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ABSTRACT 

Thermal expansion measurements on quenched copper ferrites reveaied that the 
kinetics of the cation rearranFments in the spine1 phase depend on the oxygen 
stoichiometry, which is in turn depending on the quenching temperature. The 
tetragonal distortion of the spine1 structure is primarily determined by the octahedral 
Cuz+-concentration and only indirectly by oxidation of the sampfe. The tetragonal 
to cubic transition in copper ferrite is of a diffusionless type when the trausition 
temperature is Iower than 300°C; above that temperature the ionic rearrangement 
between the sublattices interferes with the transition_ 

Copper ferrite, CuFe204, is reported to exist in two crystallographic forms, a 
tetragonally distorted and a cubic spine1 structure, depending on the concentration 
of the distorting Jahn-Teller Cu Li -ions present on the B-sites of the spine1 structure’-Z. 
The cation distribution, i.e., the concentration of octahedral Cr.?+-ions, can be 
changed by thermal treatments, which makes it possible to relate the csysta! structure 

and the transformation temperature to the thermal history of the material. A number 
of authorsr4 attributed the distribution changes to a simple thermal effect due to the 
mixing-entropy5, However, O’Bryan et aL6 found indications, that the distribution is 
not determined mereIy by the quenching temperature, but is also influenced by the 
oxygen stoichiometry. Ohbayashi et aL7 concluded from the identical properties of 
samples sintered at lZCKYC, in IO0 a+m -oxygen and at 500°C in air, that the normal 
inverse change of the cation distribution is only due to a change of the oxygen 
stoichiometry, i.e., the appearance of Cu*-ions. 

Another problem concerning copper ferrite often overlooked in the literature 
is that pure copper ferrite is difiicult to prepare. Mexmains found that pure CuFe20i 
can onIy be prepared by a special oxidizing sintering procedure below 8SOOC. 
However, the phases in the samples were checked with X-ray difhaction, which does 
not exclude the presence of a small amount of a second phase Yamaguchi9 found by 
careful microscopic investigation that “pure” CuFe20, contains CuO as a second 
phase and that the spineJIic phase has the composition CU,.,,F&~~O,~~. 
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To investigate and elucidate the relation between oxidation, cation distribution 
and crystal structure of copper ferrite further, we measured the thermal dilatation of 

a number of samples C&Fe+,O,,, (084 ,cx I 1-O) which were anneakd at different 
temperatures before the measuremeuts 

A number of polycrystalline samples Cu,Fe3--,0+ktl, with x=084; 0.88; 
0.92; O-96 and I-0, were prepared from mixtures of Cr.10 and FezO, _ These mixtures 
were preheated for 4 h at 800°C in air, pressed in the form of bars and sintered 2 h at 
920°C in I atm- orygen Rods (with dimensions 2 x 2 x 30 mm) cut from these bars, 

were anneafed in oxygen for 65 h at 7&C, then 24 h at 920°C and subsequently 
quenched to room temperature.. The samples x = I-0 contained traces of CuO, 
detectable with X-ray diffraction and the sampIes x = 0.92,0.88 and 0.84 contained 
s-F~O, as a second phase- The samples x = O-96 showed only the spine1 phase in the 
X-ray diagram, By microscopic investigations it was hard to detect a second phase in 

this material because of the microcrystalline and porous nature of the samples_ After 
the annealing procedure at 920°C a number of sampks was heated again at various 

temperatures in oxygen for 24 h and water quenched to room temperature. Chemical 
analysis indicated that the copper-iron ratios were correct within 1%. The thermal 
dihuation of these quenched specimens was measured from room temperature up to 
700°C with a dilatometer described elsewhere’“. The X-ray measurements were 
performed with Cu-Kz radiation on a Philips diffractometer. 

As was already recognized by Mexmain* the formation at 900°C of a pure spine1 

CuFe=O, from CuO and Fe,O, is hampered by a reduction during the beginning of 
the sinterprocess At the first stage of the process a spinellic phase is formed with an 

excess of iron (Cu,fe 3_-I05. xc I), which implies the presence of monovaient copper 
ions in the spine1 phase and a Ioss of oxygen of the sampIe*_ In the second stage of 
sintering, oxy__oen has to be dissokd in the sample- We observed that re-oxidation of 
the sampie is very difficuh if the sampie has a high density- For this reason, it is not 
de&&e to carry out the whole sinterPr_ at 900-920°C because the densificarion 

of the samples to about 95% of the theoreticai value is reached at that temperature 
within 5 h- F&oxidation of dense samples takes place slowly, which was proved by the 
presence of large amounts of CuO in samples x = I .O sintercd for 24 h at 920°C 

Afkr 2 6 sintering in oxygen at 920°C the density of the mater ial was about 75% ; 
if these samples were annealed in oxygen for 65 h at 7OO”C, and afterwards sintered 
again for 24 h at 920°C hardly detectable traces of CuO were observed. For the 

compositions O-84 I x < I-0 we applied now an oxidation at 700°C after the first stage 

of sintering, as indicated under “Fixperimental”_ 
After preparation the sampks O-84 s x I 1.0 were anneakd at 620°C in I atm- 
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oxygen for 24 h, quenched to room temperature and examined by X-ray diffraction_ 
The compositions 0.92, 0.88 and 0.84 consisted of z-FezO, and a tetragonal spine1 
phase with c/a ratio of 1.043. The composition x = 1.0 contained a tetragonal spine1 
with the same c/a ratio of 1.043 and CuO as a second phase; for x = O-96 no second 
phases could bc detected_ From these observations we concluded that the stabiiity 
region of the spine1 structure in oxygen at 620% is very small and limited around the 
composition Cu,,_96Fe,_,,0,, which deviates somewhat from the phase diagram by 
YamaFchi’_ We prepared the same compositions also by the wet chemical method 
according to I’ and found essentially the same results as in the case of the ceramic 
preparation. From these experiments one may expect that, if a singIe phase ferrite 
with composition x= 0.96 is heated at temperatures above 620°C reduction takes 
place which decreases the Cu2+ concentration in the spine1 structure and which 
supports the idea of Ohbayashi et al.‘, that the changes in cation distributions and 
cubic-tetragonal transition are due to the change in degree of oxidation- 

To investigate this further we annealed rods of the prepared copper ferrites in 
oxygen at temperatures of 800,740,680 and 620°C for 24 h, followed by quenching_ 

The thermal dilatation of these sampIes showed a remarkable behaviour- Between 
the compositions there were no Iarge differences in thermal dilatation, which supports 

the idea that in all the samples a spine1 _ phase with fixed composition 

-Cu,-,,Fcz-,,o,,, was present in addition to small amounts of a second phase of 
CuO or Fe,O,, and that the anomalies in the thermal dilatation are only caused by the 

spine1 phase_ Because of the uncertainty in the exact Cu-Fe ratio of the spine1 phase, 
the Fezi content of the sample (active oxygen content) is not a good measure for the 
cation vacancy concentration_ For this reason no systematic analysis could be made of 
the cation vacancy concentration, although this concentration is very important for 
the kinetics of the rearrangement of the cations as will be discussed Iater on. The 
samples, which were quenched from temperatures below 800°C contained tetragonaily 
distorted spinels with axial ratios increasing with decreasing quenching temperature_ 

In the dilatation curves (in Fig_ I the resuhs are given for the composition 
x = 0.96) an anomaIy was observed in the temperature region 80-25O”C, which can 
be attributed to the tetragonaI 4 cubic transition; the transition temperature (r,,) 
increases more or fess Iinearly with the axial ratio, which was aiso observed in other 
J&m-Teller deformed spine1 systems ’ ‘. In the temperature region 25045O”C, the 
dilatation behaviour is more comphcated. The specimens quenched from 800°C 
showed a dent in the dilatation curve near 400cC, which broadened for the lower 
quenching temperature; for the temperature 620°C even a splitting is observed_ This 
complex behaviour can be expIained by the exchange of cations between the octahedraI 
and tetrahedral sublattices: Fe,,+Cq=-+ Fe,,,+Cu,, and the influence of the 
oxidation de_gree of the samples on the kinetics of this cation exchange_ If the samples 
were quenched after a dilatation measurement up to 450°C the crystal stnicture 

turned out to be tetragona! with c/a value between 1,050 and LOSS, which is much 
higher than those of the materials before the measurements_ The dilatation measure- 
ments were carried out in air with a heating rate of 2°C min- I, which makes it 
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be due to the cation exchange between the sublattices. 
It is known that in copper ferrites, the Cu2+ ions have a prefkrence to be 

locatuiontheoc@hedA sites at low tern-- andthatthecation distribution 
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is temperature depende&. Below + 3OO”d the cation exchange is too slow to achieve’ 
the equilibrium distribution I2 By quenching from temperatures above 300°C, too _ 

many copper ions are frozen on tetrahedral sites; so there is a shortage of Cut+ ions 
on octahedral sites which results in a lower value of the tetragonal axial ratio, or even 
a cubic structure is obtained_ When increasing the temperature again, equilibrium 

will be retained in the temperature region where the cation exchange can go on. 
ConsequentIy, for the specimens with Iow c/a values, i.e., low temperatures at which 
the transition from the tetragonal to the cubic structure appears, we will find again at 
somewhat bigher temperarures a trausition from the cubic to a tetragonaI structure 

caused by the increased concentration of octahedral Cu2+ ions- At still higher 
temperatures the tetragonal structure will become cubic again because of the 
destruction of the alignment of the Jahn-Teller distorted Cu*+O~- oct~&edra’~ and 
because of the gradual decrease of the octahedral Cut+ concentration with increasing 

temperature. Whether al1 these effects can ‘bc observed separately by thermal 
expansion measurements depends on the temperature where the cation exchange 
becomes noticeable- The velocity of the cation exchange at a certain temperature is 
strongIy enhanced by the presence of cation vacancies, whjch was proved by the 
authors by means of creep measurements’ 4 on magnesium fetes’ ’ ; with increasing 
vacancy concentration, the temperature region, where the cation exchange occurs, 
shifts to lower temperature. 

The expkmation of the complex dilatation curves above 250°C is now based on- 

the idea that with increasing quenching temperature, the number of cation vacancies 

decreases. For materiak quenched from SOO”C, the exchange of cations starts at 
f400”C_ This temperature coincides with the tetragonai-cubic transition of a 

material sIowiy cooled to room temperature”, having the equilibrium cation 
distribution at the transition temperature_ This gives the anomaly in the dilatation 
near 41O*C, which takes place in a temperature interval of about 25°C. By decreasing 

the quenching temperature, the samples will be more oxidized and the migration will 
occur at lower temperatures- The result is that the anomaly in the thermal expansion 

is spread over a large temperature interval_ 
The broadening of the anomaly is indeed observed and for TY = 620°C even a 

separation of the two effects occurs- At 300°C the cation exchange starts, and near 
340°C the equilibrium distribution of that temperature is retained. If the sampIe is 
quenched to room temperature after a dilatation measurement up to 340cC, the c/a 

value turned out to be increased from 1.043 to 1.058. An estimation*’ of the 
tetragonakubic transition temperature from the c/&T- reIation gives +- 4W”C, 
which fits in with the observed phenomena From these diktation experiments it 
follows also that between 300 and 4oo”C, the structure which changed at 210°C from 
te*kagonal into cubic, becomes again tetragonal as a consequence of the cation 
redistriiution, and at +41O”C the structure turns again into a cubic one_ 

Another problem, which was noted by 0’Brya.n et a.L6 concerns the different 

room temperature structures of samples quenched from different temperatures_ The 
kinetics of the ion rearrangement are rapid above +40O”C and one would expect that 
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quenching from different temperatures would produce the same forms. However, if 
one takes into consideration the infiuence of the vacancy concentration upon the 
kinetics, the occurrence of different c/a vahes can be reiated to variation of the oxygen 
stoichiometry of the spineI phase_ By quenching from various temperatures, the 

oxygen stoichiometry will change and as a consequence the temperature region where 
the velocity of the cation exchange becomes substantial shifts to Iower values. This 
means that the equilibrium distribution of different temperatures will be preserved, 
depending on the vacancy concentration. The variation in c/u value for the specimens 
quenched from different temperatures supports now the idea that between 620 and 
900°C a reduction of the spine1 phase takes place with increasing temperature. 
However, this reduction has not the direct inff uence on the cation distribution and 
crystaI structure as was stated in literature7 but has an indirect influence by means of 
the kinetics of the cation rearrangements. 

A further proof that between 300 and 4UO’C a cation rearrangement takes pIace 
without interference with the atmosphere was found in the thermal dilatation of two 

samples x = 0.96, measured in I atm. nitrogen; one sample was heated in pure oxygen 
and quenched from 900°C into water, the other slowly cooled in oxygen at a rate of 
7T h-’ _ The measurements are presented in Figs_ 2 and 3. The slowly cooled sample 

was tetragonal with c/a = 1.058 and showed the phase transition at 41S”C, which is 

much higher than the usually reported z*8 value of 360cC, although a value of 405°C 
is also reporteda7_ The quenched sample was cubic and showed a large anomaly near 

400°C As the structure at room temperature is cubic, this anomaly cannot be due to 
the tetragonai -_, cubic transition_ Further, if the thermal expansion of the quenched 
sample was also measured with decreasing temperature (see Fig. 31, about the same 
curve was obtained as for the sIowfy cooled sample and the structure changed into a 

tetragonal one with c/a = I-056_ Only the transition temperature was ca_ 10°C Iower. 

As oxidation during the measurement is ruled out by the Nz atmosphere only the 
cation rearrangement can be the origin of the observed effects_ 

A final remark is that we observed in aII the samples a small anomaiy near 
SOOT, which is due to the ferri_gmanetic 3 paramaguetic transition at the Curie 

temperature T, _ 

CONCLUSIONS 

(i) The dilatation measurements on quenched copper ferrites prove that the 

crystal structure is primarily determined by the octahedral Cu2* concentration and 
only indirectly by the oxidation of the samples, The oxygen stoichiometry has a large 
infiuence on the kinetics of cation r earrangements in the spinel phase, which is the 
origin of the scattering of the experimental data reported in literature- 

(ii) The compound CuFe,O, which is reported in literature consists of a spine1 

phase NCU~_~~F+_~~O~~~ with CuO as a second phase- 
(iii Between 300 and 400°1c, the velocity of the cation exchange between the 

sublattices becomes substantial so that for the tetragonal + cubic transition in copper 
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fcrritts a difhsionless transition is only possible if the transition tcmetire is lower 
than 3OO”C, and above that tempera&me the ionic rearran-i between the 

sub?atticcs will intim with the. tmnsition. 
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