried Gel 

Color After Heating 2 Hours at 
NiO 

*2°Z 
500OGm 700°C. ioon°c. 

1 100 0 Green Blackish-green Blackish-green Blackish-green 

2 90 10 Green Grey Olive-green Dark green 

5 bO 20 Green Grey Green Dark green 

4 70 50 Green Grey Green Green 

5 60 40 Green Grey Green Bluish-green 

6 50 50 Green Grey Green Greenish-blue 

7 40 60 Green Grey Green Blue 

8 50 70 Green Grey Blue-green Light blue 

9 20 80 Green Blue-grey .* Blue Light blue 

10 10 90 Trace green Blue Blue Light blue 

11 0 100 White White White White 
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Table III 

Preparation of Fe^O^-Cr^O^ Samples 

Solution A Solution B Mole Vo Mole % 
(S03)3 (a) Cr(N03)5 («) NaOH (b) Fe2°5 Cr2( 

80 ml. 0 ml. 50 ml. 100 0 

72 8 50 90 10 

64 16 50 80 20 

56 24 50 70 50 

48 52 50 60 40 

40 40 50 50 50 

52 48 50 40 60 

24 56 50 50 70 

16 64 50 20 80 

8 72 50 10 90 

0 80 50 0 100 

(a) 0*5 M with respect to Fe^O^ or Cr,^ 

(b) c*. 5.5 M 



Table 17 

Fe3Oi~Cr*Oi gela precipitated by sodium hydroxide 

SAMPLE 
HOLE PEE CENT EESULTS OF X-EAY ANALYSIS 

NUMBEE 
FctO, CrtOi Air-dried 300*C. 400*C. 500*C. 

1  100 0 Amorphous* Amorphous Amorphous Crystalline 
2  90 10 Amorphous Amorphous Crystalline 
3  80 20 Amorphous* Amorphous * Amorphous Crystalline 
4  70 30 Amorphous Amorphous Crystalline 
5  60 40 Amorphous* Amorphous Crystalline Crystalline 
6  50 50 Amorphous Amorphous Crystalline! 
7  40 60 Amorphous* Amorphous Crystallinef Crystalline! 
8  30 70 Amorphous Amorphous Crystalline! 
9  20 80 Amorphous* Amorphous Crystalline! Crystalline! 
10  10 90 Amorphous Crystalline! Crystalline! 
11  0 100 Amorphous* Amorphous Crystalline! Crystalline! 

* Using quartz-crystal monochromator, 
t Very faint pattern. 
! Fe20i~Cr20j pattern plus lines of new crystalline phase. 



Table V 

F(S*0a“Cr20i gela precipitated by ammonia 

SAMPLE 
MOLE PER CENT RESULTS or X-RAY ANALYSIS 

HUMBER 
FejOj CrjO| Air-dried | 300*C. 350*C. 400 and 500*C. 

1  100 0 Amorphous Crystalline Crystalline Crystalline 
2  90 10 Amorphous Amorphous Crystalline Crystalline 
3  80 20 Amorphous Amorphous Amorphous Crystalline 
4  70 30 Amorphous Amorphous Amorphous Crystalline 
5  60 40 Amorphous Amorphous Amorphous Crystalline 
6  50 50 Amorphous Amorphous Amorphous Crystalline 
7  40 60 Amorphous Amorphous Crystalline Crystalline! 
8  30 70 Amorphous Amorphous Amorphous Crystalline 
9  20 80 Amorphous Amorphous Crystalline Crystalline 
10  10 90 Crystalline* Amorphous Crystalline Crystalline 
11  0 100 Crystalline! Amorphous Crystalline Crystalline 

* Faint but broad linos of a now crystalline phase, 
f Intense and sharper lines of this new crystalline phase. 
X 400°C. sample very faintly crystalline. 



Table VI 

Heat-treatment of chromic oxide gel 

TEMPERATURE 
RESULTS OF X-RAY ANALYSIS 

Precipitated by ammonia Precipitated by sodium hydroxide 

•c. 

[Air-dried] Crystalline* Amorphous 
50 Crystalline* 

100 Amorphous 
150 Amorphous 
200 Amorphous 
300 Amorphous Amorphous 
350 Cry8tallinet 
400 Crystalline! Crystalline! 
500 Crystalline! Crystalline! 

* New low-temperature crystalline phase, found in gels precipitated by ammonia, 
t Cr*0|. 
! CrîOi + new high-temperature crystalline phase, found in gels precipitated by so¬ 

dium hydroxide. 



Table VII 

Interplanar Spacings of Cr^Og'SHgO 

from Photographie Data using Cr X-radiation 

d/n Line 
No. Obs. Corr. 

1 4.891 4.862 +0.029 
2 4.607 4.581 +0.026 
5 5.351 3.337 +0.014 

NaCl 1 3.262 3.249 +0.015 
4 2.869 2.861 +0.008 

NaCl 2 2.820 2.314 +0.006 
5 2.434 2.430 +0.004 
6 2.329 2.526 +0.003 
7 2.196 2.195 +0.001 
8 2.150 2.149 +0.001 
9 2.072 2.072 +0.000 

NaCl 3 1.991 1.990 +0.001 
10 1.789 1.790 -0.001 
11 1.731 1.732 -0.001 

NaCl 4 1.695 1.697 -0.002 
12 1.666 1.668 -0.002 
13 1.633 1.635 -0.002 

NaCl 5 1.623 1.625 -0.002 
14 1.525 1.526 -0.001 

NaCl 6 1.407 1.407 ±0.000 
15 1.380 1.380 +0.000 
16 1.322 1.322 +0.000 

A = d/n - d/n 
Obs. Corr. 

d/n for Nad is taken from Ksanda (18) 
Corr. 
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Table VIII 

Preparation of BeO-In.^O^ Samples 

Solution A Solution P _Hole *fo 
Be(N05)2 (a) In(N05)j (a) NH40H (b) BeO 

25*0 ml. 0.0 ml. 9 ml. 100 

22.5 2.5 10 90 

10.0 2.5 6 00 

7.0 5.0 6 70 

4.5 3.0 5 60 

5.5 5.5 6 50 

2.55 3.5 5 40 

1.71 4.0 5 50 

1.00 4.0 5 20 

0.50 4.5 5 10 

0.00 5.0 5 0 

(a) 0.71 M with respect to BeO or In 0„ 
2 5 

(t>) ça. 6.0 H 



Table IX 

Preparation of ZrOg—Cr^Oj Saaples 

Sample 
Number 

Solution A Solution B Mole% Mole V# 
Zr(N05)4 (a) Cr(NOs)5 (a) NH40H (b) Zr02 

1 80 ml .• 0 ml. 40 ml. 100 0 

2 72 8 40 90 10 

S 64 16 40 80 20 

4 56 24 40 70 50 

5 48 52 40 60 40 

6 40 40 40 50 50 

7 52 48 40 40 60 

8 24 56 40 50 70 

9 16 64 40 20 80 

10 8 72 40 10 90 

11 0 80 40 0 100 

(a) 0.5 M with respect to ZrO^ or Cr^Oj 



Table X 

TABLE 

The System: ZrO^-Cr^O^ 

Composition Results of X-Ray Diffraction Examination 

Mole Per Cent Heated for 2 hrs. at 

Zr02 Cr203 Alr-Dried 500*C. 700*0. 900*C. 

100 0 Amorphous Tetragonal 
Zr02 

Tetragonal ZrOg Tetragonal ZrCL and trace 
monoclinic ZrOg 

90 10 Amorphous Tetragonal ZrOp Tetragonal ZrOg 

8o 20 Amorphous Amorphous Amorphous Tetragonal 2r0? 

70 30 Amorphous Amorphous Mixture of tetragonal ZrOg 
and hexagonal CrgO,, weak 
pattern 

0 

60 ko Amorphous Amorphous •Mixture of tetra¬ 
gonal Zr0o and 
hexagonal^CrpO-, 
weak pattern^ ec- 
oentlally ooor- 
phous 

Mixture of tetragonal ZrCp 
and hexagonal Cro03 

50 50 Amorphous Mixture tetragonal 

ZrOp and hexagonal 
Cr/3 

Mixture tetragonal Zr02 
and hexagonal Cr2r\ 

Uo '0 Amorphous Hexagonal 
CrpO^ (a) 

Mixture tetragonal 
ZrCu and hexagonal 
Cr203 

Mixture tetragonal Zr0o 
and hexagonal CrpO^ 

30 70 Hexagonal 
Cr203 (a) 

Hexagonal Cr20-, 
weak pattern 

Mixture tetragonal Zr02 
and hexagonal Cr203 

20 60 Amorphous Hexagonal 

^*2^3 

Hexagonal Cr203 Mixture tetragonal ZrO 
and hexagonal Cr203 

2 

10 90 Hexagonal 
Crg03 (a) 

Hexagonal Cr203 Hexagonal 

0 100 Crystalline Hexagonal 
Cr203.3HpO Cr?03 (a) 

Hexagonal Cr?03 Hexagonal Cr203 

Note: (a) Varying spacings, Indicating solid solution. 



Table XX 

Composition of ItiO-CrgOg-ZrOg Samples 

Sample Mole % ' Sample Hole *?. 
MIA r\ ^ ^ Number NiO Cr2°5 Zr02 Number NiO Cr 0 

25 
Zr02 

1 100 0 0 54 50 10 40 
2 90 0 10 55 40 10 50 
5 80 0 20 56 50 10 60 
4 70 0 50 57 20 10 70 
5 60 0 40 58 10 10 80 
6 50 0 50 59 10 20 70 
7 40 0 60 40 10 50 60 
8 50 0 70 41 10 40 50 
9 20 0 80 42 10 50 40 

10 10 0 90 45 10 60 50 
11 0 0 100 44 10 70 20 
12 0 10 90 45 10 80 10 
15 0 20 80 46 20 70 10 
14 0 50 70 47 50 60 10 
15 0 40 60 4b 40 50 10 
16 0 50 50 49 50 40 10 
17 0 60 40 50 60 50 10 
18 0 70 50 51 70 20 10 
19 0 80 20 52 60 20 20 
20 0 90 10 55 50 20 50 
21 0 100 0 54 40 20 40 
22 10 90 0 55 50 20 50 

* 25 20 80 0 56 20 20 60 
24 50 70 0 57 20 50 50 
25 40 60 0 58 20 40 40 
26 50 50 0 59 20 50 50 
27 60 40 0 60 20 60 20 
28 70 50 0 61 50 50 20 
29 80 20 0 62 40 40 20 
50 90 10 0 65 50 50 20 
51 80 10 10 64 40 50 50 
52 70 10 20 65 50 50 40 
55 60 10 50 66 50 40 50 
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