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Nitrides, such as magnesium silicon nitride, hold promise for applications requiring materials with
high thermal conductivity. The synthesis of the ternary nitride Mg3&Naccomplished using Sgand
MgsN; as reactants in a solid-state metathesis (exchange) reaction. This self-propagating reaction is readily
initiated when a flame with a temperaturel 100°C is brought into contact with a pressed g1@gsN,
pellet. By using MgN; in =1 M excess, X-ray-pure MgSi\an be produced. With lower ratios, elemental
silicon forms as an impurity. Increasing the flame initiation temperature2600°C can also be used
to eliminate silicon impurities with the benefit of increasing the crystallinity of the product. The use of
other forms of silica as a silicon source provides an inexpensive alternative to produce \ViySiYiety
of silica sources are examined, including fumed silica, sand, ground quartz, bottle glass, and rice hull
ash. Since rice hull ash is an industrial waste product from rice processing, new applications such as in
the synthesis of MgSiNcould prove to be environmentally friendly.

Introduction intensive and relatively expensive to produce. Other methods,
such as single-source precursors tgNgi have been devel-
oped, but they also require significant energy inffut.
Solid-state metathesis (SSM) reactions offer a method to
access compounds that are often difficult to produce con-
ventionally. This technique has shown promise in the rapid
synthesis of a wide range of crystalline refractory ceraimits
and other inorganic solid$. 5 Solid-state metathesis reac-
tions can be used to produce high-quality solid solutions and
ceramic compositésas well as to control crystallite siZé.
Recently, SSM reactions have been used to form main group
nitrides such as aluminum nitridé,and MgN, has been
successfully utilized as a nitriding agent for the synthesis of
transition-metal nitride$> 2?2 The synthesis of MgSIN

As integrated circuits shrink while their component density
increases, the need for improved thermal management
substrates becomes increasingly important. To meet this
challenge, more thermally conductive materials must be
developed to aid in heat dissipation. Currently, ceramics such
as alumina are used in integrated circuit packaging. Other
excellent thermal conductors include, aluminum nitride and
boron nitride; however, their synthesis and processing make
them prohibitively expensive. Currently, the material that is
most widely used in integrated circuits is optimized alumina
(Al,03). Depending on the processing parameters, alumina
possesses a thermal conductivity ranging from 17 to 38 W

m1tK11
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through SSM reactions could provide a straightforward, rapid was then transferred to a mullite tube with a closed end and held
method for its production. Here we demonstrate that readily under either vacuum or nitrogen. The reaction was initiated by
available precursors, Si@nd MgN,, can be used to produce  thrusting the tube containing the pellet into a 1480furnace with
MgSiN,; reactions involving these precursors differ from SIC heating elements (Applied Test Systems) and removing it after
traditional SSM reactions in that significant heat input is 0 Min- The reaction was also initiated in an open mullite tube by
needed for initiation. This is accomplished using an oxygen/ appl.ymg heat in a S'"?"ar manner. - )

methane torch with a flame temperaturex@500°C. The Microwave Synthesis.Reactions initiated by microwave energy

. d is ch ized usi der dif were carried out with a 500 W Panasonic household microwave
MgSiN, product is characterized using X-ray powder dif- oven (2.45 GHz) with an alumina disk as the reaction platform. In

fraction, scanning electron microscopy, energy-dispersive 5 pe-filled glovebox, reaction mixtures were placed in a tightly

X-ray analysis, and thermal gravimetric analysis. capped 20 mL borosilicate vial. The mixtures were then removed
from the glovebox, pressed into a pellet under 5000 Ib of load, and
Experimental Section placed in a quartz tube open to air inside the microwave cavity.

] ) o Microwave energy was applied at the 100% power setting fe8 2
Chemicals. The reagents magnesium nitride (Cerac, 99%, 200 in.

mesh), silicon mon_oxide (AI(_jrich,vSZS mesh), mineral quartz (X- Amide Wash. Synthesized MgSii was washed in molten
ray-pure), ammonium chlgrlde (Baker, 99.7%), washed sea Sandsodium amide by using a 1.0:5.0 mass ratio of MgStNNaNH.
(Fisher), and sodium amide (Alpha-Aesar, 96%) were used asthe NaNH was loaded into a graphite crucible in a He-filled
received. Fumed silica with a surface are of 40%nfgrade S-17, g 5vehox. The crucible was resistively heated to 2Z5to melt
Cabot Corp.) was dried in a drying oven at 18D (which returns the NaNH. The MgSiN was slowly added with stirring to
DO s
itto its initial packaged water content of 1:0.5 wt %f°and stored  inimize the foaming that occurs upon addition of the nitride. The
in a helium-filled glovebox. The ground bottle glass was prepared ¢ cipje was covered with an aluminum disk and held at that
by grinding glass in a ball mill with alumina grinding pellets. The  tomperature for 5 h. The crucible was cooled and removed from
ground material was then put through wire screens to obt5 e glovebox. The mixture was carefully rinsed with wa@aution!
mesh powder and stored under helium. Rice hull ash (Uncle Ben's, \ja, reactszigorously with water, and care should be taken to
a subsidiary of Mars, Inc.) was dried in an oven at 180ground, prevent explosie decompositioriThe MgSiN, was isolated from

passed through a 325 mesh screen, and stored in a helium-filledy,q reqyting solution by centrifugation and two further washes with
glovebox. Diatomaceous earth (Kem-Tek) was dried at’13and water.

stored in a helium-filled glovebox. All other reagents were used as XRD Analysis. The products were analyzed using a Crystal

received. ) ) ) ) o Logic 6—26 powder X-ray diffractometer with Cu & radiation
Synthesis.The synthesis of MgSiNwvas carried out by weighing (A = 1.5418 A). Product samples were scanned fréh=210° to

stoichiometric amounts of a silicon source (fumed silica, silicon 59 — 100 at 0.7 intervals wih a 3 scount time per interval. The

monoxide, sand, quartz, bottle glass, diatomaceous earth, or ricéy,iterns obtained were analyzed and interpreted using the Macintosh

hull ash) and magnesium nitride in & helium-filled glovebox. The  gqfrware MacDiff (http://www.geol.uni-erlangen.de/html/software/

operations were carried out in the drybox to reduce exposure of Macdiff.html).

the powder to atmospheric oxygen and water. Typically about 0.65  gperqy pispersive SpectroscopySemiquantitative analysis was

g of material was used for eac_h reaction. Tht_a rc_eac_tlon mlxtu_re Was .o ducted using energy-dispersive spectroscopy (EDS) performed

transferred to a 20 mL borosilicate glass scintillation vial, tightly on a Cambridge Stereoscan 250 scanning electron microscope.

capped, and removed from the glovebox. In air, the powder was pna\ysis was conducted using a Kevex Sigma system equipped
quickly transferred to a 0.5 cm diameter die and pressed into a\ith a Kevex super beryllium window (6m thick).

pellet under a load of 5000 Ib. The pellet was removed from the Thermal Analysis. Thermogravimetric analyses (TGA; TA

Ele tatnd plgceti on a:] a“?”."”.a blOtCk' Tyri)lc_al _“f‘“SfetF tlme_?hvzﬁre instruments model 2950) were performed on washed products. Each
ept to under 1 min to minimize atmospheric Interaction wi e sample was loaded onto a platinum pan and heated in air.

MgsN, s_tarting material. The reaction was ini_tiated by heating the Differential thermal analyses (DTA) were performed on a Perkin-

pellet .Wlth an oxygen/m_ethane to_r_ch_ A National Torch type 3A Elmer Diamond TGA/DTA system. Reactions were studied by

Elodwplpe /Wlth a nf:) 2 tlpT\;]vail utilized for;foxyggn/metgane artltli compacting the reagents into a 0.125 in. pellet. The pellet was
ydrogen/oxygen flames. The flame was adjusted to produce & blue,, e onto the DTA pan, and an alumina cover was loosely placed

cone about 0.75 in. in length. To ma!ntam consistency, the tip of over the reaction pellet. The analyses were performed under argon.
this cone was used to heat the reaction. The pellet was heated on . . . . .
Hot Pressing.Material prepared from the reaction with a $iO

one S'd.e until red hot, flipped, and h.e‘"?‘t.eo'. to the same point on.the MgsN; ratio of 1.0:2.0 was pressed in a hot uniaxial press (Materials
other side. Oxygen/acetylene torch initiation was performed using Research Fumaces, Inc. model H-4.5x7-G-2000-V&G). The mate-
an oxygen/acetylene torch with a no. 0O tip. The flame was adjusted rial was loaded into ’a 12’ mm graphi.te die and held at i‘KStﬁor

to approximately 4 in. in length. There was no need to flip the 2 h under an applied pressure of 87 MPa

pellet when heated with the oxygen/acetylene fla@eution! The Thermal Conductivity. A pellet 12 mm i-n diameter and 2.25

use of open flames with reagéi compounds can be potentially . -
. . ._mm thick was used for thermal conductivity measurements. The
dangerous. Care should be used when undertaking this synthesis = . o
thermal conductivity was measured by using a modified guarded

The reacted pellet was ground under 6.0 M HCI and stirred for 1 " .
. . ... _hot plate method@? A sample of pure molybdenum (with a thermal
h. The product was isolated by two subsequent washes with distilled - L1 .
. . o conductivity of 138 W mt K1) was used as a reference material.
water, followed by centrifugation, and drying in a hot (180) S .
Volume Resistivity. A pellet 12 mm in diameter and 2.25 mm

oven. thick was sandwiched between two copper plates. The resistance
Air and flame-free reactions were performed by pressing the Ickw wi W W pperp ' !

reaction mixture into a pellet in a He-filled glovebox. This pellet

(24) ASTM C 177-04, Standard Test Method for Steady-State Heat Flux
Measurements and Thermal Transmission Properties by Means of the

(23) Cabot CorpCAB-O-SIL® Fumed Silica in Cosmetic and Personal Guarded-Hot-Plate Apparatus, ASTM International, West Consho-
Care Products TD-104; Boston, 1992; pp-56. hocken, PA.
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Figure 1. Powder X-ray diffraction patterns of MgSiNoroduced from

(A) 1.0:2.0 and (B) 1.0:1.0 ratios of Si@ MgsNz. The Miller indices for
MgSiN, are given above the peaks in (B). The peaks marked with an asterisk
in (B) are due to silicon. A simulated stick pattern for orthorhombic MgSiN

is given below (A).

was measured using a General Radio Co. type 1862-C megohm-
meter. The resulting number was used to derive the volume
resisitivity.

Results

Reagent Ratios.The ideal MgSiN-forming reaction (eq
1) utilizes a Si@:MgsN, ratio of 1.0:1.0. This was used as
a starting point for investigating

SiO, + MgzN, — MgSiN, + 2MgO 1)

MgSiN,-forming reactions. Reactions were performed with
SiO,:MgsN2 molar ratios varying from 1.0:1.0 to 1.0:4.0. All
reactions produce MgSiNn varying degrees of quality. The
reaction is not very energetic. When the reaction is initiated, ¥ , _ :
the pellet glows red and streams of gas are emitted. The T . -
isolated product does not exhibit any melt morphology. Figure 2. Scanning electron micrographs show the morphology of the
Figure 1 shows powder X-rav diffraction patterns obtained reactant Si@, fumed silica (top), and the washed product MgS{bbttom)

g p y - p ; synthesized from a 1.0:2.0 molar ratio of Si® MgsNo.
from the products formed from reactions with 1.0:2:0 and

1.0:1.0 Si@:MgsN, molar ratios. Note that the 1.0SiO Table 1. Reactions Attempted To Synthesize MgSiN
2.0MgN; ratio produces a product with no silicon impurity. reaction product
Each reacted pellet was ground and washed with 6.0 M HCI 1.0 diatomaceous earth 1.0MgN, Mg2SiO, + Si
to remov nwant r ts. The isolat r ti 1.0 diatomaceous earth 2.0MgN MgSiN{13%} + Si
.O emove unwa ed. byp oducts e isolated P Oduc_ sa 1.0 diatomaceous earth 3.0MgN MgSiN{ 166 + Si
fmg powder that varies in color fro.m brown (for a 1.0:1.0 10 diatomaceous earth 4.0MgN> MgSiNA 159 + Si
ratio) to light gray (for a 1.0:2.0 ratio). Pure MgSiNas a 1.0 fumed silicat 2.0MgN; MgSiNz{ 169
i 1.0 fumed silicat 2.0MgN; + 1.ONH,CI  Mg;SiOs + MgSIiN; + Si
band gap of 4.8 e‘@?land s_hould_ bg white. As the amount 10 glass 2.0MgN» MOSINA 221} - i race
of Mga_Ng in the reaction mixture is increased above the 1.0: 1, quartz- 2.0MgN, MgSiNA{ 257 + Si trace
2.0 ratio, the product color changes to tan and then to brown 1.0 quartz+ 1.0MgN, Mg,SiO, + Si
i i i ini i i 2.0 quartzt+ 1.0MgN; quartz+ Mg,SiOs + Si

with :.:1 concurrent re_ductlo_n in crystal!lnlty. R;eaqhons _W|th 1.0 rice hull asht 2.0MgNa MgSiNA{ 158 + Si
a1.0:2.0 reagent ratio typically result in a 70% yield. Figure 1 g ice hull asht- 1.0MgN, MgSiNA{ 199 + Si
2 shows SEM images of the fumed silica starting material 2.0 rice hull asht 1.0MgN; Mg2SiO, + Si

; ini i 1.0 sandt 2.0MgN2 MgSiNx{122 + Si
and the washed MgSiNtcontaining product synthesized from 10SI0+ 2 OMgsNy MQSiNA 312 + Si

a reaction with a 1.0:2.0 SgMgsN, molar ratio. EDS of i o _ )
this isolated product gave a Si:Mg molar ratio of 2:1 and an aFor reactions that produce MgSiNhe intensity of the MgSiN002)
’ ’ X-ray diffraction peak is given in braces.
oxygen content of 15 wt %. o .
Silicon Source Variation. The silicon source was varied of fumed silica in the reactant mixture. The results of these
by substituting several other silicon-containing compounds "€@actions are summarized in Table 1.
Rice hull ash, diatomaceous earth, and bottle glass are not
(25) Groen, W. A.; Kraan, M. J.: de With, @. Eur. Ceram. Soc1993 pure SiQ. However, they were treated as stoichiometric,SiO
12, 413-420. for the purpose of determining molar ratios. The composition
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of diatomaceous earth can vary depending upon its source. Table 2. Summary of MgSiN-Producing Reactions between Fumed
Typically, it contains approximately 80 wt % silica, with Silica (SiO;) and MgsN, Carried out at Different Temperatures?

the remaining weight consisting of TiDAI,Os, Fe&Os;, CaO, flame teofgp § flame tg@p J

MgO, K.0, N&O, P.Os, and M0s.1%26 The approximate ype (O product _ type (°C) product

composition of rice hull ash is 94 wt % silica, with the Propane 1100 MgSiN148 +Si hydrogen/ 2700 MgSiN{231}
.. e oxygen

remaining 6 wt % consisting of 0, CaO, MgO, MnO,  methane/ 2500 MgSiN{ 169 acetylene/ 3300 MgSiN{177}

Al,O3, and BOs.27-30 oxygen oxygen

Ground natural quartz produces a Mggioduct that is aThe intensity of the MgSin002) X-ray diffraction peak is given in
more crystalline than that produced from fumed silica. The braces.

X-ray diffraction pattern of this product shows no evidence ) )
for crystalline quartz. Washed sea sand produces MgSiN product to contain detectable amounts of Si. The hydrogen/

contaminated with significant amounts of quartz (giénd oxygen (2700°C) initiated reaction produced the most
elemental Si. Reactions utilizing ground glass produced a crystalline MgSiN.

tan product that does contain MgSijNut it is contaminated The real temperature of the reaction pellet will be lower
with a significant amount of silicon, indicating an incomplete than the maximum flame temperature reported in Table 2
reaction. Diatomaceous earth and rice hull ash both producedue to thermal losses. The actual internal temperature of a
MgSiN, of small crystallite size with significant Si contami- ~ reaction was monitored by embedding a K-type thermocouple
nation. The use of silicon monoxide, SiO, as a silicon source inside the pellet. As a control experiment, the pellet was
results in reactions that are explosively spontaneous. Theheated with a conventional Bunsen burner using natural gas

product contains crystalline MgSiNilong with significant
amounts of Si and Si©Ocontaminants.

Since an excess of MM, is required to produce a
crystalline product free of silicon contamination (Figure 1),
ammonium chloride (NECI) was added to the reaction

(CHg), which has a measured flame temperature-&fi00
°C. The temperature at the inside of the reaction pellet
reached a maximum of 97U after about 60 s.

By utilizing a furnace with SiC elements, a flame-free
initiation temperature of 145TC can be achieved. The flame-

mixture in an attempt to increase the local nitrogen content initiated reaction that gave the most crystalline MgSiSiO,

of the pellet during the reaction. However, ammonium
chloride also serves to lower the reaction temperatifte
result of this reaction was a MgSiNproduct of low
crystallinity with Si contamination.

Initiation Conditions. The reaction initiation conditions

+ 2MgsN,) was initiated under vacuum, nitrogen, and air.
When this reaction was performed under vacuum at 1450
°C, a product consisting of mostly Si with a small amount
of MgSiN, was obtained. The same reaction performed under
nitrogen produced a product where the only crystalline phase

were studied by performing reactions in both a microwave presentwas MgSip Performing this reaction in air produced
and evacuated quartz ampules heated to different temperaa product where the only phase present was MgSiit

tures. In a microwave oven, a pellet with a gi@gsN; ratio

with a lower yield than the same reaction performed under

of 1.0:2.0 was heated until initiation occurred (approximately nitrogen.

2—3 min). The products from this reaction consisted of
poorly crystalline MgSiN and Si. A pellet with the same

Thermal Analysis. Thermal events during the reaction
were studied using differential thermal analysis. The reaction

reactant ratio was placed in a quartz tube and heated to 100Q@hat produced the most crystalline MgSilftee of other
°C under dynamic vacuum for 12 h. The products of this crystalline products (Sio+ 2MgsN2> — MgSiN; + 2MgO

reaction were Si and M&iO.

+ MgsN,) showed an exotherm around 1080.

The effect of reaction temperature was explored by varying  The presence of oxide impurities such as that produced

the type of initiation flame. Pellets with a SiMgsN ratio

of 1.0:2.0 were initiated with four different flames: 1100
°C (propane/air), 2500C (natural gas/oxygen), 270TC
(hydrogen/oxygen), and 330@ (acetylene/oxyger}. All
reactions produced MgSiNis summarized in Table 2. The
color of the product varied from brown at 110G to gray

at 3300°C. The product color became increasingly more
gray with higher initiation temperature. Lowering the reaction
temperature results in a lower MgSiNrystallinity (Table
2). The reaction initiated with a propane torch (11UD)
produced the least crystalline MgSidind was the only

(26) Rozmkova, E. VTrans. Inst. Econ. Mineral. Met. (MoscowWp29
No. 42, 51-61.

(27) Houston, D. FRice: Chem. Technol972 301-52.

(28) Gallo, J. R.; Furlani, P. R.; Bataglia, O. C.; Hiroce,&enc. Cult.
(Sao Paulo)1974 26 (3), 286-92.

(29) Hanna, S. B.; Farag, L. M.; Mansour, N. A. Thermochim. Acta
1984 81, 77—86.

(30) de Souza, M. F.; Magalhaes, W. L. E.; Persegil, MMater. Res.
(Sao Carlos, Braz.p002 5 (4), 467-474.

(31) Littletorch, http://www.littletorch.com/help.html#guide.

by Mg—Si—O—N glass byproducts was gauged by heating
the product to 1000C in a tantalum boat in a quartz tube
held under dynamic vacuum for 12 h. Heating of the product
from a reaction with a starting 1.0:1.0 reagent ratio of SiO
to MgsN; produced MgSiO, as the only crystalline phase
present by XRD. However, heating the product from the 1.0:
2.0 reaction produced a minor amount of )80, while

the majority of the sample remained unchanged. Oxide and
silicon impurities are removed by washing the Mg&iN
molten NaNH. Figure 3 shows the change in the crystallinity
of the MgSiN product before and after washing. This wash
dissolves 55% of the product, reducing the yield of a 1.0:
2.0 reaction to 32%.

Thermogravimetric analysis was performed on the reaction
that produced the best MgSiNample, as determined by
XRD. This sample was the product of a reaction with a,SiO
MgsN; ratio of 1.0:2.0. An initial water loss of 1.71% at
100 °C was followed by a weight gain of 10.78% between
800 and 1000C.
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reactions that may occur during the heating of the reactant
pellet. Elemental silicon can be produced by the reduction
of Si0, when heated with Mg metal (eq 3.

SiO, + 2Mg — Si + 2MgO @)

600 —
500

400 —
This creates an amorphous form of silicon possessing a high

300 * surface area. The thermal decomposition of;Nigat 800
_,__.JLLJ h B °C, in the absence of Dproduces Mg and Nas given in
200 | eq 33

100 Mg;N, — 3Mg + N, 3
A

Intensity (counts)

T MMt i st Note that MgN is slowly converted to MgO and NHipon
20 40 60 80 100 exposure to humid air. This reaction is, however, slow
Angle (26) Cuk, enough to allow manipulation of the reagents in air without
Figure 3. Powder X-ray diffraction patterns of MgSitbefore (A) and any significant degradation of the product quality. Addition-
after (B) washing fo 5 h in NaNH, at 275°C. All peaks are from the llv. the MaN-/SiO- r ion mixture is pr in I
MgSiN; product except the one marked with an asterisk, which is due to aty. . e . & 2SI, ea(.:t 0 . wre Is p essed t_O a_pe et
graphite (002) from the crucible. to minimize SL_Jrface oxidation due to atmospheric ai. The
MgsN2/SiO, mixture should, therefore, produce MgS3iks
given in eq 4. The net reaction results in the formation of

MgO along with MgSIiN as given in eq 5.
Si+ N, + Mg — MgSiN, 4)

SiN, tetrahedra

SiO, + Mg;N, — MgSiN, + 2MgO (5)
MgN, tetrahedra ) ) ) i
h Reagent RatiosThe formation of MgSiNfrom Si0G, and
y MgsN; is an exothermic process. The enthalpy of reaction
S for eq 5 is —141.31 kJ/mol with a maximum theoretical
adiabatic temperature of 264C. This reaction is consider-
ably more favorable than the formation of;lSi from the
same reagents, as illustrated in eq 6.

3Si0, + 2Mg,N, — Si;N, + 6MgO (6)

Figure 4. The structure of MgSiblconsists of alternating layers of infinite

-sharing M d SiN, tetrahedra. . . .
corner-sharing Mgbland SIf tetrahedra This path has an enthalpy of reaction-€27.55 kJ/mol with

a maximum theoretical adiabatic temperature of 268
Thermal Conductivity. Product from a reaction with a  Although thermodynamically favorable, experimentally, a
SiOz:MgsN; ratio of 1.0:2.0 was hot pressed to produce a 1.0:1.0 ratio of Si@to MgsN, does not produce phase-pure
dark gray pellet with a thermal conductivity of 57 10 W MgSiN,. Figure 5 illustrates the relationship between the
m~* K~ and a volume resistivity of 6 x 10° @ cm. EDS  ¢rystallinity of the MgSiN product and Si impurities, if any,
of this pellet gave a Si:Mg molar ratio of 2:1 and an oxygen as detected by X-ray diffraction. Any Si detected in the
content of 10%. The hardness of this material was compa- product is likely due to local deficiencies of i the reaction

rable to that of silicon carbide. zone. Another possibility is the formation of MBO,
. _ (forsterite). This could occur in an oxygen-containing
Discussion atmosphere since MgSjNs unstable above 80T in air®

and could react with either unreacted $iGr the MgO

MgSiN; crystallizes in an orthorhombic unit cell, derived . )
goihz cry byproduct as illustrated in eqs 7 and 8.

from the wurtzite (hexagonal ZnS) structdfewith lattice

parameters oh = 5.2790 A b = 6.4760 A, anc: = 4.9920 2Si0, + 2MgSiN, — Mg,SiO, + 3Si+ 2N,  (7)
A. This structure, as shown in Figure 4, can be viewed as
alternating layers of infinite corner-sharing tetrahedra of 4MgO + MgSiN, — Mg,SiO, + Mg;N, (8)

magnesium nitride (Mghy and silicon nitride (Sily). Small ) )
displacements of the tetrahedra reduce the symmetry to Phase-pure MgSijcan be produced by using an excess
The use of metathesis or double displacement reactionsP€llét and encourages complete reaction of Si produced as
to synthesize MgSidoffers a quick, energy-efficient route an intermediate. Controlled atmosphere studies indicate that
to its production. The mechanism by which this reaction goes the reaction should be initiated in a nitrogen-rich environ-
to completion can be examined by looking at individual

(33) Summerlin, L. R.; Borgford, C. L.; Ealy, J. Bhemical Demonstra-
tions, A Sourcebook for Teacherémerican Chemical Society:
(32) David, J.; Laurent, Y.; Lang, Bull. Soc. Fr. Mineral. Cristallogr. Washington, DC, 1987; Vol. 2, p 193.
197Q 93 (2), 153-9. (34) David, J.Rev. Chim. Miner.1972 9 (5), 717-35.
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Figure 5. Powder X-ray diffraction peak intensities for reactions of the
type SiQ + nMgsN2. The intensity of the MgSib002) peak is plotted
along with the intensity of the Si(111) peak. The reaction with a molar
ratio of 1.0SiQ:2.0MgN_ produced X-ray-pure MgSiN A reactant ratio

of 1.0:0.5 produced only Si.

ment. The excess MY, required for reactions performed

in air may be required to reduce the local oxygen content
surrounding the reaction pellet. Thermogravimetric analysis

of the product from a reaction with a SitMgsN; ratio of
1.0:2.0 indicates that oxidation starts occurring at 8G0
This is consistent with previous studies of MgSiR
Analysis of the product after heating in air to 1000
indicates that the major crystalline phase present is-Mg

SiO,. However, the compound only experienced a mass gain

of 10.78%, whereas pure MgSiNhould show a mass gain
of 24% if it is entirely converted to M&iO, and SiQ. The

lower value may be due to the formation of other amorphous

compounds in the MgSi—N—0O system or the presence of
oxide impurities in the MgSilproduct itself. These byprod-

ucts can be removed by washing the material in a sodium

amide melt.
Silicon Source Variation. The use of different silicon

Blair et al.

regimes represented by fumed silica (nanoparticles) and sea
sand (0.51.0 mm).

It is interesting to note that ground bottle glass, diatoma-
ceous earth, and rice hull ash each produce Mg3iNen
reacted with MgN,. This suggests that MgSjiNcan be
produced from a variety of SiOsources. In each of these
cases, the product is contaminated with Si and hence the
purity of the starting material is an important factor in
MgSiN, production. This is understandable since ground
bottle glass is actually a solution of SiGCaO, NaO, and
other oxides rather than pure silica. Therefore, its silicon
content will actually be lower than expected. Optimization
of reactions involving these alternative Si€burces could
provide an inexpensive source of Si for the production of
MgSiN, especially if high purity is not required.

The mechanism of formation of MgSiNnay be through
the formation of SiN,. Silicon nitride can be formed by the
reaction of hot Si with N gas® The conditions inside a
reaction pellet can approximate these conditions. Alkali-metal
and alkaline-earth-metal nitrides are known to react with

silicon nitride to form mixed-metal nitrides as given in eq
9.32,34,36

Si;N, + Mg;gN, — 3MgSiN, 9)
However, silicon nitride was never detected in products
formed from these reactions. Yet, this may simply be due to
the greater thermodynamic driving force to form MggiN
(—141.31 kd/mol) over SN, (—27.55 kJ/mol).

The addition of NHCI to the reaction pellet serves as both
a source of NH and a heat sink® The result is a lower
temperature in the reacting pellet. The product from reactions
with NH4CI had low crystallinity and a large amount of Si
contamination. This suggests that higher temperatures are
required to ensure complete nitridation of the Si in the
reaction pellet.

Initiation Conditions. The effect of temperature on the
quality of the product was further tested by varying the
initiation flame. Since these reactions do not self-propagate,

sources was carried out to ascertain if the dynamics of thehe flame was kept on each pellet for 20 s to ensure uniform
reaction could be changed to enhance the crystallinity of the ygactions. By varying the flame type, the reaction temperature

MgSiN, product. The mineral Si©(quartz), when ground
to a powder, produces the most crystalline MgSiNow-

ever, fumed silica, a very pure form of Si(produces less
crystalline MgSiN. Hence, the purity of the starting Si-

can be changed from 1100 to 33%0. It was found that the
lowest temperature flame produced a poorly crystalline
product contaminated with Si. This is in agreement with the
data obtained from the reaction containing X0H Higher

containing reagent does not appear to be a critical factortemperature flames=2500 °C) all produced crystalline

affecting the synthesis of highly crystalline MgSiNParticle

MgSiN, with no Si impurities detectable by XRD. It is

size, on the other hand, does appear to play an importantinteresting to note that the,#D, flame (2700°C) produces

role in the synthesis of crystalline MgSiMA larger particle

the most crystalline product.

size can lead to severe inhomogeneities in the reaction pellet. The reaction duration was examined by varying the
This can be seen with reactions involving sea sand whereinitiation methods. Microwave initiation results in very fast

the particle size is on the order of 8:3.0 mm. The large

reactions that cool quickly to ambient temperature. Microwave-

grain size of the reactant leads to an incomplete reaction.initiated reactions produced poorly crystalline Mggiahd
The product is contaminated with significant amounts of Si due to the high reaction speed. In these rapid reactions,

quartz (SiQ) and Si. In contrast, fumed silica can be
considered to be essentially nanopatrticles of,SKHdwever,

it forms clumps (see Figure 2a) that can trap gases and may

the pellet did not achieve a temperature high enough to
ensure complete reaction nor did the pellet remain long

lead to a product that contains a significant amount of glassy (35) Greenwood, N. N.; Earnshaw, A. Silicon Nitridehemistry of the

impurities. This implies that there is an ideal particle size (36)
for MgSIN, formation somewhere between the two size

ElementsPergamon Press: New York, 1984; p 417.
Laurent, Y.; Lang, JC. R. Seances Acad. Sci., Serl@56 262(1),
103-6.



A Solid-State Metathesis Route to MgSiN Chem. Mater., Vol. 17, No. 8, 2002161

enough at a sufficiently high temperature to allow an increase found that the product contained only a small amount 0§-Mg
in the crystallinity of the product by Ostwald ripening of SiO,. In contrast, a less crystalline product produced with a
the as-formed MgSIiN Reactions carried out in quartz nonoptimal amount of MgN, gave a powder that, after
ampules under dynamic vacuum at 10@D for 12 h only heating, consisted entirely of M8iO,.

produced MgSIiO,. This indicates that MO, is the Thermal Conductivity. The dramatic decrease in the
thermodynamically favored phase and that it readily forms agglomerate size from fumed silica (micrometer) to synthe-
in the presence of unreacted Siénd the byproduct MgO.  sized MgSiN (submicrometer) results in a product that
This gives further support to the argument that flame-initiated should be easily compacted. This material was hot pressed
reactions are kinetically controlled. into a pellet that was 98% dense. The dense billet exhibited
With a band gap of 4.8 e% pure MgSiN should be a thermal conductivity of 5% 10 W nt* K™, This is greater
white. The color of many of the products suggests that other than previously measured values which ranged from 17 to
amorphous phases are present in the powders produced. IB8 W nT! K~1.1 However, this is still less than the theoretical
should be noted that the reaction that gave the least amounmaximum value of 75 W mt K~1 and within the range of
of Si impurity also produced a product with a color closest a suggested maximum thermal conductivity of 50 W*m
to the gray reported in the literatufe. K11 X-ray diffraction analysis of the sintered pellet indicates
Purification. A major dilemma in the formation of that the only crystalline phases present ar&isNs and
MgSiN, from silica is the subsequent formation of unwanted MgSiN,. The Si:Mg mole ratio of 2:1 obtained by EDS
Mg—Si—N—O glassed’3° The presence of these glasses indicates that the pellet does not consist of pure MgSiN
can be inferred by a large broad structure aroufid=220° With a thermal conductivity of 30 W mt K~2, the presence
in the powder diffraction patterns of the products of these of SisN4 impurities does not account for the high thermal
reactions. It is fortunate that MgSiNexhibits limited  conductivity measured. This high thermal conductivity may
solubility in these glasses. The glass formed can be removedde due to the presence of amorphous SiC (120 W K1?)
with concentrated nitric acid to which MgSiNs resistant. ~ or Si (141 W nt* K~%). Neither was detected by XRD, and
By varying the reactant ratio and adding an additional 12 h the high volume resistivityX6 x 10° Q cm) suggests that
wash with concentrated HNQthe amount of amorphous these phases may not be present in high concentrations. The
glass in the product can be essentially eliminated. gualitative observation of the hardness of this material
An alternative method to remove impurities involves the indicates that its hardness is on the order of silicon carbide.
use of molten NaNK Molten NaNH is known to attack  1his implies that SN, and Si (both of which are softer than
glass, silica, and even silicdhThe removal of amorphous ~ SIC) are not major impurities.
materials from the MgSilproduct indicates that NaNH
attacks unwanted byproducts faster than the desired MgSiN Conclusions
product. The loss of 55% of the starting product suggests
that a significant amount of amorphous material is present
in the reaction product. The use of Nalkhay also allow
the removal of Si from reactions involving alternative silica
sources.

Thermal Analysis. The initiation of the MgSiN-forming

MgSiN, can be synthesized from inexpensive sources of
silica by reaction with MgN,. The general equation is SiO
+ nMgsN; — MgSIN; + 2MgO + glass. The quality of the
MgSiN, produced is directly related to the amount of Mg
utilized in the reaction and the temperature of the initiating
) . . flame. With 2 mol of MgN_, the most crystalline, X-ray-
reﬁctr;()_n (eq ‘.E’) IS ev!dhenhce(kj) bly an e_xothfe'\r/lm alto;?]:gs pure MgSiN was produced. Impurities and amorphous
which is consistent with t € bolling point o _g( _)' byproducts can be effectively removed by using a molten
It has been found that solid-state metathesis reactions are;odium amide (NaNB bath. The speed with which these
generally initiated upon a phase change in one of the reactions go to completion potentially offers an attractive

. ) .
r?agentté‘.l I:/rll t[“? _(;afe,thMgNz lgegln{f,htol decr? m;z.oset. 0 route to the production of large quantities of Mg&iRuture
elemental Mg o initiate the reaction. The fong healing iImes \oga51ch jn controlling the composition of the amorphous

required to ensure complete reactions may be due to the nee%lass byproduct could result in an even more crystalline
to fully de.compose M. S ) product and facilitate removal of any byproduct glasses.
For optimal thermal characteristics, it is desirable to
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