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Introduction

,The object of research performed under this contract is to use a

laser beam to synthesize and/or modify ceramic powders to obtain powders

of very high quality for use in sintering or hot pressing . Among the

powder qualities known to be highly desireable for sintering are small

diameter, narrow size distribution , impurity control and a nearly spherical

shape. The laser offers a clean heat source without a hot—walled chamber ,

and a well defined and controlled hot zone.

Initially, synthesis and modification of silicon nitride is being in-

vestigated. Three techniques are being developed :

(1) Size reduction and property modification of powders. (2) Synthesis

of fine uniformly—sized powders formed from gas phase reactants. (3) Syn-

thesis of composite particles formed by pyrolysing a gas phase reactant

onto the surface of a heated particle. ._ —----

Status

This is the second of the reports issued on a bi-monthly basis to bring

the schedule onto a July,September , December,March report scheme . The next

report in July , will be the annual report.

During this report period , work has progressed on techniques (1) and (2)

above, while technique (3) will await development this next year. Under

technique (1), powder modification , the following results were obtained :

(a) Air entrained particles were successfully passed thr~ jh the waist of the

laser beam at a flow rate near the Stokes settling velocity and recovered.

(b) Static experiments were continued and it was determined that the technique

is limited by laser power. I ~~
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(c) Comminution models were further studied and evidence for both N
2
(g)

evolution alone and N
2
(g) + Si(g) evolution were found.

In the portion of the program directed toward synthesizing silicon

nitride powders from silane and ammonia, the following results were ob-

tained: (a) The absorption coefficient of ammonia was measured and 
~~)

powders were synthesized from a equimolar mixture of silane and ammonia.

They were found to be very uniformly sized.

As of April 1, John Flint and Professor Forbes Dewey of the Mechani-

cal Engineering Department will be supported part—time under this contract.

Previously they were contributing, but under funds from the M.I.T. Energy

Laboratory. Steven Danforth recently graduated from Brown University with

a Ph.D. and has joined the program on a full-time basis as a postdoctoral

student.

Powder Size and Shape Modification

As we reported previously, while particle comminution was achieved by

• passing particles through nearly focused CO
2 
laser beams, the extent and

rate of diameter reduction were not as high as our calculations had pre—

dicted. These flight experiments were not carried out under conditions where

power intensity and exposure time were maximized. For these reasons, dur-

ing this period , we have concentrated on maximizing the exposure to which

the particles are subjected in flight experiments, as well as continuing to

map out the experimental conditions which result in diameter reduction with

the static-pulsed experiments reported previously.

Near the focal length, the radius of light beam differs substantially

from a simple linear convergence to a point which is a good approximation
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at other locations along the beam axis. The exact description depends on

a number of factors including the energy and wavelength distributions in

1’ -)
the emitted light beam. Dickso~ ‘has analyzed the l/e~ radius of a propaga-

ting gaussian beam as a function of initial radius and lens focal length.

The results of these calculations applied to the CO2 laser and 5 inch nomi-

nal focal length lens used in these experiments are given in Figs. 1 and 2.

Fig. 1 shows experimentally measured “burn spot” r ad i i  as wel l  as the c~ lcu-

lated beam radius as a function of distance from the lens. Fig. 2 is an

expansion of the region near the focal length. The power den siti cs aYe

calculated on the basis of a 170 watt maximum emitted CW power. The peak

power in the pulsed mode is approximately 5-10 times higher than th maximum

CW power level. The maximum power density which we can achieve with the’

available equipment in its present configuration is approximately 2 X 10

watts/cm
2 

in a CW mode and in excess of io
6 watts/cm

2 
in a pulsed mode’.

Modifying the equipment to use a 2 1/2 inch focal length lens will reduce

the minimum bean radius by approximately a factor of two, giving powder

densities which are four times higher; however , injecting the particle-s

into the center of a 180 pm diameter region presents a difficult problem.

The power balance between the heat absorbed and the val  ious heat loss

mechanisms has been examined further. This equality is:

i 

~ 
= c~ 

!! ~~_- p + hlTd
2 (T - Ta~~~

) + ca wd 2 (T 4 - T
4

~~~~~~
) + J1Td2

~~H

where
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I — beam intensity
d particle diameter

cabs 
= Mie absorption eff ic iency

C~ = specific heat

p = density
h = convective heat t r ans fe r  coeff ic ient
£ =

a = Boltzman radiation constant

3 = specific molar vaporization rate
8H = molar heat of vaporization

For power densities greater than 1O 3 watts/cm
2
, the sensible heat term

dominates the heat losses for temperatures up to levels where Si
3
N
4 
decomposc~

CT 1900°C). For power densities in the range of 1O
4 
watts/cm

2
, heating

rates of 40 pm diameter particles will be approximately 8 x 10
5
°C/sec.

Once temperatures are reached where an endothermic decomposition reaction

proceeds, the last term in the expression dominates the heat losses and a

nominally constant temperature reaction will proceed at a rate which is con-

trolled by the power absorbed by the particle. The time-temperature history

experienced by a particle can be approximated accurately by linear tempera-

ture rise to the decomposition temperature followed by a constant tempera-

ture plateau which persists until the absorption efficiency 
~~abs~ 

decreases,

because the particles become too small to couple efficiently. Fig. 3 shows

predicted time-temperature curves for 40 pm diameter Si3
N
4 
particles exposed

to various power densities of 10.6 pm light. The h 0 curve represents

particles heated in vacuum to eliminate convective losses and h =29 cal/sec

is a convective heat loss coefficient typical of a turbulent boundary

layer in 1 atmosphere pressure air. ?~~~~~wer d~c~s ies greater than 5 x

0 
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watts/cm2, conVective loss mechanisms have a negligible effect on heating

rate 3 however , ambient pressure might well be expected to effect vaporiza-

tion kinetics. These results show that Si?4 decomposition temperatures

should be reached in a milisccond or less with power densities which are

readily achieved with the laser which is being used .

Two decomposition mechanisms have been considered . In the first , wh i ch

is typical of normal vaporization k i net i c s , 
~~?4 decom}’osit ion to Si liquid

and N .~ (g) : the heat for this dt’compos i t  ion eact ion is 8. t~ x l0~ io u t es ,

mole • We have postulated that at hiqher vape’i I zat ion ra t e~~, ~;t oi ~‘hi omet: ~ e’

vaporization to Si gas and N
2 
gas will occur with heat of sul’ltmat ion ot

2.0 x lO~ joules/mole.  The f i r s t  reac t ion  w i l l  leave’ .1 Si pa rticl e ’ if the

react ion pt  ceceeds to complet ion , which has a diameter e -g t i a l  of 04% of the

diameter of the or ig ina l  100% t’nse’ Si 
3

N
4 

par t i c it - . l’art  i a 1 d. ‘t -em~ os i t  ion

will  produce a Si skin on a Si
3
N

4 
core. The sublimation reaction wil.!

leave a reduced diameter 
~
j ?4 par t i c l e . Table I summarizes , for  v a i l o u s

power i n t e nsi t ie s , the times required for a 30 pm diameter .l?4 L’ . & t t i c l e

to reach 2000°K, the times required to decompose it to Si according to  the

first model and the times required to reduce it~• diameter from .~~~~ t o  -~~~ ~Jm

according to the second model.

CALCULAIED RESIDENCE TI MES

S13N4(s)-i’.- 3Slcl )+ 2N2(g )

4H~~8.6xIO
5 Joules/mole

St 3N4(s)—.3S1(g)+ 2N2cg)

£H. 2.Ox)06 ) oules/rnole

Hw/cm2) Transient Decomoosttton Subflmotlon
~.1r~e to 20000x time time (~ O.2ç~a.i~)

20x10 3 58,6x10 tLOxtO 3

- 
1.5x10 3 5.86x10 3 11x10 3

io5 O.2x 10 3 O.59x 10 3

r ~~~~ 
—- 
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We recognize that these two model responses of the particles to the

laser are both simplified and idealized . The particles may respond in a num-

ber of possible ways which involve different diameter reduction mechanisms

and rate controlling processes. For instance , nonisotropic vaporization

can self-prope l the particles out of the assumed trajectory at near sonic

velocities. The vaporization products may shield the particl es from the

incident radiation and either absoi bed water , shockwaves or rapidly ex-

panding N
2 
gas could cause the particles to explosively elect debris by non-

vaporization processes. The two models analyzed in  Table 1 , rtpresent cases

where heat input is rate l i m i t i ng .

Fig . 4 summar i ~t’s experimental condi t ions under wli i ch diameter reduction

has been achieved , operational limits which are accessible with t h e  existing

equipment and predicted times requited to reduce particle diamet ers. In

static experiments , Si
3
N
4 

particles wero placed on Si suhstratec aol subject-

ed to varying intensity and duration pulses. The irradiated regions were

examined microscop ically t o  determine the conditions which resulted in p a r t  ich’

size reduction . These conditions are grouped int.o three catagories: no

size reduction , size reduction less than 50% of non-irradiated diameter ,

size reduction greater  than 50% of n o n — i r r a d i a t e d  diameter. The combinations

of power i n t e n s i t y  and pulse length which resul ted in diametet re’du~ t ion art’

demarked by the cross—hatched region on the figure . The dotted lint’ caption-

ed “Maximum CW Power” represents the maximum power density which can be

achieved with the existing laser (P 170 watts CW) and focusing optics
max

(5 inch focal length lens). The 3 lines captioned “Stokes Settling Velocity”

represent the time required for particles to pass through the laser spot of

a diameter corresponding to the indicated power density with the laser ope r-

ated at max imum CW power when the particles travel at their stoke ’s sett ling

velocity. These curves .represent the maximum exposure times which can be ach i eved

____________— r~~~~~~i_ ~~~~~ -=-~---~~~~~ . ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~ ~~~~~~1~~~~~~~~~~~ -~~~~~- -1



T
with various particle sizes since the actual particle velocity must exceed the

settling velocity in most experimental configurations. Thus, the only set of con-

ditions where comininution can be anticipated in flight experiments, based

on the pulsed experiments , is the double cross-hatched , triangular re-

gion at power intensities ranging from approximately 1-2 x 10~ watts/cm
2

and dwell times from 2-10 x lo 3
sec. The line captioned “Sublimation ”

represents the time calculated to reduce the diameter of Si
3
N
4 

nitride par-

ticles from 30 to 20 pm (the sum of the second and fourth columns in ‘I’able I).

At a power density of l0~ watts/cm
2 
the agreement between the calculated

dwell time and the pulse length of the static experiments i”; within a fac-

tor of 5 and appears to be improving at higher power densities. However ,

at lower intensities the agreement between calculated and experimental values

is not good. We do not understand this discrepancy and the trend at this

time. Most of the deviations from the assumed models should m ake the agree-

ment better at lower power densities and worse at higher power densities In

contrast to the observed behavior . One possible explanation is that at lower

power densities and longer exposure times, the S1
3
N
4 
particles are partially

decomposing to form a Si skin which decouples from the laser. Further analyses

and continued particle characterization are underway to attempt resolvin g this

fundamental issue.

The photomicrographs, Figs. 5, 6, and 7, show S1
3
N
4 
particles which

have been subjected to the CO
2 
laser beam. The central region of Fig. S is

the area which was pulsed in a static experiment and it along with Fig . 6,

illustrate that 20—30 pm diameter particles are reduced in diameter to 10-20

im. The 8 pm diameter particle shown in Fig. 7 was caught on the filter

after passing through the beam in a flight experiment. By the absence of a

solidification morphology or texture , we conclude that there was very little ,

if any, liquid Si produced in these experiments . We also conclude by the

~
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approximate equality between the number of particles per unit area of sub-

strate in the irradiated and non-irradiated regions , as well as the size of

the comminuted par t ic les  in re la t ion to the unef fec ted  pa r t i cle s , that  the

coomtinution process does not result from splitting or fracturing the parti-

cles into pieces which are major fractions of the original particle , i.e.,

they don ’t fracture into halves, thirds , or quarters , etc. This result sug-

qes’s that these particles were reduced in diameter ei ther  by vapor izat ion

or by e jec t ing  very small pieces of debris by an undefined mechanism . We

a~e continuing to characterize the particles and debris , such as the 2 ~rm

particles shown ~n Fig . 6, to con f i rm  th is  observation .

Particles like those shown in Fig. 8 are produced in maximum power in-

tensily f l i g h t  experiments , but they were caught in a direction roughly

parallel to the direction of the laser beam, rather than on the filter along

the path of their  injected t ra jec tory .  They were ev iden t ly  s~-l f-p r opcl led

by nonisotropic vaporization . These particles were clearly li quid at some

time based on their smooth spherical morphology , and have final Liameters

which are essentially equal to the original  particles.  Both character i st ics

are expected if the S1
3
N
4 
particles decompose to Si liquid and N

2 
gas.

These results indicate that two distinct reaction mechanisms can re-

sult when Si
3
N
4 
particles are subjected to high intensity 10.6 pm radiation .

It appears that they either decompose or sublime according to

S1
3N4

(s) + 35j(24 + 2N
2
(g)

or 
Si
3
N
4
(s) -* 3Si(g) + 2N

2
(g)

depending on the power density and exposure time. Much careful work is

required to confirm that these are the operating mechanisms and to identify
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the conditions where each dominates. Both mechanisms can be used to ad-

vantage if adequately controlled . Controlled sublimation should result

in uniform size, spherically shaped particles as we initially proposed .

Partial decomposition of the Si
3
N
4 
particles should leave a Si skin on the

Si
3
N
4 
cores which is the composite structure we derired to enhance reactive

sintering . We will also attempt to form particles with this structure by

pyrouizing a gaseous Si reactant onto laser heated Si3
N
4 
particles.

Synthesis of Silicon Nitride from the Gas Phase

The previous bi-monthly report contained result.s on the measured ab-

sorption coef f ic ien t  of silane to the wavelength output of our CO 2 
laser,

and reported the synthesis of silicon from silane using the laser as an energy

source. The measured absorption coefficient for silane was between 8-10 cm 
1

depending on the radiation intensity.

During this report period , an absorption coefficient for

ammonia was measured by the same technique . The measured value is 0.36 cm

atm
1
. This compares with a literature value

2 
of 0.12 cm ‘atm 

1 
~~ the P(2~~)

line. These literature values, however, were obtained in from 10 to 357

ppm of ammonia in 1 atmosphere of a ir.  Line broadening would account for

the difference .

The results of these absorption measurements indicate that a silanc-

ammonia gas mixture will be heated by absorption of radiation preferentially

by silane. However, provided collision frequency is of the order or less than

the absorption frequency, both gases will heat thermally at the same rate.

The mixture of 10:]. ammonia to silane will be an efficient absorber of energy

according to the measured absorption coefficients. The mixture should absorb

91% of the beam in 1 cm at one atmosphere. This energy will be used very

-
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efficiently when a gas stream the width of the laser beam is introduced

into and normal to the beam.

This is a very encouraging result, since it means that essentially

all the energy will be used directly in the chemical reaction . Since the

reaction

3SiH4 + 4NH3 
+ Si

3
N4 + 128

2

is an exotherinic reaction, the energy contributed by the laser will be used

entirely to heat the gas to a reaction temperature . A CO2 
laser has typi-

cally a 10-15% overall efficiency. Thus the entire powder synthesis process

would have a 10-15% efficiency , not equaled by many powder synthesizing

processes.

During this report period a nearly equi-mixture of silano and ammonia

(25 torr silane , 29 torr ammonia) was pyrolysized in a 15 watt beam to

produce a fine powder. The fine powder was light brown in color, similar

to the powder synthesized from silane only last report period . The infra-

red spectrum of the two are compared in Fig. 8• They contained the broad

bands at 4.6, 9, and 11.5 pm. The 1l.~ pm peak was relatively larger , and

the 9 pm peak smaller in the powder synthesized from the silane-aminonia mix-

ture. The 4.6 pm peak likely corresponds to Si-H band absoprtion and the

9 pm the Si—O band absoprtion. The 11.5 pm peak is associated either wi th

the Si—N or Si—H absorption. Since introducing the ammonia as a reactant

increased this absorption band height, it is likely that it is associated

with Si—N. Evidently the silicon in the powder synthesized from SiH4 
is

partially oxidized and probably nitrided as it is exposed to air , but there

is considerable free silicon as evidenced by the short wavelength absorption.

I
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The decrease in the silicon-oxygen peak by about 1/2 when an ainm~nia-si1ane

mixture is used , indicates that a large number of Si-N bands are formed which
L

do not easily .~xidize. The sharp decrease in short wavelength absorption

indicates considerable silicon nitride forms.

Powders were examined under TEM, SEM , and STEM. Particles were leter-

mined by sel~cted area defraction in the STEM to be amorphous. The particle

size of the ~ilane-aminonia synthesized powders was 200-400 A and spherical.

The particle size of the powders synthesized from silane powder was less

uniform and varied between 200—1000 A . The uniformity of the particle size

in the former case is very encouraging and tends to confirm our original con-

tention that by using the well defined “hot” zone of a lascr , uniform parti-

cles could be produced.

In the coming quarter , larger ammonia-silane ratios will he used to in-

crease the nitrogen content of the particles. A flowing gas system is now

being constructed so that larger amounts of powder can be produced and a

minimal amount of powder will form on the entrance window . With larger a-

mounts of powder , additional characterization techniques will be available ,

such as sputtering ion mass spectroscopy (SIMS), DSC and TGA . Laser chemis-

try experiments are scheduled to begin during the summer. A tunable CO2 
la-

ser will be available with high intensity pulse capabilities. Experiments

will be initiated to alter the chemistry of powders and understand the nuc-

leation process.
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