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ABSTRACT

The high temperature phase equilibria of the Cr-S.-C and Ni-Si-C
ternary systems have been investigated by means of melting point,
differential thermal analytical, X-ray, and metallographic techniques.
Cursory investigations were also made in the Ni-Si and Ni-C binary
systems.

In the Cr-5i-C system, a ternary D88-type phase, which forms
two-phase equilibria with most of the other respective binary phases
is present. The high temperature phase equilibria include eleven,
four -phase reactions of which seven are ternary eutectics. Seven
pseudo-binary eutectics also occur.

The Ni-Si-C system has simple solid-state equilibria governed
by the occurring binary phases. The high temperature phase equilibria
of this system include seven four -phase reactions of which five are
ternary eutectics and four pseudo-binary eutectics.

Isothermal sections into the melting range as well as three-
dimensional space models are presented for both ternary systems.

This document is subject to special export controls, and each
transmittal to foreign governments or foreign nationals may be made
only with prior approval of the Metals and Ceramice ivision (MAMS),
Air Force Materials Laboratory, Wright-Patterson AFB, Ohio 45433.
The distribution of this report is limited because the protection of
technology relating to critical materials is restricted by the Export
Control Act.
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A

I. INTRODUCTION AND SUMMARY

A, INTRODUC TION

Recent interest in developing high-strength, reinforced
composite bodies has focused our attention on the high modulus and light
weight refractory materials such as silicon carbide as potential fiber
candidate materials. Since these materials are inherently brittle, it is
essential to use binder materials having low moduli. The success of
such composite bodies depends on the me chanical and chemical compati-
bili‘ies between the fiber and binder materials. Apart from strength
considerations, mechanical compatibility also implies the match of
coefficients of thermal expansion; if this match is absent, cracks will
develop in a temperature gracient field or under thermal cycling con-

ditions and eventually cause failure of the composite.

Before une considers the mechanical compatibility of
the fiber and binder materials, it is absolutely esszntial to study the
chemical stability of these materials under environments of interest.
Chemical compatibility implies no interaction between the two
materials at any temperature of interest and hence offers a truly stable

two-phase composite system.

Although in principle, one can predict the compatibility
of any pair of materials such as the reinforcing and binder components
in a composite system from the principles of chemical thermodynamics,
the lack of pertinent data often makes these calculations impossible.
Therefore, the best way to obtain compatibility data is to systematically
investigate the phase equilibria of the materials of interest from solid
state through the melting ranges. Such investigations not only yield
precise and defined compatibility data, but will also lead to a complete
mapping of the relative stabilities of alloy phases and thus greatly
increases the predictive potential of thermodynamic approaches. More-

over, since the appearance of a liquid interface is associated with the

.
=

>

C o |




immediate failure of . composite body, phase diagram data provide a
direct criterion for the upper temperature service limit for the par-

ticular composite system.

The objective of the present work was to investigate

the stabilities of silicon carbide, a potential fiber candidate imaterial,

in the presence of chromium and nickel, since both metals ar- inherently

ductile and may be used as binder materials for developing a nmetal-
silicon carbide composite. Accordingly, cursory phase equilirria
investigations in the binary Ni-Si and Ni-C systems with detailed inves-

tigations in the Cr-Si, Cr-Si-C, and Ni-Si-C systems have been made.

The detailed descriptions of the investigations in
chromium-silicon system have been previously submitted as a separate

entity and are not included in this report.
B. SUMMARY

The high temperature phase equilibria of both the
chromium-silicon-carbon and nickel-silicon-carbon systems have been
investigated by means of X-ray, D.T.A., metallographic, and melting
point techniques. In addition, cursory investigations confirming the
melting temperatures in the binary systems Ni-C and Ni-Si were per-
formed. A minor correction to the already submitted report on the

chromium-silicon system is included.

1. Binary Systems

a. The Chromium-Silicon System

Additional D.T.A. experiments with the
Cr55i3 compound have shown that there is no allotropic a - p transforma -
tion in this phase at 1505°C. The corrected constitution diagram is

presented in Figure 15.



b. The Nickel-Silicon System

Results of the experiments to determine
the melting points of several alloys in this system showed excellent
agreement with the solidus temperatures published in the literature
(Table XX). The crystal structures of most of the phases occurring
as well as most of the isothermal reactions in the nickel-silicon

system were verified.

The high temperature form of NiZSi was
not able to be retained by quenching, but strong metallographic evidence
was observed to indicate its presence. The investigations were not
able to confirm the reported, but in some cases also denied, presence
of the low temperature allotropic modifications of the Ni3Si phase. No
indication of a reported high temperature allotrope of Ni.Si2 was

observed.
c. The Nickel-Carbon System
Melting point experiments to check the
eutectic temperature of the nickel-graphite eutectic yielded a value of

1322°C; this is in excellent accord with the literature \;a,lue of 1318°C.

2. Ternary Systems

a. The Chromium-Silicon-Carbon System

The primary feature of this system is
the occurrence of a congruently melting, ternary D88-type phase in
a small homogeneous range about the composition Cr555i36. SCB. 5
This ternary phase is in equilibrium with most of the binary phases

at 1100°C as =hown in Figure 1.



1100°C

3%z

SRIea,C 3}
Cra3Ce
Cr+C r23Cg

Cr CrasCe CrrCs CraCap ¢

Figure 1. Cr-Si-C: Phase Equilibria at 1100°C.

At 1100°C and also at higher temperatures,

there is no mutual solubility in either the carbides or silicides.

The following pseudo-binary eutectic reaction
isotherms (limiting t?ei lines) were observed:

/!

(1) The Cr CZ-DB Pair

3 8

The reaction proceeding at 1530°C is

represented by:

T =1530°C
Liquid _ 13 Cr:‘}C2 + D88 Phase
4



The equilibrium compositions of the

partaking phases are given in Table I.

Table I. Approximate Equilibrium Compositions of Phases Partaking

of the Pseudo-Binary Eutectic Reaction L >Cr,C, + D8
° 372 8
at 1530°C.
! Concentration, At.%
Phase Cr Si C
Liquid a7 19 24
D88 55 36.5 8.5

-D8, Pair

(2) The Cr.;,C3 8

The pseudo-binary eutectic reaction

at 1540°C is given by:

T 1540°C _

"*‘T;'mv-t"

Liquid Cr7C3 + D83 Phase

The equilibrinm compositions of the

partaking phases are presented in Table II.

Table II. Approximate Equilibrium Compositions of Phases Partaking
of the Pseudo-Binary Eutectic Reaction L —> Cr,C,+ D88

at 1540°C, =
Composition, At.%

Phase Cr Si C

Liquid 71 11.5 17.5

Cr3Si ~T75 ~Z5 <<}

Cr7C3 ~T70 <<] ~30

s ——



S

(3)

The Cr 7C

-Cr._,Si Pair

3 3

The pseudo-binary eutectic reaction

at 1528 °C along this section is represented by:

Liquid

T <1528°C

>

TETEIEC

Cr7C3

+Cr.Si

3

The equilibrium concentrations of

the reacting phases are given in Table III.

Table III. Approxiriate Equilibrium Compositions of Phases Partaking of

3

Si at 1528°C.

the Pseudo-Binary Eutectic Keaction, L >Cr.,C3 +Cr
i Composition, At.%
Phase Cr Si C
Liquid 71 1.5 17.5
Cr3Si ~75 ~25 <1
Cr,C, ~70 <<1 ~30
(4) The Cr3$i~-D88 Pair
This pseudo-binary eutectic reaction
takes place at 1515°C:
T =1515°C 5
Liquid = Cr3Si + D88 Phase
T = 1515°C

ponents are given

in Table IV.

The compositions of the reacting com-



TableIV. Approximate Equilibrium Compositions of the Phases Partaking
I of the Pseudo~-Binary Eutectic Reaction, L >Cr3Si at
1515°C,
Composition, At.%
Phase Cr Si C
g Liquid 66.5 29.5 4
Cr3Si ~75 ~25 <<1
D88 Phase 55 36.5 8.5

(5) The D88 -SiC Pair

The pseudo-binary eutectic reaction
proceeding at 1635°C along this section is given by:

T <1635°C >
Liquid P D88 Phase + SiC
T = 1635°C

The equilibrium concentrations of
the reacting phases are given in Table V.

Table V. Approximate Compositions of Phases Partaking of the Pseudo-
Binary-Eutectic Reaction at 1635°C.

Composition, At.%
7 Phase Cr Si C
# Liquid 51 37.5 11.5
i D88 Phase 55 36.5 8.5
SiC 0 50 50

(6) The CrSSi:‘;-DS8 Pair

The pseudo-binary eutectic reaction
at about 1510°C along this section is described by:

7
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T< 1510°C _

Cd s
Liquid < Cr5813+D8

8 Phase

Table VI contains the equilibrium

concentrations of the reacting phases.

TableVI. Approximate Equilibrium Concentrations of Phases Partaking
of the Pseudo-Binary Eutectic Reaction, L >CrSSi3 + D8

at 1510°C. 8
Compositions, At.%
Phase Cr Si C
Liquid 58.5 37 4.5
Cr58i3 62.3 37.5 <<l
D88 55 36.5 8.5

(7) The following four-phase reactions

occur in the ternary Cr-Si-C system:

(a) The ternary eutectic in the metal-

rich portion of the ternary system is described by a Class I reaction at
1460°C:

T < 1460°C -
Liquid < Cr351+CrSB+Cr

23%6

The equilibrium concentrations of

the phases partaking of this four -phase reaction are given in Table VII.



Table VII. Equilibrium Concentrations of Phases Partaking of the Four-

Phase Ternary Eutectic Reaction at 1460°C.

Composition, At.%
Phase Cr Si C
Liquid 79 10 11
Cr Si ~75 ~25 <<]
Cr2306 79.3 1 20,7
Cr ~94.5 5 ~0.5

(b) A Class Il reaction at 1510°C

in the metal-rich portion of the system is represented by:

Ts 1510°C
Liquid + Cr.,C i

Cr,.C,+Cr.Si
773« 51510 2376 3

The equilibrium concentrations
of the phases partaking of this ClassIl, four-phase reaction at 1510°C
are given in Table VIII.

Table VIII. Approximate Equilibrium Concentrations of Phases Partaking
of a Class I, Four-Phase Reaction, L+Cr.C, ___5 Cr,.C +
Cr,Si at 1510°C. e 236

3
[ Composition, At.%
Phase Cr Si C
Liquid 77.5 11.5 11
4 Gr.C, ~10 <1 ~30
CrZ3C6 ~79.3 <<1 ~20,7
Cr3Si ~715 ~25 <<l

(c) The ternary eutectic among
Cr7C3. Cr3Si, and the D88 phase is represented by a Class I, four-
phase reaction at about 1510°C:

9



T

T s 1510°C _
Liquid ~ Cr,Si+Cr.C,+D8
<“TST510°C = e

8 Phase

The equilibrium concentrations

of these phases are given in Table IX.

Table IX. Approxixi{ate Equilibrium Concentrations of the Phases
Partaking of the Four-Phase Ternary Eutectic Reaction

at 1510°C.

Composition, At.%
Phase Cr Si Cc
Liquid 70 11.5 18.5
Cr.$ ~15 ~25 <«<1
G ~70 <<1] ~30
- 55 36.5 8.5

(d) Another ternary eutectic
among Cr7C3, D88 phase, and Cr3Cz is also described by a Class I,
four -phase reaction at 1520°C.

T = 1520°C o
Liquid > Cr3Cz+Cr7C

=

3+D88 Phase

The equilibrium concentrations

of the phases partaking of this Class I reaction are given in Table X.

10



Table X, Approximate Equilibrium Concentrations of the Phases Partaking
of the Class I, Four-Phase Ternary Eutectic Reaction at 1520°C.

Composition, At.%
Phase Cr Si C
Liquid 60 18.5 21.5
Cr7C3 70 <<] 30
Cr3C2 60 <<l 40
D88 Phase 55 36.5 8.5

(e) A Class II, four-phase reaction

at 1410°C occurs in the vicinity of the CrSi phase:

T<1410°C -
quu1d+Cr5813 - Cer+D88 Phase

The equilibrium concentrations of

these reacting phases are given in Table XI.

Table XI. Approrimate Equilibrium Concentrations of the Phases Partaking
of the Class I, Four-Phase Ternary Eutectic Reaction

L-i»Cr,jSi3 > CrSitD8g at 1410°C.
Composition, At.%
Phase Cr Si C
Liquid ~50 ~46.5 ~3.5
CrSi, 62.5 37.5 <<1
CrSi 50 50 <<1
D8y 55 36.5 8.5

(f) Another Class I, four -phase
reaction occurs in the vicinity of the CrSi phase as liquid replaces the
solid-state equilibrium at 1400°C:

T<1400°C
LiquidtD8; Phase .~ >  CrSi4SiC
“TETI00°C

11




The equilibrium concentrations of the

phases partaking of this Class Il reaction ara given in Table XII:

Table XII. Approximate Equilibrium Concentrations of the Phase Partaking
of the Class II, Four-Phase Ternary Eutectic Reaction
L+D8, Phase ——> CrSi+SiC at 1400°C.

8
Composition, At.%
Phase Cr Si C
Liquid 46 51.5 2.5
D83 Phase 55 36.5 8.5
CrSi 50 50 <<]
SiC 0 50 50

(8)

The following four -phase reactions

and one pseudo-binary eutectic reaction were not detected, but are

presumed to occur in the ternary Chromium- Silicon-Carbon system:

Approximate
Temperature
Type °C Remarks
Liquid+C Cr_,C,_+5iC Class II 1790 Disappearance of
>~ 7372 ; 1
SiC -Cr3C Solid-
State Equﬁibrium
Liquid —— D8,+Cr,C,+5iC Class I 1630 Ternary Eutectic
Liquid —— Cr55i3+D88+Cr3Si Class I 1505 Ternary Eutectic
Liquid >CrSiZ+CrSi+SiC Class I 1380 Ternary Eutectic
Liquid >CrSiZ+Si+SiC Class I 1300 Ternary Eutectic
Liquid > CrSi2+SiC Limiting 1480 Pseudo-Binary
Tie Line Eutectic

(9

Using all experimental results and

isothermal sections (Figures 54 through 66), a three-dimensional space

model of the chromium-silicon-carbon system was established (Figure 2).

12
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Figure 2. The Chromium-Silicon-Carbon System.

13




(10) Qualitative Kinetic Studies

Special D.T.A. experiments performed
with mixtures of chromium metal and silicon carbide powders indicated
that at all temperatures above about 1330°C, a strong exothermic reaction
occurs between these materials as more stable ternary equilibrium are

formed.

b. The Nickel-Silicon-Carbon System

There are no ternary phases formed in this
thre.-component system; the solid-state phase equilibria is governed
solely by the respective binary phases. Figure 3 portrays the solid-state
equilibrium at 800°C where it is seen that the binary nickel silicides form

narrow two-phase fields with either silicon carbide or graphite.

/ Si
NiSiy +Si
/ 800°C '
>
o)
S
o}" NiSi,
o
O
§ NiSi+NiSi, +SiC
€  NiSi _ SiC
/ /N155I2+N|5'l +SiC \
Niy Si, - BN ;
. |zs.+Nn]S|2+ Sic Va
) o
8-Ni, Si B-NipSi+SIC+C Z

8 -NiS1+NigSis+C

Ni ' c
Figure 3. Ni-Si-C: Phase Equilibria at 800°C.,
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At 800°C and also at higher temperatures,
neither silicon carbide nor any of the binary nickel silicides show any

mutual solubility among themselves or with graphite.

The following pseudo-binary eutectic reaction

isotherms (limiting tie lines) were observed:

(1) The Ni -C Pair

5512
The reaction proceeding at 1270°C

is represented by:

T=<1270°C _
Q q > a o
Liquid < s N15512+C

The equilibrium concentrations of

the partaking phases are given in Table XIII.

Table XIII. Approximate Equilibrium Concentrations of the Phases Partaking
of the Pseudo-Binary Eutectic Reaction L ___>NiSSiZ+C at

1270°C.

Composition, At.%
Phase Ni Si C
Liquid ~11 28 ~]
NiE‘Si.2 ~71.4 ~28.6 <1
C 0 0 100

(2) The O-NiZSi-C Pair

The pseudo-binary eutectic reaction

at 1282°C is given by:

15




Liquid ”

Ts1282°C

p<

6-Ni,Si+C

2

The equilibrium concentrations of

the partaking phases are given in Table XIV.

Table XIV. Approximate Equilibrium Concentrations of the Phases
Partaking of the Pseudo-Binary Eutectic Reaction
L ——>6 -Ni Si+C at 1282°C.

2

Composition, At.%
Phase Ni Si C
Liquid ~65.5 ~32 <<2.5
G-NiZSi Ab67.7 ~33.3 <<}
C 0 0 100

(3)

The following four -phase reactions

were observed in the ternary Ni-Si-C system:

(a) A ternary eutectic in the metal-

rich portion of the ternary system is described by a Class I reaction at

1145°C:

of the phases partaking of this four-phase reaction are given iv. Table XV .

T<1145°C

quuxd<

16

> Ni +C+Ni
TZ“&E'C 88

3Si

The equilibriun. concertrations



Table XV. Equilibrium Concentrations of the Phases Partaking of the
Fcur-Phase Ternary Eutectic Reaction at 1145“C.
L —->NisB + C + Nij3Si

Composition, At.%
Phase Ni Si C
Liquid 78 19 3
Niss r82.2 ~7.5 ~0.3
C 0 0 100
Ni3Si ~15 A <<1

(b) Another four -phase reaction
in the metal-rich portion of the ternary Ni-Si-C system is described

by a Class II, four -phase reaction at about 1160°C:

T=<1160°C

" or > o (21
L1qu1d+N155 e . N13S i+C

The equilibrium concentrations

of the phases partaking of this four -phase reaction are given in Table XVI.

Table XVI. Eqguilibrium Concentrations of Phases Partaking of the Class II,

Four-Phase Reaction L+NiSSi.2 ———>Ni3Si+C at ~1160°C.

Composition, At.%
Phase Ni Si C
Liquid 76.5 | m21 ~2.5
NiSSiZ ATl.4 ~28.6 <<}
Ni3Si ~75 ~25 <<l
C 0 0 100

17




A TSANE It

(c) A Class II, four-phase reaction
at about 993°C in the region near NiSi, is described by:

Ts ~993°C
Liquid + Si ' NiSi, +SiC
I J93°T £

>

The equilibrium concentrations
of the phases partaking of this four-phase reaction at about 993°C are
given in Table XVII.

Table XVII. Equilibrium Concentrations of the Phases Partaking of the
Four-Phase Reaction,Liquid + Si > NiSi, + SiC at About

993°C. 2
Composition, At.%
Phase Ni Si C
Liquid ~9.5 ~50 ~0.5
NiSi2 ~33.,3 ~66.7 <<1
Si 0 99 ~
i 0 50 50
L -

18



(4) The following four -phase and pseudo-
binary reactions were not detected, but are presumed to occur in the

ternary Nickel-Silicon-Carbon system:

Approximate
Temperature
Reaction Type °C Remarks
Liquid —3Ni Si,+ 6-Ni,5i+C Class I 1260 Ternary Eutectic
Liquid _-—>9-NiZSi+SiC+C Class I 1280 Ternary Eutectic
Liquid ——NiSi+6-Ni Si+5iC Class I 964 Ternary Eutectic
Liquid ——>NiSi, +NiSi+5iC Class I 966 Ternary Eutectic
Liquid —>»NiSi+SiC Limiting 992 Pseudo-Binary
Tie Line Eutectic
Liquid ——->6-NiZSi+SiC Limiting 1300 Pseudo-Binary
Tie Line Eutectic

(5) Using all experimental results and
isothermal sections (Figures 92 through 102), a three-dimensional space

model cf the Nickel-Silicon-Carbon system was established (Figure 4).
(6) Qualitative Kinetic Studies

Special D.T.A. experiments per-
formed with mixtures of nickel metal and silicon carbide powders
indicated that at all temperatures above about 1000°C, a strong exothermic
reaction occurs between these materials as more stable nickel silicide-

graphite, ternary equilibria are formed.
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Figure 4. The Nicke!-Silicon-Carbon System.
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II. LITERATURE REVIEW

A, BINARY SYSTEMS

1. The Chromium-Silicon System

The final report on the chromium-silicon system,
a part of this overall program, has been previously submitted as a

separate entity; the detailed literature review presented therein need not

be repeated here.

2. The Nickel-Silicon System

The earliest investigations in this system go back
as far as 1906; for detailed information regarding this early work, the

reader is referred to the compilation in M. Hansen's Constitution of

(1)

Binary Alloys

The first complete investigation of the constitution
of this system in more recent times was by Iwase and Okamoto(z) in 1936.
These authors found six intermediate compounds: NiSSiZ, NiZSi, NiSi,
Ni3Si, Ni3Si2, and Nibiz; the first three melt congruently and while Ni,Si
and NiSi2 decompose peritecticly, and Ni3Si2 forms in a peritectoid
reaction. These authors also report an allotropic transformation in the
NiSi2
analyses on the Ni-Si intermediate compounds and determined the crystal

compound at 981°C. A, Osawa and M. Oka.moto(3) performed X-ray

structures of the following compounds: ﬁl—Ni3Si, Nissiz, 6-Ni2$i, G-NiZSi.
Ni3SiZ, NiSi, and two forms of NiSiz. In addition, they found three allotropic
modifications of Ni;jSi. K. Ruttewit and G. Masing(4) investigated the nickel -
rich portion of the nickel silicon system and confirmed the results of

(2) (3)

Iwase and Okamoto' ' and some of the results of Osawa and Okamoto' ™",
They could not, however, confirm the 6- 6-NiZSi transformation temperature

from Iwase and Okamoto, nor were they able to confirm the transformation
temperatures of the allotropic modifications of Ni3Si. They reported

instead a eutectoid decomposition of the Ni3Si phase at 1126°C.
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(5)(6)

Schubert and Pfisterer ascertained that the

crystal structure of NiSiz is of the C-1(CakF,) type; this contradicted the
earlier findings of Osawa and Okamoto(3). They further stated that
NiZSi had the NiAs (B8)-type structure. In 1951-3 'K, Toman( 7M9)
determined the crystal structures of NiSi, 6-NiZSi, and O-NiZSi; NiSi

is orthorhombic and related to NiAs; 6-NiZSi was also found to be
orthorhombic, while G-NizSi was hexagonal. The lattice parameters

of O-NiZSi differed only slightly from those reported by Osawa and
Okamoto(3). Work by A, Wittmann, K. Burger, and H. Nowotny(lo)
has refuted the reported structure by B. Boren(“) and confirmed the
studies of K. Toma.n”) by stating that the compound NiSi has an
orthorhombic (B-3!) structure. According to Gunvor Pilstrom(s),
Ni35i2 is orthorhombic in contrast to the reports of Owawa and
Okamoto(3); in addition, Pilstrom reports a trigonal unit cell for NiSSi2
Although Osawa and Okamoto(3) reported an orthohexagonal cell.

G. Saini(ls) later confirmed the crystal structure of NiSSiz as

reported by Pilstrom(s).

Several publications have appeared describing
studies on the solubility of silicon in nickel(lz’ 13,14, 15,16, 17, 19); at
room temperature the solubility is about 10 At% silicon, while at $00°
and 1150°C the sclubilities are reported to be 12.7and 17.6 At. %
silicon respectively. The solubility of nickel in silicon is reported

to be very small(s’ 11).

Table XVIII shows the intermediate phases occur-
ring in the Nickel-Silicon system with their crystal structures and
lattice parameters. Figure 5 depicts the composite phase diagram as

drawn by M. Hansen(l).
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Table XVIII. Nickel-Silicon In.ermediate Phases and Crystal Structures.

ma

Phase Crystal Structure Lattice Parameter Litsrature
B,-Ni;Si | Cubic (CujAu Type) a =3,507A 16
B,-Ni_Si | Unknown --- 15
ﬁ3-Ni3Si Unknown --- 15
Ni Si, Hexagonal (trigonal a=6.670A f 8, 18
symmetry) c=12.267-12.332A
O-NiZSi Hexagonal a=3.805 c=4.890A 9, 3
6-NiZSi Orthorhombic a=7.06, b=4,99, 9
c=3.73A
Ni.:‘}SiZ Orthorhombic a=12.229, b =10,805, 7
c = 6.924A
NiSi Orthorhombic a=5.,62, b=5.18, 7
(Deformed _ e
NiAs Type) SIS
NiSiZ Cubic (Cal"‘2 Type) a = 5.406A 5, 6
1500 ; — , . ,
—1453° o
i 14179,
1400 | =
1300 L
1200 r
b ~
g 1000 | = -4
; 56.2 E 381
= g00f NIEIZH'”'
o
800 |
700 | -
a 7
600 z £ |
0 10 20 30 40 50 60 70 80 90 100
Ni ATOMIC % SILICON Si

(.

Figure 5. Ni-Si: Composite Constitution Diagram
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s The Chromium-Carbon System

Extensive investigations on the constitution of
the Chromium-Carbon system were done by A. Westgren et al(zo),
E. Friemann, and F. Scurwald(?‘l), K. Hatsuta(zz), and D. Bloom and
N. Gra.nt(z’3). These authrs established the constitution diagram and
showed that only three compounds Cr23(',6, Cr7C3, and Cr3C2 exist
in this sytem. The crystal structures of these three compounds were
(24-31) c (20-23,

s r23C6

» formerly identified as Cr4C, crystallizes in a complex

firmly established by a long list of investigators
217,30, 31)

(28)

with a trigondl unit cell; Cr3C2 crystallizes in an orthorhombic type

face centered cubic type(24) while Cr.7C3 has a hexagonal structure
structure(z9). Table XIX shows the Chromium-Carbon intermediate

phases and their crystal structures.

Table XIX. Chromium-Carbon Intermediate Phases and Their Crystal
Structures.

Phase Crystal Structure Lattice Parameter Literature

Cr,,C, | Cubic (D8, Type) a = 10.659A ] 24

Cr7C3 Hexagonal (trigonal) a=14.01, c = 4.532A 28

Cr3C2 Orthorhombic a=553 b=2.827,- 29
(D5, g Type) c = 11.48A

Recent, unpublished investigations in this
laboratory by E. Rudy( 32) who employed melting point, metallographic
and X-ray techniques have led to a revision of the Chromium-Carbon
system where the major change is the disclosure that (Jr_,C3 melts
congruently and not peritecticly as previously reported. Figure 6

shows a reproduction of this phase diagram.
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Figure 6. The Chromium-Carbon System :

4, The Nickel-Carbon System

The nickel-carbon system has been the object
of many investigations, primarily in regard to the presence, absence,

and stability of a carbide, Ni3C. The solidus and liquidus temperatures
(33-41)

(42)

Figure 7 shows

This phase
(39, 40,

(46)

have been determined by several investigators
a composite partial diagram drawn by M. Hansen
diagram does not show the results of many conflicting reports
15545, 152) concerning the presence of an apparently metastable
carbide, Ni3C. There are reports that this Ni3C phase is only obtained
in very rapidly quenched, superheated melts; there are also many reports
that the Ni3C phase is only stable below about 400°C. Several author 8(46'
41, 48) have also reported that a Ni3C has a close packed he<agonal
structure with lattice parameters of a = 2.628 and ¢ = 4.306A(51). There

is a recent publication describing a Ni3C with a rhombohedral structure(sn.l
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Figure 7. The Nickel-Carbon System(42).

The solubility of carbon in nickel has also been
investigated numerous time 3(33'35' 37,38, 49, 50). The majority of the
data is in very good agreement; the solubility is about 3 At% carbon at

1318°, 2 At% at 1200°C, and 1.1 ‘At% at 1000°C.
The nickel-graphite eutectic, which is located
very close to 180At.% graphite has been reported to melt at 1314°C (Fe

contaminated>?), 1312°¢37), 1313°c(3®), and 1326°¢c(39.

5. The Silicon-Carbon System

In spite of the fact that silicon monocarbide is
the basis of many commercial abrasive items by virtue of its high
hardness, as well as being used in many high temperature applications,
the constitution diagram of the silicon carbon-system has never been

completely established.
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Many different, but closely related, crystal
polymorphs of SiC, (apparently the only intermediate compound
found 1n this system) have been observed, isolated, and their

crystal structures determined(53). The so-called a-forms have either

hexagonal or rhombohedral symmetry, and the various polymorphs

(54)

are based on different atom stacking sequences .

A lengthy listing of the many works is given

(53)

in Constitution of Binary Alloys . A face-centered cubic form,

the §-SiC (B3-type), a low temperature modification with a lattice

parameter of 4.349A has also been observed(54).

(55)

exploratory investigations in the silicon-carbon system using X-ray,

chemical, and thermal analyses. On the basis of these experiments,

H. Nowotny and co- workers performed

two possible phase diagrams for the silicon-carbon systems were
developed; one possibility is a version containing a peritectic~-similar
reaction involving liquid silicon (with carbon in solution), solid SiC,
and vapor. The other version proposes a eutectic-similar decompo-
sition of liquid silicon (with carbon in solution) into solid SiC and vapor.
Due to the small temperature difference between the melting point of
pure silicon and silicon-carbon alloys lying between Si and SiC, it was
not possible to determine¢ whether a eutectic or peritectic reaction is
present at lower temperatures. Both proposed diagrams display the
decomposition of SiC into graphite and vapor at about 2700°C. The
decomposition teinperature of SiC has also been independently reported

by O. Ruf(?®),

Recently, R. Scarce and G. Slack(57) as well
as R. Dolloff(ss) have investigated the silicon-carbon system and
have concluded that SiC decomposes peritecticly into liquid Si and
graphite. There is, however, a vast discrepancy in the reported
peritectic decomposition temperatures. Sca.rce(57) reports 2830°C

while Dolloff(ss) reports 2540°C; the latter author further reports
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that silicon and SiC form a eutectic at .75 At.% C and 1402°C. Ina
new study on the ternary Silicon-Carbon-Nitrogen system, E. Gugel,
P, Ettmayer. and A. Schmidt(59) have presented a modified, com-
posite phase diagram of Silicon-Carbon system based primarily on
(55) . .

» but including newer
results Oy Brokhin and Funke(60) as well as by Knippenberg(bl).

This pic.ure is reproduced in Figure 8.

the work of H. Nowotny and co-workers
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Figure 8. The Silicon-Carbon System(sq).

It seems quite apparent that the exact consti-
tution of the Silicon-Carbon-diagram—excluding the many crystallo-

graphic modifications of SiC —is still not definitely known.
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B. TERNARY SYSTEMS

1. The Chromium-Silicon-Carbon System

In 1955, E. Parthe, H. Schachner, and
62 . .
H. Nowotny( ) rcported a ternary phase, Cr5-x813-ycx+y with the
D88-type structure in the Chromium-Silicon-Carbon system. The
lattice parameters of this hexagonal phase were: a = 6.979 and

c= 4.716kx.

L. B. Griffiths and A. I. Mlavsky(®3) reported
that they had grown single crystals of a-SiC from a chromium solution
and indicated that the pseudo-binary system Cr-SiC forms a simple

eutectic whose temperature is ~1600°C.

2. The Nickel-Silicon-Carbon System

No mention was found in the available

literature of any investigations concerning this ternary system.
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III. EXPERIMENTAL PROCEDURES
A, STARTING MATERIALS

The starting materials for all parts of these inves-
tigations were either the elemental powders and/or pre-prepared

silicides.

The chromium powder was supplied by the Shieldalloy
Corporation from the Stark Company in Berlin. The chromium powder
was sized between 74 and 44 micrometers and had the following vendor's
analysis (in ppm): Fe - 200, Mg - 1000, and 0 - 250. An "in-house"
analysis by the Aerojet Chemicals and Plastics Division yielded a value
of 480 ppm in oxygen content. A Debye-Scherrer powder photograph of
this material yielded only the cubic A-2 type structure pattern with a
lattice parameter of a = 2, 885A .

The silicon powder, which was purchased from
Var-Lac-0id Chemical Company, Elizabeth, New Jersey had a particle
size of iess than 44 micrometers. The vendor's analysis of impurities
(in ppm) was: Al <l, Ca<l, Co <30, Cr <1, Cu<l, Fe <100, Mn <1,
O- <30, Ti<l, and all others <10, Only the diamond type structure
pattern was seen on X-ray powder photograph of this material; the

lattice parameter was a = 5.42971;. .

The nickel powder was also supplied by Var-Lac-0id
of Elizabeth, New Jersey. This powder was sized smaller than 74
micrometers and had the following impurities as listed by the vendor
(in ppm): C-80, Co-600, Cu-60, Fe-100, and S-150. An X-ray powder
photograph of this material showed only the face centered cubic pattern
of nickel; the lattice parameter was a = 3, 5245; .

The graphite powder used was supplied by the
National Carbon Company and had the following typical impurities (in
ppm): S-110, Si-46, Ca-44, Fe-40, Al-8, Ti-4, Mg-2, V-trace, and

ash 800 max. Ninety-nine percent of this graphite had a particle size
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smaller than 44 micrometers. Highly overexposed X-ray films of the

graphite powder showed no traces of any impurities.

The pre-prepared materials were CrSiZ. NiZSi. and
SiC. Since the exothermic reaction resulting from the union of chromium
and silicon is relatively mild, weighed powders were mixed in propor-
tion to give the disilicide. A small amount of camphor in ether was
added to serve as a binder in cold pressing bricketts. The bricketts
were placed under a vacuum of 30 inches of mercury at a temperature
of 110°C for 12 hours to remove the camphor. The compacts were
subsequently reacted in a molybdenum muffle furnace at 1200°C under
hydrogen; an additional sintering under these same conditions lasted
four hours. The reacted compacts were crushed in an agate mortar
and sieved to a size smaller than 74 micrometers. A Debye-Scherrer
éowder photograph of this material showed an overwhelming majority
of the hexagonal C -40 pattern of CrSi2 with trace amounts of Si und
CrSi; the lattice parameters of the CrSi2 phase were a = 4. 424 and
c =6, 365A. A silicon analysis taken on this preparation gave a value
of 52.18 Wt.% (66.9 At.%) silicon.

The preparation of the silicon carbide master alloy
followed the steps outlined above for the preparation of the discilicide,
but it was sintered at 1350°C for 1 hour. An X-ray film of this silicon
carbide showed only the pattern of the cubic f-SiC; the lattice parameter
was 4. 358:&; a carbon analysis showed 47.4 At.% carbon present in the
SiC.

The preparation of the nickel silicide initially pre-
sented problems which were ultimately overcome by careful observance
of the reaction process in the furnace. In the three attempts to prepare
a sizeable quantity of a starting nickel silicide, the initial steps followed
in mixing, pressing, and camphor -evaporation were the same as those
used with CrSiz and SiC. Due to the relatively high reaction temperatures
of nickel-silicon mixtures in relation to the rather low melting points in

the nickel-silicon binary system (~750-800° vs. 964°C), coupled witk
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the rather large exothermic heat of reaction; the first two attempts at

preparing NiSi2 failed when the nickel-silicon mixture melted completely,

segregating the low melting eutectics and reacting with the container in
the hydrogen muffle furnace at approximately 800°C,

A preparation of NizSi was ultimately achieved by
reacting small, well mixed batches of nickel and silicon powders at
this concentration by immediately moving the pressed brickett to a
cold part of the hydro gen muffle furnace at the onset of the exothermic
reaction; in this manner, melting was held to a minimum. The NizSi
prepared was ground and sieved in the same way as the CrSiZ and SiC.
A silicon analysis yielded a total silicon amount of 19.87 Wt.% or
34.2 At.%. The Debye-Scherrer powder photograph of this material
showed primarily the pattern of the low temperature form (6) of NiZSi
with trace amount of Ni3Si2. The lattice parameters of the 6-NiZSi,

having an orthorhombic structure were a =7. 051, b =5. 001, and
c =3, 7Z.,A .

B. ALLOY PREPARATION AND HEAT TREATMEN TS

Initial melting point samples in the binary Nickel-
Silicon system were made by cold pressing the elemsntal powders;
although the samples were heat treated at 825°C prior to the melting
point runs, homogenization had not occurred, and the melting point
measurements were masked by the very rapid increase in tempera-
ture caused by the strong exothermic reaction of compound formation.
These samples, as well as those in the ternary were successfully
prepared and run in the melting point furnace by using the prepared
NizSi as a starting compound. The melting point samples, both
binary and ternary, using the starting powders CrSiz, SiC, and
NiZSi respectively, were made by hot pressing in graphite dies.
The excess graphite and adhering carbide layer were carefully
removed by grinding, and after the center portion of the sample was
reduced, a black body hole of 1 mm in diameter and at least 3 mm
in depth was drilled. Figure 9 shows one of these melting point

samples.
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Figure 9. Typical Pirani Melting Point Sample. X210

In the nickel-silicon-carbon system, after the first group of melting
point samples were made using NiZSi, Si, Ni, and graphite and the
melting point results recorded; a second group of samples, using
SiC as one of the starting components was made for it was suspected
that the correct equilibria (i.e., formation of SiC) in the samples
made with free Si and graphite had not been established prior to
melting.

Metallographic specimens were prepared by arc
melting unmelted portions of the melting point samples in a Zak
tungsten electrode button arc melting furnace under helium. Con-
siderable difficulty was experienced, as was expected, in obtaining
non-porous metallographic specimens from the SiC -rich regions of
both the Ni-Si-C and Cr-Si-C ternary systems by arc melting.
Because of the great difference in melting points between the binary
silicide systems and SiC, and the corresponding exceptionally steep
rise in the liquidus curves toward the Si-C side of the ternary,
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especially in the Ni-Si-C system, considerable silicon and graphite losses
were experienced from not only the decomposition of SiC, but also from
boiling and vaporization of the binary silicides. Fortunately, since most
of the reactions of interest in these two ternary systems take place quite
near to the metal-silicon binaries, the absence of decent metallographic

specimens in the SiC-rich portion of the ternary presented no unbearable

loss of experimental data.

The heat treated samples from the ternary regions
were either unmelted portions of melting point samples, or pieces
of sample material which had been arc melted. These specimens
were contained in a tantalum can and heat treated in a Brew tungsten-
mesh element furnace. Figures 10and 11 show the compositional

location and heat treatments of the ternary alloys in the Cr-Si-C and

Ni-Si-C systems.

Cr CrzaCg CryCz CraCp c
@ Alloys heat-treated at 100°C for 64 hours
© Post-melting point alloys heat-treated at
125°C for 93 hours

Figure 10. Cr-Si-C: Location and Heat Treatment of Ternary Alloys
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F"igure 11, Ni-Si-C: Location and Heat Treatment of Ternary Alloys.

The main difficulty encountered in the heat treatments
of the ternary alloys, in particular with the Ni-Si-C system, was with
the conversion of free silicon and graphite to SiC and conversely the
decomposition of SiC (when used as a starting material) to form the
correct equilibria as dictated by the ternary phase equilibria, The
heat treating temperatures employed had to be low enough to prevent
melting of the binary silicides, yet in most cases, those temperatures
do not favor the kinetics of either the formation of SiC or its decompo-
sition even in long time heat treatment; the resulting heat treated
samples showed nonequilibrium states; however, sufficient information
was obtained to delineate the correct phase equilibria in the two ternary

systems.
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C. DETERMINATION OF MELTING POINTS

The melting point measurements were carried out
in a special furnace employing the Pirani Black Body Hole technique
by measuring the temperature of a solid-liquid phase change with a
Bureau ot Standards calibrated optical pyrometer. This method
employs direct resistance heating across the sample; the details of
the equipment used in this laboratory, the temperature corrections
applied for absorption by the quartz glass viewing ports, and devia-
tions due to non-black-body conditions have bean reported in detail

(64(65)

elaborated on here. The furnace was pressurized at each run with

in other Air Force-sponsored reports and need not be

about 2-1/2 atmospheres of pure helium to suppress the vaporization
of silicon. In addition, each sample was held for several minutes at
sub-solidus temperatures to assure equilibration of the solid-state

phases.

Little difficulty was encountered in the melting
point determinations of ternary alloys in the chromium-silicon-
carbon system except for those samples lying in two regions. High
silicon containing alloys were difficult to measure in the Pirani

furnace because of the nonmetallic, semiconductor properties of

silicon; the electrical conductivity is too low to permit initial resistive

heating and exceptionally high silicon containing samples were not

able to be measured.

Samples from this ternary system which contained
considerable amounts of SiC showed a behavior caused primarily by
the large difference in melting points between SiC and the chromium
silicides as well as the D88 ternary phase. The liquidus surfaces in
the ternary system rise steeply toward the Si-C binary side, and
since relatively little melt is formed with increasing temperature
after the binary silicide or ternary phase containing portion has
melted; the sc-called collapsing temperature (64)(65) (a valid guide
for the approximation of the liquidus surface) of the Pirani specimen

could not be reliably used, for increases in the temperature to
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ranges where collapsing would normally occur led to superheating,
possible boiling, vaporization, and certainly concentration shifts in
the lower melting binary (and ternary) constituents.

The above mentioned effects were also observed
with the Ni-Si-C melting point samples, and they were certainly more
severe because the melting points in the nickel-silicon binary system
are in general some 300 to 500°C lower than in the chromium-silicon
system. In addition, an interesting effect was observed during
melting point runs with ternary Ni-Si-C alloys. Regardless of
whether the ternary samples showed equilibria with either graphite
or silicon-carbide, the low melting silicides segregated completely
from both the graphite and/or silicon carbide on melting, failing to
wet the SiC or graphite grains. This visually observed effect was
subsequently confirmed by Debye-Scherrer powder X-ray photo-

graphs of various portions of melted samples.
D. DIFFERENTIAL THERMAL ANALYSIS

The high temperature differential analysis equip-
ment in use in this laboratory employs graphite heating elements
and sample-dummy holders; it uses a cadmium sulfide photo cell
which responds alternately to infrared radiation from the sample

and the dﬁmmy .

Numerous details describing actual operation,
electronic systems, power control, feedback systems, recording
scetup. and interpretation of results have been elaborately documented

(65)(66)

in other Air Force-sponsored reports and need not be repeated

here.

In the chromium-silicon-carbon system there is a
strong interaction of virtually all chromium silicide-rich compositions
with graphite, not only solid-state reactions, but also solid-liquid
equilibria; the experimenter must be careful in his interpretation
of the resulte which may be masked in a great part by the undesired

interactions.
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Several results, however, were able to be obtained

when the temperatures used did not exceed the eutectic temperatures

e ot et —

. of silicide carbide, silicide-ternary phase, or carbide-ternary phase
eutectics. Valuable information was obtained also in semi-quantitative
kinetic experiments involving the reaction of chromium metal-silicon
carbide mixtures by shielding the cold pressed powder compacts from

the graphite holder with silicon carbide.

} Identical experiments with nickel metal-silicon
carbide mixtures were run in the same manner. Because of the much
lower melting points in Nickel-Silicon and Nickel-Silicon-Carbon
systems, the lower temperature limit (~1200°C) of the D.T.A.
apparatus was exceeded and no reliable normal D.T.A. experiments

were possible except for the experiment described above.

Figure 10 shows the location of D. T.A. samples in

the Chromium-Silicon-Carbon system where experime nts were made.
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Figure 12, Cr-Si-C: Location of D.T.A. Samples.
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E. METALLOGRAPHY

Figures 13 and 14 show the location of ternary (and
some binary) Cr-Si-C and Ni-Si-C samples which were studied metal-
lographically with a Zeiss Ultraphot Il microscope. These samples
were all arc melted pieces of melting point specimens, but in some
cases separate hot pressed, cleaned and arc melted specimens were

prepared separately for metallographic examination.
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Figure 13. Cr-Si-C: Compositional Location and Etching Procedures
of Ternary Alloys.
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Figure 14, Ni-Si-C: Compositional Location and Etching Procedures
of Ternary Alloys.

The samples were prepared by mounting the alloys in
an electrically conductive mixture of diallyl-phthalate-luciie copper base
mounting material. The samples were roughly ground on varying grit
sizes of silicon carbide paper; the final polishing was performed on a
microcloth using a suspension of 0.05 micrometer alumina in Murakami's
solution. The final etching techniques used on the samples varied with

the overall alloy composition,

The etchants used yielded satisfactory results, and

phase differentiation was m:ade without great difficulty.
F. X-RAY ANALYSIS

Debye -Scherrer X-ray powder photographs were made

of all melting point, heat treated, arc melted, and D.T.A. samples.
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In many cases, two or more X-rays were made of the segregated
portions of the melting point samplev, All sample material was
irradiated with a Chromium Ku radiation using a Siemens Il unit.
The film strips were measured on a Sizmens Kirem coincidence
scale with a micrometer (0.0l mm scal: divisions) attachment,
All exposures were evaluated with respect to the nature of the
phases present; many films were measured for lattice dimensions

to determine binary homogencous ranges and ternary solubilities.

The structures of all t* & phases occurring in the
respective binary systems as well as the one C1-Si-C ternary
phase are well documented and therefore present:d no particular

interpretation difficulties.

On the other hand, there are some discrepancies
in the publications concerning the nickel-silicon binary system—
not so much in regard to the crystal structures (they £:em well
characterized), but rather in respect to the number of plLases or
allotropic modifications theredf. There appears somc doubt as to
whether thei-e is a stable, high temperature modification of NiSi.z

as well as two low temperature forms of Ni3Si.
G. CHEMICAL ANALYSTS

Chemical analyses for oxygen and nitrogen Lty a
vacuum fusion method were made on some of the starting meta.
powders as a check on the vendor's analysis. The nitrogen contents
were negligible and in one case (Cr), the oxygen content was som.e-
what higher (250 ppm vs. 480 ppm) than the vendor's reported value,
It was felt, however, that this slight discrepancy was not serious
enough to cause concern that the powder was unduly contaminated.

The starting silicides as well as some randomly
picked post experimental alloys were checked for their silicon
content* by fusing the sample in a sodium hydroxide-sodium peroxide

% The s'licon analyses were performed under the direction of
W. D, Trahan in the Aerojet-General's Metals and Plastics
Chemical Testing Laboratory.
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mixture, dissolving the melt in perchloric acid and volatizing the silicon

as HZSiF6 with a hydrofluoric-sulfuric acid mixture.

Carbon analyses performed on some randomly chosen
post-experimental alloys were made using the standard, direct com-
bustion method by measuring the thermal conductivity of the com-

busted CO2 -O2 gas mixture in a Leco carbon analyzer.

The analyses showed that the silicon losses, as
expected, could b= c':~related to the high temperature and duration
of exposure of these samples to high temperatures either in arc
melting or in the melting point experiments. Some of the arc melted
specimens, for example, in particular those containing large amounts
of SiC or free silicon, showed losses as large as 10-15 At.%. The
carbon losses, on the other hand, were minimal. These results were
supported by the X-ray findings and taken account of in the interpre-

tation of the experimental results.
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v, RESULTS
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A. THE CHROMIUM-SILICON SYS TEM

Although the investigations on the constitution of this
binary system have been concluded and already submittec separately in
final form as part of the requirements of this contract, the one open
point has been clarified in recent additional studies. It was reported
that the Cr_,’Si3 compound undergoes an a{ crystal structural change
at 1505°C as evidenced by sharp exothermic peaks on cooling and
pronounced endotherms in heating recorded in differential thermal
analysis experiments. Concurrent with these experimental results,
however, all attempts to isolate the high temperature form by rapid
quenching in both an arc melter and tin bath quenching failed; nothing
other than the known tetragonal, T-l- type crystal structure for the
Cx'E’Si3 phase was observed.

Under carefully controlled conditions, the differential
thermal analysis experiments were repeated with the C:'SSi3 composition.
The maximum temperature attained during the run was held to about
1515-1520°C. The D.T.A. trace showed the previously observed and
reported endotherms and exotherms at 1505-1510°C. The sample,
however, when removed from its graphite holder, showed definite
signs of melting on surfaces which were in contact with the graphite
holder although the melting point of the Cr5813 compound is some
160°C higher at 1680°C and that of the D8y carbon containing, ternary
phase at 1649°C., (See Section IV-D-1-a below.) The conclusion is,
therefore, that eutectic melting occurred on the CrSSi3-graphite inter -
face indicating a CrSSis-DB8 pseudo-binary eutectic; the D.T.A. endo-
therms and exotherms are actual, but represent melting rather than

an allotropic transformation.

Figure 15, presented below, reflects this minor
change in the chromium-silicon system by the deletion of the previously
proposed a-f transformation in Cr5513 at 1505°C.
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Figure 15. Cr-Si: Revised Constitution Diagram.

B. THE NICKEL-SILICON SYSTEM

Since it was not possible to run differential thermal
analysis experiments in the high temperature apparatus available here,
the confirming and checking investigations in this system were restricted
to Pirani melting point determinations, Debye-Scherrer X-ray investiga-
tions, and metallocgraphic studies which are presented as part of the

detailed description of the Ni-Si-C system.

The melting point results, reported in the table below,
(1)

are in very good agreement with those values reported by M. Hansen' "',
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Table XX. Melting Point R esults of Some Nickel-Silicon Alloys.

M, Hanlen“)
Incipient Collapsing Literature Value
Compcsition Melting Point Temperature Incipient Melting
Ni-Si{At.%) °C °C *C
96 -4 1413 1428 1415
92-8 1357 1362 1353
88-12 1265 1286 1250
86-14 1250 1250 1220
84-16 1202 1202 1190
79-21 1167 1170 1152
71.2-28.8 1267 1268 1282
6h-34 1287 1292 1318
54-46 985 985 964

The Debye-Scherrer X-ray patterns presented by the
phases in the nickel-silicon system were confirmed with the exception
of the 6-Ni,Si phase, the high temperature form of NiSiZ, the f,-Ni,Si,
and other reported structures of lower temperature allotropes of Ni3Si.

In the concentration range of the G-NiZSi phase
(33.3-41.9 At.% Si) none of the X-ray patterns obtained from either
melting point, arc melted, or heat treated samples showed sufficiently
discernible amounts of this high temperature modification, both in
binary Ni-Si and ternary Ni-Si-C samples; only bare trace amounts of
what might be attributed to the G-NiZSi phase were observed. Metallo-
graphic investigation of the samples in this region, however, (see
Section IV-E-2-a below) always depicted signs of a transformation
structure. It is apparent that under more severe quenching conditions,

the 6-structure could indeed be retained.
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The high temperature form of NiSi2 was never observed
either metallographically or in Debye-Scherr=r X-ray films of samples
prepared with the techniques and methods used in these investigations.

Considerable amounts of the peritecticly formed Ni3Si
were seen in X-ray films of both arc melted and melting point samples,
although the X-ray patterns were never sharp enough to be measured or
even compared to the published literature reports of the Cu3Au struc-
ture(s)(w)(”). There were never any indications of low temperature
modifications of the Ni3Si structure; in fact, heat treated samples from
the ternary Ni-Si-C region near the Ni3Si phase showed X-ra r evidence
that the Ni3Si phase present in arc-melted and melting point samples
had disappeared after heat treating at 950°C. These experimental
facts tend to support the findings of other investigators(z' H67) who
state that the Ni3Si phase is not stable below about 1100°C,

Table XXI shows the phases, crystal structures, and
measured lattice parameters of the nickel-silicon compounds observed

in this investigation.

Table XXI. Observed Nickel-Silicon Phases, Crystal Structures, and
Lattice Parameters.

Phase Crystal Structure Lattice Parameter

Ni3Si --- - .

Ni.,.’SiZ Hexagonal ar= 6.667. c =12.28A

G-NiZSi --- ---

6-NizSi Orthorhombic as= 7.059,. b - 4.986
c= 3.724A

Ni3Siz Orthorhombic a=12.21_, b= 10.804.
c= 6.91.’3

NiSi Crthorhombic as 5.626, b =5.18,
c = 3.325A

NiSi, Cubic a=541A
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Since the melting point results, X-ray comparisons,
and lattice parameters as well as the metallographic findings (Section IV -
E) were in excellent accord with the published literature on the NiSi
system with the exceptions noted above, it was felt that the phase equilib-
rium information available is quitc sufficient for the interpretation of the
constitution of the Ni-Si-C terrnary system, and no further investigations

were undertaken in the Nickel-Silicon binary system.
C. THE NICKEL-CARBON SYSTEM

The brief investigations in this system were restricted
to the determination of the eutectic melting temperature in this binary
system. Metallographic studies were also made on arc melted portions
of the five samples measured by the Pirani melting point technique.
These are, however, not reproduced, for the structures observed con-
tained agglomerated graphite with no truly representative eutectic
structure. This occurrence has been observed several times in the past
by other authors, and it is apparent that the eutectic structures are only
obtained when rather rapid cooling rates, faster than those obtained in

the arc melter used in these experiments, are employed

Table XXII and Figure 16 show that the values obtained

for the Ni-C eutectic temperature agree very well with the literature

valuel30-39) ¢ 1318¢°¢.

Table XXII. Melting Temperature of Some Nickel-Carbon Alloys.

At. % Temperatures, °C
Ni C Incipient Melting Collapsing |
92 8 1325 1338
91 9 1322 1335
90 10 1324 1324
89 11 1320 1320
88 12 1320 1320
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Figure 16. Ni-C: Low Temperature Portion of Constitution Diagram.

D. THE CHROMIUM-SILICON-CARBON SYSTEM

1. Solid-State Equilibria

The main feature of the ternary chromium-
silicon-carbon system is the occurrence of a ternary phase with the
D88-type structure; this compound belongs to the class of so-called
Nowotny phases. J» many other combinations, this phase is known to
have sizeable homogeneous ranges: however, this is not the case with
chromium-silicon-carbon system where the D88 phase has only a
small homogeneous range about the composition Cr 558136. 508. 5 The
measured lattice parameters (a = 6. 97‘1'623)1“1 c=4.724 A ) agree quite

well with those given in the literature

The primary information used in constructing
the isotherm at 1100°C (Figure 18) for the Cr-Si-C system came from
the X-ray evaluation of the alloys heat treated at 1100 and 1125°C
under helium as shown by Figure 17.
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Cr Crpo3zCg CryCy CraCp C
® Alloys heat-treated at HO0O°C for 64 hours

© Post-melting point alloys heat-treated at
1125°C for 93 hours

Figure 17. Cr-Si-C: Compositional Location and Conditions of Heat
Treated Samples.

® Single phase

® Two phased

@ Thrce phased

@ Two phased,non- Cr Sy
equilibrium

@ Three phased,non-
equilibrium

” F \ 1100°C

SiC

Cr CrpsCg CrsCs CraCyp

Figure 18. Cr-Si-C: Qualitative X-ray Evaluation of Heat Treated Alloys.
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There are no other ternary phases in this
ternary system, and the D88 phase forms two-phase equilibria with
six other binary phasee as shown in the 1100°C isotherm (Figurs 18).

= 1100°C
>
& CrSi
4 :
/T CrSi+Cr 5I1+ SiC
CrSi siC
CrSi+CrgSiy+D8, CrSi+SiC+08, \
. De, ;
i.':r!,ISI3 J %
. ...._.-" 'ill T ..’
CrgSiy +D8y+CrySi /‘/2 \ "'H.HI DBy + SIC+CryCy D
. 08g | \ +
Ers 5! + " f_“
Cr, Si ? W R
3 h
+ T "%
Cr -
CrSSi +Cr7C3} s %‘ Grll.'.'!*r SiC+C %
+ i
Cra3Ce ferCrsSi il \
c"c'zscsz-&ﬁ o \
':-\--‘-_""--_ ¥ W - & "

Cr Cra3Ce Cr763 CraCo c

Figure 19, Cr-Si-C: Isotherm at 1100°C.

The samples indicated as being two or three-
phased nonequilibrium in the X-ray evaluation diagram (Figure 17)
have th's designation due to incomplete reaction of the starting
materials, primarily for the lack of complete formation of SiC from
silicon and graphite.
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Although some Cr-Si and Cr-C intermediate
phases have small homogeneous ranges in their respective binary
systems, there is no carbide-silicide mutual solubility into the ternary
field as evidenced by the lack of change of lattice parameters of
ternary alloys compared to the respective binary-phase constituents.
The solubility of silicon and carbon in chromium in the ternary region
was not specifically investigated, and there is no indication to believe
that any unusual behavior occurs in the ternary region so that a mere
joining of the solubilities shown in the respective binaries is permis-

sible.

Silicon carbide, which, under the methods of
preparation employed here, always occurred with the B-3 cubic type
structure, did not show any tendency to take either silicides of car-
bides of this ternary system into solid solution; tht.a same lattice
parameter of a = 4. 358;& was observed in both ternary and binary

alloys. ’

2. High Temperature Phase Equilibria

There are several pseudo-binary eutectic
systems within the ternary Cr-5i-C region which were detected both
metallographically and by analyuis of melting point results as well
as by D.T.A. in some cases; in addition, there are several ternary

eutectics.

Figure 20 shows the compositional locations
of the many melting point samples which were measured in the course
of this investigation; Figure 21 portrays the locations of the samples
which were examined metallographically, and Figure 12 depicts the

positions of the D.T.A. samples investigated.
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Cr C'ZBCG Cf7C3 073C2 C

Figure 20. Cr-Si-C: -Location of Melting Point Samples.

Cr CrasCe CryCs CraC,

Figure 21. Cr-5i-C: Location of Metallographic Specimens.
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a. The D88 Phase

The many melting point san.vles in the
vicinity of the D8, phase have indicated that this phase melts con~

gruently in a small range centering about the composition Cr558136 568 5°

The maximum melting temperature recorded was 1649°C. Even at
temperatures near melting, the homogeneous range of this ternary
compound is not very large. Figures 22 through 24 show representative
metallographic photomicrographs of alloys from the 588 region.

Figure 22. Cr-Si-C: 58.3/36.7/5, Photomicrograph of an Arc
Melted Sample. - X560

Large Angular Primary D8  Grains with Small
Amounts of CrSi on Grain goundariea §

X-ray: D8, with Traces of CrSi

8
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Figure 23. Cr-8i-C: 55/38/7, Photomicrograph of an Arc Melted
X400

Sample.

Primary D8
Black Spots &

X-ray: D8, + Little CrSi.

Grains with CrSi in Grain Boundaries;
re Pieces of Unreacted SiC.

Figure 24. Cr-Si-C: 58/35/7, Photomicrograph of an Arc Melted
Specimen. X320 |
Primary D8, Grains with Small Amounts of Cr3Si on
Grain Bounaries. Black Dots are Traces of
Unreacted SiC.

X-ray: D88
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b. The Cr3C:‘.=-D88 Section
This section contains a pseudo-binary
eutectic located at about 48 Mole % D88 -phase. The melting tempera-
ture, 1530°C, is indicated along with the experimentally determined
melting points in Figure 25. The metallography of alloys along this
section is shown in Figures 26 through 29.

2000 . ——r T
1900 1970 A Incipient melting i
—1810° © Collapse
&
u--
w
2
~
< :
w 1500 1530° 48% i
E, 1400 CryC,+D8g
=
Cr,C 20 40 60 80 D8

8
—— MOLE % D8g-PHASE —

Figure 25, Cr-Si-C: The Cr3CZ"D88 Pseudo-Binary Section
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Figure 26. Cr-Si-C: 57/25/18, Photomicrograph of an Arc Melted
Alloy. X560

Primary D88 Grains in D88 -C1'3CZ Eutectic Matrix.

X-ray: DB8 +Cr30Z

Figure 27. Cr-Si-C: 57/25/18, Photomicrograph of an Arc Melted
Alloy. X2500

D88-C:r3Cz Eutectic Portion.

X-ray: D88 +Cr3C2
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Figure 28. Cr-8i-C: 58/15/27, Photomicrograph of an Arc Melted

Alloy. X480
Primary Cr ,C, in Partially Annealed and Divorced
D8 -Cr.C i:ueectic.
8 372
X-ray: Cr3C2+D88
Figure 29. Cr-Si-C: 59/5/36, Photomicrograph of an Arc Melt=d
X325

Alloy.

Primary Cr':scZ in a !)88-Cr3Cz Eutectic.
X-ray: Cx'3CZ + Little D88
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-D8_ Section

c. The Cr.,C3 8

Experimental results, both melting point
and metallographic, showed that a pseudo-binary eutectic system exists
aloag this section. With the aid of metallography the eutectic was placed
at about 48 Mole % D88 phase, while, as Figure 30 shows, the eutectic
temperature is 1540°C. Figures 31 and 32 depict the metallographic
findings along this section.

1 T T I

A Incipient melting

o 1BOOEITE5° o Cojgpse
of

(s

e

C- |

& 1500H 1540°C
H.'. I 48%

=

i

-

1400
1 Cr,C,+ D8y
C,C; 20 40 60 80 D8y
— MOLE % D84-PHASE —

Figure 30, Cr-Si-C: The C:'.,CE’-DB8 Pseudo-Binary Section.
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Figure 31. Cr-8i-C: 61/24/15, Photomicrograph of an Arc Melted
Ailoy. X90

Primary D88 Phase in a D88-C1'_‘,C3 Eutectic Matrix.

X-ray: Cr7C3 +D88

ep—

s ey

Figure 32. Cr-Si-C: 64/16/20, Photomicrograph of an Arc Melted
Alloy. X920

D88-Cr7C B Eutectic.

X-ray: D8, + Cr7C3

8
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d. The Cr7C3-Cr3$i Section

This pair of binary compounds also forms
a pseudo-binary eutectic system. As shown in Figures 33 through 35,
the eutectic point is located at 43 Mole % Cr3Si. and the eutectic
temperature is 1528°C.

——e—————
A incipient melting
O Collapse

1'765° L

43 Mole % 1528° 1

Cr.,,C3 + Crssi

i r | 4 A A

TEMPERATURE, °C
o
o
O

" 1l

Cr,C; 20 40 60 80 CrgSi

~ MOLE % Cr3$i ——

Figure 33. Cr-8i-C: The Cr7C3-Cr35i Pseudo-Binary Section.
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Figure 34. Cr-5i-C: 73.5/16.5/10, Photomicrograph of an Arc
Melted Alloy. X520
Primary Cr _Si in 2 Partially Annealed Cr_Si-Cr._C
.E . 3 3 i3

utectic.
X -ray: Cr3Si + Cr.7C3
Figure 35. Cr-Si-G: 71.5/8.5/20, Photomicrograph of an Arc
X270

Melted Alloy.

Primary C1'7C3 in a Cr7C3—Cr3Si Eutectic Matrix.

X-ray: Cr7C3 + Cr3Si
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e, The Cr3Si-D88 Section

Cr3Si and the ternary D88 phase form
a pseudo-binary eutectic system; the eutectic point is located at 36
Mole % D88 phase, and the eutectic temperature is 1515°C,
Figure 36 shows the experimentally determined melting points, and

Figure 37 shows the typical eutectic structures found along this section.

L} = T M T v L
A Incipient melting

O Collapse
1770° 7

TEMPERATURE,°C

CrsSi+D8g

a . __ ... 1 & | 1

Cr,Si 2) 40 60 80 D8
— MOLE % D8g-PHASE —

Figure 6. Cr-Si-C: The Cr3Si-D88 Pseudo-Binary Section.

62



e ——

Figure 37. Cr-5i-C: 66/30/4, Photomicrograph of an Arc Melted

Alloy. X275

Prxmary D8_ Phase (Dark) in a Partially Annealed
-Cr S1 I'.?utectlc Matrix.

X-ray: Cr3Si + D88

The D88-—SiC Section

This section also contains a pseudo-
binary eutectic system. As is to be expected from the difference in
melting points, the D88 -SiC eutectic point lies quite close to the lower
melting compound, the D88 phase; the eutectic is located at about
6 Mole % SiC, and the eutectic temperature is 1635°C.

Figure 38 shows the experimentally

determined melting points, and Figures 39 through 41 depict the

metallographic structures observed along or near this section.
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2300 e e Tt
A Incipient melting 1@0°/'
2100 © Collapse a'} = 1
Q 27
. | A ]
g L s
P 1900} e | .
= s/
x 1649°
= 1700 / g
w / 7 1635° ]
6%
1500 D8g+SiC -
{ “ i " 1 " i
08e 10 20 30 40

—— MOLE % SiC —>

Figure 38. Cr-Si-C: The D8;-SiC Pseudo-Binary Section.

To date, the chromium-silicon-carbon
D88 phase-SiC eutectic appears to be the only fully documented
pseudo-binary eutectic with SiC among the refractory metal (4a-6a groups)
silicocarbide combinations, although H. Nowotny and cc -workers(ss)
have alluded to the possibility of a molybdenum-D88 phase-SiC pseudo-
binary eutectic ir a diagram presented in a publication on the Mo-Si-C
system.
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Figure 39. Cr-Si-C: 55.5/33.5/11, Photomicrograph of an Arc
Melted Alloy. X240

Primary D8, (Grey) in a Matrix of D8, -SiC Eutectic.
Traces of Tgird Phase {White), Proba%ly Cr.C,,

s : 3°2
Present on Grain Boundaries.

X-ray: D88 + Little SiC

Figure 40. Cr-Si-C: 53/34/13, Photomicrograph of an Arc ‘
Melted Alloy. X175

D8_-SiC Eutec tic with Small Amounts of Unreacted
sic (Black Grains).

X-ray: D8g + Little SiC
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Figure 39. Cr-Si-C: 55.5/33.5/11, Photomicrograph of an Arc
Melted Alloy. X240

Primary D8, (Grey) in a Matrix of D8, -SiC Eutectic.
Traces of Tgird Phase {White), Proba%ly Cr.C,,

s : 3°2
Present on Grain Boundaries.

X-ray: D88 + Little SiC

Figure 40. Cr-Si-C: 53/34/13, Photomicrograph of an Arc ‘
Melted Alloy. X175

D8_-SiC Eutec tic with Small Amounts of Unreacted
sic (Black Grains).

X-ray: D8g + Little SiC
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Cooling rate:
14°C-sec-!

\

o—1V —el

P

Solidification, 1470°C
Incipient melting,1450°C

— AT,EXOTHERMIC —»

Heating rate:
4°C-sec-!

1700 1500 {300 1100
«— TEMI® :4TURE,°C ——

Figure 42. Cr-Si-C: 77.5/12/10.5

D.T.A. Thermogram Showing Ternary Eutectic Melting.

This ternary eutectic melting is described

by a Class I,four-phase reaction (Figure 59).

Liquid #8%5cr4cr sivCr, .,
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Figure 39. Cr-Si-C: 55.5/33.5/11, Photomicrograph of an Arc
Melted Alloy. X240

Primary D8, (Grey) in a Matrix of D8, -SiC Eutectic.
Traces of Tgird Phase {White), Proba%ly Cr.C,,

s : 3°2
Present on Grain Boundaries.

X-ray: D88 + Little SiC

Figure 40. Cr-Si-C: 53/34/13, Photomicrograph of an Arc ‘
Melted Alloy. X175

D8_-SiC Eutec tic with Small Amounts of Unreacted
sic (Black Grains).

X-ray: D8g + Little SiC
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Melting point results and also D.T.A.
experiments on alloys near or on the Crz3C6-Cr Si section have shown
that the peritectic decomposition temperature of the chSCb is depreucd
in the ternary as a result of silicon additions in the form of Cr3Si.. The
solid-solid phase equilibria of Cr2306 in the ternary region is terminated
at about 1510°C in a Class II, four -phase reaction:

~M510°C Cr

Liquid + Cr7C —_— C,+Cr,Si

2376 3

Figure 45 shov's a representative D. T.A. trace of the alloys in this
region. Since the peritectic reaction to CrZ3C6 apparently takes place
quite rapidly, no representative metallographic picture portraying the

four phases partaking of this reaction was obtained.

1 T T L)

,Rest ternary eutectic
solidification,1460°C

Cooling rate:
14°C-sec-!

f— v —

)\Solidification,

Inctpient melting, 1520°C
1500°C

(Four-Phase
Reaction)

Heating rote:\

4°C-sec-!

— AT, EXOTHERMIC ——

1 A 1 A

700 1500 1300 1100
«— TEMPERATURE, °C —

Figure 45. Cr-Si-C: 78/8/14, D.T.A. Thermogram of an Alloy
Showing Four -Phase Melting and Rest Eutectic Solidification.
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h. The Cr.,(::‘,-Cr3Si-D88 Region

In this small] three-phase area, another
Class I, four-phase reaction was found to occur at about 1510°C, The
three boundary phases partake of a ternary eutectic located at about
Cr.mSi“. scw. 5 The Class I reaction is described by:

Liquid Z2219°C ¢ Si4Cr.C,+D8; Phase (Figure 60)

Since the difference between the melting
point of the ternary eutectic is quite close to the melting points of the
pseudo-binary eutectics bounding this region, it was quite difficult to
pinpoint the incipient melting point of the ternary eutectic. However,
Figure 46 shows a typical photomicrograph of the alloys in this avea.

Figure 46. Cr-Si-C: 68/14/18, Photomicrograph of an Arc Melted
Alloy. X500

Primary Cr Sx m a Ternary Eutectic Matrix of Cr351-
D8 Phase-

X-ray: CrSSi + Cr7C3 + D8,
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i. The Cr7C3-Cr3CZ-088 Region

These three phases also partake of a
Class I, four-phase reaction, a ternary eutectic located at about
Cr605118‘ SCZI.S . The exact melting temperature of the ternary
eutectic was not able to be pinpointed exactly for the same reason
as given in the preceding section. However, the Class I reaction
occurs quite close to 1520°C.

e 1520°C
Liquid —————>(;1'7(:3'4'C1'3CZ+DB8 ;
Some of the metallographic photomicrographs

which were used in locating this ternary eutectic are presented in the

following figures:

Figure 47. Cr-Si-C: 62/12/26, Plrotomicrograph of an Arc Melted
Alloy. X1350

Primary Cr_C ., in a Ternary Eutectic Matrix of
Cr.,C34-Cr:3672 3 D88 Phase.

X-ray: Cr +© 3+Cr 3‘32+D88
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Owing to the rather strong decomposition
tendencies of the silicides and silicon carbide containing alloys in this
area at higher temperatures near 1800-2000°C, as for example in arc
melting; it was not possible to obtain melted samples suitable for

metallographic examination and photographing.

-D8_ Section

k. The CrSSi3 8

Although metallographic studies did not
prove conclusively that a pseudo-binary eutectic exists between the
binary compound C;SSi3 and the ternary D88 phase, it can be stated
with a reasonable amount of certainty that the D.T.A. results of
experiment v:ith Cr Si, (Figure 49) described in Section IV-A indicate
the presence of eutectic melting at approximately 1510°C along this

section. This pseudo binary eutectic is indicated in Figure 67.
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Figure 49, Cr-Si: 62.5/37.5, D.T.A.

Thermogram of a Carburized Cr 58i3 Alloy Indicating
Probable CrSSi3'D88 Pseudo-Binary Eutectic Melting.

1. The CrSSis-SiC -CrSi Region

In this region of the ternary system,
there are two, Class II four -phase reactions involving liquid and the
peritecticly melting binary compound CrSi. The first of thess is a
simple two-over-two Class II reaction where melt and the D88 phase
form a two-phase equilibria replacing the solid-state CrSi-SiC
equilibrium at~1400°C:

Liquid + D88 Phase Am————q:-c—bCrSHSiC
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The second Class II, four-phase reaction

involves the disappearance of the C:-Si-D&8 solid-state equilibrium as a
prelude to the vanishing of the peritectic melting CrSi in the chromium-
silicon binary system:

~1410°

Liquid + Cr 55i3

CrS i-1>D88 Phase

Since these two, four-phase reactions
occur in a very small temperature internal and within an almost
equally small concentration range (Figures 56, 57, and 67), the
differential thermal analysis experiments do not differentiate between
the two reactions; the D.T.A. curves merely show that the peritectic
decomposition point of the CrSi compound has been lowered slightly in
the ternary region compared with its binary value of 1413°C.

Figure 50. Cr-Si-C: 46/49/5, Photomicrograph of an Arc Mdted
Alloy. X210

Four-Phase Reaction Mixture of SiC (Dark), CrSi
(White), CrSiZ, D88, and Cr55i3.
Co-crystallized CrSi and SiC in Eutectic-Like Matrix
of CrSiz-CrSi with Small Amounts of D88 and CrSSis.
X-ray: CrSi + Little Cr:Siz + Traces of SiC,
D8_,, and Cr_Si
8 3
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m. The Ternary Area Near CrSi2

Since a probable pseudo-binary eutectic,
very rich in CrStz, exists between Cer and SiC ags stated above,
metallographic pictures of alloys lying further out on the ternary
system toward SiC show co-crystallized SiC in a Cer matrix or,
when somewhat silicon-richer, in a Cer -Si eutectic matnx. This
is illustrated by the following photormcrogra.phs‘

Figure 51. Cr-Si-C: 29/61/10, Photomicrograph of an Arc Melted
Alloy.

Primary SiC (Dark) in a CrSi, Matrix.
X-ray: CrSiZ+SiC
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Figure 53.

o et e g s

B L e e —

Figure 52. Cr-Si-C: 18/67/15, Photomicrograph of an Arc Melted
Alloy.

X560
Co-crystallized CrSi

2 and SiC in a CrSiZaSi Eutectic
Matrix.

X-ray: C rSiZ+Si+S iC

Cr-Si-C: 19/74/7, Photomicrograph of an Arc Melted
Alloy. X210
Co-crystallized SiC (Dark) and Cx-Si2 in a CrSi

Matrix.

z-Si

X-ray: CrSiZ+Si+SiC
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n. Other Four-Phase Reactions in the
Cr-Si-C System

By nature of the experimentally documented
pseudo-binary eutectics and, in part, by Class II, four -phase reactions
with the resulting melting trough diagram; it becomes evident that for
a consistent high temperature phase equilibria interpretation, certain
solid-liquid reactions must also be present in some areas of the ternary
systern. These proposed four -phase reactions, or the physical evidence
thereof, may often times go undetected primarily because of two common
and interrelated facts. When the suspected four -phase reaction lies
quite close to either a binary system or a ternary intermediate compound,
the quantities of the more distant partaking phase are vanishingly small
and often go unobserved; furthermore, the isothermal temperature of
such four -phase reactions are usually so close to other isotherms in the

close proximity that small differences are often not seen.

There are four such occurrences in the
ternary Cr-Si-C system. These reactions are merely listed in a table
below with the approximate temperature of occurrence and a brief
description. It is seen (Figure 67) that each of these reactions lies close

to the binary C»-Si system or to the ternary D88 phase.

Table 23, Undetected Probable Additional Four-Phase Reactions in the
Cr-Si-C System.

Approximate
Temperature
Reaction Class °C Remarks
L ——>D88+Cr3CZ+SiC I 1630 Ternary Eutectic
L —->Cr58i3-D88+Cr3Si I 1505 Ternary Eutectic
L —-,CrSi+-CrSiZ+SiC I 1380 Ternary Eutectic
L -——>Si+CrSi2+SiC I 1300 Ternary Eutectic
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In addition, for the same reasons noted
above, a pseudo-binary, eutectic-type reaction isotherm is indicated
to occur on the CrSiZ-SiC section at about 1480°C:

~1480°C

Liquid > CrSiz+SiC

o. Assembly of the Phase Diagram

With all the information obtained from
metallographic studies, melting point experiments and D.T.A. runs,
in particular the collapsing temperatures of the melting point samples,
a series of ternary isotherms from 1100° to 2300°C were drawn to
show the melting sequences and important four-phase reactions. These
isotherms (Figures 54 through 66), in turn, formed the basis for the
construction of the three-dimensional space model in Figure 2. As a
final illustration, a drawing showing the melting troughs and isothermal
solid-liquid reactions in the ternary Cr-Si-C system is presented in
Figure 67. One trough arm of the probable ternary eutectic among D88,
SiC, and Cr3C2 is drawn dashed to indicate that toward the silicon-
carbon side of the ternary there are probably one or more complicated,
four -phase reactions involving vapor as the characteristics of the

silicon-carbon system change rapidly with increasing temperature.
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1100°C

CI'BS: *Cl’.,C's
CraxCe

Cr CrpzCe CryCs CraCo ¢

Figure 54. Cr-Si-C: Isotherm at 1100°C.
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CrSi+ Cr5$i3¢DB8 —

Crg Sig
CrgSiy+CrySi+08g-—

crs Si B,
U;S*i + l:rTC 3}

Craaly SIC+CraCy+ C

Cr
+
c'z.‘!cl.

Cr Crp3Ce¢ Cr7Cs CriCo - C

Figure 55. Cr-Si-C: Isotherm at 1350°C.
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CI5SI3#CrSSi# D8g
Cry Si
CrsS‘:fCr.’C3

Cra3C

c"’c'zsc‘

Cr CI’23C6 CI’-’C3 Cr302 Cc

Figure 56. Cr-Si-C: Isotherm at 1400°C.
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~1410°C

Cr}E:r Errﬂa

SIC+Cr C+C
CrasCs e

CreCrase

Cr Cr23Ce¢ Cr7Cs Cr3C2 C

Figure 57. Cr-Si-C: Isotherm at ~1410°C, i
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1450°C

CrgSi+CeC
c’z 3C‘
Cf + cfz ﬁ

SIC+CryCytC

Cr Crp3Cg CreCy CriC, C

Tigure 58. Cr-Si-C: Isotherm at 1450°C.
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Ternary }
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Cr+Cr23 C6

SiC+CryCyt C

Figure 59. Cr-Si-C: Isotherm at 1460°C.
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SiEfCraL',z+C

Cr Cr; IH""/Crﬁ‘ng Cr7C3 CrzCp

Figure 60. Cr-Si-C: Isotherm at ~1510°C.

86




Si

@3 1550°C
éf
o
L

st SiC+L \7
d 9
!/ /L )

SiC 2

5iC+l:r! C-E-H:

£ acrCorCrc
it b
‘V Cr.rﬂu-rL
W \ ' A ] W L7 7l
Cr C'zscs Cr,Cy Cr302 C

Figure 61. Cr-Si-C: Isotherm at 1550°C.
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Figure 62. Cr-Si-C: Isotherm at 1650°C.
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Figure 63. Cr-Si-C: Isotherm at 1750°C,
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Figure 64. Cr-Si-C: Isotherm at ~1790°C.
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Figure 65. Cr-Si-C: Isotherm at 1850°C.

Si

Figure 66. Cr-Si-C: Isotherm at ~2300°C
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Figure 67. Cr-Si-C: Melting Trough Projections and Isothermal
Reactions.
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3, Qualitative Kinetic Studies on the Chromium-
ilicon Car e Interaction

Several differential thermal analysis experiments
were run under special conditions to check the speed of the interaction
between chromium metal and silicon carbide. A cold pressed mixture
of 40 Mole % silicon carbide-rest chromium metal was shielded from
the D.T.A. graphite sample holder by additional SiC powder. In the
D.T.A. unit, this sample was heated at a rate of 5°C/sec. At about
1330°C, a strong exothermic reaction was observed, carrying the
temperature rapidly upwards where incipient melting occurred at
about 1460°C, the temperature of the ternary, metal-rich Cr3Si-

Cr2 3C 6-Cr eutectic; the sample was practically completely molten
at about 1530°C (Figure 68).

| | i !

-Incipient melting,

T _f 1460°C
S =
= .1. Initiation of
H exotherm
T 1330°C
@)
%5 | Expected heating
_ of equilibrium
. < alloy
Initial heating
rate: 5°C-sec-'
)| 1 } 1
1600 1500 © 1300 oo

«— TEMPERATURE,°C
Figure 68. Cr-Si-C: 60/20/20, (40 Mole % SiC)

D.T.A. Heating Thermogram Showing Exothermic Reaction
to Corre ct Conjugate Pairs and Ternary Eutectic Melting.
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These results were certainly not unexpected in
view of the knowledge of the phase equilibria intersection the Cr-5iC
join. The exothermic reaction resulted from the irreversible inter-
action of Cr and SiC to form the correct equilibria. Initial melting
occurred, as expected, at or near the chromium-rich eutectic since
the lowest melting eutectic along this join appears first. A Debye-
Scherrer X-ray photograph of the reaction products showed the
presence of D88 phase, Cr3CZ, and Cr.’C3 which is in perfect accord
with the phase diagram.

A second experiment in the D, T.A. was per-
formed using the same SiC -shielded Cr-SiC mixture as in the first
experiment; the temperature, however, was raised slowly from room
temperature to about 1250-1300°C over a period of 1 hour. The
sample was held at this temperature for about 2 hours; at no time was
a strong exothermic reaction cbserved. At the completion of the heat
treatment, an X-ray of the umelted sample showed complete conver-
sion of the chromium-silicon carbide mixture to D88 phase, Cr3Cz,

and Cr7C3.

The results of these qualitative kinetic experi-
ments show that there is a definite strong interaction between chromium
and silicon carbide, even in a short period of time at temperatures
some 160°C below the solidus. It is quite likely that it is even possible
to grow single crystals of SiC(63) from a carbon-silicon chromium
melt. (SiC is in equilibrium with a chromium-rich melt, practically
on the Cr-SiC join, at temperatures above about 1550°C.) It is certain,
however, that no particular kinetic phenomena are present which would
permit the nonequilibrium crystallization of silicon carbide in a

chromium-rich metal matrix.
E. THE NICKEL-SILICON-CARBON SYSTEM

1. Solid-State Equilibria

The phase equilibria of this ternary system at

temperatures below melting is considerably less complicated than the
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chromium-silicon-carbon system; in the nickel-silicon-carbon system
there are no ternary phases formed, and the basic ternary phase
equilibria in the solid-state is simply a function of the presence of the

various binary nickel silicides.

The investigation of tue solid-state phase
equilibria in the ternary region was complicated by the low melting
behavior of the nickel silicides when compared to the high melting
point of silicon carbide. Heat treating temperatures had to be
chosen low enough to prevent melting of the binary nickel silicides;
these temperatures were, however, not nearly high enough to permit
sufficient reaction between free silicon and carbon to completely form
silicon carbide in those areas of the ternary system where equilibria
with SiC occurs, nor were they high enough conversely, to permit
the silicon carbide to decompose in the appropriate areas—even under

long time heat treatments.

Figure 11 shows the location and conditions
of heat treated samples in the ternary Ni-Si-C system. Some of the
heat treated samples were hot pressed from elemental powder and

NiZSi, and some were arc melted portions of melting point samples.

2y and large, however, the results of the
X-ray analysis of the heat treated samples in the lower melting
portion of the ternary system showed that the attainment of equilib-
rium was in most cases not nearly complete and very slow indeed.
The X-ray patterns were multiphased showing sizeable quantities of
the starting materials and but little of the equilibrium phases formed
in heat treating. For these reasons, then, no figure is presented
showing the qualitative X-ray evaluation of solid-state heat-treated
samples. Nonetheless, however, owing to the simplicity of the
ternary phase equilibria, a clarification of the solid-state equilibria

was possible and is presented in an isotherm at 800°C (Figure 69).
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It is seen that NiSi,, NiSi, Ni3SiZ. and
5-NizSi are in equilibrium with SiC, while 8-NiZSi, NiSSiZ, and

Ni” arc in equilibrium with graphite.
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Q
8-Ni, Si B-NipSi+SiC+C "%
N|5 SIZ _5

8- NFESL +NigSi,+C

Ni —

Figure 69. Ni-Si-C: Phase Equilibria at 800°C.

A comparison of all the Debye-Scherrer powder
X-ray photographs of the ternary alloys showed that none of the binary
silicide phases present in these ternz ry alloys had lattice parameter
changes over the binary values; in addition, since none of the metal-
lographic investigations yielded indications of a temperature
dependent solubility, the conclusion is drawn that the nickel silicides

do not take either silicon carbide or carbon into solid solution.
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One interesting result of the heat treatments
was observed in the region near the Ni3Si phase. Although the
rather diffuse lines on the X-ray films of melting point and arc
melted samples in this region were not positively identified as
belonging to the Cu3Au structure of Ni3Si(3)(l6)(l7). observation of
the X-ray patterns of these same arc melted and melting point
specimens subsequently heat treated at 950°C showed that all traces
of this pattern had disappeared, and the low temperature three-phase
fieid of Niss'NiSSiZ -C was definitely established. Excluding the
remote possgibility of a small three-phase region ﬁl-Ni3Si-

NiSSiz- Niss lying close to the Ni-Si binary which would cut off the
appearance of the ﬁl-Ni3Si in ternary phase equilibria, it seems
as though the Ni3Si phase is not stable at lower temperatures as

(4)

also is claimed by other authors

The ternary isothermal section at 800°C does

not, therefore, contain any equilibria with the Ni3Si phase.

Even though only a few D.T.A. experiments
were possible in this ternary system (see Section III-D), two binary
nickel silicide reactions are presumed to initiate two solid-state, four-

phase ternary reactions at temperatures slightly above 800°C.

At about 806°C, the binary eutectoid tempera-
ture of 6-NiZSi and Ni3Si2, a four-phase reaction is presumed to occur
with the appearance of O-NiZSi. The most logicaldescription of this
reaction is a Class II, four-phase reaction:

~806°

6-Ni,SitsiC =3¢ < NiSi, +6-Ni,Si

Both of these Class II reactions can occur under
the condition that a vanishingly small silicon carbide solubility is present
in the binary nickel silicides, which is most probably the case, be it

ever so small. Because of the absence of these physically measurable
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solubilities in the binary silicides, a graphical representation of these
four-phase reactions in ternary isotherms is not feasible and therefore

not depicted. The isotherm at 850°C (Figure 93) shows the phase
equilibria after the disappearance of Ni3Si2 and the appearance of O-NiZSi.

As stated in the section on the Nickel-Silicon
system, under the experimental procedures employed in these investi-
gations, the high temperature 6 form of NizSi was never clearly
observed in X-ray films of either binary or ternary alloys. Nonethe-
less, the metallography, shown in subsequent sections, shows the
definite transformation structures in the NizSi phase along with the
presence of graphite and SiC grains. Since no interaction of either
graphite or silicon carbide with the transformed NiZSi matrix was
detected, the indicated ternary equilibria of the O-NiZSi phase is
certainly valid even though this 0 phase itself was not retained from
temperatures above its transformation and eutectoid decomposition

points.

2. High Temperature Phase Equilibria

Melting point determinations and metal-
lographic studies on arc meited alloys along with X-ray evaluation
of these samples provided the means of establishing the high tempera-
ture isotherms. It must be noted, however, that the liquidus tempera-
tures, by nature of the experimental techniques employed, are
generally estimated, although in this system these liquidus ‘¢cmperatures
were especially difficult to approximate from the collapsing behavior
of the melting point samples because the segregation behavior of the
lnw melting binary silicides described in Section III-C caused a
filling of the black body hole before the collapsing cmperature could
be precisely recorded. Figure 70 shows the compositional location

of the ternary Ni-Si-C melting point samples.
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Figure 70. Ni-S5i-C: Compositional Location of Melting Point Samples.

a. The NiZSi -C Section

Alloys along this pseudo-binary section
showed eutectic melting at 1282°C. The eutectic point is located at
less than 2.5 Mole % carbon. Figure 71 shows this pseudo-binary
eutectic system with experimental melting points, and Figure 72
shows the typical metallographic findings along this section.
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Figure 71. Ni-Si-C: The NiZSi-C Pseudo-Binary System.

Figure 72. Ni-Si-C: 65/32/3, Photomicrograph of an Arc Melted
Alloy. X475

0-Ni,Si (Transformed to §)-Graphite Eutectic. Graphite
Visible as Fine Black Daots.

X-ray: 6-NiZSi
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Figure 73. Ni-Si-C: 60/30/10, Photomicrograph of an Arc Melted
Alloy.

X175
Primary Graphite in a Matrix of O-NiZSi (Transformed
to §).

X-ray: 6-NiZSi + Barest Trace Graphite d

/

Figure 74. Ni-Si-C: 60/30/10, Photomicrograph of an Arc Melte‘d
Alloy.

X760
Silicide Portion Without Primary Graphite.

6 -——-—)6-NiZSi Transformation Structure.
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b. The N1581z -C Section

The NiSSiz compound, which is in
equilibrium with graphite throughout almost its full temperature range,
partakes of a pseudo-binary eutectic reaction; the eutectic lies very
close to the binary NisSiz compound at about 1 Mole % carbon: the
eutectic temperature is 1270°C. Figure 75 depicts the pseudo-
binary eutectic system with the experimentally measured melting

points; the metallographic results of alloys on or near this section

showing the low graphite containing eutectic are given in Figures 76

~ through 78.
I ¥ I I I A
Fy
o 16001 L ,/ :
w /!
5 L+Ni_Si -7
2 1400 52 L LG ;
[+ o -
w -
a -~ o a 1270°
=
~ 1200 Nig Sip*C :
L L 1 - I i

NigSi, 10 20 30 40 50
—— MOLE % CARBON —»

Figure 75. Ni-Si-C: The NiSSiz-C Pseudo-Binary System.
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Figure 76. Ni-Si-C: 69.5/28/2.5, Photomicrograph of an Arc
Melted Alloy. X475

Primary Ni sz with some Amount of Ni Siz-C
Eutectic on E}rain Boundaries. Small Amounts
of White Phase are A-NiZSi.

X-ray: NiSSiZ

Figure 77. Ni-Si-C: 68.5/27.5/4, Photomicrograph of an Arc
Melted Alloy. X150

Co-crystallized Graphite and NiSSiZ in Ni_Si,-C

Eutectic Matrix with Small Amounts of Annealed

6 (Transformed)-Ni,Si-Ni_Si, Tutectic on Grain
- . 5 2

Bounlaries.

X-ray: NiBSi2
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Figure 78. Ni-Si-C: 61/24/15, Photomicrograph of an Arc Melted
Alloy. X160

Co-crystallized Graphite Spears and Ni SiZ (Larger
White Grains) with Annealed NiSSiz-O ('iransformod)-
Ni,Si Eutectic Between Grains.

+ Trace Graphite and Trace 6 >6

X-ray: Ni Si
Truuformgd i‘liZSi

c. The Ni-C-Ni3Si Region

e it . .+

In the metal-rich portion of the ternary
system a ternary eutectic among nickel, graphite, and Niasi was
found at a composition of about Ni785il9c3; the melting temperature
of this ternary eutectic as determined from Pirani melting point
specimens is close to 1145°C. The location of this ternary eutectic
which is described by a Class I reaction:

~1145°C

Liquid > Ni.s g tNi 3Si+Gra.phite

is shown in Figures 97 aad 103. The microstructures of alloys near
this ternary eutectic and also near the Ni-C eutectic trough (Figure 103)
are shown in Figures 79 through 82.
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Figure 79. Ni-Si-C: 80/15/5, Photomicrograph of an Arc Melted

Alloy. X600
Primary Ni__-Dendrites in a Ternary Eutectic Matrix
of Ni__, Ni¥i, and Graphite.
ss 3
X-ray: Ni +Ni3Si (Diffuse, Probably Decomposing
to Ni" ancf?\lisSxZ) Graphite Undetected
Figure 80. Ni-Si-C: 80/15/5, Photomicrograph of an Arc Melted
Alloy. X2500

Enlarged View of Ternary Ni
Eutectic Portion with some

—Ni3Si-Graphite
s Pfimary Grains.

X-ray: Ni__+Ni_ Si (Diffuse,

Probably Decomposing
to Niss anc?i‘liss%

2) Graphite Undetected.
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Figure 81. Ni-Si-C: 80/5/15, Photomicrograph of an Arc Melted
Alloy.

X440
Primary Graphite in Ni__-Graphite Eutectic—Note

Partial Divorcing and Asgglomeration Tendency of
Graphite.

X-ray: Niss + Little Graphite

Figure 82. Ni-Si-C: 70/18/12, Photomicrograph of an Arc Melted
Alloy. X95

C'o-crysta.llized Graphite and Niss in Eutectic Matrix
of Nias-Ni3Si.

X-ray: Ni'ss + Little Graphite, Ni Si, NiSSi,. (From
Transfermation of Ni3Si to Nis

and Ni 5Si

s 2)
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Two other four-phase reactions are pre-
sumed to occur in this region of the ternary system; they could not,
however, be confirmed because of the limited range of the high
temperature D.T.A, equipment employed.

Under the assumption that the Ni3Si
phase is gtable onlyin a small temperature range and decomposes

(2)(4)(67) and appears

in a eutectoid reaction as stated by other authors
to be indicated in these investigations; a Class II, four-phase reaction
is the best choice for describing the disappearance of the Ni3Si phase
and its equilibrium with graphite (under the assignment of a very

slight graphite solubility to NiBSi) at some temperature near 1120°C:

~1120°C

Ni,Si + Graphite ——— Ni“+NiSSi2

3
Since this reaction based on unconfirmed
reports in the open literature, it is not indicated in the isothermal

sections.

‘ The third, four-phase reaction
occurring in this region involves the disappearance of the Ni3Si from
ternary equilibria prior te its peritectic melting at about 1160°C, a
temperature slightly below the binary peritectic isotherm of this

phase (1165°C). The Class Il reaction T

[ ]
Liquid + Ni Si, RLO0C,, Ni,Si + Graphite

This four -phase reaction is depicted in
a Ni-Si-C isotherm at ~1160°C (Figure 98) and in the melting trough
projection (Figure 103). The metallographic evidence of this four-

phase reaction is shown in Figure 83 below.
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Figure 83. Ni-Si-C: 71/24/5. Photomicrograph of an Arc Melted

Alloy. : Polarized Light X190

Four -Phase Reaction Mixture: Graphite, Ni
NiSSiz, and Nickel.

3Si,

Graphite (Black Streamers) and NiSSi (Smooth Grey)
in Rest Eutectic Matrix of Ni-Ni,Si. %’eritectic Walls
(Speckled, Darker Grey) of Ni351 Surrounding NiSi,
Grains.

X-ray: Ni_ Si, (Diffuse) + Some Ni__ + Some Ni3Si
(Diffuse); Graphite Undetected -

d. The NiZSi—SiC -Si Region

Aside from the melting point results

which showed that all ternary alloys had low melting points corres-
ponding for all practical purposes to the melting temperatures of the
binary nickel-silicon system, metallographic studies showed the
primary or co-crystallization of silicon carbide superimposed on the
matrices of the nickel-silicon alloys. In this manner, almost all

of the reported characteristics of the nickel-silicon constitution

diagram were verified.
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e. The NizSi-Ni3Siz-NiSi-SiC Region

The temperature dependent solubility
boundary on the nickel-rich side of the &NizSi phasge, the eutectoid
decomposition of the O-NizSi phase, and the eutectic between NiSi
and G-Nizsi were well documented while establishing the ternary
equilibria of these phases with graphite and silicon-carbide. The
following metallographic pictures show not only the ternary

equilibria, but also portray the binary nickel-silicon reactions.

Figure 84. Ni-Si-C: 60/35/5, Photomicrograph of an Arc Meited
Alloy.

Primary Graphite in an Originally G-NiZSi Matrix.
Matrix shows Pro-eutectoid Urdererl Precipitations
of 6-Ni,Si (White Spears) in Background of Rippled
6-Ni251 —>6-Ni,Si + Ni3Si2 Eutectoid Structure.
X-ray: 6-NiZSi<|>Ni3$iz
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Figure 85. Ni-Si-C: 60/35/5, Photomicrograph of an Arc Melted

Alloy. X2500
Nickel-Silicon Binary Portion: Pro-eutectoid Ordered

6-NiZSi Precipitates in Matrix of Rippled O-NiZSi T

Ni251 + Ni35i2 Eutectoid Structure.

X-ray: 6-NizSi + Ni3Si.2

Figure 86. Ni-Si-C: 53. 5/36.5/10, Photomicrograph of an Arc Melted

Alloy. X600

Co-crystallized 6-Ni,Si (White Crains) and Graphite
Spears with O-NizSi-fWiSi Eutectic on Grain Boundaries.

0-Ni.Si ia Both Whitc Grains and Eutectic Transformed
to 6-Ni,Si, NiSi, and Ni,Si, by Eutectoid and Peritectoid
Reactions Which are not:hesolved.

X-ray: Ni3Si2 + 6-NiZSi + Little NiSi.
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Figure 87. Ni-Si-C: 53, 5/36.5/10, Photomicrograph of an Arc
Melted Alloy. ;

Co-crystallized 6-Ni,Si (Grey) and Graphite (Heavy-
Dark Spears) with 6- iZSi-NiSi Eutectic on Grain
Boundaries.

6-Ni,Si in Both Grey Grains and in Eutectic Shows
Rippfed #-Ni,Si ——>6-Ni, Si + Ni,Si, Eutectoid

2 2 372
Structure.

X-ray: Ni3Si2 + &Ni,Si + Little NiSi

X2000




Figure 88. Ni-Si-C: 47/38/15, Photomicrograph of an Arc
Melted ..lloy.

Co-~crystallized Graphite (Black Spears), Silicon
Carbide (Grey Grains) and 6-Ni,Si with #-Ni_Si-
NiSi Eutectic on Grain Boundariées of 6-Ni Sx Grains.

Eutectoid Decomposition of 6-Ni 2Si to 6-Ni,Si and
Ni.Si, as well as Peritectoid Formatxon onNx 81
frém 6 Ni Sx and NiSi Unresolved.

X-ray: Nx351 + NiSi + Traces of Graphite
and SiC
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Figure 89. Ni-Si-C: 49/46/5, Photomicrograph of an Arc Melted

Alloy. X160
Co-crystallized SiC (Dark Spears) and NiSi (White
Grains) in Matrix of NiSi~0-Ni, Si (Transformed)
Eutectic. Peritectoid Forman%n of Ni3Si2 from
G-Nizsi and NiSi not Resolved.
X-ray: Ni35i2 + NiSi
Figure 90. Ni-Si-C: 40/55/5, Photomicrograph of an Arc Melted
Alloy. X600

Primary Silicon Carbide (Black Grains) in an Annealed
NiSiZ-NiSi Eutectic Matrix.

X-ray: NiSiZ + NiSi
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£f. The Ni.SiZ -5iC -Si Region

In this section of the ternary system a

four-phase reaction involving the disappearance of the NiSiz-SiC solid-

state equilibrium with increasing temperature is present. The Class II,

four -phase reaction is shown in Figures 95 and 103 and is described by:

Liquid + 5i 22255 Nisi, +8iC

The photomicrograph of the four-phase

reaction mixture is shown in the following figure.

Figure 91. Ni-Si-C: 35/60/5, Photomicrograph of an Arc Melted

Alloy X480

Co-crystallized Silicon Carbide (Black Grains and
Spears) and Silicon (Grey) in a Partially Agglomerated
NiSi, -NiSi Eutectic Matrix. Peritectic Formation

of NiSi,: Note Walls of NiSiZ (White) Surrounding
Silicon%ra'ms (Grey).

X-ray: NiSi, + Little Si + Little NiSi
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g Other Four-Phase Reactions in the
Nickel-Silicon Carbon System

As stated in one of the Cr-5i-C sections
of this report (see Section IV-D-2-n), there are certain four -phase
reactions, which, for the reasons presented previously, are very
difficult to detect and experimentally confirm; such is the case in the
Nickel-Silicon-Carbon system. There are four such four-phase
reactions, all belonging to the Class I ternary eutectic grouping. These
reactions are indicated in Figure 103 and listed in Table XXIV; it must
be stated that these reactions probably lie even closer to the nickel-

silicon binary than pictorial clarity permits.

Table XXIV, Undetected Probable Four-Phase Reactions in the Nickel-
Silicon-Carbon System.

Approxin.ate
Temperature
Reaction Class *C Remarks
L —>»NiSi,+ O-NiZSi+C I 1260 Ternary Eutectic
L —— O-NizSi+SiC+C 1 1280 Ternary Eutectic
L —>0-Ni,Si+NiSi+5iC I 964 Ternary Eutectic
L ——»NiSi+NiSi, +5iC I 966 Ternary Eutectic

In addition, again for the same reasons
noted in Section IV -D-2-n, the following pseudo-binary eutectic reactions
must occur in the ternary region even though the respective eutectic
points are located so exceptionally close to the nickel silicon binary

side that they escape detection,

Liquid 239G 6.Ni,sitsic

and

Liquid —292°G Nisi+sic.
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h. Assembly of the Phase Diagram

Azain, as in the case of the Cr-Si-C system,
all the experimental information, including the proposed, undetected four-
phase reactions was used in drawing the isotherms of the Nickel-Silicon-
Carbon ternary system presented in Figures 92 through 102. These
isotherms were used, in turn, to prepare the three dimensional space
model (Figure 4). As a final presentation, a melting trough projection
including the pseudo-binary eutectics and four-phase reactions in the
ternary system is given (Figure 103). One trough arm of the probable

ternary eutectic among 9-Ni,Si, SiC, anc graphite is drawn dashed to

3
indicate other four -phase reactions at muca higher temperatures

toward the silicon-carbon side.

/. Si
NiSip +Si—§
/ ' 800°C
CSEE. Si+NiSi,+SIC
~
f$’ NiSi,
¢
O
,“‘_:- NiSi +NiSiy +5iC

8 2

Lo NiSi = SiC

Nig Si 5N \

- LZSI+NI55|E+S|C ?A
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8-Ni, Si B-NipSi+SIC+C 2
Nig Si 57
T
-8 -"'lrzSI +H|55|2+ﬁ %
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Figure 92. Ni-Si-C: Isotherm at 800°C.
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850°C
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Figure 93. Ni-Si-C: Isotherm at 850°C.
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Figure 94. Ni-Si-C: Isotherm at 950°C.
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Figure 95. Ni-Si-C: Isotherm at ~993°C,
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Figure 96. Ni-Si-C: Isotherm at 1050°C,
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Figure 97. Ni-Si-C: Isotherm at ~1145°C.
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Figure 98. Ni-Si-C: Isotherm at ~1160°C.
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Figure 99. Ni-Si-C: Isotherm at 1170°C,
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Figure 100, Ni-Si-C: Isotherm at 1270°C.

124



1400°C

L+Ni.

L] c

Figure 101, Ni-Si-C: Isotherm at 1400°C.
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Figure 102, Ni-Si-C: Isotherm at 1500°C.
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Figure 103, Ni-Si-C: Meiting Trough Projections and Isothermal Reactions.

3. Qualitative Kinetic Studies on the Nickel-Silicon
Carbide Interaction

Analogous to the experiments performed in the
Cr-Si-C system, nickel and silicon carbide powder in a 58/42 Mole ratio
were cold compacted and shielded from graphite interaction by
additional SiC powder and placed in the Differential Thermal Analysis
apparatus to check the interaction between nickel and silicon carbide.

The sample was neated at about 5°/sec. from
room temperature; as in the combination with chromium, a strong
exothermic reaction, iaitiating at about i000°C, carried the temperature
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rapidly upwards where melting occurred at about 1200°C as indicated

by the D.T.A. trace in Figure 104. ’
T T T

alloy

Incipient
melting
' I 1200°C
O
s >
@
= Initiation of
g exotherm
X 1000°C
% Expected heating
2| of equilibrium

.
X/\
/
a0 \
Initial heating rate: 5°C-sec-'

1400 1200 1000

«— TEMPERATURE,°C —

Figure 104. Ni-Si-C: D.T.A. Heating T hermogram of a Ni-SiC
(58/42 Mole %) Mixture Showing an Exothermic Reaction
to Correct Conjugate Pairs and Subsequent Melting.

The exothermic reaction was caused by the Ni-SiC
interaction to form the correct nickel-silicide-graphite equilibria as
shown by the Ni-Si-C isothermal sections. Melting occurred at the
lowest melting (~-1200°C) composition on the Ni-SiC join, the Ni-C

eutectic trough in the nickel-rich portion of the ternary.

A second experiment with this nickel-silicon
carbide mixture was performed; the mixture was heated slowly to 1100°C
and held at this temperature for one hour. At no time was an exothermic
reaction observed. An X-ray of this heat treated alloy showed practically
complete conversion to NiSSiZ. Niu. and graphite, with but traces of

unreacted SiC remaining.
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Again, similar to the conclusions drawn in the
analogous Cr-SiC experiment, there is a strong interaction tendency
between Ni and SiC, even at temperatures about 200°C below solidus
on the Ni-SiC join; by the same token, it is obvious to see that by the
nature of the melting troughs and phase equilibria in the Nickel-Silicon-
Carbon system, no particular kinetic phenomena are present which
would permit the crystallization of silicon carbide in a nickel metal

matrix.
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V. DISCUSSION AND RECOMMENDA TIONS

The basic reasons underlying the investigation of the ternary
systems Cr-Si-C and Ni-Si-C are two-fold. Silicon carbide, as a
semiconductor, could have many important electronic applications,
even at high temperatures, if the appropriate high temperature
chemical compatibility of this compound with other materials were
established. Silicon carbide, in addition, has several unique physical
and mechanical properties which make it attractive as a possible fiber
reinforcing candidate for the strengthening of metal matrix composite
bodies. Two such metals and their alloys, chromium and nickel, have
been selected to have their chemical compatibility with silicon
carbide investigated. Chromium and nickel form the basis of
several high temperature alloys which perform quite well in oxidizing
environments by nature of the inherent oxidation resistance of these
two metals. It is desirable, however, to increase the strength of
these metals and their alloys by fabricating a metal-silicon carbide
fiber -metal matrix composite, providing of course, that chemical
compatibility between these components is present in the temperature

range of interest.

The most desirable means of fabrication of such a com-
posite body would involve the casting of the metal or metal alloy into
or onto a suitably designed silicon carbide fiber or whisker matrix,
or even directly casting a slurry of the silicon carbide—molten metal
alloy. Thesec investigations have shown, however, that the direct
fabrication of a chromium or nickel and most certainly a chromium-
nickel base alloy in contact with silicon carbide from a molten state
is not possible. Even though silicon carbide in equilibrium with
a chromium or nickel-rich melt containing sizeable quantities of
carbon and silicon, the solidification processes which take place
do not yield a predominately metal-rich product, but rather a com-
bination of chromium silicides and carbides,or in the case of nickel,

nickel silicides and graphite.
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These investigations have shown that the exothermic reaction
between chromium and silicon carbide as well as between nickel and
silicon carbide occurs at about 1330° and 1000°C respectively. This
reaction is a function of particle size and intimate union of the mixtures,
of course, but it may well be possible to employ powder metallurgical
fabrication techniques at lower temperatures where the kinetics of the
metal-silicon carbide interactions are less favorable; although it must
be said that the low temperatures which would be employed do not
favor the densification of the metal matrix. It is recommended, then,
that the low (<~900°C for Cr-Si-C and < ~800°C for Ni-SiC) tempera-
ture diffusion and reaction kinetics of the chromium-silicon carbide
and nickel-silicon carbide combinations be studied in some detail to
determine not only the feasible upper limit of application of such
composite bodies, but also to ascertiin whether or not powder
metallurgical techniques are possible as fabrication methods for such

composite bodies.

It is further recommended that de.ailed investigations be
conducted with the promising concept of coating silicon carbide fibers
with refractory carbides of the 4a group metals and using the coated
silicon carbide in melts of chromium and/or nickel to achieve the
desired fiber strengthening of the nickel-chromium base alloys by
direct casting. It is known that the monocarbides of the 4a group
metals, TiC, ZrC, and HfC are in equilibriurr(x()\g;th silicon carbide
d

most probably nickel are in chemical and thermodynamic equilibrium

at high temperatures; it is further establishe that chromium and
with the carbides of the 4a group metals. Therefore, these carbides,
which are in equilibrium with both SiC and chromium, and probably
nickel, present themselves as interesting diffusion—interaction

barriers between chromium/nickel and silicon carbide.
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