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PLASTIC DEFORMATION OF HgO(A1 20 3 ) 11 SPINEL AT 0.28TM: 

PRELIMINARY RESULTS 

* 
S. H. Kirby + and P. Veyssire 

University of California 

Materials Science and Mineral Engineering 
and 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 

ABSTRACT 

Prism-shaped singlecrystals of MgO(A1203 ) spinel (n < 1.1) have 

been compressed to significant plastic strain at a temperature of 4000C 

(t'.'0.28T,) in controlled experiments under a superimposed hydrostatic pres-

sure of 1.4 GPa. Compression of crystals approximately parallel to <001>, 

<111> and <011> resulted in simple yield behavior at axial stress differ-

ences of 1940, 3720, and 4300 MPa respectively. Well-defined and broadly-

distributed slip lines on polished surfaces and stress-optical effects of 

slip bands have permitted identification of the following operating slip 

families: 	compression 	 slip system 	T 
crss 

	

<001> 	 {llO}<llO> 	950 ± lOOMPa 

	

<ill> 	 {lOO}<110> 	1810 ± lOOMPa 

	

% <011> 	 {lll}<llO> 	1940 ± 100MPa 

Typically, the members of the above slip families with the highest Schmid 

factors operated. Clear evidence for active cross slip on the system 

{lOO}<llo> was observed to nucleate from the •{lll}<llO> slip bands in the 

''<011> specimen. 

+  
U. S. Geological Survey, Menlo Park, California .94025  

* 	. 
Permanent address: LabOratoire de Mta1lurgie Physique, Faculte des 

Sciences, 40 Av. .Recteur Pineau, 86022 Poiti.ers, France 
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We report the preliminary experimental results on the plasticity 

of spinel single crystals deformed at temperatures below O.5TM (T 2400 0
K), 

where diffusion is not expected to play a role in the deformation mechanism. 

During the last fifteen years there has been an extensive study of the 

mechanical behavior of magnesium aliiminate spinels, MgO(A1 203 ) (for a" 

review, see Bretheau, Castaing, Veyssire. and Rabier, 1979). All the well-

controlled experiments on the plastic deformation of spinels have been 

carried out above 0.75TM  for n 1.1 (Lewis, 1968; Radford and Newey, 1967; 

Duclos, Doukhan and Escaig, 1978; Mitchell, Hwang and Heuer, 1976) and 

above 0.65T14  for n > 1.1 (Lewis, 1968;. Radford and Newey, 1967; Doukhan, 

Duclos and Escaig, 1973). A few experiments have been carried out at room 

temperature using Vickers indentation (Westbrook, 1966; Brentnall, Mitchell 

and Heuer, unpublished work; Doukhan, unpublished work) from which it has 

been concluded that {111}<llO> was the prominent glide system (Westbrook, 

private communication). Attempts at plastically deforming spinels of this 

type in uniaxial compression at temperatures below 0.5TM  have been unsuc-

cessful due to brittle failure at stresses too low to promote plastic yield 

(Lewis, 1968; Radford and Newey, 1968). Minerals are typically brittle 

under similar conditions and workers interested in the mineral plasticity-

at T < 0.5T 4  normally conduct deformation experiments with a superimposed 

hydrostatic pressure. This "plasticizing". of minerals by pressure is 

generally thought to be caused by the suppression of crack formation by 

tensile failure at stress concentrations and by the closing up and frictional 

locking of cracks by pressure (Griggs, Turner and Heard, 1960; Griggs, 1967). 

The experimental technique used in the present experiment will be 

described elsewhere. Briefly, the prism-shaped crystals are enclosed in 

a silver jacket and fitted, top and bottom, with A1 203-TiO ceramic end 

pieces. Cold-pressed sleeves of sodium chloride surround the jacketed 
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sample and end pieces; heating is provided by a concentric graphite tube 

furnace. The experimental conditions were the following: 

specimen: three crystals  with dimensions 9.6 x 3.7 x 3.7 mm 3 

were cut from a boule of MgO(A1203 ) ' (n < 1.1) such that the 

compression axes were within 8 0 
 of [Oil], fOOl] and [111] and 

such that one pair of lateral faces were nearly parallel to {iio}. 

The faces were carefully ground with diamond paste in successively 

finer grades down to 1 pm. The initial dislocation density in 

these Czokralski grown crystals is extremely low since we have 

not observed any dislocations in four ion thinned foils cut from 

different parts of the boule. It is therefore estimated to be 

lower than 105 cm 2 . 

thermomechanical conditions: the compression was carried out at 

2 x 10 5s under a superimposed hydrostatic pressure of 

approximately 1400NPa, a pressure that experience has shown is 

sufficient to suppress fracture at moderate temperatures even in 

the crystals as resistant to plastic deformation as high purity 

quartz (Griggs and Blacic, 1965). Pressure variations in the 

range 1200 to 2000MPa generally do not significantly influence 

yield strengths. Calibration experiments indicate that strength 

measurements are accurate to about lOONPa. The temperature of 

the tests was set at 4000C (0.28TM),  a temperature low enough to 

prevent interactions of dislocations with diffusing point defects 

since this could render dislocations sessile dissociated by climb. 

This dissociation process is thought to occur at a significant 

rate even at temperatures as low as 0.35TM  (Veyssire, Rabier, 

Garem and GrIlh, 1978). 

* 
Union Carbide, San Diego, California 
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The reduced stress-strain curves, corrected for apparatus elastic 

distortion, show a simple elastic plastic behaviour (fig. 1). The slopes 

of the linear elastic segments of the curve corespond to the Young's 

modulus expected from the isothermal elastic constants at 400 0C and, 

P = 1400a (Chang and Barsch, 1973) using the equation for Young's mod-

ulus for cubic crystals (Nye, 1957). The calculated and observed moduli 

are in good agreement for orientations 1 and 3 (fig. 1), but do not agree 

for orientation 2. The source of this discrepancy is not understood, but 

a duplicate test in orientation 2 confirms both the yield strength and the 

Young's modulus values to within 5%. The yield strength values were 

taken as the point of strong deflection from the linear elastic part of the 

stress-strain curves. 

The tests were stopped at permanent strain of about 1%. The specimens 

were removed from their silver jacket by electropolishing in a HNO 3-H20 

solution at room temperature until their edges were apparent. The remain-

ing silver was carefully peeled. By such a procedure, we recovered specimens 

free from chemical. etching and additional mechanical damage and also obtained 

good replicas of the specimen lateral faces. Prominent glide lines were 

directly apparent on the specimen faces. Cracks are also visible; they 

are developed either between glide bands (fig. 2a, face B) or all across 

the crystals. They are believed to be a consequence of stress relaxation 

during unloading; the fact that they were found to offset the glide lines 

is consistent with this hypothesis. 	 . 

In the following analysis <110> will be considered as the only possible 

glide direction. Indeed, amongst all possible unit translations in the 

spinel lattice (i.e., 1/2 <110>, <100>, 1/2 <112>, <111>...), 1/2 <110> is 

the shortest one; it has invariably been identified by TEM as the operating. 

Burgers vector in high temperature compression and room temperature 
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indentation experiments. Our slip line data were found to be consistent 

with this orientation. 

Orientation 1 -- Compression approximately parallel to 10111 

The glide lines (fig. 2a) are found to extend across the whole 

specimen width in a direct shear band except in two "dead zones" where 

- 	 potential glide systems of the same orientation would intersect the com- 

pression faces. Trace analysis enabled us to determine that (ill) is the 

primary glide plane activated under this load orientation. Thin sections 

cut from the same specimen, viewed b.etween crossed polarizing filters, re-

veal planar zones of birefringence that coincide in position and orientation 

with the (ill) slip bands identified above. Since shear of the crystal is 

only apparent on the faces A parallel to (110) (fig. 2a), it is likely that 

the (ill) [101] and (Ill) [110] glide systems have been activated to approx-

imately the same extent. It is worth mentioning that the former glide 

system is that with maximum Schmid factor (Appendix). 	Less prominent 

slip bands associated with secondary slip systems were observed in the 

"dead zones" and locally in the direct shear band where they appear to be 

systematically operating between two primary glide lines (fig. 3). Within 

the experimental uncertainties their traces are consistent with glide on 

(010) and (100), i.e., the two {ioo} planes containing the Burgers vectors 

of the primary glide systems (fig. 2a). It is, therefore, likely that 

they are manifestations of active cross-slip. The critical resolved shear 

stress (CRSS) for {lll}<llo> slip under the above thermomechanical conditions 

is thus 1940 ± 100ITa. 

Orientation 2 -- Compression approximately parallel to [001] 

Well-defined slip lines (fig. 2b) are also observed after compression 

in this orientation. However, they are less classically distributed in 

the specimen as f or orientation 2. Trace analysis shows that at least two 



of the four {liO}<flO> slip systems with iaximum Schmid factors are 

operating. The density of glide lines on each face allows us to deter-

mine that (.011)1011] is theprimary glide system and (911){011] the 

secondary one, whereas they both have the same Schinid factor. (101)[10I] 

and (i0i)[101] may have been operating but on a smaller extent. The 

critical resolved shear stress at 400 0C and & = 2 x iOs' for { 110}[ll0] 

is therefore 950 MPa ± 100NPa, about half that for {111}<110> slip. 

Orientation 3 -- Comressjon approximately parallel to' [111] 

Again, the distribution of slip lines (fig. 2c) is very heterogeneous 

under this orientation of the load. Their directions correspond to the 

operation of (010) [101]. The CRSS is in this case 1810 ± 100MPa, approx-

imately the same as that for {lll}<llO> slip. 

We have, therefore, found that at this temperature {110}<110> is the 

easier glide system in spinel. This series of experiments enables us to 

show that glide systems can be classified by strength as follows (Appendix): 

1. {ll0}<110>; 2. {l00}<110>; 3. {l11}<110>; 4. {112}<110>. We 

also suggest that {lOO}<liO> is an active system for cross slip when {lll} 

<110> is operating. An electron microscope study of the microstructure 

developed during the deformation is in progress and will be reported in a 

subsequent paper. These results are part of a more extensive study on the 

influence of temperature, strain rate and composition on the plasticity of 

magnesium aluininate spinels. 
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APPENDIX 

Table 1. Schrnid factors and resolved shear stresses for potential 

slip systems for experiments in the three orientations of 

the compression direction. For sake of clarity, only the 	 - 

{112}<110> and {113}<110> slip systems with significant Schmid 

factors have been mentioned. 



FIGURE. CAPTIONS 

Figure 1: Stress-strain curves for the constant strain rate tests on 
spinel single crystals, corrected for apparatus distortion. 
Conditions indicate.d on figure. Observed Young's modulus 
determined from the elastic slope and calculated modulus from 
the single crystal elastic constants (see text). 

Figure 2: Collected whole-specimen reUection micrographs of specimens 
compressed in the three principal orientations and supporting 
stereographic projections of slip line and specimen orientation 
data. One parallel polished pair of longitudinal surfaces was 
oriented approximately parallel to {iio} (face:A) and flanked 
the one polished longitudinal surface (face B) which was orthog-
onal to face A. 

The dashed great circle lines are the traces of the.longitudinal 
prism surfaces and the heavy great circles are the traces of 
the glide planes derived from slip line orientations. See 
legend for other symbols. 

Orientation 1 (N-353) -- Compression approximately parallel 
to [011] 

Orientation 2 (N-355) -- Compression approximately parallel 
to [001]. 

Orientation 3 (N-356) -- Compression approximately parallel 
to [ill] 

Figure 3: Higher magnification reflection micrograph of N-353 (orientation 
1, same as Fig. 2a). Note primary slip lines and secondary 
slip lines between the primary ones and extending into dead 
zones. It is believed that the secondary slip lines are 
manifestations of active cross slip. 
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ORIENTATION 1 - -353) 

" 10111; cy = 4300MPa 

Potential 	 Sc?unid 
slip 	 factor 

system 

(121) [101] 
	

0.474 

[110] 
	

0.469 

[110] 
	

0.469 

(111) [101] 
	

0.432 

(Ill) [110] 
	

0.423 

(001) [110]C 
	

0.415 

(010) [101]C 
	

0.410 

(111) [1011 
	

0.359 

(111) [110] 
	

0.330 

(010) [101] 
	

0.277 

(901) [110] 
	

0.265 

(101) [lOT] 
	

0.244 

(101) [101] 
	

0.244 

(110) [1101 
	

0.220 

(110) [110] 
	

0.220 

Resolved 
shear 

stress (MPa) 

2038 

2016 

2016 

1857 

1819 

1784 

1760 

1544 

1419 

1191 

1140 

1050 

1050 

946 

946 
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ORIENTATION 2. - (N-355) 

'\i[OOl]; a = 194014Pa 

Potential 
	

Schmid 	 Resolved 
slip 	 factor 	 shear 

system 	 stress (a) 

(011) [011] 

(011) [011] 

(101) [101] 9  

(101) [101]? 

(111) [101] 

(111) [011] 

(ill) [011] 

(111) [101] 

(111) [101] 

(111) [101] 

(ill) [0111 

(111) [101] 
(001) [110] 

0.489. 950 

0.489 950 

0.485 941 

0.485 941. 

0.446 865 

0.437 848 

0.434 842 

0.433 	. 840 

0.361 700 

0.359 696 

0.353 	.. 684 	. 	. 

0.342 663 

0.137 266 
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ORIENTATION 3 - (N-356) 

11111; a = 3720MPa 

Potential 
slip 
system 

.Schmid 
factor 

Resolved 
shear 

stress (MPa) 

(.010)[101] 0.485 1809 

(001) [110] 0.478 1783 

(121) [101] 0.440 1641 

(100)10111 0.433 1615 

(112) [110] 0.423 1577 

(111) [101] 0.345 1287 

(111)[110] 0.340 1268 

(1I1)[011] 0.253 944 

(111)[101] 0.238 888 

(1il)[l0i] 0.227 846 

(111)11011 0.217 809 

(lii) [011] 0.08 300 

(111) [101] 0.08 300 

(110) [110] 0.07 260 

{hkl}<uvw> observed primary slip systems 

{hkl}<uvw> observed secondary slip systems 

{hkl}<uvw>C observed cross slip systems 
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Fig. 3 
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