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FOREWORD

This report was prepared by the Systems Division ¢f Avco Corporation
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The work was administered under the direciion of Ir. Arthur Diness,
0ffics of Naval Research.

This report covers work conducted from 1 Jaauary 1970 to 31 December 1970.

The authors are pleased to acknowledge the contributions of the
following individuals to the program: J. Centorino and J. Zgrebnek for
materials preparation, R. Gardner and P. Fuce for ceramographic preparation,
C.L. Houck for electron microscopy and P. Bermsgburg for z-ray studies.




ABSTRACT

Progress is described in the first year of a program designed to
examine the relation of mechanical properties, grain-growth kinetics and
impurity precipitate distribution to the charascteristics and chemistry of
initial Mg0 particulates at progressive stages during microstructure evolution.
Erforts have concentrated on production of an ultrapure, fully dense micro-
structure which will form the standard with which subsequent experiments with
doped particulates will be compared. Magnesium c...de vacuum hot pressed
specimens were prepaered from static and dynamically calcined high purity
(2 99.9% Mg0) Mg(OH), and MgCO3 powders. Microstructure development was
studied at stages in the calcining and consolidation processes and it wes
learned that abnormel grain-growth begins at the T0% density level in Mg(OH),
derived material. Crystallites are crystallographically oriented to one
another and form an agglomerate which 1s & relic of the brucite crystal and
have very rapid grain-growth rates. Fully demse 1150°C hot pressed specimens
had a marked duplex structure, but pressing at 1450°C resulted in material with
a normal grain distribution. This unusual reversion from abnormal back to
normal grain distribution was probably due to competition between boundary
and pore control on grein growth. Slight introduction of Fe and Zn occurred
during consolidation, but Cl, S and Na volatilize and the total impurity
content of the compacts is less than that of the starting material. MgCO
derived material resulted in normal grain distributions when pressed at 1?5000
but abnormal graln size distributions develcped at higher temperatures.

Grain growth studles were performed at two temperatures on Mg(OH)s
derived material having a normal grain size distribution. The growth rate
decayed well beyond the normal square dependence due to the transition from
boundary control to pore control and then to abnormal grain growth resulting
from the critical relations between grain size and pore size (the 0.1 to
0.4 porosity only decame apperent during the anneals). A discussion and
explanation of the various grain growth studies in MgO is included.
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I. INTRODUCTION

Polycrystalline bodies are involved in nearly all applications of
ceramics. Many of the useful properties of such materials are controlled by
grain size and grain boundary properties. The relationship between grain size
and mechanical properties, for example, has long been known. Equally important,
however, is the physical and chemical state of the grain boundaries in the
material. It has been only recently appreciated thet impurities in ceramics
are commonly seg‘igated at grain boundaries even when present in concentrations
as low as 30 ppm.~ Boundary sensitive properties may thus be completely

*

dominated 1, l.,..l%les even in samples whose bul¥% composition indicates a

fairly high purity.

Impurity segregation may influence ceramic properties at two levels.
First, many aspects of the behavior of ceramics depends directly on the
physical state of the boundarjes. Segregation may give rise to enhanced mass
transport at grain boundaries© and thus completely modify the kinetics of
processes such as creep, axidation, electrical conduction and sintering.
Segregation is similarly known to directly affect strength and mechanical
behavior.3 Om a second level, impurity segregation influences microstructure
development and thus, through its influence during processing, may control
final properties which are dependent upon microstructure. An example is the
intentional addition of small amouinss of impurity to retard grein growth during
sintering. This preven*s the ent..pment of pores within grains and thereby
has permitted sintering of axides to full theoretical density.

Fev studies of boundary-sensitive properties have adequately characterized
the physical and chemical state of grain toundaries. (Consequently, little
is known of the relation between the chemistry of the initiai particulates
from which & ceramic body is formed, and the impurity distribution in the final
microstructure. Similarly, little is known of how impurity precipitate size
and distribution changes during the course of microstructure evolution, or the
manner in vhich such changes influence properties. Such questions are
difficult to answver since a grain dboundary is essentially a twvo-dimensional
structure. The volume of material affected, and the amounts of impurity
involved may thus be very small. Recently developed tools - notably scanning
spectroscopy, electron microbeam probe spectroscopy, and electron microscopy
provide promising means for gaining insight into such problems.

II. OBJECTIVES OF THE PHSSENT PROGRAN

The present report is tbe first Annual Report in a prograrm designed to
examine the inter-relation of mechenical properties, grain-grovth kinetics and
impurity precipitate distribution vith the characteristics and chemistry of
the initial particulatezs at progressive stagee during the evolution of s
ceruxic microstructure. Magnesium axide bas been selected for study for a
number of reasons. This material is of consideradble technological importance
(e.g., a8 a refractory, use as transparent armor, end in high tempereture
infrered applications). Se measurepents of grain-growth kinetics have
been made for this material™"! vhich are not in complete accord. (Clarificirtion
of these measurements wvith s well-characterized magnesia is badly needed.
Further, extensive data are availadble for the rates of diffusion of seversl of
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the impurity cations commonly present in commercial-grade Mgo.8 Such data
will be of value in the interpretation of the rates of impurity segregation
and redistribution.

The specific aims of this program are eventual

1) Preparation and characterization of ultrapure Mg0
particulates and also particulates which have been
homogeneously doped with controlled amounts of
impurity,

2) consolidation oI the particulates into initial bodies
which are pore-free and have both a fine and uniform
grain size,

3) Measurement of isothermal grain-growth kinetics for
both ultrapure and doped materials,

L) Dpetermination of impurity precipitate concentration
and distribution at successive stages of micro-
structure evolution, and

5) Correlation of mechanical properties with precipitate
distribution and microstructure.

As revicwed in the following section, the results of pr:vious studies
of magnesia differ. The disparities are undoubtedly due to impurity effects
and minor levels of porosity. Accordingly, the first year's efioru in the

present program vas primarily concerned with the production and characterization
of fine ultrapure Mg0 particulates, and their comsolidation into a fully-dense

controlled microstructure. Such samples must serve as the standard micro-
structure with which subsequent experiments with doped materials will be
compared. Progress {s described in Section IV.

IIT. THEORY AND PREVIOUS RESULTS

3.1 Theoriss of Srain Growth

Formal grain growth descrides a process in vhich the average grain size
of a strain-free material increases continuously vith time at elevated
temperature vithout appreciadble change in the distributfion cf grein sizes.
The driving force is the difference in energy detwveen large- and fine-grained
saterial which results from reduction of grain-boundary area. In comtrast,
discontinuous or ~bnormal grain growth is a proceas in which s fev large
graing grov at the expense of & fine-greined matrix.

For normal grn&n growth in & pure, fully dense systew, a theory due
to Turnbull predicts

? -0y = KTV (1)

vhere D is sverage grain dismeter, D, is initia]l grein diameter, K is a rste
constant, ¥ 1s interfacial energy, V ie molar volume, and t is tize.
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In non-ideal systems either the m&gration rate of poreslo’ll, the
diffusion of solid solution impurities’ ("impurity drag"), or precipitation
of second phase may control grain-growth kinetics. Brookl has considered
the microstructural conditions for which each effect might be expected to be
dominant. His results show that control by boundary mobility 1s to be expected
vhen pores are small., Separation of boundaries from pores (pore entrapment),
is to be expected when the pore velocity becomes less than the boundary
velocity and will occur at large grain sizes and when the pores are large and
widely dispersed. Porosity-controlled grein-growth occurs at small grain
sizes and when the pores are large and close together. The effect of
impurity is to increase the mobility of pores relative to that of the boundary
and thus, for a given grain size, increase the boundary-controlled region of
behavior at the expense of the pore entrapment reglon.

3.2 Previous Results for Magnesia

Several studies of grain growth in magnesia have been conducted, but
the influence of porosity and impurity on the process 1s not clear. Measure-
ments by Daniels et al* were among the first to be conducted on a cersmic oxide.
The dats indicated normal grain growth, but the measurements were complicated
by the presence of considerable porosity and attendant densification during
annealing of the specimens. Subsequent messurements at pveo? were the first
to be conducted vith a fully demse oxide. The kinetics of normal grain growth
were again observed but, in the absence of porosity, growth rates were 4 to 6
times more rapid. Addition of 1% Fe or Ti impurity to magnesia® produced
grain growth rateﬁ mich smaller than those observed in earlier studies of
either the porous” or fully-dense compact35 and, further, a change to a time
dependence of 1/4 and 1/3 for the Fe and Ti additions, respectively.

A detalled study of grain growth in pure and F0203-doped magnesia with
objectives similar tc, but not identical with, the present work was reported
by Gordon et all midway through the present study. Their results may be
summerized as follows. Pure MgO did ngt exhibit the t€ dependence of earlier
studies, but exhibited an exponent which decressed with time. Grain growth
was probablv controlled by porosity in pure magnesia at all temperatures
even though the amounts of porosity were small (less than 1%). The addition
of Fep03 decreased the rate of grain growth and tended to stabilize normal
grain growth kinetics.

Fran the above, it appears that early resuits, in wvhich normal grain
growvth kinetics vere observed, represent experiments in which microstructure
evolution wvas controlled by fmpurities. In high purity specimens, samples
of full theoretical density are required if kinetics are not to be dominated
by purosity. Preparetion of the starting materials wi:h the r~quisite fine
graia size will bde difficult since, in the sdsence of poroeity and fmpurities,
the init{al grain grovth is expected to be very rapid. Experience in the
present program has boroe this out. while the presence of impurities has been
demonstrated to retard grein growth kinetics, the redistribution and state ¢
the impurities as the microstructure evolves has yet to Le examined and
interpreted in terms of impurity diffusion retes.




IV. PROGRAM PROGRESS

4.1 Ppowder Preparation

Successful consolidation studies require a highly reactive powder which,
of course, ucually dictates that the average particle slize is submicron.
Several years ago a detalled search of commerclal Mg0 powder suppliers falled
to reveal a source of high purity (2 99.99% Mg0) submicron Mg0Q. However,
high purity Mg(OH)o> and MgCO3 were available. Thus, careful control of the
calcination process could in theory produce the desired starting powder.
Fabrication studies were perfoim~d on powders calcined from Mg(OH)» and &
reneved effort to locate commercial submicron high purity Mg0 powder was
initiated.

The Mg{OH),* powder was characterized by x-ray diffraction and electron
microscopy techniques. The powder was shown to be brucite, Mg(OH),, and
Figure 1 illustrates the plate-~like morphology of the starting powder. The
calcination to Mg0 was studied ' performing both static and dynamic caleinations
and examining the morphology 1an che electron mlcroscope. Also, brucite was
decomposed in the electron beam and the development of the Mg0 crystallite
was directly observed. This latter effort will be discussed first.

Figure 2 shows diffraction patte:rns recorded durlng actual decomposition
of a hrucite platelet. In the initial diffraction pattern (Flgure 2a), the
(110) prismatic planes and (100) type plenes for brucite are present. The
(220) reflections for periclase are missing, but other Mg0 diffraction spots
are present. After 20 secands of beam heating (Figure 2b), the (220)
magnesium oxide spots appeared on the same radius vectors as the (110) brucite
reflections. However, the (100) and (110) brucite reflections were still
visible. Upc~ further heating, a more distinct separation was observed between
t.ie magnesiun oxide reflections and the brucite spots. The bruclte spots
graduelly diminished in intensity until only the periclase single crystal
psttern remafned having a [111]  zone axis (Figure 2c).

Powders were statinally calcined in a 2 mm deep bed under & partial
vesuum at several temperature and times. Initlally sultable temperatures and
times were :elected from the kinetics of studies of Gordon and Kingery.

Calcination at 375°C for 55 minutes resulted in agglomerates up to
10 microns and indivicaal mlti-crystal platelets of 0.8 microns (Figure 3a).
X-ray line broacenia, demonstrated that Mg0 particle size was in the 100 angstrom
size range and, indeed, a hignh magnification examination of a platelet revealed
this size MgO crystallite within a relic of the original brucite platelet.
Holding the celcination at 375°%C for 180 mimutes (Figure 3b, resulted in a rod-
like shape. This suggests that oriented growth of MgO occurs. Some of the
small MgO particles fractured apart possibly from strair associlated with the
nucleation and growth process. With this tendency for oriented growth, it
would appear to be desirable to break down the relic brucite structure prior
to hot pressing cr sintering. If this is not accomplished it 1s quite possible
that equiaxed microstructures would be extremely difficult to produce.

* Purchased from Johnson-Matthey through United Mineral Corp. (U.S. Distributors).
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Figure 1. Electron Micrograph of High Purity Mg(OH), Powder.




Figure 2. Electron Diffraction Patterns of Brucite Single Crystal
Decompocition in the Electron Beam, a) initial pattern,
b) 20 seconds exposure, and c) after 40 second exposure.
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Figure 3. Structure of Mg0 Crystallite within a Relic of a
Brucite Platelet after Calcination at (a) 375°C,
55 Minutes and (b) 375°C, 180 Minutes.
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The initial process studies resulted in a duplex microstructure, and
one Interpretation for the results was centered on a strong influence of
retained OH~ on microstructure development, This combined with a desire to
break up agglomerates led to the comstruction of a dynemic calcining apparatus.
The Mg(OH)o powder was held within a new platinum cylinder reserved for this
program and it in “urn was positioned wilthin a closed end high purity alumina
tube, This tube was positioned at a 20°C incline and was rotated at 2 rpm
and evacuated during calcinations up to 1200°,

A serles of calcinations were conducted at temperatures greatly in
excess of those required to decompose brucite. Flgure 4 illustrates the
crystallite structure over the range of conditions employed. Figure ha
illustrates & disc-shaped agglomerafe with very tigh} packing of crystallites
and a mean crystallite size of 260 A. (Calcining 200 C higher, 1000°C, developed
cube crystallites still tightly packed into agglomerates. The agglomerates
are no longer disc-shaped as some fracturing appears to have taken place., One
or two agglomerates (arrow) appear to have sintered into a tight large crystal
(these may have retained some of their polycrystallinity but they are certginly
seeds for secondary graln growth). The highest temperature employed, 1200 C,
developed the crystallite size to 360 X and continued the development of &
cubic habit. PFurther, the crystallites within an agglomerate appear to be
crystallographically oriented to each other. This creates boundaries within
an agglomerate that are "special" and may well have quite different grain
boundary migration rates than non-oriented boundaries which are present in
some agglomerates but more commonly occur between crystallites from adjacent
agglomerates.,

Two dynamic calcination runs were conducted with reagent grade MgCO3*
and the resultant structures are illustrated in Figure 5. Also shown is s
micrograph of Mg0 powder purchased from Honeywell who in turn calcined the
powder from a second reagent grade of MgCOq-*% The agglomerates are much
larger for the 800°C-1 hr. caleine than they were for material calcined from
Mg(OH)2. The agglomerates are much more open; that is, a greater space appears
between crystallites. Flg're 5b illustrates the development of a cube crystal
hebit, as was the case for higher temperature calcined from Mg(CH)o. The
individual crystallites within an agclomerate do not appear to be crystallo-
graphically oriented to each other. rThe Honeywell material illustrated in
Flgure 5c possesses a larger crystallite size than any of the other Mg0
powders calcined in this program; however, the agglomerates appear somewhat
smaller and more loosely packed than the rotary calcinations of MgCO3.

The distribution of crystallite sizes was examined for the 1200°C-1 hr
calcination. The data plotted on log-normal probability paper yield a straight
line (Figure 6) indicative of a log-normal distribution which 1s expected
for normal nucleation and growth. Table I glves the mean crystallite size
for the various calcination treatments tested in this program. This data was
analyzed by plotting mean crystallite versus log time where applicable and
log diameter versus reciprocal temperature. As can be observed from examination
of the table, the growth kinetics are exceedingly slow with an activation
energy of only 0.78 e.V. The self-diffusion activation energles; 3.43 eV for

* Fisher Chemical Co.
** Mallinckrodt.




Lo TERE T T

#70628B

Figure 4, MgO Calecined from Mg(OH)
at (a) 800°%-1 hr., (b)

in Rotary Vacuum Calciner
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Figure 5.

80, 000x

Mg0 Calcined from MgCO Rotary Vacuum Calciner at
(a) 800°%-1 nhr., (b) ﬂoo°c-1/2 hr., and (c) supplied
by Honeywell (calcining conditions unknown).

e v

.lil“' e GG T o e




y 1| o b
100 200
o)

Sise in A

400 600 800

e Size Distgibumion for High pority Mgl towder
¢, 1 Howr.

Figure 6. Crystailit
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TABIE I

MgO CRYSTALLITE FOR VARTOUS CALCINATION TREATMERIS

Starting Lot Mean Crystallite
Compound No. Condition Temperature Time Size
Mg(OH)2 SHI9k*  Static 350 55 ~-100
SH19h Static 375 55 ~100
SH182 Static 375 180 ~100
SH194 Static 375 180 ~100
SH182 Static 800 60 450
SH182 Dynamic 800 60 260
SH182 Dynamic 900 60 263
SH182 Dynamic 1000 60 278
SH182  Dynamic 1100 30 288
sH82 Dynamic 1100 60 293
SH182 Dynamic 1100 120 299
SH182 Dynamic 1200 10 333
SH182 Tynamic 1200 30 358
SH182 Dynamic 1200 60 363
MgCo3 T00T52%% Dynamic 800 60 152
700752  Dynamdc 1100 30 318

* Johnson-Matthey
*isher




Mg2+ and 2.71 eV for 02', are significantly higher indicative that some

other process than lattice self-diffusion controlling the powder growth
process. Suggested limiting mechanisms include diffusion across grain
boundaries or dynamics of the rotating powder bed. The fact that the
crystallites from the static 800°C calcine were about twice as large as from
the dynamic calcine undergoing the same thermal history strongly suggests

the latter as the limiting step. Because of the low growth rate, a number

of calcination runs were conducted at 1200°C for 1 hour giving a very fine
particulate powder where a high degree of decomposition and volatilization of
OH could be realized.

L.2 Consolidation

Vacuum hot pressing techniques were employed for densification. High
strength* graphite dies were employed which allowed pressing up to 15,000 psi.
The powder was loaded into the die under static air glove bax conditionms,
placed irto the assembly and 1lightly cold pressed. After evacuation the
sample was heated to 800°C without pressure to allowed continued ocutgassing.

At this point, pressure application was continued while temperature was increased
until both desired parameters were achieved. The time of pressure application
was in part governed by past experience and also guided by the deflectipn

rate., Typical vacuums at peak temperature were in the order of 1 x 10" mm Hg.

An initial series of specimens were hot pressed using powder calcined
statically at 3750C for 180 minutes. Three structures representative of
samples hot pressed at three different temperatures, are shown in Figure 5. A
hierarchy of fine grains is apparent in Figure 7a and these are also pr:sent,
but in a smaller concentration, in Figure 7b. However, Figure 7c shcws a
complete absence of this fine-grained population. The main and probably
controlling variable In achieving tbese three distinctly different micro-
structures wus the hot pressing temperature. Increased hot pressing tempera-
ture favored the development of more uniform microstructures, It is
particularly notevorthy that this decreased ~oncentration of fine-grains did
not necessarily require increased matrix grain intercept size (Figure 7a,
grain size is 21 ym and Figure 7b, grain is 15 ym).#* Thus, temperature is
critical to the evolution of the fine-grain material to large eguiaxed grains.

The duplex microstructure wvas clearly undesiradble from the stancpoint
of suvssquent property or grein growth studies. It wms hypothesized that high
tempersture dynamic caleining would, 1) reduce the concentration of volatiles,
and 2) break down agglamerates vhere either effect might reduce the tendency
for duplex grain development. Further, it wa: desirable to achieve fine
microstructures ( < 10 jm grein intercept) for grain grovth studies as growvth
is difficult to measure on large-greined material except at very high tempc.a-
tures. A series of hot pressings were conducted with powders calcined under
a variety of conditions ocutlined in Teble I. Representative microstructures are
1llustrated in Pigure 8. Again, the hierarchy of fine grains wvas observed.
None of the calcining conditions gave the desired microstructures.

# Poco Graphite Co.

#* This inversion of grain size vith increasing thermal history is
surprising and unexplained.
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Hot Pressing Conditions
and Results

Sm82 - Mg(oH),
180°m:ln. static powder calcine

o 375 C.

R S AT 1150°%¢ - 15 Kpsi - 90 min.
#”ﬁ LT L e A 3.565 gm/cc - 21 ym grein intercept
-5 - s A - L
LA T Ry A
CoLe~ "ﬁ‘?‘fﬁw -y
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SH182 Mg(OH)

3759 - 180 fin. static powder

calcine

1200°C - 15 Kpei - 115 min.
3.580 gm/cc - 15 pmn grein intercept
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o ﬁ by calcine
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Figure 7. Microstructure of Three Righ Purity Mg0 Hot Pressed
Specimens Pressed from Mg{OH)2 Derived Powder after
Yarious Hot Pressing Cycles.
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Hot Pres<ing Conditions
and Results

SH19k Mg(OH),

800°C - 60 mIn. static calcine
1150 C - 15 Kpsi - 115 min.

3.5A9 gm/cc- 10 pm grain intercept

SH182 nefon)?

1200°C - 60 min. dynamic calcire
1155 C - 15 Kpsi - 90 min.

3.586 gm/cc - 6 pm grain intercept

sx;&g Mg(oH)2

1&8C - 60 min dynamic calcine
1255°%C - 15 Kpsi - 30 min.

3.601 gm/ee - 16 um grain intercept

Figure B. MNicrostructure of Three High Purity Mg0 Hot Pressed
Specimens Pressed from Ng(OH)> Derived Powder after

Various Powder Calcining Cycles.
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The evolution of the duplex microstructure was studied by deliberately
terminating several fabrication cycles at Intermediate levels of density.
The microstructures were studied by a combination of light and electron
microscopy techniques. Representatlve electron micrographs are shown in g
Figure 9. The sample in Figure 9e is 69% dense., The pores appear to be :
located prirarily at triple-point grain intersections. In general, the grein
size appears to be about 0.3 pm. However, even at this point there are many i
grains far outside the expectcd normel distribution of graln sizes; namely, 1
about 0.5 pm. Figure 9b 1llustrates the structure of 92.5% demsity. The
densification appears to be non-uniform with 0.1 cm lens-shaped regions of
high density (arrow A) having a smaller grain size (0.3 am) than the matrix
and putches (arrow B) of low density with a grain size (0.5 pm) about equal
to the matrix. The pores in the low density area have a similar morphology
to those from the low density sample. The 99.54 dense sample shown in
Flgure 9c exhibits the strong duplex grain structure. The fine-grains are
now 1 um and the large grains are ncw in the 30 pm range. Some porosity
(arrow C) 1s associsted with the fine-grain size area. Thus, it is apparent
that the duplex microstructure evolves during the inlitial stages of densific-
ation. Also, there are zones of varying density during the cycle which may
contribute to the non-uniform structure but are probably not the main cause.
These aspects will be discussed in more detail in Section L.5.

A number of fabrication runs were conducted with Honeywell MgO powder.
Representative microstructures are shown in Figure 10. The polished sections
of both samples exhibited 1little porosity; however, the amount present was
concentrated in 200 am spherical reglons. The sample illustrated in
Figure 10 had a 0.5 um grain size requiring electron microscopy techniques
to resolve the etched structure. The etching has severely attacked the graln
boundaries, thus, it is not possible to identify any residual porosity. It
is especially noteworthy that the grain size is about 30 times smaller than
experienced for Mg(OH)o> derived powder processed by the same cycle. Hot
pressing the Honeywell powder at a higher temperature (Figure 10b) increases
the grain intercept to 6 am and some tendency exists for an sbnormal grain
size distribution. The grain intercept is still ~» 30 ym less than would be
expected for the Mg(OH), derived MgO (see Figure Tec).

L.3 Cchemical Analysis

The suppliegs chemical analysis for the two lots of Mg(OH)2 and a
typleal analysisl® for Honeywell MgO are glven in Table II. lot SHISE in
particular, represents an extremely clean an is. Samples produced from

Lot SH182 were analyzed on an earlier programl by spark source mess spectro-
scopy. A typlcal analysis for a hot pressed specimen and one powder lot is

also shown in Table I. This analysis lllustrates a more conservetive state-
ment of purity and demonstrates that comparison between analytic.. techniques

is often difficult. For example, the Ca, S! and Na analyses show & cousiderable
higher impurity concentration for both the powder and hot pressed specimen.

+ appears that Fe and Zn are introduced during consolidation and Cl, S and
Na are¢ volatlized Juring the consolidation process. Total ilmpurity concentrations
were actually lower in the fabricated sample. Analyses conducted under
identical conditions are required for a well-founded dlscussion on relative
purity of powders. Thus, it is with some reservetion that the order of
increasing purity is stated as SHI94, SH182 and M1O. Powder Lot MIO is still

AR
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Figure 9. Microstructure Evolution of Mg(OH)BeDerived

Mg0 at (a) 69% Density, (b) 92.5%

nsity, and
(¢) 99.5% Density.
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Hot Pressing Conditions
and Results

Honeywell - MI10

1150°C - 15 Kpsi - 90 min.
3.551 gm/ce - 0.5 ym grain
intercept

Honeywell - M10

1250"C - 15 Kpsi - 90 min.
3.585 gm/cc - 6 pm grain
intercept

Figure 10. Microstructure of Two Mg0 Samples Produced

from MgCO3 Derived Powder.
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§ TABIE II
IMPURITY ANALYSIS FOR MAGNESIA BACE POWDER LOTS

AND A FABRICATED SAMPLE

Supplier Emission Sperk Source Analysis
Spectrography Analysis

Hot Pressed Sample
(16 ) 1330 (from Iot SH-

wsoment lot SH94* Iot sH182% M-10%* 1ot 81182 182 powder)

| A 1 1 50 4 b
ca 1 1 200 100 100
c1 10 3
| Cu 1 | 1 8 5 3
s 130 10
Au 1 ND 1 1
7 3 20
| Fe 10 10 b 20
P1 1) 30 4 0.6
st 1 ND 150 150 150
Mn D 5 1 1
Ne 1 1 1500 4o

# United Mineral
¥*Honeywell

y -

" -
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thought to be a fac&or of ten more pure than that used for many experimental
researnh programs3’ 92517 yhere problems with grain boundary phases have
been encountered.

L.4 Grain Growth

Preliminary grain growth studies were conducted with Mg(OH), (Lot SH 19k)
derived Mg0 hot pressed at 1HSO°C which possessed a starting grain intercept of
34.2 um. Pressing at this temperature achieved a normal grain size distribution,
but the large grain size precluded growth studies at low temperatures. A series
of runslﬁere conducted at 1610°C and these were combined with data collected
earlier~' for analysis.

Specimens were cut from & single sample, polished and etched. A
particular location in the sample was mapped and grein intercepts were measured.
The grain sizes reported are average grain intercepts. Specimens were
contaired in a closed high purity AloO3 crucible and were in contact with a
hot pressed Mg0 setter plate fabricateg from the same high purity starting
material used in the study. Semples were inserted and withdrawn from an iso-
thermal air furnace for the prescribed times. They were ground to remove any
surface effects. After repolishing and etching, final grain sizes were measured
in the same location in which the initisl graln sizes were measured.

Grain growth data plotted according to equation (1) is given in
Figure 11. Comparative data of Spriggs et al® and Gordon et allT is also
illustrated. Deta at 1525, 16109C and that of Gordon et al, exhibit a significant
decay in growth rate. Plotting the data using different times exponents, n,
in the relation D® - D,® = k t at-values of n up to 4 did not fit all of the
data although the fit was moderately good at n = L.,

The microstructures were examined carefully after annealing for the
development of pcres and their location. Figure 12 illustrates tune structure
after annealing for about 1000 minutes at three temperatures; 1300, 1525 and
1610°C. These are to be compared with the starting microstructure illustrated
in Figure Te. The pore level increases with increasing annealing temperature.
In general, pores are located at grain boundaries; however, a number of pores
have separated from the boundar.es and are located within grains.

4.5 Discussion

The decomposition of Mg(OH), is accompanied by a 55% decrease in m .al
volume. Early researchers reported that upon decompo-ition Mg® had its cubic
{110} and {1111 planes parallel to the prism and basal planes bf the hexa-
gonal brucite lattice, respectively. Gordon and Kingeryl5 observed separate
diffraction spots for the (110) brucite and (220) magnesium oxide planes. The
positions of the (110) and (100) brucite never change, but only diminished
in intensity while the (220) planes of magnesium oxide shifted from & value
larger than the listed ASTM 4 spacing to the predicted value as the decomposition
progressed. They describe the process as & nucleation and growth mechanism in
vhich the magnesium oxide nuclei form coherently with the brucite matrix
introducing large strains and causing extensive fracturing of the platelets.
Exactly the same results were observed in the present electron diffraction
studies, Further, the existence of rod-like crystallites (Figure 3b) s' -gested
that a preferred growth was dominant under static low temperature growth
conditions, A different mode of preferred growth was evident in the high
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Figure 12.

#5L06-4 (e) 100X

Microstructure after Approximately 1000 Minutes

Annealing at (a) 1300°9C, (b) 1525°C, and (¢) 1610°C.
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temperature calcinations. In the high temperature case orthogonally
equivalent preferred growth rates resulted in a cubic habit.

The coherent nucleation of Mg0 within the Mg(OH)> platelet results
in crystallites perfectly oriented one to anothe.. Because of the preferred
growth rate, crystallite growth during calecination results in somewhat
larger crystallites within the brucite relic agglomerates than those
crystallites which have broken away from their parent relic structures. This
size difference is not large in the powder stage as witnessed by the fact
that a log normal size distribution was obtained for the 1200°C-1 hr calcine.
However, 1t appears that the enhanced growth within agglomerates becomes
important in microstructure development. As shown in Figure 9c, grain boundaries
sweep through entire agglomerates leaving very lerge grains. Crystallites
that broke away from their agglomerate parent or small agglomerates arrive at
qulte different grain sizes upon reaching full density. Clearly, abnormal
grain growth conditions arose early in the densification cycle. Somewhat
analogous gesults occurred in sintering studies on very fine yttria-stabilized
zirconia.1® The crystallite-agglomerate explanation for the duplex grain
structure development appears more reasonable than one based on retained
volatiles which was the initial hypothesis. The fact that dynamic vacuum
calcines as high as 1200°¢ still resulted in duplex microstructures strongly
suggest that volatliles are not leading to retarded or accelerated growth,
Also, of course, the direct observation of microstructure evolution points to
a8 crystallite agglomerate interaction.

MgCO2 undergoes a 50% reduction 'n molal volume during conversion to
Mg0. Although the decomposition mechauism and kinetics are not well known,
this larger reduction undoubtedly results in more displacement between
erystallites than in the case of Mg(OH)2 derived powder. It is unlikely that
coherent nucleation occurs as the cube-shaped crystallites are randomly
oriented to one another (Figure 5). Thus, preferred growth directions do
not result in grein boundaries rapidly sweeping through an agglomerate relic.
This apparently accounts for grain sizes a factor of 30-40 smaller compared
with Mg(OH)s derived powder processed under identical conditions. Possible
chemical effects cannot be completely dilscounted, however. A particular
impurity species way be present in this 99.99+% pure Honeywell MgO that acts
as & grain growth retardation agent. Earlier Avco studies with 99.44 pure
MgC (Mgco3 derived) ylelded 6 ym grain intercept after 240 minutes at 1250°C
vwhich supports the present relative order of grain size versus hot pressing
cycle versus percursor. Complete satisfaction on this point must await a
future critical experiment where chemictries are kept as close as possible
for MgCO3 and Mg(OH); derived Mgo.

A marticulariy interesting snd surprising result of this study was
the development of a normal grain size distribucion in Mg(oﬂ)a derived material
hot pressed at 1450°C. Usually upon schieving sbnormal grain conditions, the
abnormal structure dbecomes more exaggerated with increasing growth unless
some event such as primary recrystellization initiates a new generation of
graina.13 Based on the interrupted densification microstructure studies, it
appears that an abnormal intermediate structure devel  ped into a normal structure
upon further growth. Hard evidence to explsin this result is lacking bKt
one possible mechanism may be obtained by evaluating the work of Brookl* as
discussed earller. Grain growth up to the point 4llustreted in Figure Tb
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could be boundary controlled, but at this point tne large grains possess a
grain size/pore size ratic such that further growth becomes slowed and falls
into the pore control regime. Meanwhile the small grains continue to

be boundary controlled (a faster process) affording them the opportunity

to catch up to the large grains in size. Pores are not readily discernable
in Figure Tc, but further heat treatment of this type of materiasl (Figure 12)
demonstrates the presence of a limited porosity.

The grain growth kinetic studies demonstrated a marked decay in growth
at long times which was similer to the results of Gordon. The decay occurred
at different sizes for the two temperatures. The decay is thought to be
related to the competing processes for grain growth control; 1) boundary
mobility controlled either by pure intrinsic diffusion or influenced by
impurity drag, or 2) pore mobility controlled (again either controlled by
intrinsic or impurity influenced diffusion). The growth kinetics are likely
to change from square to cube dependence whep the controlling process change
from boundary to pore diffusjion controlled.l* Further decay beyond n = 3
was observed by Gordon et al' when pore separation occurred. Figure 12 does
illustrate pore entrapment, thus the present results agree with those of
Gorden et al. Pore separation apparently leads to abnormal grein growth as
witnessed by the disproportionate number of grains which have greater or
fever number of sides than the idealized number (6) as shown in Figure 12.
This may occur because the pores become disassoclated from the grain boundery
non-uniformly breaking away first from one boundary and then ancther, As
pores break away from a boundary, that boundery becomes free to migrate at
a faster rate than boundaries that are still dbound to pores. This could easily
lead to the development of 7 or more sides on a grain and the onset of abnormal
growth,

The initial growth rate was slightly kigher than that for the atudy
of Spriggs et 8l1.” This could be a result of less impurity drag for the
high purity material compared with that of Spriggs et al (about 99.44 pure
Mg0). As noted above, the initial portion of the curve was thought to be
boundary migration controlled. As growth became pore migration controlled,
the growth rate decayed below that of Spriggs et al. The material of Spriggs
et a8l did not develop porosity during the high temperature anneals.

The cause of pore development in one material and absence in another
is uncertain; howvever, several comments are appropriate. The material of
Spriggs et al was vacuum hot pressed in an Aly0, die while the material of
Gordon et al was vacuum hot pressed in molybde alloy dies, and the material
of the present study vacuum liot pressed in graphite dies. Sose argment
might be forwarded for graphite leading to a (O entrapment that could lead
to pore coalescence upon annealing, but since similar results were obtained
for the molybdenum die prepared material, this does not appear to de the
common factor. The develcpment of 0.1 to 0.5% porosity is in fact quite
comnon in annealing and grain grovth of hot pressed material. This is thought
to arise from two causes; 1) expsnsion of micro-pores that were constrained
under hydrostatic loads during hot pressing ¢~ 2) coalescence of gas molecules
adsorbed on grain boundaries. The best know. axception to statement about
annealirg causing grain grovth is transparent polycrystalline Mgy produced
by the process incorporating ~ 1% LiF. Annealing is part of this process
and yields very transparent materia’ as LiF diffuses via the grein boundaries
to tbe surface and evaporates. Part of this process may be to sweep potenf.:.al

e
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pore forming gas molecules to the surface. This point 1s brought out

because recent studiesl? of 99.44 Mg0 (the chemistry of the Spriggs et al
study) have shown that a very thin grain boundary phase exists. Electron
diffraction identified this phase as N86A114»51u011. It is suggested that

this phase behaves much like IiF, sweeping potential pore forming molecules

to the surface or keeping them in solid solution. This might explain the
absence of porosity in the study of Spriggs et &l and account for the major
kinetic difference as compared with the studles of Gordon et al and the present
authors.

V. CONCLUSIONS

1. Brucite decomposes by the coherent nucleation of Mg0 leaving
crystallographically oriented Mg0 crystallites within an
agglomerate which is a relic of the Mg(OH), crystal. Pre-
ferred growth directions resulted in a rod structure when
calcined at 375°C and a cube when celcined at 900°C and above.

2. Abnormal grain growth develops at 704 density in the vacuum
hot pressing consolidation cycle leading to duplex grain structures
for Mg(OH), derived powder. It appears that the oriented
crystallites within an agglomerate grow extremely rapidly due
to the "special" nature of the dboundary. Both static and vacuum
dynamic calcined material give the same results. Hot pressing
at higher temperaturss (1450°C) than required for full densifica-
tion (1150°C) develops a normal grain structure. This g-ain
g8lze development is thought to be related to the competing
processes of boundary and pore control on grain growth.

3. The purity of the fabricated specimens were equal to or greaster
. than the powder. Fe and Zn were introduced during pressing
vhile Ca, Si and Ka concentrations were lowered. The purity
of the best samples counting anions (except OH ) and catioms
vere 99.965% MgO.

4. MNagnesium carbonate derived MgO also ylelds crystallites with a
cubic growth habit, dbut the crystallites vithin an agglomerate
are unoriented with respect to one anothe..

S. WVacuum hot pressed bodies from derive? powder have
normal grein size distridutions hot ssed at 1150°c and
& factor of 30 saaller grein size than Mg(OH), derived powder.
Severel explanations for this difference were discussed, dut
the most strongly forvarded was the absence of rapid growth due
to unoriented crystallites in MgCO3 derived sgglomerates.

6. Grein growth retes decayed during amesls at 1526°C and 161C°C.
This wvas due to the transition from doundary control to pore
contrel to abnorwal grain growth since porosity became
apparent during the course of the anneals. A hypothesies was
forvarded that earlier results on 95.%% MgO followed the normal
square time dependence due to the actiom of a very thin grain
boundary phese sweeping out pores or their nuclei and hence,
the lack of pore control throughout the anncal.
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