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CREEP BEHAVIOR OF A MODEL REFRACTORY . . 

SYSTEM MgO-CaMgSi04 

* William E. Snowden and Joseph A. Pask 

Inorganic Materials Research Division, Lawrence Berkeley LaboLatory 
and ~epartment of Materials Science and Engineering, 

College of Engineering; University of California, 
Berkeley, California 94720 

ABSTRACT 

The effects of the presence of a silicate botinda;Y phase on the 

high-temperature creep behavior of a model refractory system MgO-CaMgSi04 

(monticellite, CMS) have been studied in the range 1200-1450°C. A change 

in the predominant mechanism of deformation was observed with increasing 

temperature. At 1200°C, deformation was concluded to be controlled by 

a dislocation mechanism in the MgO framework, while at higher tempera-

tures creep occurred by viscous deformation of the silicate boundary . 

region. 

' 

I * Presently at Corning Glass Works, Corning, N.Y. 14830. 
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I. INTRODUCTION 

~though reports of the high temperature mechanical behavior of 

various refraftory ceramic materials are commonplace, the similar be

havior of practical refiactqry systems is not well understood which can 
. . . . 

be attributed to the complex microstructural feat~res of such systems. 

-A model refractory system consisting of MgO and CaMgSi04 (monticellite, 

CMS) bas been developed for study. Microstructure analysis and stress-

1 strain behavior of this system were described in aprevious paper. 

Behavior was found to be dependent on the-continuity of the silicate 

boundary phase, and a change in deformation IJlechariism with increasing 

. temperature was observed. In the present work the high temperature 
·'' . .~ . . . 

creep behavior of an MgO specimen containing 'V5% CaMgSi0
4 

is discussed. 

II. THEORY 

Creep is a th~rmally-activated process of time..,.dependent plastic 

deformation which occurs in a material subjected i:o a constant stress 

for a prolonged period of time. Three distinct intervals are evident in 
... 

" . ' 
typical creep (strain vs. time) curves. During primary creep, the 

structure is constantly changing and a decreasing strain rate is 

observed. During secondary or steady-state creep; th~ substruct~re of 

the·material remains essentially unchanged and the strain-rate is con-
.: 

stant. Finally, tertiary creep is,characterized by a rapid increase in 

strain rate as the structure of the material begins to break down, 
~· . 

ultimately resulting in fracture. 

Study of material creep is generally centered on steady-state 

behavior, and numerous theoretical models have been·-proposed to describe 

the various mechanisms by which deformation can occur. For plastic 

(: z: if' ('!J (\ ~ £~ ('! 
ft} ,,} r:· ' ~ 
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deformation occurring by several mechanisms operating simultaneously, 

• 
the steady-state creep rate E may be expressed as 

(1) 

where Ai is a constant, fi represents the functional dependence for the 

i'th mechanism, a is the applied stress, T is absolute temperature, Qi 

is the apparent activation energy for creep by each mechanism, R is the 
; ~-

gas constant, and S is a structure parameter which varies with grain 

size,.substructure, and porosity. However, since·a singlemechanism is 

usually dominant, the steady-state creep rate can•be described by an 

equation of the form 

(2) 

-Q/RT . where D = D
0

e . is the diffusivity of the rate-controlling atomic 

species, G is the shear modulus, and n is adimensionless constant. The 

-1 factor A, with dimensions of (area) , varies linerarly with G and in-

versely with temperature. 

For creepoccurring as a result of viscous {diffusion) mechanism, 

whether.the diffusion path is thro~gh the bulk oralong grain boundaries, 

h h b di d h 1 Of One. 2-4 t e stress exponent n as een pre ct.e to ave a va ue 

Where dislocation mechanisms are found to control creep, higher values 

for n have been predicted, the specific value depending on whether creep 

5 is occurring as a result of dislocation climb, by a glide and climb 

6 process, or by the movement of dislocations along grain boundaries 
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7 causing grain boundary sliding. In general, viscous mechanisms tend to 

be of more importance at lower stresses, while dislocation mechanisms 

are activated by higher stresses. 

III. EXPERIMENTAL PROCEDURE 

(1) Specimen Preparation 

Specimens of MgO containing "-5% CMS by weight were fabricated by 

hot pressing a mixture of prereacted CMS powder and reagent grade MgO at 

1650°C, as described previously (Type EX).1 A photomicrograph of this 

material is shown in Fig. 1. The silicate region distributed along MgO 

grain boundaries was found to consist of crystalline CMS and a residual 

1 glassy phase. The ratio. of MgO grain-grain interfacial area to the total 

area of alL interfaces was found to be 0.28 using the method of Stephenson 
·. 8 

and White. Average grain size of MgO grains was '\#31 lJm. 

Specimens having nominal dimensions of 0.6 in. x 0.3 in. x 0.3 in. 
. . 

were cut from the hot pressed compact and prepared for creep testing by 

polishing all surfaces. Creep tests .were cond.ucted in air over the 

temperature range 1200-1450°C using the compressive deformation equip-

9 ment des~ribed by Hulse and Copley (apparatus III). The stress depen-

dency of the creep rate in the steady-state region was determined at 

each temperature using an incremental stress technique. The apparent 

activation energy for creep was li~ewise determined at each temperature 

10 
using the incremental temperature technique described by Dorn. In 

addition, creep curves obtained at constant stress were measured to 

1400°C. A constant stress was maintained by increasing the load at 

intervals of 0.01 engineering strain to compensate for the increase in 

n 0 o 
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sample cross-sectional area during a given test. The incremental changes 

required were calculated assuming constancy of volume and neglecting any 

barreling that may have occurred. MOst specimens were strained ~10% 

before·the test was stopped. 

IV. RESULTS AND. DISCUSSION 

Representative creep curves for the specimens tested are presented 

in Fig. 2. The tests were designed to give creep rates in the steady

state region of approximately 10-7/sec to 10-6/sec. Thus as the' test 

temperature was increased, the stress was reduced.some predetermined 

amount. The three regions exhibited by typical creep curves were not 

always observed. At 1200°C, the initial elastic contraction accompany-

ing application of the load was small, and it was difficult to distin-

guish a region of primary creep. For strains greater than approximately 

1%, a constant strain rate was observed for the remainder of the test. 

At 1300°C a relatively long·primary region was observed, suggesting a 

gradual structural change in the specimen, and steady-state creep was 

not established until the strain was approximately 7%. At 1400°C a 

primary region of intermediate length (up to' 2% strain) was observed. 

Following the establishment of the steady-state region in a number 

of separate tests, the stress was increased and a new steady-stage creep 

rate was measured. A number of su~h incremental changes in stress were 

made for tests at 1200°C, 1300°C, 1400°C, and 1450°C to obtain steady-

state creep rate data as a function of stress at each temperature. The 

stress exponent n at each temperature was determined using a form of 

Eq. (2), 

' ! 
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(3) 

here the constant A~ includes the diffusivity pre-exponential factor D 
.. . 0 

-1 and has dimensions (time) • Since high-temperature elastic properties 

of the MgO-CMS system were not known; the shear modulus in Eq. (3) was 

taken to be that for polycrystalline MgO calculated from the room tempera-
·. . . . 11 

ture data of Janowski and Rossi corrected to higher temperatures using 

12 an expression given by Soga et al. The stress exponent n at each 

temperature was then readily obtained as the slope of a least squares fit 

• of ln E vs. ln (a/G). The plotted data are presented in Fig. 3. It 

should be noted that uncertainty in G affec·ts only the position of the 

various curves; the slope n is not affected. 

As noted previously, the apparent activation energy Q for creep at 
··, 

several temperatures was measured using an incremental temperature tech-

nique. Steady-state creep rates were measured before and after a tem-

perature change of 20°C, and Q was calculated using the relation 

Q = 

• • 

R ln (e
1
/e

2
) 

1 1 
T2 .Tl 

(4) 

Eland E2 represent the strain rat~ at temperatures T1 and·T2 , respec-

tively. Equation (4) is derived from Eq. (3) by assuming that a small 

temperature change has little effect on structure or material properties, 

i.e., (G1T/G2T1) is close to unity. However, this·assumption may not be 

valid for the MgO-CMS system being considered since the nature of the 

silicate phase is expected to be sensitive to temperature as the glassy 

(' 
p·,.,._ ~? 0 (: 0 0 
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phase softens.··· When the change in G with temperature is expected to be 

significant, a better expression for Q is 

Q = (5) 

where the shear modulus and temperature dependence of A"" is included. 

Where n = 1, Eq. (5) reduces to Eq. (4) and no difficulties arise. For 

n > 1, however, ·incorrect values of Q will result on neglecting the 

temperature dependence of G. If T1 < T2, Eq. (4) will underestimate Q. 

If T1 > T2, Eq. _(4) will give values for Q that are too high. Clearly, 

in the absence· of acceptable data regarding the temperature dependence 

of G, the incremental temperature technique for determining Q must in-

volve measurements where temperature changes are made in each direction 

an~ an average taken. Such a procedure was followed in determining Q in 

this work with results consistent with the above observations. Calcu-

' ' 
lated values· for. Qat each temperature were within 10% of the average 

values reported herein. 

Values for n, Q, and A"" are listed in Table I..· In general, the 

stress exponent n was found to decrease as the temperature was increased. 

The apparent activation energy Q, however, was found .to increase with 

temperature. Both of these observ~tions were consistent with expecta-

tions of a changing deformation mechanism with temperature for these 

specim~ns, as suggested by stress-strain results described previously. 1 

At 1200°C, the stress exponent n was found to be 3.6, suggesting 

that deformatio~ was due to some dislocation-contr.olled mechanism. The 
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result is in good agreement with the value n = 3.3 reported by Langdon 

13 . 
and Pask for creep of polycrystalline MgO at 1200°C, where deformation 

was also attributed to dislocation processes. Both values are consistent 

ith di ti · b Weertman14 f t. b t 3 d 4 f w pre c ons y o stress exponen s e ween an or 

creep occurring as a result of dislocation climb.·· However, it has 

recently been reported that much higher values for n can be achieved in 

polycrystalline MgO when grain boundaries are relatively free of defects 

15 and able'to resist separatian. The 3-4 stress exponents in this case 

may be att~ibuted to the. presence of a semi-rigid silicate phase; in the 

case of Langdon and Pask, to the presence of Li and F in the grain 

boundary regions which were added in fabrication. 

The apparent activation energy for creep at 1200°C was found to be 

104 kcal/mol. 16 Similar v~lues have been reported by Hensler and Cullen, 

17 and by Tagai and Zisner, for creep of polycrystalline MgO. .For MgO 
. . 15 

specimens having strong grain boundaries, Snowden and Pask found Q to 

be ~10 kcal/mol. These values are all higher than the value of 51 

kcal/mol reported by Langdon and Pask13 whose specimens had Li and .F 

along grain boundaries. 

At 1300°C, the stress exponent n was found to have two distinct 

values: 3.8 for higher stresses (>7000 psi) and 1.0 for lower stresses. 

The existence of two values for n suggests that at 1300°C a second 
' 

deformation ~echanism begins to play a major role in the creep of MgO-

CMS specimens. This may contribute to the long primary region for creep 

at 1300°C as noted previously and shown in Fig. 2 •. It seems noteworthy 

that the level of stress (7000 psi) in the region of transition is 

approximately equal to the yield stress of annealed polycrystalline MgO 

s e:~ p (.~ 0 (:.- J~~ r-". 1,;_ ' 0 0 (,, ~.._.:t { '· l..} " ~ 

1! 
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(type HPA) known to deform as a result of dislocation processes. 1 The 

value is also in good agreement with an average yield 

single crystals tested at 1300°C with <001> and <111> 

stress for MgO 

18 loading axes. 

Thus, for higher stresses the creep of MgO~CMS specimens at 1300°C appears 

to be controlled by dislocation mechanisms. At_stresses below 7000 psi, 

the stress exponent of 1.0 is probably due to viscous behavior in the 

grain boundary regions because the stress level is not sufficiently high 

to activate extensive dislocation motion within the MgO framework. The 

linear behavior seems not unlike that reported by Ke19 for the viscous 

deformation o-f grain boundaries in metals. 

The apparent activation energy for creep at 1300°C was determined 

to be 130 kcal/mol. The value was found to be independent of stress over 

an experimental stress range of 6000 psi to 10,00() psi, even though the 

range of stresses .included the region of transition from predominantly 

viscous behavior to creep controlled by dislocation mechanisms. The 

significance of a change in the apparent activation energy for creep as 

a consequence of a change in the mechanism controlling deformation has 
. 7 

been discussed by Langdon. Although a single mechanism is usually rate-

controlling, if two or more mechanisms operate they may act either 

sequentially or simultaneously. If two mechanisms operating sequentially 

have different activation energies{ there is a change in the apparent 

activation energy for creep from a high value to a lower value as the 

temperature is increased. If the two mechan;Lsms operate simultaneously, 

however, the change in the apparent activation energy for creep is from 

a lower value to a higher value as the temperature is-increased. Thus 

the increase in Q noted for the MgO-CMS specimens indicates that two 
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deformation mechanisms must operate simultaneously when the stress is 

high eriough to promote slip within the MgO grains. 

At 1400°C.and 1450°C, the str~ss exponent was found to be 1.3 and 

1.1, respectively. At these temperatures deformation is largely the 

result of viscous flow of the boundary phase. Similar values for n have 

been reported for creep of MgO containing small amounts of LiF as a 

distinct liquid phase where creep was concluded to be the result of 

20 Newtonian or pseudo-Newtonian deformation of ~he LiF boundary phase. 

For the MgO-CMS specimens, the decrease in n represents a decrease in the 

rigidity of the boundary phase because of the higher temperature. These 

1 results are consistent with stress-strain behavior discussed previously. 

The ·apparent activation energy for creep at 1400°C was found to be 

215 kcal/mol, and at 1450°C it increased to 240 kcal/mol. These values 

suggest that several processes were acting concurrently~ each of which 

were affecting the creep rate, resulting in the higher activation energy. 

Exceptionally high values were also measured for fireclay refractories 

deforming in the presence of a liquid, which were undergoing thermally 
' ' 21 

controll~d crystallization. 

Further evidence attesting to a changing deformation mechanism for 

MgO-CMS specimens is provided in Fig. 4. The photomicrograph of a speci-

' men strained 'VlQ% at 1200°C reveals no change in the boundary phase, and 

the material is similar in appearance to the undeformed specimen. Since 

deformation by dislocation processes within the MgO framework requires 

. a change in the shape of the grains, the boundary phase must undergo 

some limited deformation to maintain the integrity of the MgO-silicate 

interfaces. For· the specimen deformed 'Vl0% at 1300°C .some indication of 

9 z 0 0 
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change in the boundary regions is apparent. The absence of sharp cracks 

may be interpreted as evidence of actual flow of the glassy phase. At 

1400°C, extensive change in the boundary regions is evident for a speci-

men deformed ~10%. This change could constitute the second thermally 

activated process that results in the higher values of Q at higher 

temperatures. It should be noted that the photomicrograph represents an 

area normal to the loading axis in a region close to the center of the 

specimen where local strains are expected to be greatest. In regions 

closer to the. edges of the test specimen, the extent of viscous flow of 

the boundary phase was not as great. 

V. S~~y AND CONCLUSIONS 

The high temperature creep behavior of MgO containing ~5% CMS and a 

glassy phase distributed along MgO grain boundaries .was studied in the 

range 1200-1450°C. Although uncertainty in the shear modulus of this 

composite system precluded comparison of observed strain rates with pre-

dictions of various models as is customary in analysis of creep data, 

realistic values for the stress exponenent n and activation energy Q were 

obtained. These results indicated a change in the predominant mechanism 

controlling creep, consistent with microstructure observations of 

deformed specimens. 

At 1200°C deformation was conc;_luded to be controlled·by a disloca-

tion mechanism in the MgO framework, with n = 3.6· and Q = 104 kcal/mol •. 

At higher temperatures creep was controlled by viscous deformation of 

~ 
the boundary region, with n ~ 1; values for Q greater than 200 kcal/mol 

were measured. An increase in Q with temperature indicated that two or 

more mechanisms were contributing to creep simultaneously. 
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Table I. C~eep parameters 

Temperature Q 
"' -1 (oC) n (kcal/mol) A (3ec ) 

1200 3.6 104 3.2 X 1020 

1300 

a > 7000 psi· 3.8 2.7 X 1024 

130 
1.1 X 1015 a < 7000 psi 1.0 

1400 1.3 215 3.3 X 1026 

1450 1.1 240 1.8 X 1029 

' 
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FIGURE CAPTIONS 

Figure 1. Photomicrograph of MgO containing ~5% silicate boundary phase. 

Figure 2. Typical creep curves for the specimens tested.· 

Figure 3. Strain-rate vs normalized stress for creep specimens, 1200-

Figure 4. Photomicrographs of creep specimens strained ~ 10%: Top, 1200°C, 

14,000 psi; Middle, 1300°C, 9000 psi; Bottom, 1400°C, 3000 psi. 

' 
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