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ABSTRACT

The densification parameters for hot pressing MgQ to a theoretically dense
polycrystalline body has been studied. Two experimental approaches were followed;
using pure MgO powders, and pressing mixtures of MgQO plus small amounts of LiF.
In the former case specimens having 60% total transmission (adequate for in line
observation) were obtained by very precise control of the fabrication condi-
tions followed by a long term anneal in rydrogen. The MgO - LiF process
yielded thin specimens having 85% total transmission in the visible, and
3/8 inch thick specimens possessing a maximum transmission of 70%. & post
hot pressing anneal at temperatures greater than 1200°¢ and heating rates less
than 28°C/hour were required to produce maximum transparency. Evidence obtained
by grain growth studies, weight loss experiments and lattice parasmeter determina-
tions suggest that the densification mechanism for this process was pressure-
enhanced diffusion through a solid solution grain boundary layer and a grain
boundary phase. At temperatures above the melting point of LiF a pressure-

enhanced liquid phase sintering mechanism probably operates.

The AVCO Space Systems Division document number for this document is
AVSSD-0168-67-RR.,
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I. INTRODUCTION

e

The problem of hot pressing theoretically dense MgO has been the suoject

T e

of this program. The material was characterized and judged by its transmission
in the visible spectra. Two experimental approaches were followed toward
realizing this goal. The first was an effort to optimize the hot pressing
parameters in fabricating the deslired material from pure fine particle size
MgO. Vasilos and Spriggsl have produced specimens approaching transparency

by this process, and they believe the densification mechanism to be one of
pressure enhanced diffusion. The current program has resulted in specimens of
greater transparency by this process, and post hot pressing anneals were shown
to be effective in further improving transparency. The second experimental

e and recently studied by Rice3

approach incorporated a discovery made by Atlas
and Beneckeh that lithium compounds enhance both the sintering and pressure
sintering densification rate of MgO. Beneckeh suggested that the densification
mechanism for pressure sintering is either plastic flow or activated surface
pressure erhanced diffusion. The present program utilized additions of up to
2 weight percent of various lithium compounds to produce, under optimum condi-
tions, specimens having 85% transmittance in the visible spectra. New insight
into the densification mechanism has been gained, and it has been found that
the conditions for the post pressing anneal are a critical part of the overall
process.
II. EXPERIMENTAL
A. Apparatus
Much of the initiai vork vas conducted in a small scale vacuum (1 x 10-3
to 1 x 102 mm Hg) hot pressing apparatus vhich is illustrated in Figure 1. ,
Some of the initial pressings were conducted in air in an apparatus similar ir. ;

principle to that illustrated.
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Most fabrication rurs for billets larger than 3/4 inch diameter were
conducted in a large vacuum chamber shown in Figure 2. Somewhat lower vacuums

(3 x 1072

to 2 x 10'1) were maintained in this apparatus. Air pressure sintering
or press forging runs were conducted in a large graphite furnace illustrated
in Figure 3.

Graphite was the hot pressing die material utilized for all but ~ 10%
of the runs, and pressure was limited to €000 psi. Some of the small scale
precsing used SiC punches within a graph!te die, and in some cases a press
forging configuration (no die wall resiriction of lateral movement) developed
pressures up to 40,000 psi utilizing W, A1203 or SiC punches. An &ll metal
die system was constructed from Sylvania MP-10l molybdenum alloy (TZM), and was
a cylinder 6 inches 0.D., by 3 1/8 inches I.D. by 6 1/2 inches long. A single
action piunger was constructed from the same material. The die rested on a
€ inch dlameter by 3 inches high nickel base alloy (Waspaloy), and it also
acted as a stationary bottom plunger which was in contact with the MgO compact.
With this system, hot pressings were conducted up to 20,000 psi at £10°C in
vacuun.

B. Startingﬁ?ovders

Hot pressings were conducted with four grades oi Mg0 powder which have

tihe following characteristics:

Particle Size, Angstroms

Grade Purity Minimum Maximum Average
Fisher Electronic Grude 99.6 100 650 [¥ey)
Raker A.R. Grade 99.6 165 1300 500
Raker and Adamson Reagent Grade 9.3 759 2500 1050
Mallinckrodt Analytical Grade 99. 4 700 L0 1007
-3.
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Figure 2 Four Hundred Ton Press With Vacuum Pressure Sintering

Chamber Installed
#1398-X
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The lithium compound additions were made from reagent grade powders of particle
size less than h:‘p. The Mg0 and additive powders were blended in a Waring
Blender using ethyl alcohol as &« medium. The alcohol was removed through evapora-
tion while the slurry was being agitated.
C. Annealing

Many of the initial snnesls were conducted in manually controlled Pt
or Mo element furneces using vacuum, air, oxygen, and hydrogen satmospheres.
Controlled heating rste anneals were accomplished in air using a Kanthall fur-
nace programed with a Wheelco Automatic Cam Follewing Controliler.

ITI. RESULTS AND DISCUSSION

A. Pure Mg0

1. Pressure sintering

Ten small scale press forgings (unrestricted lateral deformation)

of Fisher Electric Grade MgO were conducted under the conditions listed in .

Teble I. Both S1C and AlpO3 punches were employed to press forge 1" diameter

dises. Very dense pieces were produced b& this process, but they could be con-
sidered translucent at best. There is a density gradient in the normsl press
forged piece where the outer 1/4 of the radius varies from 99.9% dense to ~50%
dense. If a forged product was to be utilized, this outer rim would be removed.
Sample number 1106 was hot pressed in a grephite die under what lad been dii-
covered from a previous study1 to be the optimum condition for this process,
and was uniformly translucent. The densification curve for this pressing is
shown in Figure 4 along with curves for doped specimens, and these will te com-
pared in a subsequent pearagraph.

A total of 21 large scale hot pressing runs were made in an attempt
to obtain 3", 4", and 5" diameter pieces of transparent MgO, using pure MgO

powders previouslyl found favorable for cbtaining translucent MgO compacts.
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These runs, listed in Table I, encompassed three approaches:

vt A \wiﬂﬁﬁﬁ

1) vacuum hot pressing, 2) hot pressing in air, and 3) press forging in air.
It was found that higher temperatures were necessary to obtain a non opaque
specimen when either oi the last two methods were used. Five of the runs made
under the conditions listed below yielded compacts of very high translucency
(several of these could be considered transparent) in the as pressed state (V-30,
39, Mg 4v-1, FM-14, 22).

Pressure sintering of pure MgO proved to be very sensitive to the
starting powder particle size, shape, and size distribution. The Fisher and
Baker grades of powders described in Section II B had been used previously1 for
extensive densification experiments. The Fisher Electronic Grade Mg0 possesses ¥
the best powder properties for high densification r~tes. However, there are
subtle varistions from lot to lot in this powder which effect the densification
rate. Weight loss data on the powder shows a 1.3% loss occurring between room
temperature and 400°C end 0.2% loss between 400°C and 600°C. The initial loss
was probably HoO. There is a strong possibility that the high temperature
loss was COp as the MgO is derived from MgCOB.

2. Post pressing anneal

I+ has been shown that annealing the pure MgQ product affects the
visible spectra transmission properties, although this is very sensitivs to
atmosphere. Air, vacuum or oxygen are completely unsatisfactory because the
specimen always becomes more opaque, while specimens annealed in hydrogen undergo
microstructural changes which 1mproves light transmission. The annealing treat-

i
®
ment generally employed was 160 hours at 1250°C. Five anneals were conducted ‘
under these conditions, and the optical properties of the most transparent 1

specimens are given in Section C. Considerable grain growth also takes place




during this anneal (from 5 to 40 microns). The degree of H2 solubility and H,
diffusion rates in the MgO lattice are unknown, but it is possible that they
are high. The mechanism by which the H, anneal sweeps away entrapped gases

is thought to be worthy of a basic study.

The opacification of MgO during oxygen or air anneals suggested
that dissolved or entrapped gases were expanding the pore volume, An effort
was made to detect gasecus species being evolved from the surface by annealing
MgO in a high vacuum (lO'8 mn Hg) furnace which was equipped with an omegatron
mass spectrometer. The instrument was capable of qualitative analysis of non-
condensable species betweer. mass 12 and 4. Background determinations were made
with the tungsten filament heater alone and heated single crystal MgO. Vacuum
hot pressed MgO (graphite dies) was annesled as high as 1665°C (temperature un-
corrected), with the results shown in Table II.

Gas Evolution in Hot Pressed Mg

Intensity of Impurity in amps x 1010
Probable W Filament + ﬁgb W Ff%amenf ¥ Hot

} Mass No. Molecular Speciles W Filament Single Crystal Pressed Mg0d
£ (specie underlined
x is most probable) // \\
B bh COp 16 .05 .03 .05
32 0o - .03 - -
28 co, N .85 .36 31 6l
18 H,0 L0 .15 .06 .10

. 17 oH .10 .05 .0l Trace
{“ 16 CH,, O .05 .07 .05 .

: 1h CHp, N .20 .05 .07 .09
g' 12 c Trace - - -

5

" Temperature (°c) 1675 1645 1675 1650

i Tioe at Temperature ~ S min. ~5 min. 2 hre. 2 hrs.
i Number of times

oy filament heated

% above 1600°C 2 3 4 5

¥ Weight of Specimen 0.34 grams 0.24 grams
] -10-

'
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The W filament gave the highest relative concentrations of impuri-
ties. However, it should be noted that this was only the second time at elevated
temperature for this filament and the reported results were taken only a few
minutes after maximum temperature was obtained. The most meaningful conclusions
can be made by comparing the results of runs 4 and 5 which have similar time-
temperature histories. It appears that measurable quantities of Hy0, CO (or N)
and COo are being evolved from the vacuum hot pressed specimen. This specimen
was opaque after this anneal. Previously, the atmosphere of a graphite die was
sampled during heating and analyzed by mass spectroscopye, and it was concluded
that a CO/002 atmosphere was present during hot pressing in a graphite die., The
present results indicate that these gases are entrapped and/or dissolved in the
Mg0 structure. As they are entrapped at high temperature under pressure, it i.
suggested that reheating vnder the absence of pressure would allow these gases
to expand. This opacification might be taken as evidence for a lack of solid

solubility of these gas species in the Mg0 lattice.

B. Mg0O With Lithium Additions

1. Pressure sintering

The pressure sintering experiments corducted on 1/2 -« 1 inch diameter
specimens are listed in Table III, and those conducted on 3 - 4 inch specimens
are listed in Table IV (all vacuum pressed). The hot pressed specimens were trans-
lucent, but it was found that a post pre:sing anneal greatly improved their
optical transmission. The anneal was found to be essential and a qualitative
Judgment of the optical quélity of the heat treated specimens is also included
in the above mentioned tables. In the fabrication step pressure was usually

applied after the maximum temperature was reached, but the exceptions to this can
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be identified by the dual temperature nctation (pressure was applied at the low
temperature). Some specimens were fabricated under conditions where they were
free to expand laterally during densification, an’ these are denoted by PF
(press forged).

A number of survey hot pressings are included in Tatle III which
were designed to determine the effectiveness of various lithium compounds as
densification aids, and Figure 5 illustrates the relative effectiveness of LiF,
LiBr, LiOH, and LiCrOo. All pressings were conducted at 800°C and 5000 psi
with the exception of the 1% LiF addition which was pressed at the same pressure,
but 750°C. Pure MgO would follow a curve quite similar to that shown for the
1/4% LiF addition. It can be concluded that lithium fluoride is a very effective
Mg0 densifying agent when it is present ir concentrations of 1/2% or rreater.
Lithium oxalate appears to be nearly as effective, while LiOH and Lii. are
quite ineffective as densifying agents. The densification mechanism forwarded
vy Atlaseuns that Li+ cccupied grain boundary sites leading to high defect con-
centretions at these regions vhich enhanced the mobility of the rate determin'ng
Mg0 ton. This mechinism appears to be invalid or !n:cmplete since several
lithium compounds showed no significant densiricat.on enhancement.

Specimens were hot pressed under conditions vhere atmosphere was
the only variable} the densification rate was constant for vacuum and ambient.
There was apparently some difference in internal chemistr: of the ambient pre-
pared NgO since identical annealing treatments failed to produce compacts of
comparable transparency. Consequently, after the initial phase of the work

all experiments were conducted in vacuum.
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Figure 4 shows the densification curves of 2% LiF additions to
Mgl at several temperatures. To illustrate the effectiveness of the additive
in the densification process, one curve is presented for pure MgO pressed at a
higher temperature and pressure. It appears that 800°C is a sufficient tem-
perature to assure rapid densification using the additive. Two investigators3’h
hot press with LiF additions at temperatures as high as IOOOOC, and it was dis-
covered during this investigation that these relatively high temperatures (900-
1000°C) were necassary not for densificetion, but for a prassurized phase re-
fining process.

Compositions of MgO powder containing from 4.8% to 50$ by weight
of LiF were blended to provide material for studies on possible LiF loss during
fabrication., X-ray studies of pesk intensities of these powders end of hot
pressed billets made from these powders were made and are presented in Table V
as a ratio of the messured crystallographlic reflections. At a hot pressing
temperature 50°C below the LiF melting point, run (2) showed a LiF loss while
run (3) exhibited an unchanged LiF/Mg0 ratio. (It is thought that an error in
reading temperature may be the cause of this inconsistency.) Hot pressing (1)
conducted at 920°C (509C above the melting point of LiF) showed an epparent
loss of LiF from 16.7% to ~~5% which demonstrates that an applied pressure does
not limit the veolatilization of LiF, and that significant LiF loss occurred in
hot pressing above the melting point of LiF.

Many billets developed small pockets of porosity either in the hot
pressing process or during anneaiing, and variations of %ime, temperature and
pressure within the range attainable with graphite were employed in an attempt
to eliminate these pockets, (The porosity waé not uniformly dispersed in n

manner leading to general opacification, but it was limited to nests of high
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TABLE V

Diffraction Intensity Katios - MgO/LiF for Various Crystallographic Planes ‘

A. Blended Powders )
%Pﬂ%%‘i% 111 (200)  (220) (keo) (h22)
4.8 2.1 29 38 55 > 60
9.0 1.5 15 18 >25 > 20
16.7 0.8 8.0 11 22 10
26.8 0.46 4.3 5.0 6.7 5.7
50 0.18 1.7 2.2 3.0 3.5

B. Hot Pressed Powders

Estimated
LiF
Conient
16.7( 1) 7.0 87 230 30 Lo £ 5%
26.8(2) 0.59 5.9 7.5 16 12 20-22%
50(3) 0.19 1.6 2.2 2.2 3.0 ZFE50%

(1) Hot pressed at 920°C, 10 minutes, 4000 psi
(2) Hot pressed at 820°C, 4O minutes, LOOC psi

(3) Hot pressed at 820°C, 60 minutes, 4000 psi

-18-
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porosity spaced 0.5 - 3 mm apart). Both weight loss and x-ray studies showed
that LiF was lost during the hot pressing process, so it appeared that the pore
nests might be associated with LiF volatilization. Run number 1167 and run
number 1179 were pressed for minimum time (3 minutes) and extended (65 minutes)
times at 95000 respectively, and resulted in as pressed specimens of equal den-
sity. Annealing under the best conditions developed in this program resulted
in an opaque specimen for 1167 and & specimen of high transparency (Figure 6)
for 1179. Similar results were noted for large billets; MgVF 15-19 which
were processed for a short time in the 900-110000 range, were not transparent
while MgVF-22, and MgVF-28 through MgVF-34 approached good transparency after
heat treatment. It is hypothesized that the LiF vapor pressure is high enough
to cause porosity generation during the annealing step; therefore the long
soak under an applied pressure removes a large fraction of the free LiF phase
while insuring intimate MgO grain to grain contact.

Seven press forging runs were conducted at pressures between 15 -
50 kpsi (Table III). Most of these specimens were very dense and annealed to
a transparent body, but several cracked during annealing: presumably a result
of residual strain from forging. Two hot pressings were _unducted in the
3 inch diameter TZM system, and only one of these (Mg VF-38) was annealed;
the finished product was again trenslucent indicating that LiF must be vola-
tilized while pressure is applied in order to insure a transparent specimen
upon annealing. It was thought that high pressure hot pressing would provide

a very frujitful area for research in this system.

¢19-

o

e vt e e i g

ET7; CINN




.
kL
L)
;

o PR W

MgO
Specimen 1179
0.326 inches
Thick

#uore X

Figure 6 Run Number 1179 Showirz High Transparency
in Thick Specimen
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2. Densification mechanisms

The mechanisms by which LiF could enhance the hot pressing densifi-
cation rate of MgO are briefly summarized as follows:

a. The additive could inhibit grain growth thereby allowing MgO to
densify by a lattice diffusion mechanism without entrapping
porosity within grains.

b. Second phase or solid solution grain boundary films could be
formed with the MgO - L!F components. Mg+2 or 0-2 ions may
possess increased diffusion rates in these solid phase grain
boundary regions thereby increasing densification rates by s
diffusion mechanism.

c. LiF or a LiF - MgO eutectic composition may form a liquid phase
which would promote densification by the transfer of MgO ions
from region of high to low chemical potential via the liquid
phase. Diffusion is much more rapid in liquids than in solids
hence densification rates are high.

d. Densification could occur by plastic flow with Mg0 providing
a ludbricating film which allows MgO grains to become aligned
for slip on the {}lq} {11 preferred slip system.

Beneckeh has investigated densification mechanisms in this syslem,
and he suggests either mechanism (b) or (d) as the most likely possibilities.
His conclusions, however, wvere based on evidence against mechanism (a) and (c)
rather than evidence for his favored mechanisms. He recognized this point
and recommended that the vork be continued. Several studies in this program

have answered some of the questions about possible densification mechanismg,

2]




it

w
.
|

R AN Nl B N

and these studies are described in the following three sections.
a. Grain growth
A knowledge of grain growth during the hot pressing operation
was thought to be particularly important for deciding whether or not a plastic
flow mechanism (d) operated. Grain sizes were determined by electron micro-
scopy replica techniques for the hot pressings summarized in Table VI.
TABLE VI

Process Conditions for Grain Growth £tudy on Vacuum Hot Pressed MgO + 2% LiF

Specimen Number Pressure (psi) Time (min) Temperature °C
MG VF-2 5800 30 820
Mg VF-4 5900 78 820
Mg VF-9 5900 105 820
Mg VF-11 5200 183 850
Mg “TF-3 5150 320 850

The inclusion of runs Mg VF-11 and Mg VF-3 was thought to be
valid as the increased temperature was somewhat counteracted by lower pressures
and the grain sizes increased in the expected msnner (Figure 7).

The driving force for grain growth whether it occurs by solid
state ¢iffusion or via a liquid phase is the lowering of chemical potential;
this is proportional to the radius of curvature of a grain size and therefore
it {s portional to the grain diameter. The rate of grain growth is therefore

{nver:2ly proportional to the grain diameter giving

dD/dt = k/D (1)
which, upon integration becomes,
D - D, = k' % (2)
QZZ.

v e s




\?

T

e !
. -

o

8

- Wit gy 4& A o o T SO - e . ’ . ey s w e B R s

D L0Z8° 411 %7 + OBW jo Burssesy soi BupnQg yimosn) uiesn ¢ emnbiy

. o1L2-90
S NUIW INIL
ooo! 00l ¢ 9 v 2 01 .
¥ — T — LA — LB d‘ | L — v ﬂ v — ~ ¥ — °
o
- -~420
— o =
- o - »0 :
€3 s
. 41 % ~
»
= 4 ~
|— ~eo
4 m )
3 -]
[ _J
' — A — L _ 1 1 4 — i — 4. — i ﬂ..




1

L4
ke
J

where Do is the grain diameter (in microns) at time, t, equal to zero and k'
is a constant. Although considerable scatter exists, the data adeyuately fits
relation (2) with the following equation

5,1
D = 1.94% x 107¢ t2

(3)
and demonstrates that grain growth takes place at the predicted rate.

Electron microscopy also revealed a grain boundary film in
specimen Mg VF-Q (Figure 8) used in this grain growth study, and a clearer ex-
ample of this film is shown in Figure 9 of sample Mg VF-5 hot pressed at 1000°C
for 15 minutes. The grain growth data and the evidence for a LiF or LiF-Mg0
grain boundary film suggest that Mg*e and 072 are diffusing to regior-~ of
low chemical potential through this film and apparently have extremely high dif-
fucivities at 820°C.

b. Solid solubility

The grain growth kineticsand the microscopic evidence for a
grain boundary film suggests that a finite solubility exists between LiF and
MgOo. Beneckeh conducted DIT'A studies on mixtures of these materials and he
detected no liquid formation below the melting point of LaiF (870°C). An X-ray
diffraction lat*ice parameter study was conducted to determine if direct evi-
dence (other than grain 3rowth) could be obtained for solid solubility.

Diffractometer scans were made on billets containing variocus
amounts of LAF and hot pressed at 820°C for 60 minutes (50°C below the melting
point of LiF), and lattice parameters were calculated from these (Table VII).
Although some discrepencies appear in the constant variation of a, values
{possibly due to inadequate mixing, LiF volatilization or experimental scatter,
the values reveal an expansion of the LiF lattice accompanied by a contraction

of the MgO lattice.
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Figure 8 Electron Micrograph Showing Grain Boundary
Phase in As Hot Pressed Specimen MG VF-9
]
z
Figure o

Grain Bow.dnry Phese in Mg + & LiF
Pres:ure Sintepred at 1979970 for 'Y minite:.

é
| i -25-




© ey ow cawe e e

—— -

Ay

ey

TSI

-
gl

TABIE_VII

Lattice Parameters of MgO and LiF Hot Pressed at 820°¢

Coggosition

.000 Mg0
.000 Mg0
.990 Mgo
952 Mg0
.908 Mgo
.714 Mgo
.500 MgO
.200 Mg0
-160 Mg0
.050 Mg0
930 Mg0
.01 Mgl
« 23X LiF

.32 LiF

0.010
0.0h8
0.092
0.282
0.500
0.800
0.900
0.950
0.970

LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiP

LiF

- 0.990 LiF

Condition

Powder

Hot Pressed
Hot Pressed
Hot Pressed
Hot Pressed
Hot Pressad
Hot Pressed
Hot Pressed
Hot Pressed
Hot Pressed
Hot Pressed
Hot Pressed
Hot Pressed

Powder

-26-
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Mgo, R
L, 21245

4,21407
4.21213
k.21118
4, 21154
L.20891
L.20685

k.03124
L.03040
k,02952
b.22962
b.02672
L.02885
.02917
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These changes in lattice rarameter upon hot pressing at 820°C
are taken as evidenne of solid solution of both LiF in MgO and MgO in LiF. The
extent of solution 1is not known, but some predictions can be made concerning
the chemistry of the solution and the effect on the host lattice and lattice
parameter. The observation of grain growth during pressure sintering indicates
that both Mg*2 and 0~2 are transported in LiF, hence the following reactions
are written:
Mg0O in LiF
Mg*2 (in MgO) + Li*1 + 02 (in Mg0) + F-1 = Mg+2 + 0-2 + q, *+ S+ L% + FO ()

or

Mg*2 (1n Mg0) + Li*l + 0°2 (1n Mgo) + F~1 = Mg*2 + 072 4+ 1,1 4 By d (5

The fon sizes are; Mg = 0.65 R, Li*! = 0.60 &, 02 = 1.40 A, ana F*1 = 1.36.
Reaction (5) would definitel: expand the lattice in agreement with the experi-

mental cbservation, but it is not easily predicted whether reaction (L) would

expand or contract the lattice; the preferred reaction cannot be chosen with
certainty. For the suiid solution of LiF in MgO the foliowing recction can

be written:

LiF in MgO

Li*D (in LIF) + 2Mg*2 + 2072 + P71 (4n LiF) « 131+ omg° + q, Frleo,+ 872 (6)
or

-1
2040 (4n LIF) + Mg*2 s 02 s Pl ngtl e ngtt e Mg® e PR e R, e B0, (73

Resction (6) would contract the lattice v.i. reaction (7) wouid undoubtedly

cause an expunsion. In view of the experimentally observed ~ontraction, it is

L
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though. that reaction (6) occurs during the solution of LiF in MgO. A high
vacancy concentration would be caused by this reaction which cculd be responsible
for high diffusion rates for Mg+2 and 072 in a solid solution zone that may

well be microns wide.

¢. Diffusion rate

The densification mechanism for hot pressing pure Mg0 was con-
sldered to be particle rearrangement in the early stage followed by pressure
enhanced solid state diffusion.l The Nsharro Herring equation of pressure en-

hanced diffusion is

2
d KTo
D = (8)
0N O
where D = diffusion rate
é = strain rate
t -16 o]

K = Boltzmann's constant (1.38 x 10 ergs/ K)
T = gbsolute temperature
G = gyrain size
N = vacancy voiume
o = stress

Considering that a diffusion mechanism may operate (mechanism a
or b) a sample calculation for the diffusion coefficient was made for specimen
1103 (deunsification curve appears in Figure 4) hot pressed at 650°C. For the

rate limiting species D = 4,5 x 10-12 cmg/sec.* This diffusion coefficient is

* Benecke;“'F mede a similar calculation giving D's equal to between 1.0 and lO'h
em?/sec leading him to conclude that pressure enhanced diffusion was not a
possible mechanism, but it is thought that his calculation was incorrect.

-28-
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reasonable for any kinetic process, but it is between 107 and 109+ faster than

the extrapolated values of the lattice diffusion coef‘ficient:ss’6 at 650°C.

e TS

h]
Tt is not uncommon~ to find differences from 10 to 103 in diffusion coefficients

gt

cglculated from kinetic models and directly measured self-diffusion coefficients
although these differences are the subject of much current study. It is unlikely,

however, that the densification mechanism incorporates diffusion through the

et e iy AR S A A 0 4

MgO lattice, but diffusion through some other phase or high diff.sivity layer

is certainly possible. ’

d. Proposed model

The evidence for or against a specific densification model (a,
b, ¢, or d) is summerized in Teble VIII. The facts greatly favor densification
by diffusion »f Mg+2 and 072 through a LiF containing film. Since the lattice
parameter of both LiF and Mgl change upon doping with the solute, high point
defect concentrations with associated high diffusivities are most probably
controlling densification. LiF also increases the densification rate for
sintering, but the kinetic data for Wappner and Coble7 shows the rate to be
orders of magnitude less than that observed for hot pressing. Therefore, it
is thought that below 870°C the densification mechanism can be considered as
pressure enhanced diffusion (Nabarro-Herring) through a high diffusivity grain
boundary region or film. Above 870°C a 1liquid phase sintering mechanism
probably becomes operative,

3. Post Pressing Annesal

R

Approximately seventeen exploratory annealing experiments were con-

ducted where temperature ranged between 1235°C - 1700°C, otmcsphere was either

-29-




TABLE VIII

Summary of Diffusion Mechanism Evidence

Model Evidence Against Eviéence For
a) MgO pressure enhanced diffusion Diffusivity too high
Grain boundary film »
b) MgO pressure enhanced diffusion Diffusivity reascnable
in second phase (or S. solution) grain growth, solid

golution evidence,
grain boundary {ilm.

¢) Liquid phase pressure sintering No liquid formedh
d) Plastic flow eided by LiF film Grain growth
; -30-
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vacuum (lOJp), alr, oxygen, or hydrogen, and heating rate variled between 0.2%/
min and lOOOC/min. Semples 1046 - 1123 were quartered and used for these an-
nealing experiments. Also sections of the larger billets Mg VF2-12 were used
in these experiments.

These anneals resulted in twenty seven specimens having a high
degree of transparency. Twelve showed an increase in transparency but were still
considered translucent. Forty-four samples were opaque after annealing. The
opaque samples showed post anneal expansions due to "bloating" of between 1.8%
and 41.94.

None of the vacuum annealed samples developed a high degree of trans-
parency while over one half of them showed significant bloating. There was no
detectable difference between the air and oxygen enneals, however. In both
air and oxygen, samples annealed near the low end of the temperasture scale

re s1lightly pink unless they were annesled 25 hours, while those annealed
shove 1550°C were colorless. Samples heat treated in hydrogen retained =2
gray cast, so both hydrogen and vacuum were abandcned as annealing atmospheres.

From this annealing program, two common factors consistently re-
sulted in opaque samples. Samples hot pressed in air were always opaque after
the heat treatment. Also most samples heated at a rate) 10°C/min. in the criti-
cal range 500°C to 1200°C were opaque, althouzh a few thin specimens were rot.
The anneal with the lowest heating rate (0.2°C/min - 0.8°C/min.) yielded the
lurgest number of transparent samples. Figure 10 shows four quarters of a 1%
IiF - Mg0 specimen hot pressed at 1000°C in vacuum and heat treated under the

conditions illustrated.
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Figure 10 Transmission Through 1% LiF - 99% MgO

Specimen No. 1123 After Various Heat
Treatments.
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It would appear that the 1300°C - 16 hour air anneal should have

greater transparency than the 1300°C ~ 3 hour air anneal. There were two

major differences in the 3 hour anneal which may be responsible for the in-
creased transparency; 1) the heating rate averaged 0.60/min. as opposed to
1.2%/min. in the 600°C - 1300°C range; and 2) +the 3 hour anneal was above

the melting point of LiF (870°C) for 45 hours as opposed to 25 hours for the

16 hour anneal. The Hy anneals also underwent different heating rate cyecles.

It is quite aspparent that one or hoth of these varisbles are the most sensitive

factors controlling the transparency of LiF - MgO hot pressed material.

Several welght loss experiments were conducted “o obtain quantitative

information on the conditions for volatilizing LiF from MgO. 1In the first
experiment sample 1110 (MgO + 2% LiF) was monitored as a function of tempera-
ture between 600°C and 1300°C at & heating rate of 1.8°C/m1n, and the weight
loss is shown in Figure 11.

Two points are significant from these data; namely, the fact that
at least 0.2% weight is lost below the melting point of LiF (870°C), and no
further weight was lost beyond 1.4U4% after reaching 1300CC. The zero point
for recording weight loss was taken at 600°C, and at this temperature impuri-
ties from handling and physically adsorbed H»0 should have been evaporated.
Some chemisorbed HpC may be included in the 0.2%+ weight loss between 670°0
and 870°C, but it is most probable that LiF diffuses to aml evaporates from the
surface below its melting point glving rise to a significant portion of this

weight loss. This sample was hot pressed at 800°C and 5C00 psi for 5 minutes

in a &‘y vacuum, and in view of these results it is probable that some weight

loss occurred during hot pressing.

thet only 1.44% LiF was driven off while the sample originally contained 2% LiF.

«33-
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Figure 11 Weight Loss of MgO + 2% LiF as a Function of Temperature
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An isothermal weight loss experiment was conducted at 1050 'C by
heating to this temperature in as slort a time as possible (90 minutes) and
holding until weight loss was halted, Again, the weight loss was zeroed at
6OOOC, and these results are given in Figure 12.

The kinetics of the weight loss will not be analyzed in detail
since other temperatures and longer times would be required to reach any conclu-
sions concerning the mechanism of the LiF diffusion and evaporation. The weight
bss appears to be complete st 1.56% which is below the level of LiF added to
the original Mg0 powder. Again, this indicates thet LiF is lost in the hot
pressing. However, the sample did not beccme transparent while a companion
sample from the same billet had fair transparency after annealing 91 hours at
125000. This would indicate that some LiF still remains in thLe weight loss
sample or more likely the LiF is lost and the opacity 1is caused by internal
volatilization of LiF during the rapid heat up.

Based on these annealing and welght loss experiments a cycle was
adopted as standard which was utilized on the billets listed in Tables III
and IV after Nos. 1123 and Mg VF-14 (except Mg VF-22, 25, 25 which were
heated to 1250°C in air for several hours followed by~ 50 hcurs in Hy at
1250°C). A Kanthall wound furnace was heated at O.RGOC/min to 125000, and
temperature was maintained for & minimum time of 27 hours. Several billets ?
listed after Mg VF-1h were annealed in this furnace for longer times (up to
96 hours), but this did not result in ncticeatly improved transparency.

Directly after hot préssing a LiF countaining phase exists in the
grain boundaries (Figure 9), and the annealing process precsumsbly allows LiF
to diffuse to the surface and volatize into thé atmosphere., A high heating

rate apparently does not allow the LiF to diffuse sufficiently to the surface
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prior to developing a high vapor pressure which will cause porosity genera-

tion. A slow heating rate combined with a long high temperature hold in the

hot pressing cycles are apparently necessary to give the pore free microstruc-

ture illustrated in Figure 13.

C. Optical Properties of Mg0

Total transmission curves for several of the most transparent small

g e

and large specimens are shown in Figures 14 and 15 respectively. Figure 15

e

shows the transmittance data for the most transparent specimens made by hot

pressing pure MgO (V-30) while the remaining specimens were made by the MgO - LiF
process. Macroscopic photographs of some of these same specimens and several ‘
produced near the end of the program are shown in F:gures 16 through 19.
The transmission data was taken on an extended range Beckman DK-2 ratio re-
cording spectrophotameter with attached integrating sphere. The transmission
curve for National Bureau of Standards Didymium glass was employed as a cali-
brating reference.
This transmittance data is for specimens of different thicknesses which

makes a comparison between specimens difficult. The absorption of a trans-

e e

mitting electromagnetic wave is given by Lambert's equation:
/1, = e¥X (9)

>

where T, is the initial intenzity, u is the absorption coefficient, and x is

the specimenz thickness. The absorption coefficient was determined by cleaving
a series of Mgl single cry-tals cto iifferent thicknesses. Care wvas taken to
utilize surfaces which showed fev cleavage steps, and to utilize crystals of

the same color (presumably the same purity).
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Polished Specimen MgVF-28 Pressure Sintered at
8230¢ - 1010°% - 305 minutes - 5000 psi and
annealed for 99 hours at 1250°C in Air.
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Figure 18

Unpolished Specimen MgVF-34 Pressure Sintered
at 83000-1000°C - U50 minutes - 5000 psi and
annealed for 55 hours at 1250°C in air.
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Six spectral relative transmittance determinations as a function of
specimen thickness are shown in Figure 20. The sbsorption coefficients were
calculated from the slope of these lines, and this parameter 1s shown as a
function of wavelength in Figure 21. The "otal transmission data for the
large and smell scale specimens having the highest transmittance were corrected
to a common thickness (3/8 inch = 0.952 cm) using equation (9) and the calcu-
lated absorption coeftficients. The corrected transmittance curve is shown
in Figure 22, where the specimen.number 1123 4 was small scale specimen having
an sctual thickness of 0.275 cm and specimen number Mg VF-5-IV was a 0.983 em
thick section of a W-inch diameter billet. This caleulation shows that the

small scale specimen possesses a higher absolute transmittance.

Summary and Conclusions

1. Translucent MgO can be produced from pure MgO by hot pressing in vacuum
under carefuliy controlled conditions. A body having 60% total transparency,
adequate for in line visual observation, can be obtained by annealing in H2
at 1250°C for 160 hours. This process is very critical to conditions and
starting material; consequently a very high reject rate presently exists, and
while this reject rate could be lowered a major fabrication refinement program
would be required.

2. MgO specimens having 85% total transmission in the visible range can be
fabricated by low pressure (4-6 kpsi) hot pressing followed by an anneal
utilizing a slow heating rate and prolonged sosk at 1250°C. A prolonged soak
( >1 nour) at 950°C in the hot pressing step aids the final transparency
presumably because LiF is volatilized during this soak making LiF removal

during ihe annealing step less disruptive to the structure. In sections 3/8"
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thick 70% transmission was obtained, and it appears that the increased diffusion
distance for LiF removal causes internal volatilization resulting in pore
generation. Evidence was obtained for less critical fabrication conditions by
high pressure (2 15 kpsi) hot pressing, but this fabrication regime was not
refined to the extent necessary to adequstely define the conditions.

3. Densificationr in the MgO - LiF process is thought to occur by pressure
enhanced diffusion in a solid solution grain boundary layer. At temperatures
above 870°C (the melting point of LiF) 1iquid phase pressure enhanced sintering

is the probable mechanism.

-49-

T RRNE

PR

.
i
3
13




e RN

e -y

References

1. T. Vasilos and R.M. Spriggs, "Pressure Sintering: Mechanism and Micro-
structure for Alumina and Magnesia," J. Am. Ceram. Soc., 46, 10, 493-96 (1963).

2. L.M. Atlas, "Effect of Some Lithium Compounds con Sintering of MgO," J. Am.
Ceram. Soc., 40 (6) 196-99 (1957).

3. R.W. Rice, "Production of Transparent MgO at Moderate Temperatures and
Pressures," 64th Annual Meeting Am. Ceram. Soc. abst. Am. Ceram. Soc.

Bull. k1, (4), 271 (1962).

L. M.W. Benecke, "Effect of Lithium Fluoride on the Densification of Magnesium
Oxide," M.S. Thesis 1965, Dept. of Mineral Technology, Univ. of Calif.,
Berkeley, California.

5. R. Lindner and G.D. Parfitt, "Diffusion of Radioactive Magnesium in Mag-
nesium Oxide Crystals," J. Chem. Phys. 26 (1) 182-85 (1957).

6. E.Y. Oishi and W.D. Kingery, "Oaygen Diffusion in Periclase Crystals,

J. Chem. Phys., 33 (3) 905-906 (1960).

7. R.L. Coble, private communication

8. T. Vasilos, private communicetion

<50~

L O SO — o e —————————s o

e




UNCLASSIFIED
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security cleseification of ttle, body of abetrect and Indexing annotation must! be entered when the overs!] repart 18 classilied)

1 ORIGINATING ACTIVITY (Corporete suthor) 20 REPOAT SECUMITY C LASSIFICATION
AVCO Corporation, Space Systems Division
Lowell, Massachusetts 01851 it emour

3. REPORY TiTLE b

DEVELOPMENT AND EVALUATION OF TRANSPARENT MAGNESIUM OXIDE

4 OESCRIPTIVE NOTES (Type of repor? and inclusive datse)

Final Report 15 October 1965 to 15 November 1966

8 AUTHOR(S) Last name. firet name, initial)

Rhodes, William H.
Sellers, David J.

Vasilos, Thomsas
¢ REPORT DATE 78 TOTAL HO. OF PAGES 70 NO OF mEFY
February 1967 50 8
88 CONTRACTY OR GRANT NO. 98 ORIGINATOR'S AEPORT NUMBER(S)
DA-19-066-AMC-291 (x) AMRA CR 67-01 (F)
b BROJECT NO.
1A024k01A110
c 0. OTHER n,ooav NO(S) (Any other numbere that may be asasigned
this report
B .

10 AVAILARILITY/LIMITATION NOTICES

Distribution of this document is unlimited

11 SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U.S., Army Materials Research Agency
Watertown, Massachusetts 02172

13 ABSTRACT

The densification parameters for hot pressing MgO to a theoretically dense
polyeryetalline body has-been.studied. Two experimental approaches were followed;
using pure MgO powders, and preseing mixtures of Mg0 plus small amounts of LiF.
in the former case specimens having 60% total transmission (edequate for in line
observation) were obtained by very precise control of the fabricatior condi-
tiors followed by a long term anneal in hydrogen. The MgO ~ LiF process yielded
thin specimens having 85% total transmission in the visible, and 3/8 inch thick
specimens possessing a maximum transmission of T70%. A post hot pressing anneal at
temperatures greater than 1200°C and heating rates leass than 28°C/hour were re-
giired to produce meximum transparency. Evidence obtained by grain growth
studies, weight loss experiments and lattice parameter determinations suggest that
the densification mechanism for this process was pressure-enhanced diffusion thrOugh
a snlid solution grain boundary layer and a grain houndary phase. At tamperatures
atove the melting point of LiF a pressure-enhanced liquid phase sintering
mecranisn probably operates,

DD "% 1473 UNCLASSIFIED
Security Zlassification




ULCLASSIFIED

Secunty Classifieation

XEY WORT S

Magnesjum Oxide
Transparent
Opticel Properties

Hot Pressing

LINK A LiNK Linw ¢

AROLE

we HGLL "~

P

LATSY' % I w?

N

)

i \

| | [

INSTRUC TTONS

1. ORIGINATING ACTIVITY: Enter the name snd addreas
of the contractor, subcontractor, grantee, Depsrtment of De-
fense activity or other orgsnization (corporate author) 18suing
the repon.

2a. REPORT SECURITY CLASSIFICATION: Fater the over
all security classification of the report. Indicate whether
“Restricted Data" is included Marking is to be in actord
ance with uppropriate security regulations,

6. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
mnr:mg)s hsve been used ior Group 3 and Group 4 as author-
wzed. : :

3. REPORT TITLE: Enter the complete report title in ajl
cspital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifice
tion, show title classification in all capitals in parenthesis
immediately foilowing the title,

4. DESCRIPTIVE NOTES: If eppropriste, enter the type of
report, e.q., interim, progress, summary, annual, or final,
Give the inclusive dates when s specific reporting period is
covered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report, Enter last name, [irst neme, middie initial,
If militery, show rank snd branch of service. The name of

the principal euthor is an absolute minimum requirement.

REPORT DATE: Enter the dete of the report aa day,
month, yesr, or month, year. I more than one date appesars

on the report, use deate of publication,

7s. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e,, enter the
number of pages containing information.

76. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

fa. CONTRACT OR GRANT NUMBER: If spproptiate, enter
the appitcable number of the contract or grant under which
the report was written,

8h, B, & 84. PROJECT NUMBER: Enter the spprop.iste
militery department identification, such as project number,
subpiruject number, system numbers, task number, etc.

92, ORIGINATOR'S REFORT NUMBER(S): Enter the offi-
c1al report aumber by which the document will be 1dentified
and controlled by the originating activity. This number must
he unique to this report.

5. OTHER REPORT NUMBER(S): [f the report hes been
sssigned any other report numbers (erther by the originatsr
or by the sponsor), slsc entér this number(s).

10, AVAILABILITY/LIMITATIONV NOTICES: Enter sny Iim-
itations on further dissemination of the report. other than those
imposed by security classificetion, using standard stutements
such as:

(1) *“*Quslified requesters may obtain copies of this

report from DDC.*’

“Foreign announcement and dissemination of this
report by DDC is not suthorized."’

"U. S. Government agencies may obtsin copies of
this report directly from DDC, Other qualified DDC
users shall request through

2

3)

U, S. military sgencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(4)

*All distribution of this report is controlled Qual-
ified DDC users shall request through

(s)

”
If the repont has been furnished ¢, the Office of Technical
Services, Department of Commerce. for sale to the public, indi-
cate this fect and enter the price, il known

11, SUPPLEMENTARY NOTES: Use {or additions’ explans-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the :sme of
the departmental project office or laboratory sponsoriug (pay
ing for) the resesrch and development. Include sddress.

13. ARSTRACT: Enter an abatract giving @ brief and factuel
summaty of the document indicative of the report, even though
it may alzo appear eisewhere 1n the hody of the technical re-
port. If additional space is required, 8 continuation sheet
shall he attached.

it is highly desirable that the abatract of classified re-
ports he unclassified. FEach paragraph of the ahatract shall
end with an indication of the military secunty classificstion
of the information in the paragraph, represented an (TS). (S).
rC). or (L)

There 18 no limitatinn nn the length of the abstrace.
ever, the suggesterd lenpth 1s from 150 to 228 words.

14. KEY WORDS. Key words are technically meaningful terms
or short phrases that chara~terize » report and may be used as
index entries for catsloging the report. Key words must be
selected an that nc security clansificaton 18 required. lden-
fiers, such as equipment model deaignatinn, trade name ~ule-
tary project ¢ e name, geographic location, mav be uted as
ey worda hut will be follawed by an indication of techmeal
content. The assignment ~f hinks, rules, and weightt s
nptionsl.

How-

UNCLARSIFIED
“Security Classilication



