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Compressive creep tests in a temperature region higher than 900~ were conducted on 
Mn-Zn ferrite single crystals of various compositions. The strain rates in the stationary creep 
vary with stress and temperature according to the wel l -known relation 

~; = Aft m exp ( -  H/kT) 

The stress index, m, is nearly 3, independent of the composition, but the activation energy, H, 
depends on it. From TEM and etch pit observations the distribution of mobile dislocations 
were almost uniform and the effective stress index, m*, of the dislocation velocity was nearly 
1. In the compression test with constant deformation velocity, the internal stress during the 
deformation was about 1 7% lower than the applied stress. From these experimental results the 
high temperature deformation of Mn-Zn ferrite crystals is concluded to be governed by the 
viscous movements of dislocations which drag the atmosphere of pinning atoms or ions. The 
chemical composition dependency of the activation energy is considered to be caused by the 
structural defects due to the deviation from stoichiometry which act as the obstacles for the 
diffusion of pinning atoms or ions. 

1. I n t r o d u c t i o n  
Some physical properties of crystals having the spinel 
structure depend on their chemical compositions, that 
is on their deviation parameters, n (n being 1 in stoi- 
chiometric composition). The mechanical properties 
of these crystals have been studied mainly on spinel 
crystals (MgO-nAlzO 3, 1 ~< n < 4.5) in relation to 
their chemical compositions. The high temperature 
strength of the spinel crystals decreases with the devi- 
ation from the stoichiometry [l-3], while the acti- 
vation energy of deformation is almost constant [3]. 
By transmission electron microscope (TEM) obser- 
vations, mobile dislocations in spinel crystals separate 
into two collinear half-dislocations having the Burgers 
vector of (a/4) (1 10) and the separation does not 
occur in the slip plane [1, 3-7]. Some models of the 
dislocation splitting and high temperature defor- 
mation have been presented [1, 3, 7], but these could 
not explain many experimental results comprehen- 
sively. The plastic deformation behaviour of Mn-Zn  
ferrite crystals, having the spinel structure is not 
known well. 

In the study of creep deformations of metals and 
alloys, the high temperature stationary deformation is 
classified into two types [8]: 

1. Deformation rate is governed by recovery, as is 

0 0 2 2 - 2 4 6 1 / 8 6  $03.00 + . 12 �9 1986 Chapman and Hall Ltd. 

seen mostly in pure metals (the metal type), and 
2. it is governed by the viscous movement of dislo- 

cations dragging the atmosphere of impurity atoms, as 
is observed in alloys (the alloy type). 

Knowing some deformation parameters, the type of 
deformation mode is determined. In the metal type the 
dislocation configuration is not uniform and some cell 
and sub-grain structures are existing [9], and the 
recovery due to the climb motion of dislocations at the 
cell walls and sub-grain boundaries [10], or that due to 
the growth of dislocation networks [11], governs the 
dislocation velocity. In this case the stress index, m, of 
the strain rate becomes larger than 5 and the internal 
stress becomes high [12, 13]. In the alloy type the 
distribution of dislocations is nearly uniform [14], the 
stress index is nearly 3 [15], the internal stress is low 
and the effective stress index, m, of dislocation velocity 
is almost unity. The classification of deformation 
mechanism by these deformation parameters is used 
in many materials. 

In the present work high temperature deformation 
of Mn-Zn  ferrite single crystals is studied by com- 
pressive creep and by constant speed deformation test, 
and the type of deformation mechanism is determined 
from the deformation parameters and dislocation con- 
figurations observed by TEM and etch pit method. 
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Figure 1 Creep curves of an Mn-Zn ferrite crystal with n = 1.13. 
The compression direction is [011]. 
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2. Experimental  details 
The specimens for compression test were cut out from 
Bridgman grown Mn-Zn  ferrite single crystals having 
various compositions of (MnO)x �9 (ZnO) l _ x" n(Fe2 O3) 
with 0.47 ~< x ~< 0.65 and 1.02 ~< n ~< 1.86 by 
atomic absorption spectroscopy. The specimens are 
parallelepipeds of 3.5 x 3.5 x 10 mm3 with [0 01] or 
[0 1 1] compression axes. The specimen surface, i.e. 
flanks of the parallelepipeds, were ground with No. 
1500 emery paper and No. 2000 alumina powder to 
climate the damaged surface layer. The creep test was 
conducted in an open furnace applying a load with a 
pair of  alumina rods between which the specimen was 
held. The strain of the specimen was measured by a 
differential transformer. To prevent the chemical reac- 
tion of the specimen and the alumina rods during the 
compression at a high temperature, a Pt sheet of 
20 #m thick was inserted between them. The constant 
speed compression test was done in an argon atmos- 
phere at 1100~ using an image furnace installed to 
an Instron machine (TTCM-L). The deformed speci- 
mens were investigated with TEM and etch pit 
method. The foils for TEM observation were made by 
ion-beam thinning and the high voltage electron 

0 
"W 

I -  

-2 

-4 

- 6  

1300 

,".~, 

7-(~ 
1100 9 0 0  

I I 

\ 
I I [ I I 

0.70 0.80 0.90 
103/ 7- ( K - ' )  

Figure 3 Arrhenius plots of strain rate of [0 0 1] compressive creep 
of  nearly stoichiometric and non-stoichiometric crystals, P = 
34.3MPa. Note that both lines bend nearly at 1000~ (e)  
n = 1.05, (A) n = 1.57. 

microscope HU-3000 in the Center for Ultra High 
Voltage Electron Microscopy of Osaka University 
was utilized at the operating voltage of 2000 kV. Etch 
pits were obtained with thermal phosphoric acid [16] 
or 10% H2SO4 + Zn powder [17] according to the 
chemical composition of the specimen. 

3. Experimental  results 
3.1. Activation energy 
Fig. 1 shows the creep curve of a crystal with the 
composition ratio of n = 1.13 for the compression 
direction [0 1 1] at 1252 ~ C. Transtition creep appears 
just after the loading and the stationary creep begins 
at e = (L0 - L)/Lo ~- 0.5%. The creep natures of 
other crystals and/or other creep conditions are nearly 
the same. The strain rate ~ in the stationary creep 
satisfies the well-known relation 

= A o  m exp ( -  H / k T )  (1) 

where a, m and H are applied stress, stress index and 
activation energy, respectively. The stress index and 
the activation energy were determined for crystals of 
various compositions from the strain rate of station- 
ary creep. Figs. 2 and 3 show the Arrhenius plots of 
the strain rates of the crystals for compressions along 
[0 1 1] and [0 0 1], respectively. The activation energies 
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Figure 2 Arrhen ius  p lo ts  o f  s t ra in  ra te  of  [0 1 1] compress ive  creep, 
P = 26.7 MPa .  The  ac t iva t ion  energies,  H,  ob ta ined  are also 
shown.  ( I )  n = 1.02, H = 2.29eV, (O) n = 1.13, H = 2.71eV. 

Figure 4 Stress dependencies  of  s t ra in  ra tes  of  two crystals.  The  
stress indices,  m, are near ly  3 for b o t h  crystals .  ( e )  n = 1.02 [0 1 1] 
1247~ m = 2.99; ( I )  n = 1.13 [01 1] 1262~ rn = 2.88. 
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Figure 5 Activation energies and stress indices for the Mn-Zn far- 
rites of various chemical compositions. (O) [00 I], (I) [0111. 

obtained from the inclination of the curves are also 
shown. In Fig. 3 the inclinations of  both curves change 
nearly at 1000~ and for n = 1.57 [001] the acti- 
vation energy is as high as about  4 eV at temperatures 
higher than 1000 ~ C. The deformation behaviour in 
the lower temperature region will be discussed later. 
Fig. 4 shows the stress - strain rate relations of  the 
crystals with n = 1.02 and 1.13. The stress indices, m, 
obtained from the inclination of the curve are desig- 
nated in the figure. The activation energies and stress 
indices for various compositions are shown in Fig. 5. 
The stress index is almost constant at nearly 3 for the 
crystals of  various compositions, while the activation 
energy varies significantly. This differs greatly f rom 
spinel crystals, in which stress index is nearly 4 and the 
activation energy does not depend on n. 

3.2. Dislocation configurations 
From the stress index of m = 3, the deformation of 
M n - Z n  ferrite crystals is considered to be governed by 
the viscous movement  of  dislocations, that is alloy 
type or viscosity ruling. In this case dislocation con- 
figurations of  deformed crystals are uniform without 
cell structures and sub-boundaries. Fig. 6 shows a 
typical TEM image of  dislocations in the specimen 
deformed 3.38% by creep at 1100~ and cooled as 
loaded. Dislocations are mostly straight and uni- 
formly distributed except the grown-in sub-boundaries. 

In other specimens with different compositions the 
dislocation configurations are nearly the same and cell 
structures are not formed. Extended dislocations are 
frequently observed as shown in Fig. 7. In Fig. 7a 
short segments of  extended dislocations are edge type 
and two partial dislocations of  ( a / 4 ) ( 1 1 0 )  are 
separated by climb, and in Fig. 7b 60 ~ dislocations 
extend on a non-slipping (0 1 0) plane. The separation 
of the partial dislocations are about  20 nm. 

3.3 Etch pit observation 
The macroscopic distribution of dislocations was 
observed by the etch pit method. A flank of  the 
deformed specimen was lapped-off for about  l mm 
and chemically polished with thermal phosphoric 
acid. The etch pit distributions of  deformed crystals 
are uniform as shown in Fig. 8 except the peripheries 
of  the specimen for any compositions and defor- 
mation conditions. By the investigation of etch pit 
patterns the slip system of M n - Z n  ferrite crystals is 
determined to be { 1 1 1 } (1 T 0) independent of  chemi- 
cal composition and deformation direction, while in 
spinel crystals the { l l 0 } ( l l 0 )  system is also 
activated [16]. 

3.4.  T h e  i n te rna l  s t ress  (oq) 
The measurement  of  internal stress o - i ( = ~ -  o-err) 
during the deformation is a useful way to study the 
deformation mechanism, as its value is quite different 
between the recovery and viscosity rulings in high 
temperature deformation. The internal stresses are 
measured from the change of  effective stresses, o-c~, by 
varying strain rate or temperature keeping the internal 
dislocation structure unchanged. In the present work 
we employed the incremental unloading method 
using the Instron machine. In this method stepwise 
"unloadings" are done during the deformation and 
the amount  of  stress at d~/dt  = 0 is measured as o-~. 
Fig. 9 shows the procedure of  the incremental stress 
measurement.  The specimen with n = 1.13 is com- 
pressed in [0 0 1] direction at 1100 ~ C and deformation 
is stopped at ~ ~- 12% by unloading. At the first 
unloading d = 0 was obtained. The stress at 5- = 0 was 
further decreased, 5" became positive and by the third 
unloading 5- = 0 was obtained. The stress as d - 0 was 
16.9% of  the applied stress before unloading, which is 
rather low compared with the estimated 50% in spinel 
crystals. Fig. 9 shows that although the deformation 
rate is constant any work hardening is not seen in this 
deformation condition. This means that the internal 
dislocation structure is not changed during the test. 
The gradual linear increment of  stress after the yield is 
only caused by the increase of  cross-section of  the 
specimen due to deformation and therefore the 
deformation behaviour is considered to be almost the 
same as in stationary creep. 

Figure 6 Dislocation network in the primary slip plane of a crystal 
with n = 1.13 deformed by compressive creep along [001] by 
3.38% at 1100~ with the load of 50.2MPa. Dislocations are 
almost straight along (1 10) and no cell structures are seen. 

3.5. Effective stress index (m*) 
The effective stress index, m*, of  dislocation velocities 
is nearly unity in the viscosity ruling. However, m* of 
M n - Z n  ferrite crystal has not been measured, as the 
direct measurement of  the dislocation velocity requires 
a high temperature. We estimated it from the stress 
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Figure 7 TEM images of  extended dislocations observed in a creep-deformed specimen with n = 1.13 along [00 1]. (a) The dislocation 
pointed by an arrow lies on (1 T T) inclined to the foil surface and is an edge dislocation along [1 2"(] with ~ = (a/2) [1 01]. (b) 60 ~ dislocations 
along [1 0 1] with ~ = (a/2) [0T 1] extending on (0 1 0). 

dependency of mobile dislocation densities and from 
the stress index at a stationary creep velocity. The 
shear strain rate, ~, is expressed by Orowan's equation 

=Qm ~)b, (2)  

where Om is the density of mobile dislocations, z7 their 
average velocity and b is the magnitude of the Burgers 
vector. Dislocation velocity, v, is expressed with the 
effective shear stress, zeff, and m* by 

m* 
v = v0~0~  ( 3 )  

The ratio of z~fr and the applied shear stress Z~pp~ is 
considered to be constant as the etch pit distribution 
is always uniform for a given deformation tem- 
perature and applied stress. Putting ~ = ~/S, S being 
the Schmid factor, and approximating Qm by 

a m = CO o-( ( 4 )  

the stress index, m, in Equation 1 can be expressed by 

m = m* + ( (5) 

As m ~ 3, m* can be obtained from the stress depen- 
dency of Qm expressed by Equation 4. From the uni- 
form etch pit distribution all dislocations are con- 
sidered to be mobile. Fig. 10 shows the relation of etch 

Figure 8 An etch pit pattern of a crystal with n = 1.13 deformed at 
1250 ~ C along [0 1 1] by compressive creep with 24.5 MPa by 3.01%. 
The etch pit distribution is almost uniform without ceils or sub- 
boundaries. 
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pit density (EPD, ~) and shear stress (z) of the crystal 
with n = 1.13 deformed until stationary creep. In Fig. 
10 the relation 

z = ~#bo 1/2 (6) 

is well satisfied, where kt is stiffness factor and ~ is a 
constant being nearly 2 in Fig. 10. This relation is 
verified in various metals and alloys [9] as well 

2 from as spinel [11] and alumina [18]. As Qm oc Zappl 
Equation 6, ( in Equation 4 becomes nearly 2. 
Therefore, the effective stress index m* of Mn-Zn 
ferrite crystals is considered to be nearly unity. 

4. D i s c u s s i o n s  
The deformation parameters, such as stress index, 
internal stress and effective stress index, and the dis- 
location configurations, showed that the high tem- 
perature deformation of Mn-Zn ferrite crystals is 
governed by the viscosity ruling for various chemical 
compositions. Therefore the next problem to be con- 
sidered are: 

(a) what are the obstacles preventing the movement 
of dislocations and 

(b) why the activation energy depends on the com- 
position of the crystal. 

The crystals used in the present work were grown in 
a platinum crucible and the most probable pinning 
element is platinum. However, as the activation 
energy depends on the composition, the ions which 
construct crystals are also considered to pin the dis- 
locations depending on their diffusion constants. The 
impurities and self diffusions in M n - Z n  ferrite crys- 
tals have not been well studied [19], and only the acti- 
vation energy of the volume diffusion in sintering 
process is reported to be 4.34 eV [20]. Mn-Zn  ferrite 
crystals have an intermediate spinel structure, and 
expressing the composition of a non-stoichiometric 
crystal as 

Mn~Zn l_x_~Fe2+xO4+s/2 (7) 

where s = AFe 3+ + AMn3+; the structural formula 
is expressed as follows: 
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Figure 9 A stress-s t rain curve for the incremental unloading test to 
obtain internal stress, ~r i. n = 1.13 [00 1] 1100~ i 0 = 1.70 x 
10-5 sec -1 ' 
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O];+/2 (8) 
where c~/(1 - e) = AFe3+/AMn 3+, 2/3 ~< c~ ~< 1, 
s > 0, t '  -~ 0.75 [2l]. V in Formula 8 denotes a 
vacancy due to the non-stoichiometric construction 
and the subscript t and o represent the tetrahedral site 
and octahedral site of  a face centred cubic, respect- 
ively. In Fig. 11 the atomic ratio of the ions at every 
site is shown for the compositions used in this work 
assuming c~ = 2/3 and t '  = 0.75. As the O 2- ions are 
closely packed in the face centred cubic position, the 
structural vacancies of positive ions are the dominant 
point defects [22]. Zn~ + , Mn~ + , Mn3o + and Fe3o + are at 
the normal position of  spinel structure, but as Fe~ + 
and Fe2o + locate at the inverse sites, the tetrahedral and 
octahedral sub-lattices around both ions are electric- 
ally charged in plus and minus, respectively. The 
tetrahedral sub-lattices around Vt are also charged in 
minus. When the composition ratio deviates from 
n = 1, the concentrations of  Fe~ + and Vt increase. 
Diffusion of positive ions and impurity atoms is 
impeded by the electrostatic interactions with such 
negatively charged sub-lattices, while that of  02-  is 
not influenced by the existence of  charged sub-lattices. 
The structural point defects due to the deviation from 
stoichiometry give rise to lattice distortions and conse- 
quently the obstacles for the diffusing positive ions or 
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Figure 11 Densities of  structural  point  defects for various chemical 
composi t ions  of  M n  Zn ferrite crystals. 

impurity atoms are introduced. Thus, in Mn-Zn  fer- 
rite crystals the positive ions of  matrix elements and 
impurity atoms such as platinum pin the dislocations 
and the deformation rate of high temperature defor- 
mation is governed by the movement of  dislocations 
dragging the atmosphere of  pinning ions. 

The activation energy of  strain velocity varies with 
the composition of the crystal as in Fig. 5. This can be 
explained qualitatively considering the structural 
point defects such as Fe~ +, Feo 2+ and V t. They act as 
obstacles against the diffusion of  pinning atoms of  
ions, and the activation energy varies with the density 
of  obstacles as shown schematically in Fig. 12 for 
following three cases: 

(a) when the density of obstacles is not so high, 
diffusing atoms can pass through the valleys between 
the obstacles. 

(a) 
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Figure 10 Relation of  dislocation densities (etch pit density) and 
shear stresses in s tat ionary creeps of  crystals with n = 1.13. 
z = ct,ubQ 1/2. 1253~ (A) [001], ( e )  [0111. 

(b) 

(c) 

Figure 12 A model to explain the composi t ion dependency of  ac- 

tivation energies. 
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(b) When it becomes high, the tails of neighbouring 
barriers overlap and consequently the high activation 
energy is required. 

(c) When the composition deviates greatly from 
stoichiometry and the density of obstacles becomes 
very high (the number of the structural defects for 
n = 1.76 is nearly 6 in one unit cell), the height of 
barriers becomes high and almost uniform, 

But as the diffusing ions are already in high energy 
level before passing through the obstacles, the acti- 
vation energy lowers. Thus the structural point defects 
due to the deviation from stoichiometry play an 
important role in the deformation of Mn-Zn ferrite 
crystals at high temperatures. 

Dislocations in Mn-Zn ferrite crystals frequently 
extend as shown in Fig. 7, however different from 
spinel crystals [1, 3, 6] the extending plane does not 
vary along the dislocation line [3, 6] and the climb 
motion of dislocations is not apparently concerned 
with deformation [1]. The composition dependencies 
of activation energies and strain rates in ferrite and 
spinel crystals are quite dissimilar. Therefore the 
deformation modes of both crystals are considered to 
be greatly different from each other. In spinel crystals 
the activation energy is independent of the com- 
position [3, 23] and the strain rate depends on it [1-3]. 
This qualitatively agrees with the self-diffusion behav- 
iour of oxygen ions in spinel crystal, that is the pre- 
exponential term of the self-diffusion constant varies 
greatly with the chemical composition [24], while its 
activation energy is almost constant [25]. Therefore, it 
is considered that the self diffusion of oxygen ions 
have a great concern with the temperature defor- 
mation of spinel crystals. In non-stoichiometric spinel 
crystals structural defects Vo and AI~ + exist [26, 27] 
and the negative charge 3e of Vo hinder the diffusion 
o f O  2 , however the lattice distortions caused by these 
defects increase the jumping probability and the pre- 
exponential term becomes large in non-stoichiometric 
crystals. As O 2- ions diffuse through the thermal equi- 
librium vacancies in the fc c lattice of oxygen ions, the 
activation energy does not depend on the chemical 
composition in spinel crystals. 

Finally, the deformation mode at relatively low 
temperatures (say lower than 1000~ may be dif- 
ferent from the one discussed above. In Fig. 3 it is seen 
that the inclination of curves (i.e. the activation 
energies) change at 1000~ for the crystals of 
n = 1.05 [00 1] and n = 1.57 [00 1]. At a lower tem- 
perature than 1000~ the activation energy for 
n = 1.05 becomes higher, while that for n = 1.57 
becomes lower. The deformation mode at a high tem- 
perature (1000 ~ C) is explained by the viscous move- 
ment of dislocations as discussed above, but the 
change of activation energy indicates that there exists 
another activation process in the lower temperature 
range. The plausible activation process would be the 
Peierls model. The activation energy in the low tem- 
perature is higher for n -- 1.05 than for n = 1.57, and 
the Peierls potential varies with the chemical com- 
position of the crystal. In the non-stoichiometric crys- 
tal the structural positive ion vacancies lower the 
Peierls potential. This is nearly the same model as is 
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introduced in spinel crystals to explain the change of 
their slip systems from { 1 1 1} (1 T 0) to {1 1 0} (1 T 0) 
according to the deviation from the stoichiometric 
composition [28]. 

5. C o n c l u s i o n  
The results obtained in this work are summarized as 
follows: 

1. The stress index of strain velocity in stationary 
creep is nearly 3 and does not depend on the chemical 
composition of the crystal, while the activation energy 
varies with it. 

2. The deformation parameters and the dislocation 
configurations observed by TEM and etch pit method 
revealed that the deformation at a high temperature is 
governed by the viscous movement of dislocations 
dragging the atmosphere of pinning atoms or ions. 

3. The pinning substances are considered to be the 
structural defects of positive ions and/or impurity 
atoms such as platinum, while those of spinel crystals 
are mostly O 2- . 

4. The composition dependency of activation 
energies is explained by considering the structural 
point defects due to non-stoichiometry such as Fe~ + , 
Fe2o + and the positive ion vacancy, Vt. 

5. At temperatures lower than 1000~ crystals 
deform mostly by Peierls mechanism. 
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