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Reaction between SisN4 and Fe-Ni alloy
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In relation to the joining of silicon nitride ceramics to metal, the reaction between SizN, and
Fe-Ni alloy was investigated under a nitrogen or an argon atmosphere at temperatures
from 1123 to 1573 K. Reaction rates were determined by thermogravimetry and reaction
products were examined by X-ray diffraction. Fe-Ni-Si solid solution, Ni3Si, NisSiy, NiSi,,
FesSi, FesSiz and FeSi were produced. The initial rate obeyed a linear rate law. The rate at
the late stage of reaction was described by a parabolic rate law or Fick’s second law. The
reaction mechanism and the rate-determining step were proposed. © 7999 Kluwer
Academic Publishers

1. Introduction particle size 0.2¢4m) and Fe-46.9mass%Ni alloy pow-
Silicon nitride (SiN4) has attracted much attention as ader (Kobe Steel Ltd., purity 99.7%, average particle size
high-temperature structural ceramic because of its ex9 um). This alloy powder is called Fe46Ni. A mixture
cellent thermal and mechanical properties. However, ibf 2g SkN4 and 2g Fe46Ni alloy was thoroughly mixed
is brittle and machines poorly. In addition, complex- in a silicon nitride mortar and compacted into a tablet
shaped and large-sized components are difficult to fabef 20 mm diameter.
ricate. These disadvantages can be lessened by joiningThe thermobalance unit used for thermogravimetry
the ceramic to metal [1-8]. A reaction layer is formed at(TG) consisted of a digital-type automatic recording
the silicon nitride/metal interface during joining treat- balance (measurable limit 100 g, sensitivity 0.1 mg) and
ment, and grows further in high-temperature service ofin SiC resistance furnace. When the desired tempera-
the joints. Excessive growth of the reaction layer resultgure was reached, either nitrogen or argon was flowed
in chemical degradation of the joint. Thus, examina-from the bottom of the furnace at 251075 m3.s™2,
tion of the reaction products and reaction mechanisnf\ tablet specimen was placed in a magnesia crucible
between silicon nitride and metal can provide useful(inner diameter 26 mm, depth 35 mm). The magne-
insights into ceramic/metal bonding. sia crucible was suspended in the hot zone of the fur-
Since commercially available ceramics and metalshace (alumina reaction tube of 44 mm inner diame-
contain sintering additives and alloying elements, theer) with a platinum wire connected to a balance. The
reaction behavior between both materials is greatlynass change was recorded automatically during each
complicated. In addition, the reaction between blockexperiment. Upon completion of the measurement, the
samples is very sluggish. From such a viewpoint, thespecimen was quenched by raising the crucible into
authors have investigated the relative chemical reactivthe low-temperature zone of the furnace. The reaction
ity of SisN4 with a number of pure metals, using powder products were analyzed by X-ray diffraction.
samples [9-19]. From this result, itis possible to project
the condition of the ceramic/metal bond after long-time
service at high temperatures. Fe-Ni alloy is important3_ Result
as a basic type of heat-resistant steel. Therefore, the r
activity of SN, with Fe-Ni alloy at high temperature
is of great interest. In this work, the reaction kinetics of
SizN4 powder with Fe-Ni alloy powder has been stud-
ied, and the reaction products and reaction mechanis
were revealed.

%.1. TG curves

Fig. 1 shows the mass changes fofNgi-Fe46Ni mix-

tures which were heated continuously from room tem-
erature to 1573 K at a heating rate of 1 K/min.

0- AW/W, is the ratio of the mass loss determined
by TG to the initial mass of sample. Under both ni-
trogen and argon atmospheres, the mass loss begins at
about 1260 K. Interestingly, this temperature is between
2. Experimental 1320 K for SgN4-Fe and 950 K for SiNg-Ni [10, 11].

The starting materials were silicon nitride powder (UbeThe subsequent mass loss is more vigorous under an ar-
Industries Ltd. fraction =95, purity 98.5%, average gon than under a nitrogen atmosphere. As stated later,
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Figure 1 Mass loss with reaction of §4-Fe46Ni mixture heated con- ) ) ! o
tinuously at 1 K/min. Figure 3 Mass loss with reaction of @\4-Fe46Ni mixture heated
isothermally under an argon atmosphere at temperatures from 1123 to
1573 K.
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Time, t (ks) Figure 4 Incubation period for reaction of @Nl4-Fe46Ni mixture heated

isothermally under a nitrogen atmosphere.

Figure 2 Mass loss with reaction of @WN4-Fe46Ni mixture heated
isothermally under a nitrogen atmosphere at temperatures from 1123

01573 K 3.2. X-ray diffraction

Figs 5 and 6 show the relative X-ray intensities of the

reaction products after heatingsNi;-Fe46Ni mixtures
the mass loss is due to the formation of a solid solutiorfor 72 ks. The relative X-ray intensity is the ratio of the
and silicides, accompanied by the generation of nitrostrongest intensity for each product to that fogNgj
gen gas. (200). Under a nitrogen atmosphere and at 1373 K,

Figs 2 and 3 show TG curves forsBlis-Fe46Ni mix-  NisSi; and Fg@Si are simultaneously produced with dis-

tures heated isothermally at temperatures from 1123 tappearance of Fe46Ni alloy (phase). Then, NBi is
1573 K under a nitrogen and an argon atmosphere, rgaroduced at 1523 K. Under an argon atmosphere, sili-
spectively. A substantial incubation period is observectides were produced in the following ordersSi; and
at low temperatures. A brief incubation period is foundFe;Siat 1223 K, N3Si at 1323 K, FgSiz at 1473 K and
even at higher temperatures, as shown in Fig. 4. AFeSi at 1523 K. Under both atmospheres, the diffrac-
1123 K, the reaction does not occur at all. This may bdion peaks of Fe46Ni alloy)( phase) were shifted to
because the incubation period is longer than the experthe high-angle side with increasing the temperature.
ment time. Under both atmospheres, the reaction occurbhis is because silicon forms a substitutional solid so-
rapidly after the incubation period and then the reactioriution with y phase. Consequently, the lattice constant
rate decreases gradually. It may be noted that each T&f y phase decreases, as shown in Fig. 7. Ultimately,
curves under a nitrogen atmosphere has a tendency silicides precipitate from super saturated solid solu-
converge on a particular value. tion. The Si/metal ratio of the silicides increased with

5526



Figure 5 Relative X-ray intensities of reaction products inzl$ij-
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Figure 6 Relative X-ray intensities of reaction products ingl$i-
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TABLE | Reaction products in §Ns-Fe46Ni mixture heated under
a nitrogen atmosphere (detected by X-ray diffraction)

Temperature  Time
T(K) t(ks) SBNs Fed46Ni NgSi NisSip FesSi
1273 09 O @) X X X
7.2 O O X X X
18 @) @) X X X
72 O O X X X
1323 09 O @) X X X
3.6 O O X x X
72 O @) A A X
18 @) @) A A X
72 @) @) A A X
1373 09 O @) A A X
72 O O A O O
18 @) @) X O (@)
72 O @) X O O

O: strong; A: very weak;x: undetected.

temperature and heating time.3Si which has lower
Si/metal ratio than NiSi; was not detected by X-ray
diffraction. This is thought to be because the diffraction
intensity of NgSi was very weak. Therefore, metal par-
ticles were separated from sample by allowingN\gi
powder to suspend in acetone and were submitted to
X-ray diffraction. The X-ray diffraction pattern of this
metal particles is shown in Fig. 8. Very small peaks of
Ni3Si were detected. Their X-ray intensity was about
10*times less than that gf phase (1 1 1). Table | shows
the phase detected by this method. A slight amount of
Ni3Si is found to form only under limited conditions.

4. Discussion

4.1. Reaction products

On isothermal heating of §W4-Fe46Ni compacts, re-
action proceeded above 1173 K under both nitrogen
and argon atmospheres, although an incubation period
was observed (Figs 2—4). Both iron and nickel do not
produce nitrides at the experimental temperatures [20].
In addition, nitrogen hardly forms a solid solution with
iron and nickel [20]. Therefore, the reaction products
between SN, and Fe46Ni are the Fe-Ni-Si solid so-
lution and silicides of iron and nickel. As can be seen
from Figs 2, 3 and 7, a mass loss was observed and the
lattice constant of Fe46Ni alloyy(phase) decreased
at temperatures of 1173 K and higher, under both ni-
trogen and argon atmospheres. This indicates hat
phase forms a solid solution with silicon. The reaction
and standard free energy changeG®, for formation

of solid solution are given by

SizgNa4(s) = 3Si+ 2N(9)
AG%/J- molt = 723800- 315T /K [21]

(1)

where _Sistands for silicon which forms the solid so-
lution. The Raoultian activity relative to pure silicon is
employed as the activity of Sis;. Under a nitrogen at-
mosphere, 3N, decomposes to pure silicoag = 1)
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above 2298 K. Therefore, the reaction betweeyNgi  0.46, respectively. Under a nitrogen atmosphergSNi
and Fe46Ni alloy produced the solid solution havingand FgSiare thermodynamically produced at 1140 and
low activity at the experimental temperatures. For ex-1768 K, respectively. Therefore, 8i is the earliest
ample, the formation of the solid solution witlg; of  product. X-ray diffraction also shows that4Sii is at
5.5x 107 and smaller is possible at 1173 K. Under first produced at 1323 K. The observed temperature
an argon atmosphere, a solid solution with still higheris appreciably higher than the thermodynamically esti-
activity will be produced because of the low nitrogen mated temperature of 1140 K. This seems to be because
pressure. the formation of NiSi is accompanied by a diffusion
At higher temperatures, Figs 5 and 6 indicate the forprocess (reaction diffusion). Its diffraction intensity re-
mation of nickel silicides (N§Si, NisSi; and NpSi)and  mains very weak and finally disappears at 1373 K. Ac-
iron silicides (FgSi, FgSiz and FeSi). The Si/metalra- cording to the phase rule, this result is explicable as
tio of the silicides increases with increasing temperaturetated below.
and heating time. The silicides with alow Si/metal ratio The Fe-Ni-Si phase diagram at 1273 K is shown in
react with SiNy4 to produce those with a high Si/metal Fig. 9 [24]. The initial composition of Fe46Ni alloy
ratio. Reactions for the formation of silicides are rep-is represented at point A. The reaction betweeMNgi
resented by and Fe46Ni alloy leads to the shift of alloy composition
in the direction of the arrow. That is, the composition
9Fe+ SisN4(s) = 3FgSi(s)+ 2Nx(g) (2) changes single-phasetothe+ b.c.c.+ NisSip three-
0 1 phase field. The b.c.c. phase is either a solid solution
AGY/J-mol™™ = 298800 215T /K [21] or FgSi [24]. Even though NiSi is produced, further
15FgSi(s)+ 4SkN4(s) = FesSia(s)+ 8N2(g)  (3)  growth of NigSi is unlikely as can be seen from Fig. 9.
i i _ i Therefore, the very weak diffraction intensity of4Si
3F%SI3(S)_+ ZS_bN4(S) 15'?88_'(8% N2(0)  (4) was found only at 1323 and 1373 K under a nitrogen
ONi + SisNa(s) = 3NizSi(s)+2N2(9)  (5)  atmosphere (Table 1). Thus, for the reaction between
AGO/J. mol~! = 308900 329T /K [22] SisN4 and Fe46Ni alloy, F£5i and NgSi, are simul-

s . . taneously produced and grow as stable phases, corre-
15NisSi(s)+ SisNa(s) = INisSix(s) + 2N2(g)  (6) sponding to the phase diagram. On the other hand, for
6NisSiz(S) + SisN4(S) = 15NiSi(s)+ 2Nx(g) (7)  the reaction between 4 and pure nickel, which is

free from the restriction by the above phase rulgS\i
where Feand Nistand for iron and nickel which form appears at 1073 K and continues to grow unty i
the solid solution. The activities of iron and nickel in the is produced at 1223 K [9, 10].
alloy, are andayj, are the Raoultian activities relativeto  From Equation 2, the temperature ofsBéforma-
pure iron and nickel. Since Fe-Ni alloy may be approx-tion is thermodynamically calculated to be 1768 K for
imately regarded as an ideal solution [23], the activityFe64Ni alloy withar. of 0.54. The observed value of
is equal to the concentration (mole fraction). There-1373 K is much lower than the calculated value. Iron
fore, are anday; of Fe46Ni alloy are equal to 0.54 and excluded by the preferential formation of 48i and
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Figure 11 Arrhenius plots for rate constakt of linear rate law.

The linear rate constark; is obtained from the initial
linearregions of TG curves givenin Figs 2and 3. Fig. 11
indicates the Arrhenius plots &f. The values ok; in
SizsN4-Ni and SgNy4-Fe are shown for comparison with
ki in SizN4-Fe46Ni alloy. The slope of the Arrhenius
Ni5Si2 is enriched in the aIon, as shownin Flg 10. Thenne is different above and below 1373 K for3&i4-
arein the enriched region is nearly equal to unity. Con-Fe46Ni. The activation energies at lower temperatures
sequently, F¢Si is thermodynamically estimated to be were estimated to be 346 khol* under a nitrogen
produced above 1390 K. The temperature fayStéor-  atmosphere and 315 kthol~ under an argon atmo-
mation is somewhat higher than the experimentally desphere. These values are reasonable for the activation
termined temperature of 1373 K (Fig. 5), arising from energy of a chemical reaction. The valudois smaller
the error inAGC. Interestingly, the reaction between under a nitrogen than under an argon atmosphere, re-
SisN4 and pure irongge= 1) also produced BSi at  flecting that the interfacial reaction produces the evo-
1373 K under a nitrogen atmosphere [11]. lution of nitrogen gas. At higher temperatures, the
Under an argon atmosphere, the simultaneous formaow activation energy of 106 kinol~* was obtained
tion of Fe;Si and NSk, occurred at the lower temper- regardless of atmosphere. The low activation energy
ature of 1223 K, because of a low nitrogen pressure. Asyggests that the diffusion of nitrogen gas through inter-
elevated temperature, the silicides with higher Si/metabartide pores in the §N4-Fe46Ni mixture is the rate-
ratios were produced ; bii, Fe;Siz and FeSi. determining step. At low temperature, the initial rate is
considered to be controlled by reaction at the interface
between SN, and Fe46Ni alloy. At higher tempera-
rate-determining step tures, rapid progress of the interfacial reaction gener-

At the early stage of the reaction betweegNgiand  ates nitrogen gas. Consequently, the rate-determining

metal, the rate data obeyed the following linear rateStep shifts from interfacial reaction to gaseous diffu-
equation [10, 14, 16, 17] sion in the pores of the compact. A similar reaction

mechanism will be presented also forI$i-Fe and
SizN4-Ni.

Figure 10 Schematic illustration of reaction process betweghlgand
Fe46Ni under a nitrogen atmosphere.

4.2. Reaction mechanism and

100- AW/Wp = ky - t 8)
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Figure 12 Application of parabolic rate law to kinetic data shown in

Fig. 2.

The above results substantiate solid-state diffusion con-
trol through the product layer.

Under a nitrogen atmosphere and below 1323 K, the
parabolic rate law was inapplicable to the kinetic data.
In addition, the reaction product was only the Fe-Ni-Si
solid solution. With the assumption that unsteady state
diffusion occurs through alloy particles, Fick’s second
law of diffusion is applied to the kinetic data [25]. The
concentration of silicon is initially zero throughout the
Fe46Ni alloy particle and its surface is maintained at
a constant concentration during reaction withNgi
Under the above conditions, solving Fick’s second law
yields the following result [25]:

Mass loss, 100 < AW/W,

o0
Mi/Moo = 1 - 6/7%) " 1/’
n=1

0 50 100 150 200 250 o
Time, (- 7)*? (%) x / f(a)-exp(-Dn°z?t/a’) (10)
0

Figure 13 Application of parabolic rate law to kinetic data shown in . . .
Fig. 3. where M; and M, are the quantity of diffusing sub-

stance leaving the sphere in timeand after infinite
time, respectively. In additiorD is the diffusion co-
The TG curvesinitially obey alinear rate law and thenefficient, a is the particle radius andi(a) is a density
gradually deviate from it. The kinetics at the late stagefunction for the distribution of the particle sizeb(a)
can be expressed by a parabolic rate law [10, 14, 16, 1dan be estimated because the particle sizes of Fe46Ni
alloy obey the logarithmic normal distribution as shown
100- AW/W, = ké/z (t—1)Y2 (9) in Fig. 15. The values ob andM,, were determined
by trial and error so that the calculated results fit with
where is the parabolic rate constant ands the in- the TG curves. The value dfl,, corresponds to the
cubation period. As shown in Figs 12 and 13, thesolid solubility in Fe46Ni alloy at each temperature.
plots satisfy the parabolic rate equation above 1373 Krig. 16 shows the simulated curves (dashed line), to-
under a nitrogen atmosphere and over the entirgether with the TG curves. Good agreement between
temperature range under an argon atmosphere whehe curves is observed. However, such simulations can-
100- AW/Wp = — 1. Fig. 14 shows Arrhenius plots of not be carried out using Equation 10 when silicides are
the parabolic rate constark;. The value ofk, is in-  produced. Arrhenius plots dd are shown in Fig. 17.
dependent of the atmosphere. The calculated activatiofihe plots display good linearity. For the temperature
energy of 337 kdmol~1 is nearly the same as that ob- range from 1173 to 1323 K, the value Bfvaries from
tained for the reaction of &\, with other metals [10- 4.3x 10717 to 5.2x 10716 m?.s. While the value of
12,16,17]. When the metal particles are completelyD in Fe-Ni-Si is the same aP in Fe-Ni [23] and
coated with the product layer, subsequent reaction beNi-Si [26], it is 3 orders of magnitude lower thab
tween SiN4 and metal involves solid-state diffusion. in Fe-Si [27]. The activation energy calculated from
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Figure 17 Arrhenius plots for diffusion coefficierd.

the slope of the Arrhenius line is 236 kdiol~1. This

value is roughly comparable with 258 kdol~* for

Ni-Si [26] and 209 kdmol~! for Fe-Si [27], though
it is appreciably lower than 317 kol for Fe-Ni

[23].

5. Conclusion

The reaction between i, and Fe-46.9mass%Ni al-
loy was investigated by thermogravimetry and X-ray
diffraction methods in order to reveal the reaction prod-
ucts and reaction mechanisms. Compacts gl Jal-

loy powder mixture were heated for 72 ks at tempera-
tures from 1123 to 1573 K under a nitrogen or an argon
atmosphere.

1. The formation of an Fe-Ni-Si solid solution begin
at 1173 K under both atmospheres.

2. Under a nitrogen atmosphere, a slight amount of
NizSiwas produced at 1323 and 1373 K. Above 1373 K,
NisSi; and FgSi were simultaneously produced corre-
sponding to the Fe-Ni-Si phase diagram.

3. Under an argon atmosphere, boths$¥§ and
Fe;Si were produced at 1223 K. With increasing temp
erature, the Si/metal ratio of the silicides increased
inthe sequence bi, — Ni,Siand FgSi— Fe;Siz —
FeSi.

4. Along incubation period was observed at 1123 K.
The incubation period was shortened with increasing
temperature.

5. The initial reaction rate obeyed a linear rate law.
The reaction rate below 1323 K is determined by re-
action at the interface betweersSi and Fe-Ni alloy,
whereas the rate above 1373 K is controlled by gaseous
diffusion of nitrogen through interparticle pores in the
compact.

6. The rate was described by a parabolic rate law at
late stages of reaction, when alloy particles were com-
pletely coated by the reaction layer. The rate data under
anitrogen atmosphere and below 1323 K were analyzed
by Fick's second law. The reaction rate is considered to
be controlled by solid-state diffusion through the reac-
tion layer.
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