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"MICROSTRUCTURE ANALYSIS AND STRESS-STRAIN BEHAVIOR
OF A MODEL REFRACTORY SYSTEM MgO—CaMgSiO4

* ,
William E. Snowden and Joseph A. Pask
Inovrganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720
ABSTRACT
The effects of the presence of a silicate boundary phase on the hlgh—
temperature stress—-strain behavior of MgO materials has been studied
using a model system MgO—CaMgSiO4 (monticellite, CMS). Specimens for
testing were fabricated by hot pressing, or by hbt}pressing and.anneal-
ing, and contained up to 157 silicate phase. The boundary-phase_con—
sisted primarily of CMS. The stress-strain behavior of these’specimens

in the range'120051400°c was found to be strongly dependent on the degree

of continuity of the grain boundary phase, and on the temperature.

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

The suitability and durability of various'magnésia_refractories for
use iﬁ severe environments at high temperatures‘aré well known, and the
mechanical behavior of specific compositions is frequently discussed in
the 11Ceratﬁf¢.l-3 Little work‘of a_fundaﬁental ﬁatu#e,.however, has
been directed toward es;ablishing basic relatibnéhips between micfo—
structural feaﬁures of multiphase systems and Behavior under load.
While this situation is no doubt due in large part ;6 the extreme com-
pléxity of practical refractory systems, the‘mechénical behavior of both
siﬁgle crystal and polycrystalline Mgb seems sufficiently well understood
to provide a starting point for a more detailed iﬁvestigation of ‘these
vsystemS'thah hés been reported to date.
| InAa recent paper, Snowden and Pask4 reported on the signifigauce
of grain‘bounéary character in influening the'high temperatu;évmeéhanical
Behavior of polycrystaliinengO. Marked differences in both stress-
strain'and ctéeb results for tﬁo*types of MgO weré aﬁtributed.go dif-
éerences in the structure of the grain boundary rggion. The importance
of the nature of the grain boundaries in MgO has begnvrecognized by many
other invesfigators as well._s-8 Porosity,.microséoﬁic and subfmicroscopic
impurities, and the presence of a silicate film along grain bbundariés
can all signifiéantly alter the mechanical behavior at elevated tempera-
tures. Thus, t§ study the relationship between miérostruqtu:e and |
ﬁechanical prbperties of practical refractory syétems, it is necessary v

to first evéluate the effect of a well-characterized grain boundary phase

on high temperature Behavior.
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The.p:inéipal purpose bf this work was to &évélop a model system
consisting of.MgO and CaMgSiO4 (monticellite, subéequently referred to as
CMS),‘and to study the effects of the amount-and'natﬁre of distribution
of the second phase on the high temperature mechanical behavior of MgO
mﬁterials; The selection of this parficular systém aé a model was due
iﬁ part to the nature of the liquid-solid phaséieqﬁilibrium at high
temperatures; and to specific applicability to préctical refracfory
systems. |

II. Experimental Procedure

(1) Specimen Preparation and Characterization

| Mixfufes-of reagent grade MgO, CaCO3, and SiQ2 were prepared to.
'yield final éoﬁﬁositions-containing Mg0 with an eﬁdivalent of 0%, 5%,
10%, and ISZ.CMS’by_weight. Powders were dried in'a vacuum oven and dry
mixed for 24 h. The mixtures were placed in 5 vacuum hot press,heated
at 1000°C fof“2'h,and then pressed at 1250°C with:3>load of 3000 psi for
30 mi#; The compacts Qere subsequently annealed in éir ét 1550°C.for-
2 h. These specimens were designated as Type HPA. |

vAn alternate means of préparation involved éhe'usg of prereac;ed
CcMs pbwaef Qith‘MgO. The prereacted CMS was prepared by dry mixing the
reagent séité and heating at 1650°C for 16 h-in.avgas/air Bickley fur~.
nace. After cooling, the material was crushed‘té g.fine powder. Another
compact contaiﬁing 5% CMS was made by hot pressiﬁg.a'mixturé of MgO-and
15% prereacted CMS at 1650°C léng enough to extru&e_the propef‘amount_ |
of liquid phase, as described by Stoops.9 These specimens were‘dgsig-

nated as Type EX.
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The dénsity of all spetimens was measured LSLngia displacement
techniqﬁe, with mercury as the displacement medium,' The density of the
CMS péwder was determined ﬁsing a helium gas pycnometér. Standardvx-ray
diffraction'téchniques were used to determine the cfystalline phases
present. | | |

| Specimens for microscopic examihation were polished on a Syntron
vibrator with:a—A1203 in HZO’ or in a solution of ketoéene, glycerine,
and H20, to miﬁimize relief. The average size of MgO grains for each
specimen waé determined from photomicrographs using a:cross—sectional
v,aréa technique which accounted for the area occupied by the boundary

phase. It was assumed that the volume fraction of thé boundary phase

was equal to its fractional area in a polished section.

(2) Mechanical Tésting

" Specimens for meéhanicalvtesting were cuf.from the compacts using
a diamond blade. All specimens.had a length to width ratio of'épproxi;
mately 2:1 and nominal diﬁensions of 0.6 in. x 0.3 in. x 0.3.in.
Specimens wefe polished using a series of Buehler emefy papers and then
’mountéd in a'épecial jig and sanded on both ends to ensure that thé_ends
were flat, ﬁarailel to each other, and perpendicular to the loading axis.

Stress-étrain tests in the temperature range 1200°C-1400°C wére
made in compression with a constant loading rate using equipment dé;
scribed previously by Hulse and Coplequ (Apparafus III); A confinuouév
record of load and engiheering stfain hp to fractufe was obtained ﬁsing
Daytronic differential transformer units. Stresses were calculéted frdm.'
the indicated'load and the initial specimen cross-sectional area. All

strains reported herein are true strains, the natural logarithm of omne



4= .~ LBL-3507 Rev

plus the‘enginéering strain,
III. Results and Discussion

(1) Specimen Characterization

' The measured densities are presented in Table I. The calculated
theorétical_valugs for the compositions included ih the table were based
6ﬁ the measurédrvalues of 3.580 g/cm3 fér MgO single crystalé and of
3.08 g/cm3 for pfereacted CMS. Wﬁile the density of CMS has been re-
ported by Rigﬁyll as 3.20-g/cm3, a célculated denSit& from the lattice
parameters measufed by Sahama and Hytonen,12 and by ROy,13lwas found to
be'3.05ug/ch3; This value is in good agreement with fhe measured Qaiué'.
of 3.08 g/cmg.

From Tabié I, the measured densities of the spééimens are seen to
be less than-thé'theoretical values. qu'specimené‘coﬁtaining CMS these
differeﬁces were attributed to the presence of an undetermined phase.
It is thus appropriate to consider the possible ph?sejchanges taking
, piaée_during fi:ing. \‘ |

) Phase eﬁuilibrium studies of the system»CaO—MngSioz by Ricker and
osbora’® in&icate that under stable eéqilibrium conditions CMS méits
,incongruently to form mérwinite (CaBMgSiZOS) and ng at 1487°C,AMgO and
"liquid at 1508?C, andvliquid at 1650°C. The reve:sé;should occur on
cooling. Anoﬁher possible coéling patﬁ is the direct metastaﬁle cbn— -
gruent crystallizatién to CMS, a phenoménqg similar to that described
by Aksay and Pask15 for mullite;‘and by Eitel16 for complex silicates in
-general.' The prereacted CMS powder which was cooled rapidly from 165090
showed only CMS by Xf;ay diffraction and no glassy phase bn.microscbpié

examination, suggesting the second cooling path.
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Heatihg_éf the mixtured equivalent to MgO énd CMS, however, resﬁlted
in-densitiés lower than theoretical values. An éxaﬁinatién of the phase
relationships indicates that at 1550°C the,equiiibrium phases are the
| MgO grains and.a MgO-deficient CMS liquid. Equi;ibfium cooling would
require abperitectic reaction ofithis liquid with thengO grain surfaces;
this réactionAﬁould depend on diffusion througﬁ fhé reaction product
forming on_fhe surfaces and would be a slow proqess. If the liquid then -
. cools iﬁdependently in an equilibrium manner, according to tﬁe‘phase
~ diagram CMS and akermanite (Ca,MgS1,0.) would forﬁ? _Alternatively,'
v“metast:able' codling could form CMS aﬁd liquid or aﬁomhous phase which
would acéount for the lower measured densities listed in Table I; Only
MgO and CMS2phaSes were detected by X-ray diffraction in these specimens,
so Fhat a mixture of CMS and aﬁorphous phase should constitute. the:
material in the grain boundary'regiqns in the.miqfOS£rucutres'shown in-
Fig. 1. All specimens were translucent after firiﬁg.

"Tﬁe ratio of the MgO-MgO contact area to the total interfacial area
‘for_each specimen was determined using a method descfibed‘by Steﬁhenson
and White.l7 A number of straight lines were dréwnvdn photomicrographs>
of each spe;imen and the number of intersections.made with MgO-MgO (Nss)
and MgO-intermediatg phase (Nsl) boundaries were noted; The ratio was

then détermined as

MgO-MgO interfacial area _ _ Nee (1)
Total interfacial area Nss + NSl _ :
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The sﬁatia; distributién of a liquid phase.relative to solid par-
ticles haé beén shown by Smith18 to depend on the equilibrium dihedral?
éﬁgle; As this angle apﬁroaéhes 0°,‘the degree of penetration of the
liquid be;wgen solid grains increases until all @fjfﬁe grains-are
isolated. In the system MgO-CMS'an equilibrium dihedral angle of 25°
has been repqrt_ed;19 it is thus expecfed that 5 siénificanc amouﬂt of MgO
gréin—graiﬁ‘contacts will be pfesent at equilibriﬁm. The number, how-.
ever, should.also be a function of the amount éf iiquid. vThe ratios
determined for each material are given in Table I. For the specimens of
Tyéé HPA, thé amount of MgO grain-grain conﬁécts was féund'to decreaéé as
the amount of CMS was increased. However, for.the 5% CMSlspecimens of
zType EX, the boundary area ratio was essentially»thé;same as for the 15%},
. CMS speciméns of Type HPA, indicating that the'dist:ibution_of_phases

was_essentialiﬁ determined by the initial conﬁeﬁt 6£’11quid:énd»that 
extrusion éimply reduced the amounts of liquid betwgen the MgO grains.i
This sﬁégests'thaﬁ the method of liquid exﬁrusioh can'be.quité usefui,in'
developing multiphase materials with more uniformly_disbefsed'boundary
phases. | ' |

.Averagelsizes_for Mg0 grains for the specimens tésﬁed ére-aISO'giQQn
in Table I. .While the:smélleét addition of secondary phasgiresdlféd.iﬁ
an increase in the rate of growth of MgO'grainé'cgmpared to the case of
no addition, further 5dditions slowed the_growth. jSiﬁce fhé CMS addi-
tiéns result in the presence of a liquid phase at’an@ealing‘temﬁeraﬁﬁfeé,
it is expected3that.grain growth occurs by a soluﬁioh—diffusién-precipi-
tationvprdcess.: Also, since there is no reason.to sﬁspect that SOiution

and précipitatibn rates are dependent on the amount'of liquid present,
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diffusion is probably the rAte-controlling step.. The diffusion paths

. are the shortest for the compacts with the smaller amounts of liquid.

Grain growth in similar MgO-silicate systems has been studied by
17 |

' Stephenson'andthite, and by Buist et al.20 witn similar results.

- (2) Stress-Strain Tests

Figure 2 shows stress-strain relations for the MgO-CMS materials
tested for ‘the polycrystalline MgO prepared in the manner described for
specimens of Type HPA. The 0.2% offset yield stress, the maximum stress

before fracture, and the strain at fracture for each specimen are listed

- in Table II.

It is e&ident that for all specimens both the yield‘stress and
fraeture stress decrease as the_temperature is increased, and also that
the_pield stresses and their temperature'sensitivity are greater for the
composites than: for Mg0. Furthermore, for specimens of Type HPA, the
yield and fraoture stresses increase as the'amountiof CMS is increased;
while the total strain at fracture remains relatively_constant and small.

In comparison MgO specimens have higher fracture stresses and much higher

‘strains at fracture. The type EX 5% CMS specimens had yield stresses

and fraeture stresses comparable to the 15/ CMS specimens of Type HPA at
comparable temperatures. To explain these observations the dlstrlbutlon
of the boundary phase must be considered. :

The fraction of Mg0 grain—graln interfacial area, deflned by Eq. @)
and with values listed in Table I, can be taken as a measure of the con-
tinuity of the Mg0 grain framework. Tne significance of the fraction.as

an indicator of mechanical behavior is evident by the similarlty in

'~behavior of the Type HPA specimens containing 15% CMS with an area.
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fraction sf 0.26; and the Type EX sﬁecimens containing 5% CMS with an
area fraction of 0.28. However, the 5% CMS Specimens.of Tybe HPA having
-an area fraction of 0.51 yield and fracture at stress levels 31gn1f1cant-
ly lower than do the Type EX specimens with the same CMS content. 1In
general, as ;he continuity of the grain boundary phase increased, i;e.

as the area ratio decreased, the high temperatsre meqhahical behavior of -
thése.mAterials was improved.

All of the mixtures were essentially brittle‘as*indiqated by the
comparatively small strain at fracture in each test. The generally lower
fracture stresses compared to the polycrystalline Mgd Speciméns can‘bs
associated with the more brittle nature of these compaétSu Howévsr,:the
greater spread in yield stfess‘data between 1200°C and 1400°C in com- .
parison withngO'suggests that a decreasé in the rigidity of tﬁe bOun&ary |
phase with increasing temperature due to decreasisg viscosity of ths )
grain boundary phase may play a significant role'iﬁ determining deforma- 7
tioh characteristics. |

* In a previous paper,4 the stress-strain and.crsep‘behavior of poly-
crystallihe Mgd of Type‘HPA were discussed. Deformafibn was dus to |
extensive dislocation motion, and it was noted thst,ths yield stresses
for this polycrystalline material were in good agreément with average
values reportea.by Copley and Pask21 for MgO singlevsrystals in <001>
and <111> orienfations. In the MgO-CMS materials presently being coh;
sideted, the role of a relatively temperature-sénsitive rigid boundary
phase in determining meshanical behavior is dependent on whethes the»

.MgO grain or grain boundary phase tends- to be contiﬁudus. At 1200°C,

the yield stresses are higher and approach the value forngO with thé :
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development of an MgO framework, i.e. as the area.facio increases. At
.1400°C, the yield stresses decrease below that for MgO with the developf
ment‘of an MgO framework of reduced cross-section compared to dense
polycrjstalline Mg0O. Thus at‘1200°C etress-stfainvbehavior of these
comPOSite-naterials must be controlled by the relatively rigid bounoary
phase, whilevat 1400°C the boundary phase controls deformation only when
the Mg0 grain-grain contact area is low. o | |

IV. Summery and Conclusions v

A nodel system has been developed to s;udy the effect of the
" ‘presence of a boundary phase on the high temperature mechanical behevior
of Mg0 materials; .Specimens-of polycrystalline.Mgo.containing up to 15%
of a silicate phase equivalent to CMS were fabricated by hot pressing‘
| or by hot pressing and:annealing techniques. Phesevdiagram analysis'ano
X-ray diffrection-indiceted the preeence of CMS and suggested in addition
the presencevof an anorphous phase in the boundary‘meterial.

The high tempereture stress-strain behavior of these specinens was
Studied in conpression over the temperature range'1260—1400°C. Behavior
was found to be strongly dependent on the degree of cont1nu1ty of the _
boundary phase. At 1200 C the stress-strain behavior was concluded to
be controlled by the relatively rigid boundary phase, while at 14OQ°C
deformation was controlled by the boundary_phase only when the MgO grain—
graln contact area was low.
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Table I. Density, grain size, ‘and grain boundary
' contact area ratio data
- . 3 MgO grain-
' : Z Theor. Density, gm/cm grain area
Composition Density Measured Calculated  G.S. ratio*
| Type HPA
100% Mgo 98.5 3.550 3.580 17 um 1.00
5% 1S, 95% MgO 198.1 3.498 3.552 30 um. 0.51
10Z CMS, 90% MgO 97.7 3.459 3.525 25 ym 0.37
152 CMS, 85% Mg 99.2 3.420 3.499 22 m 0.26
Type EX
5% @M, 95% MgO 98.4  3.496 3.552 31 um 0.28
*Ratio is N /N where N__ is number of MgO-MgO interface inter-

is fiumber of ﬁﬁo—boundary phase interface intercep-
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Table 1I. Stress-strain daté7

Composition Yield Stress Fracture Stress ~ Strain at Fracture
Type HPA
100% Mg0
1200°C 10,400 psi 23,800 psi 13.2%
1300°C 8,100 16,400 | 113.0%
1400°C 7,800 12,500 | > 8.0%
5% CMS
1200°C 11,300 13,600 | 2.3%
1300°c 5,800 7,500 - 2.4%
1400°C 4,000 | 6,600 ] 2.2%
10z Qs -
1200°c. 14,000 17,600 : 2.7%
1300°c =~ 7,900 10,000 . - 2.3%
1400°C 4,500 . 6,900 o 2.2%
15% cMs |
1200°C - - 16,400 22,400 - sz
1300°C 12,400 16,500 4.2
1400°C 8,000 10,100 . 3.1%
Type EX
5% CMS
1200°c 15,500 22,860 2.5%
1300°Cc . 11,400 18,560 = 4.2%

1400°C 7,600 10,580 S - 2.8%
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Figure Captions

Fig. 1. Photomicrographs of specimens containing 5% CMS, Type HPA (top)
and Type EX. (bottom).

.Fig. 2. Stress-strain curves, 1200-1400°C.
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