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MgO single crystals oriented toward (1 0 0) have been compressively deformed to strains in 
the range of 0.04 to 0.09 at temperatures between 1948 and 2023 K using stresses under 
6 MPa. Microstructural developments in the crept samples were monitored by etch pitting, 
SEM and HVEM. Optical microscopy revealed an equiaxed network of subgrains with (1 1 0> 
forming the framework for the formation of subgrains. Measurement of the dislocation density 
not associated with cells reveals that the stress dependence of the steady-state values of dis- 
location density can be described by the relation ~o oc azl~. HVEM observations show that cell 
boundaries are formed by the process of knitting. Drastic unloading results in a fraction of the 
sub-boundaries straightening, but the majority of the boundaries are destroyed. It is concluded 
that creep of MgO at low stresses and high temperature is similar to those of fcc  metals. 

1. I n t r o d u c t i o n  
The creep behaviour of  MgO has been the subject of  
investigation by several authors [1-4]. These studies 
have primarily been confined to high stresses. But in 
actual practice most high-temperature engineering 
applications are concerned with long-term exposures 
involving relatively low stresses [5]. In order to pro- 
vide a better understanding of  the creep mechanisms 
at high temperatures and low stresses, the present 
study was initiated in an effort to obtain detailed and 
precise information on dislocation structures that 
develop during the process of  creep on loading and 
unloading, and to explore the relation to (a) disloca- 
tion structure, dislocation density and cell formation, 
and (b) the stress dependence of  dislocation density 
and cell diameter during steady-state creep. 

2. Experimental procedure 
The single crystals used in the present study con- 
tained 10p.p.m. (Na + K), 300p.p.m. Si, 330p.p.m. 
Ca, 70p.p.m. Fe and < 10p.p.m. (Ti + Ni). The 
samples were in the form of  parallelepipeds normally 
4 m m x  4 mm x 8 mm and were chemically polished 
before testing. 

The samples were deformed under compression in 
a high-precision high-temperature creep equipment. 
The construction of  the equipment is given in detail 
elsewhere [6]. The majority of  the tests were run 
between 1948 and 2023 K, and the stresses ranged 
from 6MPa  down to 1.5 MPa. Strain measurements 
were monitored with a pair of  linear variable differen- 
tial transformers (LVDTs) with an accuracy of  better 
than 10 -5 cm. To maintain the dislocation structure 
produced during deformation, samples were cooled at 
the rate of  10 ~ Cmin  -1 . 

Microstructural observations were performed in 
sections along the (001)  plane parallel to the stress 
axis. These sections were chemically polished in 85% 
phosphoric acid at 140 ~ C. After X-ray examination 
with a Laue back-reflection camera, they were etched 
in a 0.35M solution of  sulphuric acid for 10rain to 
reveal the dislocation structure for optical micro- 
scopy. 

For  scanning electron microscopy of (00 1), the 
specimens were decorated with gold before examina- 
tion while for HVEM the slices were chemically 
polished down to 1 mm before thinning to a few tens 
of nanometres. Specimens prepared in this way were 
examined at 1000 kV. 

3. Results and discussions 
3.1. Creep observations 
With single crystals a steady-state condition was 
observed to have been reached after creep strain in 
excess of  0.09, with the strain rate decaying rapidly to 
an almost constant value after 0.06. The stress depen- 
dence of  the steady-state creep rate was investigated in 
the range of  1.5 to 6 MPa between 1948 and 2023 K. 
In the investigated range, a transition in the stress 
exponent, n, from 3 at stresses higher than 2 MPa to 
almost unity at lower stress was observed [6]. The 
activation area of  steady state was calculated after 
Blum and Reppich [7] and found to be 105 b 2, where 
b is Burgers vector. The magnitude of  the activation 
area compares favourably with the values for metals 
and NaC1 [8]. 

3.2. C reep  s t r u c t u r e s  
3.2. 1. X-ray  s tudies  
Laue back-reflection X-ray diffraction patterns of a 

0022-2461/86 $03.00 + .12 �9 1986 Chapman and Hall Ltd. 401 5 



Figure 1 Laue back-reflection X-ray pattern of MgO single crystal 
crept to a strain of 0.09 at 1973 K under 2 MPa. 

(1 1 0) face parallel to the compression axis showed 
evidence for polygonization after a plastic strain of 
0.09, as shown by the breaking up of elongated spots. 
A typical X-ray pattern is shown in Fig. 1. 

3.2.2. Etch pit  s tudies  
The microstructure feature involves the generation of 
a subgrain network (Fig. 2). These subgrains were 
observed on polished and etched samples. The sub- 
grain formation was observed mostly in samples 
crept to a strain greater than 0.04 at a temperature of 
1948K. The dislocation structure during primary 
creep consisted of parallel cell walls. However, the 
subgrain became equiaxial after a strain of 0.09, con- 
trary to the observations of Huther and Reppich [9] 
who did not observe a steady state before a strain of 
0.4. This dislocation structure is typical for steady 
state creep [9]. 

A log-log plot of dislocation density not associated 
with subgrain cells as a function of stress at 2023 K is 
shown in Fig. 3. This gives the following relationship: 

Q ~ ~r 2.15 

A lower stress exponent of 1.4 for steady-state values 
of dislocation density as a function of stress was 
observed for MgO by Huther and Reppich [9]. Sinha 

et al. [10] reported the stress dependency of the 
dislocation velocity for MgO single crystals for 
temperatures up to 1000K. The stress exponent 
extrapolated to 2000 K yields 0.5. The creep rate can 
be expressed as the product of dislocation velocity, 
Burgers vector and dislocation density. The stress 
exponent calculated from the dislocation density and 
dislocation velocity was found to be 2.8, which agrees 
well with the measured value o fn  = 3 reported earlier 
[6]. 

3.2.3. Scanning  electron microscopy 
Typical stucture as revealed by SEM is shown in 
Fig. 4. An interesting feature is the near absence of 
dislocation inside these cells. This is consistent with 
the fact that the density of dislocations within sub- 
grains, and therefore the recovery rate, is reduced 
continuously with increasing creep strain, approach- 
ing a constant level at the onset of steady-state creep 
[11]. Subgrain size was measured on a number of etch 
pit micrographs by the method of Smith and Guth- 
mann [12]. It was observed that the subgrain diameter 
decreases with increasing applied stress and is strongly 
dependent on applied stress (Fig. 5). The variation of 
subgrain size with dependency for stress can be written 
as 

d = KIzMb/a 

where d = subgrain size, M = schmid factor, # = 
shear modulus, b = Burgers vector and a = applied 
stress. The value of K was found to be 9. Relations of 
the type given in the above equation are commonly 
found to hold [13]. The product of K a n d  M for MgO 
was found to be 18. This value compares well with the 
stress dependence of subgrain size found for ionic 
crystals and metals by others, for example, 35 in NaC1 
[14], 28 in A1Zn [15] and 40 in LiF [16]. 

3.3. Effect of s t ress  r educ t ion  on s t ruc tu re  
Fig. 6 shows the microstructure of MgO single crystal 
after creep at 1973 K into the steady state, followed by 
30 min recovery after partial unloading to 1.98 MPa. 
The line AB clearly indicates a misorientation due to 
the presence of a sub-boundary. On the other hand, 
dislocations in Zones C and D indicate they are mobile 
and not part of a sub-boundary. The presence of a 
triple point between C and D demonstrates that by 
movement of dislocations during the deformation 

Figure 2 Evolution of dislocation substructure at different strain levels at 4 MPa and 2023 K. Strain (a) 0.02, (b) 0.04, (c) 0.09. 
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Figure 3 Dislocation density not  associated with subgrain cells as a 
function of  applied stress at 2023 K. 
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Figure 5 Subgrain diameter as a function of  reciprocal of  applied 
stress at 2023 K: d = K#Mb/a. 

process coalescence of grain boundaries was taking 
place. This amply corroborates the results of Excell 
and Warrington [17] and Eggeler and Blum [13] that 
during stress reduction, dissolution of subgrain bound- 
aries and boundary migration take place. During the 
transient creep large subgrains grow by boundary 
migration and further sub-division into smaller cells, 
until the new steady state is closely approached by the 
larger subgrains. This microstructure shows that 
boundaries are formed by a knitting phenomenon as 
proposed for fcc  metals by Lindroos and Miekkoja 
[18, 191. 

However, upon complete unloading the majority of 
sub-boundaries are destroyed (Fig. 7). This is in con- 
tradiction with the conclusions of several authors 
[20-23] who have reported that sub-boundaries can- 
not be destroyed by means of thermoactivation [23]. It 
seems that total or partial unloading of stress can lead 
to a rapid relaxation of structure, and especially of 
sub-boundaries. The dislocations move in the reverse 
direction [24]. In this process, a fraction of the sub- 

Figure 4 Scanning electron micrograph of  sample strained to 0.09 at 
4 MPa  and 2023 K,  showing low density of  dislocation etch pits 
inside snbgrain cells. 

boundaries get straightened, but the majority of the 
boundaries can be destroyed. The effect is stronger, 
the higher the temperature [25]. Such a behaviour has 
also been observed in aluminium metal at medium 
temperatures [23]. 

The process of cell destruction is still not clear in 
aluminium metal [26]. What is clear is that local stress 
concentrations help dislocations to merge into cell 
walls or to be extracted from them. The two main 
stress concentrations are irregularities in the lattice of 
dislocations building the cell walls, but also non- 
equilibrium conditions at cell edges and cell summits. 
In the temperature range of this study it can be expec- 
ted that we are in the climb regime. If this is true, it can 
be expected that stress concentrations from irregu- 
larities in the cell walls will disappear quickly. How- 
ever, stress concentrations at cell edges and summits 
would probably remain. Such stress concentrations 
are a sign of lack of equilibrium (which can be expec- 
ted to be partly induced by the applied stress and also 
originate from the kinetics of the growth of the cells); 
under removal of the applied stresses, such a lack of 
equilibrium might induce a destruction of the cell 
structure. There seems to be a qualitative analogy with 
the Bauschinger effect [26]. 

4. Conclusion 
The experimental results demonstrate that creep 
behaviour, as well as the stress dependence of the dis- 
location structure developed during creep at high tern- 
perature and low stresses, is very similar to that of fc c 
metals. 
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Figure 6 Bright-fie!d HVEM of a sample crept to 
steady state at 2.5 MPa and 1973 K and followed by 
30rain recovery at 1.98 MPa at the same temperature. 

Figure 7 Optical micrograph of MgO strained to 0.09 at 2.5 MPa 
and 2023 K followed by complete unloading, showing the destruc- 
tion of substructure. 
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