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The oxidative stability of attrition-milled silicon powder under reaction-bonding processing
conditions has been determined. The investigation focused on the effects of surface area,
polymer char, preoxidation, nitriding environment, and a transitional metal oxide additive
(NiO) on the nitridation kinetics of attrition-milled silicon powder compacts tested at 1250
and 1350°C for 4 h. Silicon powder was wet-attrition-milled from 2 to 48 h to achieve
surface areas (SAs) ranging from 1.3 to 63 m?/g. A silicon powder of high surface area

(63 m?/g) was exposed for up to 1 month to ambient air or for up to 4 days to an
aqueous-based solution with the pH maintained at 3, 7, or 9. Results indicated that the
high-surface-area silicon powder showed no tendency to oxidize further, whether in
ambient air for up to 1 month or in deionized water for up to 4 days. After a 1-day exposure
to an acidic or basic solution, the same powder showed evidence of oxidation. As the
surface area increased, so did the percentage nitridation after 4 h in N, at 1250 or 1350 °C.
Adding small amounts of NiO significantly improved the nitridation kinetics of
high-surface-area powder compacts, but both preoxidation of the powder and residual
polymer char delayed it. Conversely, the nitridation environment had no significant
influence on the nitridation kinetics of a high-surface-area powder. Impurities present in the
starting powder, and those accumulated during attrition milling, appeared to react with the
silica layer on the surface of silicon particles to form a molten silicate layer, which provided
a path for rapid diffusion of N, and enhanced the nitridation kinetics. © 7999 Kluwer
Academic Publishers

1. Introduction be alleviated by chemically vapor depositing a dense
Reaction-bonded silicon nitride (RBSN) has long beenayer of SgN4 or by infiltrating the porous body with
considered a candidate material for hot-section struca SkNg-yielding polymer [5, 6], its fracture tough-
tural components in advanced heat engine applicationsess cannot be altered to any perceptible degree by
[1, 2]. This material is typically fabricated by first conventional processing methods. A possible way to
consolidating 3- to 5¢:m sized commercially avail- solve this problem is to reinforce the RBSN with ce-
able silicon powders into a desirable shape. Then theamic fibers. Previous studies have shown that strong
shaped object is nitrided between 1350 and 24500  and tough SiC/RBSN composites can be fabricated by
N2(g) or in a N-Hz(g) environment for 50 to 100 h reinforcing RBSN with 144xm-diameter SiC fibers
[3]. The main attributes of RBSN are ease of fab-[7]. Although this composite has been used as a model
rication, near net shape capability, high creep resissystem to study structure and property correlation, it
tance, high-temperatue strength, and low density. Itannot be used for high-temperature applications for
spite of these advantages, RBSN is not used for comiwo reasons: (1) it has limited shape capability be-
mercial applications because of its low fracture strengttcause its large diameter fibers cannot be bent to a radius
at room temperature, low fracture toughness, and higkess than 12 mm; and (2) it is prohibitively expensive
internal oxidation rates between 800 and 1000Al-  to machine complex-shaped components from a com-
though its strength properties can be improved by conposite block. Both of these problems can be overcome
trolling the processing variables and post-fabricationby choosing small diameter-{4 nm) SiC fibers as a
treatments [4], and its internal oxidation problems canreinforcement.
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Because of SiC fiber degradation [8], the traditionalfrom the grinding vessel. Then, the silicon slurry was
processing methodology and nitridation cycles usegoured into a rectangular pan and dried for 24 h in a
for monolithic RBSN cannot be utilized in the fabri- vacuum oven setat 60C. The dried powder was trans-
cation of small diameter SiC-fiber-reinforced RBSN ferred to a glass jar and stored in a glovebox that was
composites. Also, fabrication of high-volume-fraction purged continuously with high purity nitrogen.
composites from commercially available silicon pow- The impurities in and particle size range and specific
ders ranging in diameter from 3 to 0m is difficult,  surface area of the silicon powders were determined,
since interfiber distances are typically lessthamiin  respectively, by wet chemistry, laser light scattering
composites containing fiber fractions greater than 20%(Microtrac, Model 7991), and three-point Brunauer-
Therefore, the fabrication of second generation RBSNEmmett-Teller (BET) adsorption (Micromeritics, Mo-
composites with small diameter SiC fibers requires thalel ASAP 2010) techniques.
use of submicron silicon powders and a shorter, lower Some batches of the 48-h-attrition-milled silicon
temperature nitridation cycle that is benign to commerpowders were exposed to ambient air for 1 h, or for
cially available SiC fibers. 1, 7, or 30 days. Other batches were exposed to water-

Submicron silicon powders have been processed bigased solutions maintained at a pH of 3, 7, or 9 for 1 or
a variety of processing routes; namely, laser synthesid days. The pH of the solutions was adjusted with sul-
of silane and hydrogen [9], and attrition or jet milling furic acid or ammonium hydroxide. After exposure the
of commercially available silicon powders [10]. powders were thoroughly rinsed with deionized water
Sheldon and Haggerty [11] have reported that veryuntil no acidic or basic residue remained on the surface
high purity submicron-sized silicon powders have aof the powder.
tendency to agglomerate and are difficult to disperse The silicon compacts, 12.7 mm in diameter and 2
in the organic liquids typically used in RBSN proces-to 3 mm thick, were prepared by uniaxially pressing
sing. They also showed that laser-synthesized, vergttrition-milled silicon powder in a stainless steel die
high purity submicron-sized silicon powders having noat 70 MPa. The compacts were45% dense com-
(or only a fractional monolayer of) silica are prone to pared to the theoretical density of silicon (2.33 glgm
oxidation during air exposure and in contact with manyTo determine the influence of carbon char on nitrida-
of the polymer binders used in processing RBSN. Intion kinetics, the 48-h-attrition-milled silicon powders
addition, they reported that oxidation of these powdersvere blended with 15 wt % polybutyl methyl acrylate
can delay or even completely stop the nitridation re-(PBMA, Aldrich Chemical Co. Milwaukee, WI) or with
action, depending on the degree of oxidation. Thus10 wt % carbon black with an SA of 360%y (Regal
these powders should be handled in an inert environ330 GP3094, Cabot Corporation, Waltham, MA).
ment until nitridation, which imposes severe restric- The silicon compacts were nitrided for 4 h at 1250
tions on their use for industrial-scale processing. Oror 1350°C in a thermogravimetric analysis unit (Net-
the other hand, the oxidative stability and the nitrida-zsch, Model 429/409) equipped with a tungsten-
tion kinetics of submicron silicon powder obtained by element furnace. The nitriding atmospheres were flow-
milling commercially available silicon powder are not ing N2 (99.999 wt %), N+ 4%H, (99.99 wt%), or
fully understood. N2 + 5%NH; (99.99 wt%). These gases were perco-

The objectives of this study were several: first, to dedated through several cartridges of gettering agents to
termine the influence of surface area on the nitridatiorreduce oxygen and water vapor content to less than
kinetics of attrition-milled silicon powder compacts; 10 ppm. After gettering, these gases typically contained
second, to study the oxidative stability of high-surface-3 to 4 ppm of water vapor and oxygen.
area powders in ambient air and under RBSN proces- Following nitridation, the compacts were analyzed
sing conditions, which includes exposure to aqueousfor impurities and phase composition by wet chemi-
based solutions and polymeric binders; and third, tostry and X-ray diffraction (XRD), respectively. Stand-
determine the effects of carbon char, preoxidation ni-ard powder diffraction equipment with a nickel filter
tridation environment, and a nitride-enhancing additiveand CWK,, radiation was used at a scanning speed of
(NiO) on the nitridation kinetics of high-surface-area 1 deg/min for the XRD runs.
powder compacts.

3. Results
2. Experimental procedure The particle size, surface area, and impurity analysis of
Commercial silicon powder (Sicomill grade-IV sup- the as-received and 2-, 8-, 32-, and 48-h-attrition-milled
plied by Kemanord, Ljungaverk, Sweden) was used forsilicon powders are shown in Tables | and Il. According
this study. The as-received silicon powder was attritionto Table |, the as-received silicon powder contained iron
milled to reduce its particle size and, hence, to increasand oxygen as major impurities. As the attrition-milling
its surface area. A silicon nitride grinding medium wastime increased, the average particle size decreased and
used to carry out the milling at room temperature forthe surface area increased, as expected, but the amounts
2, 8,32, and 48 h, with Stoddard (kerosene-based fluiddf yttrium, aluminum, and oxygen impurities also in-
as the grinding fluid. The weight ratio of silicon powder creased. The amount of yttrium and aluminum im-
to grinding medium was-40. The attrition millingwas purities varied with the attrition milling time and
accomplished by using the procedure detailed in [10]reached values ¢f700 and 200 ppm, respectively, for
Afterwards, the excess grinding fluid was siphoned offthe 48-h-attrition-milled powders. The source of these
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TABLE | Particle size, surface area, and impurity analysis of as-that of the unexposed as-milled powder. However the

received silicon powder

Average particle size{m) 23.12
Surface area (Aig) 1.3
Impurities (wt %)
Carbon 0.01
Iron 0.02
Oxygen 0.7
Impurities (ppm)
Aluminum 0.002
Chromium 0.02
Nickel 0.006
Yttrium 0.002

TABLE |l Particle size, surface area, and impurity analysis of
attrition-milled silicon powders

Average  Specific
Milling  particle surface Oxygen Yttrium Aluminum
time (h) size tm) area(m/g) (Wt%) content (ppm)
2 15.94 3.6 1.01 0.002 ppm 30
8 1.44 9.6 145 0.002 ppm 40
32 .54 30 3.71 0.06 wt% 120
48 .48 63 8.87 0.17wt% 200

impurities was the SN, grinding medium, which con-
tained 6 wt% %Oz and 2 wt% AbO3 as sintering
additives.

3.1. Effect of air and solvent exposure

on 48-h-attrition-milled silicon powder
Table 1l shows the oxygen content of the 48-h-
attrition-milled silicon powder batches (SA63 nt/g)

as-milled silicon powders exposed to acidic (pt3)

and basic (pH- 9) solutions show higher oxygen val-
ues after a 4-day exposure than do the as-milled silicon
powders.

3.2. Effect of surface area

on nitridation kinetics
We determined the nitridation kinetics for compacts
prepared from the as-received silicon powder and those
attrition-milled for 2, 8, 32, and 48 h. The surface area of
these powders, ranging from 1.3 to 63/g) depended
on the attrition milling time. Fig. 1 shows typical ni-
tridation behavior of the as-received powder and the
powder attrition-milled for 8 or 48 h and nitrided irpN
at 1250 or 1350C for 4 h. As the nitridation reaction
progressed, the weight increased because silicon was
converted to silicon nitride, but small amounts of sili-
conalso evaporated as SiO(g) or Si(g), whichresulted in
weightloss. In the percentage nitridation plots shown in
Fig. 1, the evaporation of these gaseous species during
the reaction was not taken into account. It is clear from
these figures that there are three regions of nitridation
behavior: an induction period, a rapid nitriding period,
and a nitridation saturation period. As the grinding
time increased—in other words, as the surface area of
the silicon powder increased—the slope of the second
region and the percentage of silicon nitridadtih also
increased.

Fig. 2 shows how percentage nitridation varies with
surface area for the silicon compacts nitrided at 1250
and 1350C for 4 h. Two main conclusions can be
drawn from this figure: (1) as the surface area of the

before and after exposure to ambient air for up to 1lpowder increases, the percentage of silicon converted
month and to water-based solutions with the pH main-

tained at 3, 7, or 9 for up to 4 days. It is obvious from

the table that the weight percent of oxygen present ing 100

the as-milled silicon powder exposed to air for up to 1
month or to deionized water for up to 4 days is similar to

TABLE 111 Oxygen content of 48-h-attrition-milled silicon powder
(SA=63 n/g) exposed to air and to aqueous solutions
Exposure time Oxygen content
(days) (wt %)
As-milled
0 7.70+£1.19
Dry air
1/24 7.58
1 7.56
7 7.97
30 7.27
Deionized water; pH= ~7
1 7.90
4 7.79
Acidic solution; pH= ~3
1 6.4+0.75
4 19.2
Basic solution; pH= ~9
1 6.32+0.53
4 15.8+2.8

s Milling time, hr
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Figure 1 Nitridation behavior of as-received, and 8-h- and 48-h-

attrition-milled silicon powder compacts (SA1.3 nt/g) nitrided in
N2 for 4 h (a) 1250C and (b) 1350C.
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& 100 surface area. However, the maximum weight gain seen
9 Temperature, °C in the compacts nitrided to 90% or greater conversion
Q 80 is ~36 wt %, which is much lower than the theoreti-
I 60 cal value of 66 wt%. The discrepancy in the weight
[1] .. . - .
° gain is partially due to the loss of silicon as SiO and
£ 40 silicon gas, and to the greater amounts of amorphous
5 silica present in the finer powder, which did not nitride
3 20 completely.
£
< 0 ; s : ; \ .

0 10 20 30 40 50 60 70

Average surface area, m2/g 3.3. Effects of nitridation environment

Fiure 2 Variation of ©itrida o with surt . on nitridation kinetics
igure ariation or percent nitriaation reaction with surrace area for H s H H
attrition-milled silicon powder compacts nitrided at 1250 and 1350 -Il\—lhel\llnf-ltjéelgclioi;:lﬁ nirg%?‘ﬂloé)egr\:lil’olgr:i?r?éil(’lngall;? ely'
in N for 4 h. 2, IN2 oriz, 2 0 i

? netics of attrition-milled silicon powders (SAs9.6

» . ) ) __and 63 m/g) was investigated at 1250 and 138D

to silicon nitride also increases; (2) at the higher nitri-(Figs 3 and 4). The lower surface area powder was
dation temperature the conversion rate is higher, espepecifically chosen because the literature mentions the
cially for powders with a low surface area. use of such powders for investigating the influence of

The phase and oxygen analysis of the nitrided asghe nitridation environment on nitridation kinetics. In
received and attrition-milled silicon powder compactsgeneral, adding Hor NHs to N, enhanced the nitrida-
are summarized in Tables IV and V. These tablesjon kinetics of the low-surface-area powder, but had no
clearly demonstrate that as the surface areaincreases tgificant influence on the high-surface-area powder.

amounts ofa-SisNs and B-SisN, in the compacts Resyits are summarized in Tables VI and VI for the
nitrided at each temperature increase continuously, but

the ratio ofa/8 SisN4 decreases, except in the case of
the 63 nt/g silicon powder compact nitrided at 1350. 100
At a given nitridation temperature, the ratio of oxygen © Np+5% NHg
after nitridation to that before nitridation (referred to in © No+4% Hy

the tables as the oxygen ratio) remains nearly the sam_- 0 oN
withincreasing surface area, butdecreases withincreasg |
ing temperature of nitridation. The compacts preparedE 4|
from the highest surface area (63/g) powder and ni- ”

percent
®
o

d
)

-
trided at 1350C for 4 h contained an oxynitride phase 3 20
and lower amounts af-SisN, than the compacts pre- § [ £ . . ' . G
pared from most of the lower surface area powders ni- 7750 100 150 200 250 300 350
trided under similar conditions. Tables IV and V also Nitridation time, min
show that the total weight gain after the 4-h nitrida- 100
tion at each temperature also increased with increasinq‘q:‘)
& 80
TABLE IV Surface area effects on phase compositions and oxygeno:
ratio of silicon compacts nitrided inNat 1250°C for 4 h § 60F
Surface SisNg (Wt %) Unreacted ' é 4 o N2+5:/o NH3
area ol silicon Oxygen Weight £ © No+4% Hyp
Wt%) o B ratio  (wt%) ratio?® gain (%) 5 o0 0 Np
o
1.3 37 0 — 9.3 071 0.80 g o . . . . . , b
3.6 6.7 1 6.7 92.2 0.63 3.60 0 50 100 150 200 250 300 350
9.6 12.3 6.2 21 81.5 0.79 10.04 Nitridation time, min
30 26.3 243 1.08 494 0.76 23.08
63 40.1 36.6 1.09 234 0.72 32.12 Figure 3 Influence of nitridation environment on nitridation kinet-
ics of low-surface-area attrition-milled silicon powder compacts
aRatio of oxygen after nitridation to oxygen before nitridation. (SA=9.6 n?/g) nitrided fa 4 h (a) 1250C and (b) 1350C.
TABLE V Surface area effects on phase compositions and oxygen ratio of silicon compacts nitrideast it880°C for 4 h
Surface area a-SigNg B-SizNg Unreacted silicon SN,0O Oxygen Wt. gain
(m?/g) (wt %) (wt %) alpB ratio (wt %) (wt %) ratié (%)
1.3 18.6 2.8 6.64 78.6 0 0.6 6.80
3.6 26.8 7.1 3.77 66.1 0 0.59 13.70
9.6 34.2 14 2.44 51.7 0 0.67 26.48
30 34 36.5 0.93 29.5 0 0.68 34.20
63 9.1 73.5 0.12 10.7 6.8 0.67 36.10

@Ratio of oxygen after nitridation to oxygen before nitridation.
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£ 100 TABLE VIl Effects of nitriding environment and temperature on
8 phase compositions and oxygen ratio of nitrided 48-h-attrition-milled
@ 80 silicon powder compacts (SA ~63 nt/g)
a
8 60} SizNy
2 © No+5% NH3 (Wt9%) Unreacted
E 40 © No+4% Hop Nitriding = ol silicon SikN2O  Oxygen
= 8 No environment « B ratio  (wt%) (wt %) ratic®
3 20
o
g e ‘ . . . . (@) At 1250°C
0 50 100 150 200 250 300 350 N2 154 485 0.32 33.1 3.4 0.77
Nitridation time, min N2 + 4%H, 155 58.0 0.27 19.7 6.8 0.83
N2 +5%NH; 14.7 575 0.26 20.7 7.1 0.93
= 100 At1350°C
g 80l N2 9.1 735 0.12 107 6.8 0.66
o OO N2 + 4%H, 85 759 0.11 156 0 0.89
> e o Np+5% NH3 2
§ 601 o No+4% Ho N2 + 5%NH; 31 773 004 76 11.9 0.87
= 40 aRatio of oxygen after nitridation to oxygen before nitridation.
c . s .
= Duration of nitridation=4 h.
3 20 4
E L 1 1 1 1 (b) 'E‘
0 50 100 150 200 250 300 350 o
Nitridation time, min 2100 F
Figure 4 Influence of nitridation environment on nitridation kinet- 'g 80
ics of high-surface-area attrition-milled silicon powder compacts 'g 60+
SA =63 nt/g) nitrided fa 4 h (a) 1250C and (b) 1350C. =
( g) nitrided fa (a) and (b) E a0l o 3 wi% NiO
g 20 < 0 wt% NiO

low- and high-surface-area powders, respectively. At a< 20 100 150 200 250 300 350
set nitridation temperature, the low-surface-area pow- Nitridation time, min

der nitrided in N yielded a consistently lowet-SizN4

content tharx-SizN,4 content, and a lowes/8 ratio  Figure 5 Nitridation behavior of 48-h-attrition-milled silicon powder
than did the same powder nitrided i N 4%H, or in  comPacts (SA=63 n?/g) nitrided in N with and without 3 wt % NiO
N, + 5%NHs (a) 1250°C and (b) 1350C.

Conversely, the high-surface-area powder nitrided at

12500(? y_ielded ”‘?a”y the Sa.m.Si3N4 cpntent and were blended with 0.5, 1.5, and 3.0 wt % NiO powder
alp ratio irrespective of the nitriding environment. At _ - pressed into pellets as usual; then they were ni-
1350°C, the nitriding environment again had no effect,trided at 1250 and 135 in nitrogen for 4 h. Fig. 5
but thea-SisN4 content andy/§ ratio were lower than  yenicts the typical nitridation behavior of compacts

those observed at 125G. with and without 3 wt % NiO at 1250C. Obviously,
NiO-containing compacts show faster nitridation ini-
tially, but after 4 h the percentage nitridation is nearly
the same as for those without NiO. Since the as-received
silicon powder contained a small amount of iron impu-
Tities, and since iron is also known to enhance nitrida-
tion kinetics [3], the nitridation data of high-surface-
area silicon powders containing different levels of NiO
additive was plotted to reflect the combined effects

TABLE VI Effectsofnitriding environmentand temperature onphase of the iron and nickel impurities. Fig. 6 shows the
composition and oxygen ratio of nitrided 8-h-attrition milled silicon
powder compacts (SA ~9.6 n?/g)

3.4. Effect of transitional metal impurities

on nitridation kinetics
To understand the influence of transitional metal impu
rities on the nitriding kinetics, attrition-milled silicon
powders having a nominal surface area~a3 nv/g

-
- SiaNa (wt96) Unreacted g
Nitriding 7 B silicon Oxygen g 100 —0
environment  « B ratio (wt %) ratic® o
- 90
At 1250°C _8 80 Temperature,
N2 17.5 69 254 756 0.90 = C
70+ o 1250
N2 + 4%H, 59.7 7.8 7.65 32.6 0.96 E o 1350
N2 +5%NH;  60.8 73 833 31.9 0.89 3 60k
At1350°C g 5 , , , .
N2 342 140 244 517 0.67 0 0.5 1.0 1.5 2.0 25
N3 + 4%H, 483 384 1.26 13.3 0.79 Total Fe and Ni content, wt%
N2 + 5%NH; 52.7 28.4 1.86 19 0.82
Figure 6 Variation of percent nitridation reaction with transitional
aRatio of oxygen after nitridation to oxygen before nitridation. metal impurity content for attrition-milled silicon powder compacts
Duration of nitridation=4 h. (SA=63 n?/g) nitrided in N> at 1250 and 1350C for 4 h.
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percentage nitridation at 1250 and 13&0for com-  ously presented for the silicon powder compacts with-
pacts whose total iron and nickel impurities varied fromout carbon char. It appears from the data that car-
200 ppm to 3.0 wt %. This figure indicates that to fully bon generally retards nitridation in the early stages.
nitride the silicon compacts at 1250 and 1380com-  The type of carbon also appears to affect nitridation
bined iron and nickel impurities 6f0.6 and~0.4wt %,  kinetics; the carbon char from the PBMA polymer
respectively, are required. The phase analysis resuldelays the initiation of nitridation much more than car-
of the NiO-containing compacts nitrided at 1250 andbon black does. However, aftd h the percent ni-
at 1350°C indicate that theiwe-SisN4 and 8-SisN4  tridation with and without carbon char is nearly the
contents are similar to those in compacts without NiO,same.
under similar nitridation conditions. On the other hand,
chemical analysis indicated an oxygen ratio~e9.5
for compacts containing-3 wt% NiO that were ni- 3.6. Effect of preoxidation
trided at 1250C, which is much lower than the 0.75 on nitridation kinetics
measured for compacts that contained no NiO but wer@revious results showed that high-surface-area sili-
nitrided at the same temperature. A similar trend wagon powders are susceptible to further oxidation when
also noticed for compacts nitrided at 13%Dwith and  exposed to acidic or basic solutions. To study
without NiO. the influence of oxidation on nitridation kinetics,
the 48-h-attrition-milled silicon powder compacts
(SA =63 nt/g) without additives were first oxidized in
3.5. Effect of carbon impurities air to 5 or 10 wt % gain to grow an additional layer of
on nitridation kinetics silica on the silicon. These compacts were nitrided in
Fugitive polymer binders are generally used in ceramia\, or in a N, + 4%H, mixture at 1250 and 135
processing to facilitate consolidation of a ceramic pow-for 4 h; see Fig. 8. For comparison purposes, the figure
der. When ceramic powder compacts containing a polyalso includes the nitridation kinetics of unoxidized sil-
mer binder are heated in an inert environment, theyCon compacts. Clearly, as the degree of preoxidation
leave small amounts of carbon charg wt%) in the increases, the incubation period for the start of the ni-
material. To evaluate the effect of carbon char and cartridation reaction also increases and the nitridation rate
bon on the nitridation kinetics, 48-h-attrition-milled decreases. The nitridation rate of the 5%-oxidized com-
silicon powder was mixed with 15 wt % PBMA binder pacts nitrided in M was generally lower in the initial
or 10 wt% carbon black. Pyrolysis of the 15 wt% stages, but after 4 h, the percentage convertedstd,Si
PBMA-containing powder at 50 invacuumyielded  reached a level similar to that of the unoxidized powder.
~2 wt% carbon char. To investigate the nitriding ki- The 10%-oxidized compacts, on the other hand, were
netics of silicon compacts containing the two differ- only partially nitrided in N. In the N + %H, environ-
ent levels of carbon, the compacts were heated ghent, however, both the 5- and 10%-oxidized powder
1250 or 1350C in nitrogen for 4 h. The results are compacts were significantly nitrided, although the ni-
shown in Fig. 7 along with the nitridation data previ- tridation rate in the initial stages was slower. Neither
the oxidation of the powder nor the addition o$ kb
the nitrogen had an appreciable effect ondfig ratio
of the nitrided compacts.

€ 100
8 The influence of a nitride-enhancing additive on the
g 80r nitridation kinetics of preoxidized silicon compacts
I 6o} Carbon similar to those just discussed was also investigated.
b C‘;,t“t;"t! Figure 9 shows the nitridation kinetics of preoxidized
£ 40 .0 silicon powder compacts containing 3 wt% NiO at
3 20 o 0.3
- T
0 50 100 150 200 250 300 350 Amount Open symbols,
Nitridation time, min oxidized, nitrided in No
wt% Solid symbols,
« 100 = 100 nitrided in No+4% Hy
[V] (93
(5] (&)
e g § 80
8 Carbon 3
g g content, 8 60
g wt% 8
= = 0 2 4
s 4 o 03 £ 4
o 1 c
3 2 ° 10 3 20
5 e B R g _
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Nitridation time, min Nitridation time, min

Figure 7 Nitridation behavior of 48-h-attrition-milled silicon powder Figure 8 Influence of nitridation environment on 48-h-attrition-milled
compacts (SA= 63 m?/g) containing 0.3 wt % polymer char and 10wt % and preoxidized silicon powder compacts (S&3 n?/g) nitrided at
carbon black nitrided in pifor 4 h (a) 1250C and (b) 1350C. 1250°C for 4 h.
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‘E accepted models, nitridation starts with devitrification
8 100 of the silica layer and a reaction between the silica layer
3 sol and silicon that results in SiO(g). The SiO subsequently
3 Amount reacts with N to form either SiN4 or a combination of
2 60 oxidized, SisN4 and SpN,O. The series of reactions that control
T 40 o W1t0/ ° nitridation are as follows:
S o 5
g 20 = 0 Si(s)+ SiOx(s) = 2SiO(g) (1)
< s 1 1 ] 1 1 . .
0 50 100 150 200 250 300 350 2Si(s)+ 0,(g) = 2SiO(g) (2)
Nitridation time, min . .
Si(s)+ H20(g) = SiO(g)+ H2(9) 3)
Figure 9 Effect of 3 wt% NiO additive on nitridation kinetics of : o -
48-h-attrition-milled and preoxidized silicon powder compacts £5A SIOZ(S) + Hz(g) - HQO(g) + SIO(g) (4)
63 nt/g) nitrided in N> at 1250°C for 4 h. 3SiO(g)+ 2N2(g) — Si3N4(S) + 1‘502(9) (5)

1250°C in Ny, along with the nitridation data of an or

unoxidized compact containing the same additive. By

comparing Figs 8 and 9, we see that the retardation 25i0(9)+ N2(9) = SN20(s)+ 0.502(9)  (6)

of the nitridation reaction due to preoxidation can, to H,O(g) = Ha(g) + 0.50,(q) (7)
a great extent, be overcome by adding a nitridation-
enhancing additive. The preceding equations indicate that the SiO(g)

required for gas phase nitridation is generated by
four likely reactions: silica reacting with silicon

4. Discussion (Equation 1), and residual oxygen or moisture in the
According to Tables | and I, both the as-received andnitrogen reacting with silica and silicon to actively ox-
attrition-milled silicon powders contained ironr200 idize silicon (Equations 2 to 4). The thermodynamic
ppm) as a major metallic impurity. Also, as the attrition- analysis of Giridhar and Rose [14] showed that for
milling time increased, so did the specific surface aredhe formation of SiN,O(s) and SjN4(s) in N, at
and the oxygen content of the powder. From this, we carl250°C, oxygen partial pressureBd,) of <10-54and
conclude that attrition-milled silicon powders are par- <10~5° atm, respectively, must be maintained in the re-
tially oxidized and contain a native silica layer on their action zone. At higher temperatures, even higRgr
surfaces. Furthermore, with increased milling time, therequirements favor the nitridation reaction. Of the four
wear of the SN milling medium caused extraneous equations controlling SiO pressure, calculations show
impurities such as yttrium and aluminum to accumulatethat Equations 1 and 4 are the dominant ones. Equa-
in the silicon powder. tion 1 indicates that there is a theoretical maximum

Although the 48-h-attrition-milled powders have a value of SiO(g), which primarily varies with nitrida-
high surface area (63 #fy), they do not appear to tion temperature. Although SiO may also be generated
readily oxidize in ambient air. From a practical point of from active oxidation of silicon, its concentration from
view, these data suggest that such powders can be stortfds reaction is limited by the residual oxygen in the ni-
for a long time without further oxidization. After pro- triding gas &5 ppm), which contributes minimally to
longed exposure in aqueous-based slurries, howevegiO(g) formation. Therefore, it has been aruged that the
these powders show a tendency to oxidize further. Thipartial pressure of SiO(g) is not determined by resid-
suggests that these slurries have a limited shelf lifeual O, or H,0, but by the devitrification of Sigfs) to
Insofar as nitridation is concerned, the silica layer onform SiO(g) via Equation 1, and by the nitridation tem-
silicon powder is known to act as a barrier. Unless thigperature via Equation 4. The most likely scenario for
layer is removed or disturbed, nitridation may not start.nitridation is that the Sig{s) layer reacts with Si(s) via

The mechanism of nitridation and the effects of theEquation 1 and then with #g) via Equation 4 to form
nitridation environment and the transition metal impu- SiO(g), thereby fixing the partial pressure of SiO at
rities on the nitridation kinetics of relatively pure silicon the nitridation temperature. As the nitridation tempera-
powder containing a thin{3 nm) native surface silica ture increases, the partial pressure of SiO(g) also in-
layer are reasonably well understood [3, 12—14]. Botlcreases, thus favoring the nitridation reaction. The SiO
thermodynamic analysis [3, 14] and experimental datgjenerated reacts with,Nas shown in Equations 5 or
[12, 13] indicate that nitridation occurs by gas phaseb. The oxygen liberated at this stage competes with
reactions, largely between SiO(g) and(y) and to a nitrogen for the silicon surface exposed by the
lesser extent between Si(g) anglly). It has been postu- first reaction (Equation 1), severely limiting the nu-
lated that during formation of RBSN the major growth cleating sites for the nitridation reaction. Because
of a-SizN4 occurs by vapor phase reactions and that ohitridation occurs primarily by gas phase reactions,
B-SisN4 occurs in the liquid phase and, to a minor ex-the o/ SisN4 ratio observed was between 7 and 10
tent, as aresult of the reaction between the solid silicofi3, 5, 11-13].
and nitrogen. Relevant details of this mechanismwillbe According to the preceding model, adding small
described here and used in later sections to explain themounts of H to N, favors SiO nitridation even more.
nitridation data generated in this study. According toThe & generated by Equations 5 and 6 reacts with H
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to form water and is thus removed and prevented fronEquation 1 SiO concentration in the reaction zone in-
recombining with the exposed Si surface, which greatlycreases with the nitridation temperature. Therefore, an
enhances the extent of the reaction at lower temperadncrease in percent nitridation for a given time and a
tures. Thus H plays a dual role in the nitridation of decrease in oxygen ratio with an increase in nitridation
silicon: reduction of the native silica layer on silicon, temperature is probably related to SiO nitridation and
and gettering the oxygen liberated during early stageseduction of the silica layer.
of the nitridation reaction. The latter process keeps the A decrease in the/g ratio with an increase in sur-
surface of the silicon powder clear of silica for longer face area suggests that nitridation of powder compacts
times, thus allowing the nitridation reaction to con- with lower surface area probably takes place primar-
tinue. On the basis of thermodynamic arguments alonély by gas phase reactions (i.e., SiO or Si reacting with
a-SizsNg is favored over the oxynitride when hydrogen N;) and that nitridation of powders with higher sur-
is present in the gas phase. The experimental data déce area occurs by liquid phase reactions. A gradual
Borsoumet al. [13], Rahaman and Moulson [15], and change in the nitridation mechanism with increasing
Mangels [16] strongly support the dual role played bysurface area is probably due to the accumulation of
hydrogen in enhancing nitridation kinetics. yttrium, and possibly aluminum, impurities and the re-
An increase in the nitridation rate with the addition action between these impurities and silica to form com-
of a transitional metal oxide is well documented [17]. plex silicates. In the ternary phase diagram ¥,
The addition of up to 1000 ppm of iron has beenAl,O3, and SiQ, the lowest liquidus temperature re-
shown to increase the nitridation rate. A decreasingorted is 1345C [24]. Furthermore, the iron impurity
alB ratio of SgN4 with increasing iron has been found may also react with the silica layer on the surface of the
to be consistent with eutectic liquid formation in the as-received and attrition-milled powders to form a lig-
Fe-Si system, which favorg-SisN4 formation and an  uid phase. Ithas been reported that the iron impuritiesin
a- to B-SisN4 transformation. The increased rate of commercial grade silicon will form molten FgSit ni-
nitridation has been attributed to three main factorstriding temperatures above 1202 [3, 17]. Although
(1) devitrification of the inherent SiJayer, possibly liquid phases may be a contributing factor to the en-
by providing nucleation sites for the devitrification hanced diffusion of nitrogen, we cannot rule out the
process [18—22]; (2) formation of low-temperature sili- role played by increased surface area (decreased parti-
cide phases [3, 17] that provide alternate rapid nitrogerle size), subsequent to attrition milling, in increasing
diffusion paths, which stimulate production®fSisN,  the rate of formation and growth of$bl4 nuclei. To de-
[17] and act as a source of volatile silicon (a precursotermine the relative importance of liquid phases versus
for one of the accepted mechanismw8isN4 synthe-  increased surface area (and thus, increased nucleation)
sis) [20]; and (3) promotion of the formation of atomic effects on nitridation kinetics, compacts prepared from
nitrogen as in catalysis of ammonia synthesis [23].  a blend of silicon powder (SA 9.3 n?/g) and 0.5 or
From the general mechanism of nitridation just de-0.2 wt % Al,O3 were nitrided at 1350C in N,. The data
scribed, we can analyze the effects of surface area, nivere compared with the nitridation data of the compacts
tridation environment, polymer char, transitional metalunder similar conditions without the additives. Results
impurities, and oxidation on the nitridation kinetics of showed that the liquid phase enhanced the nitridation
attrition-milled silicon powders. kinetics initially, but the percentage conversion after
As stated previously, the attrition-milled silicon pow- 4 h of nitridation remained nearly the same; this indi-
der used contained a small amoua®(02 wt %) ofiron  cates that a liquid phase without adequate nucleation
impurity. Only in a nitrogen environment does iron- and growth characteristics may not yield a high degree
induced crystallization of the native oxide layer occur,of conversion. Therefore, it can be concluded that sur-
thereby exposing the underlying Si. After devitrifica- face area, and hence nuclei density per unit volume,
tion of the silica, nitridation is dictated by the rate of plays a dominant role in the degree of conversion after
formation and growth of the @\, nuclei. Here, particle the silica layer on the surface of silicon is disturbed.
size is a major influence. With decreasing particle size, Small additions (4 to 5%) of {Hor NH3 to nitro-
the nominal surface area increases, which increases tigen had a greater influence on the nitridation kinetics
nucleation sites per unit volume and promotes the conef lower surface area (9.3%g) attrition-milled pow-
version of Si to N, while reducing the influence of ders than on those of higher surface area (6&jn
extraneous and intrinsic impurities on the nitridationThe dramatic effects that small additions of rhade
kinetics. on the extent of the reaction are consistent with argu-
The nitridation data show that tlagg ratio of the ni-  ments suggesting that the gettering action pfétiuces
trided compacts decreases with increasing surface aréle silica layer and creates new nucleation sites. The
at both nitriding temperatures, whereasd¢h8isNsand  «-SizN4 content of low-surface-area compacts nitrided
B-SizN4 content increases; however, in nitrided com-in the N, +4%H, mixture was significantly higher than
pacts containing $N,O, thea-SizN4 content is much that of the compacts nitrided inJNalone. This sug-
lower than the3-SisN4 content. gests SiO nitridation is favored in lower surface area
Also noteworthy is that, at a given nitridation tem- powders in the presence of,Hin contrast, the nitri-
perature, the ratio of oxygen in the compacts after andlation environment had little effect on the nitridation
before nitridation is invariant with surface area, but itkinetics of high-surface-area powder compacts. Per-
decreases with increasing temperature of nitridationhaps this behavior is related to the high density eNgi
Recall from our earlier discussion that according tonuclei and the faster diffusion ofMMhough the molten
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complex silicates. These data are similar to those resilicon powder were partially oxidized during slurry
ported by Rahaman and Moulson [15] on the nitridationpreparations, complete nitridation could be achieved
of silicon after removal of the silica layer. at low temperatures, either by nitriding the compact
The carbon char in silicon powder after polymer py-in the presence of Hor by adding nitride-enhancing
rolysis can serve three functions during the nitridationadditives.
of silicon; two of these are similar to the action of H  In summary, high-surface-area silicon powders can
(i.e., gettering of residual oxygen by forming CO or be prepared by attrition milling. However, prolonged
C0O,, and reduction of the silica layer on the surface ofattrition milling results in contamination of the silicon
silicon), and the third is its possible reaction with sili- powder. Experiments indicate that a lower temperature,
con to form SiC once the silica layer is removed. Theshorter duration nitridation cycle (suitable for process-
data, however, indicate that carbon char retards initiing RBSN composites reinforced by small diameter SiC
ation of the nitridation reaction as well as nitridation fibers) can be developed by controlling the particle size
kinetics. This behavior is probably related to a loss ofand purity of the silicon powder. The RBSN material
nucleation sites or to the poisoning of active centers byrocessed from relatively pure, submicron silicon pow-
carbon. The degree of retardation depends on the typders from attrition milling contained large amounts of
of carbon: polymer derived carbon inhibits more thansilica, SpN,O, andg-SisN4. Commercial RBSN ma-
activated carbon does. terial processing is optimized to achieve high amounts
The intentional addition of NiO to high-surface-areaof «-SizsN4, which is known to improve the high-
silicon powder increases the nitridation rate. In suchtemperature properties of RBSN. The influence of silica
cases, compacts can be completely nitrided within 2 land SpN,O phases on the high-temperature properties
at 1250 or 1350C. Certainly the liquid phase formed of the RBSN fabricated in this study is not known and
because of NiO, Sig) and other impurities plays a certainly warrants further investigation.
dominant role in the diffusion of nitrogen and in ni-
tridation. The oxygen present in the compacts contain-
ing NiO that were nitrided at 125@ is less than in
those nitrided without NiO, and it decreases further®- Summary of results _ N
with increased nitridation temperature. This indicates! Ne surface areacommercially available silicon powder
that SgN, formation via gas phase reaction decrease¥/as increased by wet attrition milling to facilitate pro-

ity of high-surface-area silicon powders to oxidation in

air and under RBSN processing conditions was evalu-
ated. The influences of surface area, polymer char, a
4.1. Nitridation of oxidized silicon powder nitride-enhancing additive, the nitridation environment,
Preoxidation of high-surface-area attrition-milled pow- and preoxidation on the nitridation kinetics of the pow-
ders delays the nitridation reaction and decreases thder compacts were investigated. Key findings are as
total conversion in 4-h nitridation at 125C. The follows:
greater the degree of oxidation, the greater the retard-
ing effect on nitridation kinetics. Results also show that (1) Silicon powders that were attrition-milled in an
when H is added to M, the incubation time is reduced inert solvent contained native silica and showed no ten-
and nitridation is enhanced. From a practical point ofdency for further oxidation, even after exposure to air
view, this behavior suggests that even if a high-surfacefor a month or to deionized water for 4 days. How-
area powder is mildly oxidized during aqueous slurryever, these powders did oxidize after a 24-h exposure
processing and consolidation, complete nitridation ofto acidic or basic solutions.
the compact can be achieved. (2) Ata given temperature, as the surface area of the
Retardation of nitridation kinetics due to oxidation silicon powder increased, so did the percent nitridation
of laser synthesized high purity silicon powders hasafter 4 h, but thex/s ratio decreased. Silicon powders
been reported by Sheldon and Haggerty [11]. They athaving a surface area of 40%fg or larger could be
tributed the increased incubation period for nitridationnitrided to 70-percent conversion or greaterdi h at
to a decreased nucleation rate offgj with increasing  1250°C or above.
oxidation. In this study, the retardation in g Knvi- (3) Residual carbon charin, or preoxidation of, high-
ronment and enhancement in a NH, environment surface-area silicon powder delayed the start of the
are probably related to nucleation and diffusion of N nitridation reaction, but the reaction did proceed to a
though the silicate. It is hypothesized that because afignificant degree.
oxidation, nucleation density decreases anddifu- (4) The nitridation environment had no significant
sion through the silicate also decreases since viscosiiyf luence on the nitridation kinetics of high-surface-
is increased. In the presence of,Hhe thickness of area silicon powder compacts.
the silica or silicate layer is reduced; thus the silicon (5) At 1250°C or greater, the addition of small
is directly exposed to Nand nucleation is increased. amounts (0.4 to 0.6 wt %) of transition metal impurities,
Both favor enhanced nitridation. Another way to over- Ni or Fe, or both, was sufficient to completely nitride
come the oxidation effects on nitridation kinetics is to the compacts prepared from the high-surface-area sili-
add a nitride-enhancing additive, as the data shown igon powder.
Fig. 9 suggest. From a practical point of view, these data (6) Preoxidation of high-surface-area silicon powder
are encouraging because, even if the high-surface-aremmpacts retarded nitridation kinetics. However, the
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deleterious effects of oxidation could be avoided by 4.
nitriding the preoxidized compacts in anddl, mixture
or by adding nitride-enhancing additives.

(7) Devitrification of the silica layer by impurities,
followed by the formation of a glassy phase due to the
reaction of silica with the yttria and alumina impurities 7.
(from erosion of the grinding medium during attrition 8.
milling) and an increased density of nucleation with
decreasing patrticle size were responsible for enhanced
nitridation of high-surface-area powders. 9

6.

6. Concluding remarks

) e . 10
High-surface-area silicon powders required for RBSN

composite fabrication can be prepared by attritiony1.

milling commerically available silicon powders. How-

ever, during attrition milling, wear of the grinding 12

medium invariably introduces impurities into the sili-
con powder. Although high-surface-area silicon pow-

ders do not show a tendency for further oxidation inia4.

ambient air, they do oxidize after prolonged exposure

to aqueous acidic or basic solvents. This suggests tha#-

the aqueous based silicon slurries for RBSN process-,

milled silicon powder, a low-temperature RBSN

processing cycle that is cost effective, yields complete--
20. A. ATKINSON,A. J. MOULSONande. W. ROBERTS J.

conversion of silicon to 3Ny, and is benign to com-
mercially available small diameter SiC fibers can be,;
developed for processing SiC/RBSN composites.

23.
24. G. WOTTING andG. ZIEGLER, in “Proceedings of the 5th
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