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FACTORS INFLUENCING .THE STRESS-STRAIN 
BEHAVIOR OF CERAMIC MATERIALS 

* Terence G. Langdon and Joseph A. Pask 

UCRL-20383 

Inorganic Naterials Research Division, Lawrence Radiation Laboratory-, 
and Department of Materials Science and Engineering, 
College of Engineering, University of Ca.lifornia, 

Berkel~, California 

INTRODUCTION 

' '. 

Although ceramic materials are of considerable potential interest, 

because of their ahili ty to _withstand high temperatures and severe cerro-

sion environments, their use has so far been limited by brittleness and 

poor resistance to thermal shock. ·A large volume of work over the last 

decade has shown that severa.l factors influence the stress-strain be-

havior observed in ceramic systems, ranging frdm the presence of point 

defects in single crystals to the size and location of pores in poly-

crystals. Furthermore, the complexity of this influence may be illus-

trated by noting that the behavior of nominally identical single crystals 

is markedly dependent on whether impurities are present as isolated point 

defects, as aggregates, or in the form of pairs of impurity atoms and 
, 

charge-compensating vacancies. 

This paper reviews the primary factors influencing the stress-strain 

behavior of single crystals, and discusses some recent results obtained 

on polycrystalline magnesium oxide. For simplicity, emphasis is placed 

on systems having the rock salt structure, and the effect of changes in 

stoichiometry, important in materials such as UOz and Th02, is not in-

eluded.-_· 

*Now at Uni.versi ty- of British Columbia. 
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FACTORS INFLUENCING 'l'JIE BEHAVIOR OF SINGLE CRYSTALS 

Under a constant rate of strain or loading, a single crystal tested 

in tension orcompression deforms elastically up to the critical resolved 

shear stress ( CRSS) at which plastic flow begins. 

An analysis of the temperature dependence of the CRSS (or the yield 

stress) is most conveniently carried out by considering the schematic 

. - . 
curves in Fig. 1, in which the behavior for a given strain rate ,e:1, is 

divided into three distinct regions. At low temperatures (region I), 

typically ;So. 2-0. 3 T where T is. the absolute mel ti_ng temperature, the m m 

CRSS decreases rapidly with increasing temperature, and the behavior is · 

controlled by thermal fluctuations which penni t the dislocations to . over-

come short-range obstacles in the glide plane (e_.g. solute atoms or the 

Peierls barrier). In region II, the CRSS drops only slightly with in-

creasing temperature, and the controlling mechanism is then athermal 

(e_.g. overcomi_ng of long-range stress fields}; the slight temperature 

dependence- in this region arises from the decrease iri shear modulus with 

increasing temperature. At high temperatures (region III), typically 

<0.5 T, diffU.Sion plays a significant role, and the CRSS again drops • ......, m 

It should also be noted that these three regions are not delineated by 

fixed temperature boundaries; a faster strain rate, such as £2 (>£1), 

moves the transitions to higher temperatures. Finally, region IV corre

sponds to very rapid strain rates (£ 3 >> £2), as in impact tests, where 

the motion of dislocations is limited by viscous damping. 

Factors influencing the behavior in regions I and II are now examined; 

the deformation mechanisms of importance in region III, whi.ch corresponds 

essentially to the."high-temperature creep" range, are not considered 

here, but are dealt with in detail in the following 1 paper. 

I 

• 
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Effect of Surface Condition 

The surface condition of ionic crystals is important in determining 

the shape of the stress-strain curve; a detailed review of the extensive 

. 2 3 . . 
work on magnesium oxide is given elsewhere. Stokes showed that MgO 

crystals containing "fresh"· dislocation sources, due to cleavage or 

mechanical contact, yielded smoothly in tension at rv6-8000 psi. However, 

if the "fresh" sources were eliminated by chemical polishing, the crystals 

deformed elastically up to stresses of rv30-50 ,000 psi before yielding 

with a sharp drop in stress down to the level at which the "fresh" dis-

locations moved. These experiments emphasize the significance of the 

surface condition, and serve to show that the "grown in" dislocations in 

MgO are immobile. 

Effect of Strain Rate 

As indicated in Fig. 1, an increase in strain rate at any given 

temperature results in a higner CRSS in the thermally-activated region I, 

but there is no change in region II. An experimental example is shown 

in Fig. 2 for NaCl crystals having a <100> axis tested at two different 

strain rates, 4 where the CRSS, T , is divided by the shear modulus, G, 
c 

so that the results in region II are independent of temperature. At 

temperatures less than 'V250°K~ the experimental point? for the two strain 

rates are different, and, within the error bars indicated, the results 

are reasonably approximated by the two straight lines converging to 

T /G~7.8 X l0-5 at T = 0°K. 
c 

• 
Although Fig. 2 refers to only a modest increase in £, tests have 

alm been carried out on MgO c::rystals at very rapid strain rates. 5 

• -4 -1 
Results are given in F.ig. 3 for values of e: ranging from 10 sec 
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(which is comparable to the usual stress-strain data) to 3 x 103 sec-l 

thereby showing the transition to region IV indicated in Fig. 1. 

Effect of Orientation 

The orientation of a crystal determines the magnitude of the re-

solved shear stress acti;0g on the slip planes. For crystals of the rock 

salt structure; slip takes place preferentially on the {110} <llO> slip .. 

systems, although flow is also possl.ble on the {ooi} <llO> systems at 

higher temperatures or stresses. For a crystal tested in compression 

with a <100> longitudinal axis, which represents the usual cleaved con-

dition, there is a resolved shear stress equal to one half of the applied 

stress acting on four of the six {110} <llO> slip systems; the other two 

systems experience no stress. For a <111> loading axis, however, there 

is no resolved shear stress acting on any of the {110} <llO> slip 

systems, so th~t crystals then deform at the higher temperatures by slip 

on the {001} <llO> slip systems; at low temperatures the crystals frac-

ture without any plastic deformation. The. importance of this orientation 

difference is illustrated in Fig. 4 for MgO crystals tested at a constant 

rate of loading of 20 psi/sec; 
6 ' 7 ' 8 

for the <100> axis there is only a 

slight decrease for temperatures above "'1000°C, but the values obtained 

for crystals with a <111> axis are substantially higher and are still de-

creasing sharply even at the highest indicated test temperature. 

Effect of Impurity Concentration 

Impurities play a major role in determining stress-strain behavior, 

.even when the concentration is relatively small. For example, Gorum 

9 . 
et al. showed that the yield stress for an MgO crystB.l containing 30 ppm 

of iron was about four times higher than for a crystal containing only 
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10 ppm. By' contrast, a further increase :i.n iron content to 3000 ppm 

increased the yield stress only slightly. 

The CRSS in alkali halide crystals is extremely sensitive to the 

presence of divalent cations. 
. . 10 

Using NaCl crystals, Hesse showed that 

2+ 
an increase irt Ca concentration from 2 to 20 ppm increased the athermal 

plateau (region II) and, because of the larger number of obstacles, 

introduced a greater temperature-sensitivity in the thermally-activated 

region I. There is also a marked difference in the shape of the stress-

strain curves for different impurity concentrations, as shown in Fig. 5 

. . . 2+ 
for NaCl crystals tested at 294°K with Ca concentrations of 2, 33 and 

. 11 
64 ppm, respectively. In particular, the slope and length of stage I 

increases with increasing impurity content. 

Effect of Nature of Impurities 

Whilst small variations in the concentration of impurities signifi-

cantly affect the stress-strain behavior, the magnitude of this influence 

is dependent on both the state of dispersion and the valency of the im-

purities in question. 

crystals, co~taining 3 

This is illustrated in Fig. 6. For "pure" LiF 

2+ 
ppm Mg , the CRSS increases only slightly at very 

low temperatures, and there is no significant difference between crystals 

slowly cooled ('V0.002°C/min; solid line) and air-cooled (rv50°C/min; 

dashed line) from an annealing treatment at 300°C. By contrast, the 

behavior. of "impure" crystals, containi!lg 75 ppm Ml+; depends critic ally 

on thermal history: for air-cooled crystals, the a thermal stress level 

(region II) is only slightly higher than for the "pure" crystals, but 

there is a pronounced increase in CRSS in the thermally-activated region 

I; for slowly cooled crystals, the CRSS in region II is very much 
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. . 12. 
increased, but the temperature dependence in rec;ion I is less pronounced. 

This suggests that in the slowly cooled crystals the impurities are pri-· 

marily present in clusters or precipitates. A further complexity may 

2+ 
also arise since, whereas these results for Ng in LiF show a g_uench 

softening, so that the CRSS at room temperature is less for air-cooled 

crystals than for slow-cooled, NaCl crystals doped with large concentra-

t . . f Mn2+ .d Cd2+ h · · · · h h d · . 13 1ons o · an s ow a quenc . ar en1ng. · 

3+ In magnesium oxide, the presence of Fe · leads. to considerable 

h. . b t · 2+ arden1ng, u N1·· in the absence of iron has only a small effect. This 

is shown in Fig. 7, using room temperature data. reported by Srinivasan 

d St b 
14 . p 15 ( . . . . 3+ 

an oe e and Moon and ratt note that the po1nt for 130 ppm Fe 

was obtained by extrapolation of the published data15 ). This plot sug-

. gests that, over the limited range examined, T c is approximately linearly 

proportional to c, where c ·.is the defect concentration, but results by 

D . . dg. 16 . d. t . rt• . al l/2 f 100 1400 aVl e ln 1ca e T 1s propo 10n to c over a range o -
c 

~ .~ ~-ppm of Fe • · The differing hardening effects of N1 and Fe 1n MgO 

are thus analogous to the effects of mono- and divalent impurities in 

the alkali halides (compare, for exa~le, Fig. 6 with Fig. 23 of the 

.. 17 
review by Gilman ) • The significance of valency is also shown by noting 

that the ·CRSS for MgO crystals heat treated in air to give 'V6 ± 1 ppm 

of iron in the Fe3+ state was 1.1 ± 0.07 kg/mm
2 

( 1560 ± 100 psi), whereas 

identical crystals given a reducing· treatment at 2000°C, so that the 

2+ 2 
iron was present as Fe , gave a CRSS of only 0.73 ± 0.07 kg/mm (1040 ± 

100 psi).
14 

It may be initially anticipated that plastic flow in ionic crystals 

at the low temperatures is governed by a form of Peierls mechanism, 

• 
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because of the necessity for the dislocations to overcome Coulombic inter·-

actions. However, the experimental data presented in Fig. 6 show that 
I 

the behavior is dependent on the presence of impurities. To explain the 

large temperature-sensitivity of the air-cooled "impure" LiF crystals, a 

theory was developed in which the hardening was attributed to the tetra

gonal lattice distortions produced by an impurity (Mi+)...:..vacancy dipble.
18 

'l'his theory predicts a linear relationship between -r*1
/

2 
and T1 /

2
, where 

T* is the effective stress ( eq_ual to the measured CRSS minus the athermal 

stress, TA; see Fig. 1) and T is the absolute temperature, in agreement 

with the data shown in Fig. 8. The theory also predicts a linearity 

between . T* and c1 / 2 ; this agrees with experiments at low temperatures but 

some results at higher temperatures (e. g. in NaCl at room temperature for 

ca
2

+ concentrations of up to 900 mole ppm13) show T* is linearly :propor-

tional to c. These latter results have been interpreted by assuming that 

the impurity-vacancy dipoles are then able to rotate in the strain field 

of the dislocations, thereby lowering the elastic energy of the system. 19 

The situation for MgO is somewhat different since, although one 

3+ cation vacancy is required for charge compensation for every two Fe .· ions 

incorror a ted in the lattice, electron spin resonance indicates that these 

are not contained in the. form of ion-vacancy pairs
16

; in this case the 

hardening may arise because the excess vacancies, or the presence of 

Fe3+ ions on interstitial sites, increase the rate of jog formation on 

the screw. dislocations. 

Effect of Pressure 

Experiment:; show that the CRSS is independent of pressure for NaCl 

20 
crystals of· <100> orientation up to 10 kbars and MgO crystals of <111> 
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orientation up to 5 kbars, 
21 

respectively. But it should be noted that 

the situation is more complex for polycrystalline materials, and in MgO 

there is a brittle-ductile transition with increasing pressure, so that 

large strains (?: 10%) may be achieved at room temperature without frac-

21 
ture. 

Effect of Irradiation 

Irradiation produces a hardening in alkali halides, the magnitude 

of which depends on the time, te~erature, intensity; and nature of the 

radiation, and the impurity level of the crystal. The theory of asymmet

rical defects
18 

has been used to interpret the magnitude and temperature 

dependence of radiation hardening in Ag-doped KCl; 
22 

but the theory pre-

diets that defect alignment will lead to anisotropic hardening, and this 

is not observed experiment ally. 23 

FACTOffi INFLUENCING THE BEHAVIOR OF POLY CRYSTALS. 

Whilst the preceding section shows that several factors ~ignificantly 

influence the strem-strain behavior of single crystals, the situation for 

polycrystalline materials is more complex. In particular, four addi-

tional features should be considered. 

Firstly, impurities may further influence the deformation behavior 

in polycrystals due to preferential segregation at the grain boundaries, 

either as a second phase or in solid solution. For example, it has been 

shown that some common impurities in polycrystalline MgO, such as Al, Ca 

and Si, segregate to the boundaries even when only present in amounts as 

small as 30 atomic ppm, although other impurities, such as Fe, tend to be 

more uniformly distributed.
24 

More complex ceramic systems may have a 

silicate phase at the bound~. 

• 
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Secondly, the density of polycrystalline ceramics is invariably less 

than the theoretical value for single crystals. As discussed iri the 

following section, the influence of this residual porosity depends on 

such features as the primary pore location (i.e. whether along the grain 

boundaries or within the grains), the size and distribution of the intra-

granular pores, and the average size of the boundary pores with respect 

to the grain size. 

Thirdly, a polycrystalline material is only capable of deforming 

plastically, without the nucleation of internal voids, when it possesses 

five independent slip systems. This req_uirement is fulfilled in the rock 

salt structure when slip occurs on both the {110} <llO> and {0011 <1
1
10> 

I slip systems; in MgO, this necessitates either high temperatures or the 

ability for large stress concentrations to build up at the boundaries and 

thereby nucleate slip on the· {100 1 planes. 

Fourthly, it is necessary that these various slip systems are capable 

I 
of interpenetration. A detailed investigation of MgO single crystals, 

. n t' -4 -1 
tested in tension at an initial strain rate of -~.7 x 10 sec , showed 

that the 90° intersections due to slip on conjugate planes, which form 

neutral (i.e. uncharged) jogs, are only possible at temperatures of 1300°C 

and above, ai1d the 60° and 120° intersections due to slip on oblique 

planes, which form electrostatically charged jogs, only occur above 

25 1700°C; although these temperatures may be lov:ered by a reduction in 

strain rate. In conformity with these results, tensile tests on re-

crystallized polycrystalline MgO shm-r a brittle-ductile transition at 

'Vl700°C. 
26 

In compression tests, hmrever, catastrophic failure is more 

difficult, and large stresses can then build up to aid the nucleation 
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and interpenetration of the different slip systems at lo'l-rer temperatures·;. 

for example, the 90° intersections become possible at temperatures as low 

Stress-Strain Behavior of Polycrystalline MgO 

The considerable significance of small changes in microstructural 

detail is demonstrated by results obtained from compression. tests ·On six 

different types of polycrystalline MgO. 27 All of these materials de

formed plastically at 1200°C and above, but two types ( 5 and 6) exhibited 

plastic flow at temperatures as low as 800°C a.n:d a third (type 4) at 

Examples of the microstructures of types l-'-4 are shown in Fig. 9. 

Type l (lower left) was produced by hot pressing 11g0 powder with a 3 '1-rt % 

LiF additive, gi virig a transparent material 'Which was noil"inally full:r-

dense but with a residual Li content of 75 ppm. Although electron 

microscopy showed that no second phase existed at the grain boi.mdaries, 
28 

the occurrence of much intergranular fracture at low temperatures in 

comparison with specimens without an additive suggested that LiF was 

probably preferentially segregated at the boundaries in solid solution. 

Type 2 (lower right) , 3 (upper left) and 4 (upper right) were produced 

by isostatic pressing and sintering, and were typically rv1. 5% porous but 

with variations in the average pore size and distribution. The micro-

structure of type 5, which was one of the two materials deforming 

plastically at the lower temperatures, is shown in greater detail in 

Fig. 10. This material was also lVl. 5% porous, and was obtained by 

annealing the t~pe 6 material at 1800°C. The pore-free regions adjacent 

to many of the grain boundaries probably represent the areas swept ciut 

• 
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during grain growth from the initial average grain size of 25 ).lm to the 

final size of 80 ).liD. 

Although the microstructures of these materials appear fairly 

similar, the. stress-strain., curves reveal significant differences; this 

m~ be seen by comparing the results at 800°C and 1000°C, as shown in 

Figs. 11 and 12, respectively. At 800°C, types 1-4 were not ductile, 

but types 5 and 6 deformed to strains >0.02. Type 1 fractured at 

rv4o,ooo psi, represented by the vertical arrow, but the tests on types 

2-4 were discontinued prior to fracture at rv45,000 psi. At 1000°C, 

types 1-3 fractured with. little significant plastic deformation at stresses 

in the range 'V29-45,000 psi, but typ-es 4-6 deformed to strains >0.02. All 

specimens were ductile to strains in excess of 0.02 at 1200°C. 

Figure 13 shows the yield stresses calculated from a strain offset 

of 5 x l0-
4 

as a function of temperature, together with the data described 

earlier for single crystals having <100> and <ill> loading axes; the 

closed symbol for type l at 1000°C represents a fracture stress when no 

yielding occurred. The va+ues recorded for types 5 and 6 are lower than 

for the <111> loaded single crystals, and this at first suggests that no 

slip occurred on the {ooi} <lio> slip systems. However, wavy slip lines 

resulting from slip on both the. {110} and {100} systems were visible on 

the surfaces of these specimens after testing at temperatures as low as 

800°C, although no wavy slip was observed in types 1-3 at tem!'eratures 

below 1200°C. This indicates that stress levels of sufficient .magnitude 

were able to build up at the grain boundaries in types 5 and 6 to realize 

flow on the secondary slip systems. 
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'l'he marked differences in behavior for materials of similar density 

('\98. 5%) show that the- microstructural features influencing the stress-

strain relations in polycrystals are fairly complex, particularly since 

the realization of general ductility at 1200°C corresponds with the 

temperature at which such behavior is obtained for single crystals with 

<100> and <111> orientations, 7 ' 8 
as indicated for the latter orientation 

in Fig; 14. An analysis of the experimental observations in terms of the 

material characteristics of the various specimen types, described in 

27 . . . 
detail elsewhere, suggests two factors which aid plasticity at tempera-

( i) The grain boundaries should be sufficiently strong to allow the 

build-up of stress concentrations and nucleation of slip on the {100} 

system and to permit extension of slip bands across the boundaries.- This 

req_uires (a) that they are relatively pore-free, and if boundary pores 

exist they should be small with respect to the grain size, and (b) that 
• 

they are free from excessive amounts of impurities in solid solution. 

Condition (a) is not fulfilled in type 2, where the ratio of boundary 

pores to grain size is 'V0.2; condition (b) is not fulfilled in type 1 

due to the residua] LiF' which appears to weaken the grain boundaries~ or 

in type 3 due to a higher amount of Si02 and CaO content which appear to 

interfere with dislocation motion.· 

(ii) Ve~ fine pores distributed within the grains appear to be 

beneficial,_ probably because they permit some mass accommodation re

q_uired because of the limited slip activity.. Types 5 and 6 are examples 

of fairly pure materials containing fine intr_agranula.r porosity. 

• 

_,-
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SUMMARY AND CONCLUSIONS 

The factors influencing the stress:....strain behavior of single crystals 

are briefly reviewed. It is shown that the results obtained under a 

given set .of experimental conditions depend on features ranging from 

crystal orientation, which is readily determined, to less coD:trollable 

parameters such as· the presence, and in particular the state of disper-, 

sion, of certain impurities. Further complexities arise in polycrystals 

because of impurity segregation at the boundaries, the presence and nature 

of residual porosity, and problems associated with the availability, and 

interpenetration, of the various sli.p systems. 

An examination of experimental results obtained on several different 

types of polycrystalline MgO suggests that ductility is aided at tempera-

tures less than 'Vl200°C by the presence of strong grain boundaries and by 

very fine intragranular porosity. 
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FIGURE CAPTIONS 

Fig. L Schematic representation of the temperature dependence of the. 

Fig. 2. 

critical resolved shear stress (or the yjeld stress) up to the 

absolute melting temperature, T , for strain rates of £1 , £2 m . 
and £3. RegiO:n I is thermally-activated, region II is athermal, 

region III is diffusion controlled, and region IV represents 

viscous damping. 

Normalized critical resolved shear stress (T /G) as a function 
c 

of temperature for NaCl single crystals tested at two different 

. 4 
strain rates. 

Fig. 3. Flow stress as a function of temperature for MgO single crystals 

tested at strain rates differing by over seven orders of 

. . 5 
magrn.tude. 

Fig. 4. Yield stress as a function of temperature for MgO single 

crystals having <100> and <lll> loading axes.
6 ' 7 '

8 
The <111> 

Fig. 5. 

Fig. 6. 

orientation yield stress at 560°C is 71,000 psi and at 360°C 

is 143,400 psi. 

Stress-strain curves at 294°K for Ne.Cl single crystals having 

Ca
2+ concentrations of 2, 33 and 64 ppm, respectively. 

11 

Critical resolved shear stress as a function of temperature· 

for "pure" and "impure" LiF single crystals showing effect ·of 

t • 1 h" t 12 
·r1erma 1s ory. 

l',ig. 7. Critical resolved shear stress for MgO single crystals tested 

at room temperature as a function of .the molar concentration 

~~~ ~~ 
~ • · r ' , ·; .\- ·i 
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. Fig~. 8~ ·. Temperature. variation· of the ~ff~~t.i:ve ;st;es~ for LiF ~Ipgie. 
. . .. -... ·. . 

' . . . . ' . . . .. ' . __ , 

. cryihals cbntaiili,ng 75 ppm of magnesium in sohlt{mi' (expei:i:,... 

·, ',) . ; ... · • ' ' : .· .. · ·. · .. 12 18 .. •' 
.men:t'al dat~:~. of Johristori -) ~ · 

. ··.. ' . . . ·. 
. . . 

Fig. 9• r-1icrostructures of four types. of poiyJr~talliile'Mg6l type 1 · 
.· ·. . ., .. -· . . . ·•· I. . .. · . 

(1o,;er l~ft}, 2 (lower right}; 3 (upper 'lei't) and 4 (upper. 

;·:rgnt). ·· 

Micrd:itructure of' type 5 · polycrystalline IJ!gO. 

Fig. 11 .. Stress'-strain curve~ for six types pf polycrystalline :MgO at . 

. : •. . 

Fi'g, 12 •.. Stress-strain curves for si.x types of polycrystallirie MgO at· · 

Fig. 13 .. Yield stress as a fl.lnction oftempera:ture' for MgO single crystals. 

with <roO> and <IU> loading· axes, and for polycry~talline · 

specimens of types 1~6. The closed symbol for type 1 at 1000°0 

is a fracture stress ~ the absence of yielding• 

Fig •. · 14. Stress-strain curves for MgO single· crystals having a <Ill> 

.. 1 8 
loadiQg ax~s. ' 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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