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ABSTRACT

Phase equilibria and mutual solubilities in the Zr-Si-C, Hf-Si-C,
and Hf-Si-B ternary systems have been determined at 1300°C. The general
melting behavior and high temperature mutual solubilities in the Zr-Si-C,
Hf-Si-C, Zr-Si-B, and Hf-Si-B systems have been studied; minimum melting
temperatures along various pseudo-binary sections are given. All four systems
are characterized by the formation of a ternary D8g-Nowotny phase.

Most melting temperatures in the ternary systems are governed

by the lower melting binary silicide compounds. Guidelines for feasible high
temperature applications are given.
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I. INTRODUCTION AND SUMMARY

A. INTRODUCTION

It has been known for quite a while that the silicides of some
of the refractory metals of the IVa-VIa periodic group possess rather good
oxidation resistant properties; in addition, it has been proven that some of
the borides of this same refractory metal group, in particular zirconium and
hafnium diboride, also have high temperature oxidation resistant properties.
The refractory carbides, and borides are known to have very high hardnesses
in addition to their extremely high melting points. These properties along with
those of the refractory silicides, strongly suggest the possibility of the use of
such composite materials in high temperature oxidizing environments. Applica-
tion feasibility of such silicoboride and silicocarbide combinations requires the
basic knowledge of possible phase interactions and phase equilibria of individual

refractory silicoboride and silicocarbide ternary systems.

In continuing our basic research on the high temperature inter -
actions and phase equilibria of refractory borides, carbides, silicides, and
their various combinations; the silicocarbide and silicoboride systems of

zirconium and hafnium have been investigated.

In recent times, a great deal of new knowledge concerning the
structures and phases present in the Hf-Si and Zr-Si systems has been published;
however, in spite of the fact that so much is known about the individual phases
and structures of these silicide systems, no new recent work has been under -
taken to confirm some of the older investigations and to accurately investigate

the exact characteristics of these two silicide systems.

The state of knowledge of the binary Si-C and Si-B systems is
virtually at the same level as the above mentioned two refractory metal silicide
systems. Fortunately, the Si-C binary system is the least complicated of all

in the number of occurring phases, when the multitude of crystal structure



variations of SiC are disregarded; however, the general constitution of the
Si-C system along with the nonvariant reactions involved is still uncertain,
for there have been conflicting data published. Not even the exact number of
intermediate phases occurring in the Si-B system is known; a hypothetical
constitution diagram has been published, but it is evident a great deal of addi-

tional experimental work is necessary to firm up knowledge of this system.

It is unfortunate that such great holes are present in the knowl-
edge concerning the binary systems of primary importance in the interpreta-
tion of the high temperature constitution of the refractory silicoboride and
silicocarbide ternary systems. Complete clarification and description of the
high temperature characteristics of these ternary systems is not possible
without recourse to known features of the respective binary systems. It was
therefore necessary to restrict these investigations to solid state studies and
general interpretations of the melting behavior of these ternary systems and to
merely report the interphase melting temperatures, which are in themselves
a valuable contribution to the high temperature characteristics needed for
choice and selection feasibility of these high temperature refractory silico-
boride and silicocarbides. Differential thermal analytical techniques could
not be employed in studies on these silicon and silicide containing ternary
systems due to the lack of any adequate DTA sample-container materials for
these extremely reactive silicides. Solid state as well as liquid-solid reactions
of the silicon-containing alloys with the DTA sample containers would thoroughly
mask the reactions of the sample itself and would seriouslf'hamper the possibility
of success in interpreting the results of appropriate DTA experiments. With
the advent of newer and better techniques, the container problem for high tem-

perature DTA experiments with reactive materials will be solved.

When the exact constitution of the binary Zr-Si, Hf-Si, Si-C,
and Si-B systems is known, detailed high temperature reactions and equilibria
present in these silicocarbide and silicoboride systems will be able to be fully

interpreted.



B. SUMMARY

1. Binary Silicide Systems

a. The Zirconium-Silicon System

Partial investigations on sintered as well as on
melted samples in the Zr -Si system confirmed the presence of the following
crystal structures: ZrzSi, ersiz, ZrSi, and ZrSiz; it was also confirmed
that the D8, hexagonal phase previously reported at the concentration "Zr581"'
does not exist' "’ in the binary Zr-5i system. Traces of a recently reported
phase(z)(;r; the vicinity of 43 At% Si were observed; no evidence of a Zr‘Si(s)

Zr6Sis(5) phase with the CrB-type structure were observed.

or Zr3Si' * was found in sintered samples. Only exceeding small traces of the

b. The Hafnium-Silicon-System

Partial investigations of this binary system con-
firmed the presence of the following crystal structures: HfzSi, Hfz Si,, HiSi,
and HfSiz. Only traces of a recently reported(z) phase near 43 At.% Si were
observed; the D8, structure does not occur in the Hf-Si binary in samples
sintered at 1300°C. There is a eutectic between HfSi.z and Si at about 9 At. %
hafnium; the eutectic temperature is about 1330°C. Another eutectic, between
HfZSi and B-Hf, is located between 12 and 16 At.% silicon; this eutectic tem-
perature is 1806°C.

2, Ternary Silicocarbide Systems

a. The Zirconium-Silicon-Carbon System

A ternary phase with D8, structure is present
at a composition of Zx,; Si3sC3. At 1300°C the following main two-phase equi-
libria exist (Figure 14): Zrsi -SiC, ZrSi-SiC, ZrSi-ZrC, _, D8y(ternary)-
ZrC, .» ZrSi-ZrC, _, and ZrC, _-5iC. There is virtually no mutual solubility

1-x
between the silicides and carbides. At a temperature between 1300°* and about



1570°C, the ZrSi-SiC equilibria is replaced by a.ZrSiz-ZrCl_x two-
phase field.

A phase having the CrB-type crystal structure
was found in varying amounts in melted ternary alloys; it is suspected that

this phase does not exist as a true binary zirconium silicide phase.

At higher temperatures the ternary D8y phase
increases to homogeneous range to encompass the following composition
range: Zr: 56-65, Si: 32-37, C: 0.3-8 At.%. The highest observed melting
point of the D8, phase, which melts with a rather broad maximum, is 2385°C.

The melting temperatures of ternary Zr-Si-C
alloys are governed in general by the melting points of the lower melting
silicldcs (Table 9) . Ternary alloys containing silicon carbide showed

extremely heterogeneous melting behavior owing to the decomposition of SiC.
b. The Hafnium-Silicon-Carbon System,

A ternary D8, phase at the composition Hf;S1,C
is found in this system. At higher temperatures it increases its homogeneous
range to encompass the following region: Hf: 62-55, Si:33-37, C: 3-11 At.%.
Thin phase melts with a broad maximum; the highest melting temperature
obworved for this phase was 2467°C. The main equilibria present at 1300°C
(vee Flgure 25) are: HfSiz-SiC. HfS1i 'chx..x’ HfSi-HfCl_x. HfSi-D8; (ternary),
D8, (ternary)-HfC| _, Hf,Si-HfC, _, and HfC, _-SiC.

There is virtually no mutual solubility° of silicides

and carbides at 1300°C or at higher temperatures in this system.

A ternary eutectic consisting of Hf Si, p-Hf,
and HfCl_x is present in the metal~rich portion of the ternary system; the
eutectic temperature is prcbably quite close to the Hf-Si binary eutectic tem-
perature of 1806°C.



Again, the lower melting points of the silicides
govern the general melting behavior (Table 12) of the ternary Hf{-Si-C

system.

3. Ternary Silicoboride Systems

a. The Zirconium-=Silicon-Boron System

The basic equilibrium at 1400°C as described
in a previous publication(6)(Figure 12) also exists at higher temperatures.
A ternary eutectic consisting of p-Zr, Zr,Si, and ZrB, exists in the metal-
rich portion of the ternary system; the eutectic temperature is about 1536°C.
There are also eutectics between ZrB, and silicon as well as between ZrB,
and the ternary D8z phase; the ternary D8g; phase showed a:m'.ximum melting
point of 2343°C; this phase expands its homogeneous region to encompass the
following range at temperatures close to melting: Zr: 63-55, Si: 30-38,
B: 5-11 At.%. The presence of a phase with the CrB-type crystai structure
was observed in melted ternary alloys lying in the vicinity of the Zr-Si binary;
as in the Zr-Si-C system it is suspected that this phase is a stabilized ternary
crystal structure. Zirconium silicides and borides have practically no mutual

solubility at high temperatures.

As is apparently the rule in the carbide and boride
containing ternary silicide systems, the melting behavior of ternary alloys in
the Zr-Si-B system is governed by the lower melting behavior of the binary

silicides (Table 14).
b. The Hafnium-Silicon-Boron System

At 1300°C the most stable phase in this system,
HfBz, forms two-phase equilibria with all other binary phases (Figure 44),
including a ternary D8 phase which is formed in a small homogeneous region
near the composition Hfg,Si3gByc. At 1300°C as well as at temperatures near
melting, there is practically no mutual solubilities between hafnium silicides

and hafnium borides.



There is a ternary eutectic formed among p-Hf,
H{Si, and HfB in the metal-rich portion of the ternary system. There are
also eutectics formed between HfB, and silicon as well as between HfB, and
D8, (ternary). The ternary D8y phase increases its homogeneous range
moderately at temperatures near melting to encompass the following region:
Hf: 60-67, Si:32-37, B: 6-13 At.%; the highest melting point observed for the
D8, phase was 2425°C. The melting temperatures of ternary Hf-Si-B alloys

are governed by the lower melting silicides (Table 18).

II. LITERATURE REVIEW

A. BINARY SYSTEMS

1. The Zirconium-Carbon System

As part of the general theme of the investigation of
ternary refractory alloy systems, the binary zirconium-carbon system was
studied in this labora.tory(7) to provide a valid starting point for the ternary

investigations.

A listing of the many older papers is found in Kieffer
(8)

and Benesovsky's Hartstoffe

Preliminary investigations in this laboratory agreed
quite well with the results of recent study of the zirconium-carbon system by

R. Sara, et al.(g’ 10).

Figure 1 shows the zirconium-carbon system which
resulted from the investigation in the laboratory(7). The a-B-Zr transforma-
tion temperaturc in the two-phase region, 7r-ZrC, - was found to be
approximately 885°C 1o and 875°C (7) ; a peritectoid decomposition
of the a-phase is most likely to occur in view of the results obtained in the Ti-C

and Hf-C systems”’ “).
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Figure 1. Zr-C: Constitution Diagram
{E. Rudy, D.P. Harmon, and C.E. Bruk], 1965).

The monocarbide phase, (f.c.c.-NaGCl type structure(lz))

is found to have an extended range of homogeneity. The most recent deter-
minations of the limits are: (lower): 35.4 At. % C(13'14). 38.5 At. % C(lo),
and 37,5 At.% C(7); (upper): in each c:se the upper limit was defined as
49.4 At.% C using the value determined by J. Farr(13’14).

lattice parameter plot of samples quenched from above 2800°C(7); the anomsulous

Figure 2 gives a

maximum has also been observed by Sara(lo) in alloys heat-treated at high-
temperatures (3300°C).
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Figure 2. Zr-C: Lattice Parameters of the ..Iv.i‘onocarbide Phase .
(E. Rudy, D.P. Harmon, and C.E. Brukl, 1965).

The monocarbide plhase melts congruently at a sub-
stoichiometric composition of approximately 45-46 At.% carbon(7' 10,13, 14),
and at a temperature of 3400 - 3440'C(7’ 10’13’14).

The eutectic temperature between the metal and mono-
carbide has been indicated to be 1830°C!!3), 1810°c('> %), 1860°c19), and
1835'C(7); Sara(lo) locates the eutectic composition at approximately 1 At.%

carbon,

For the ZrC-C eutectic temperature, literature values
are 2850°c{'?), 2850 + 50°c 3 1), 2911 1+ 12°¢(7, and 2920 + 50°c{!7); the

eutectic is located at a carbon concentration of approximately 65 atomic

percent”’ 10) .



2. The Hafnium-Carbon System

Similar to the occurrences in the Ti-C and Zr-C binary
systems, only a single intermediate phase, HfCl_x, is formed in the Hf-C
system; however, unlike the other two group-IVa metal-carbon systems, the
a-Hf phase is stabilized to much higher temperatures and carbon concentra-
tions by incorporating carbon atoms into interstitial lattice sites(ls). The
a-Hf phase decomposes peritectically into HfCl_x and liquid at 2360°C and
forms ?.lt;?tectic with the p-Hf phase at 2180°C at approximately 1.5 At.%

carbon .

The monocarbide phase (NaCl) type structure“” has
a homogeneity range between 34 At.% C (a = 4.608 2)(11) and 49.5 At.% C
(a = 4.640 &) 11
lower boundary is strongly temperatur e dependent below the peritectic iso-
therm(“’ 20). At 1500°C the boundary is located at a carbon concentration of

37.5 atomic percent(ls). As early as 1930, the HfCl_x phase was reported

at the peritectic and eutectic temperatures respectively. The

.

to have an extremely high melting point. Agte and H. Alterthum(lé) found that
the phase melted at 3890°C. Subsequent measurements have resulted in values
3895°C(18), 3830° =i2d) and 3928 ‘C(“) for the melting »oint of HfC the

l-x’
melting point maximum is located at approximately 48.5 At.% carbon (1 l).

The eutectic between the monocarbide phase and carbon
is located at a carbon concentration of 65-66 atomic percent; the eutectic
temperature has been measured on several occasions; the following values

; . o (18) ec(21) o(20) or(11)
have been published: 2800°C » 2915°C » 3150°C , 3180°C , and
3260°cl17),

Figure 3 presents the constitution diagram as deter-

(11)

mined by investigations in this laboratory
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Figure 3. Hf-C: Constitution Diagram,
(E. Rudy, 1965)

31, 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.

Many different, but closely related, crystal polymorphs
of SiC, (apparently the only intermediate compound observed in this system)
have been observed, isolated, and their crystal structures determined(zz).
The so called a-forms have either hexagonal or rhombohedral symmetry, and

the various polymorphs are based on different atom stacking sequences(23).

10



A lengthy listing of the many works is given in Constitution of Binary Alloys (22).

A face-centered cubic form, the p-SiC (B3-type), a low temperature modifica-

tion with a lattice parameter of 4. 349 R has also been observed(23).

(24)

investigations in the silicon-carbon system using X-ray, chemical, and

H. Nowotny and co-workers performed exploratory
thermal analyses. On the basis of these experiments, two possible phase
diagrams for the silicon-carbon systems were developed. Figure 4 presents
the version containing peritectic-similar reactinn involving liquid silicon (with

carbon in solution), solid SiC, and vapor. The other version proposes a

3000 | s ]
Vapor " Vapor + C
L e ]
2600 el ~2100° A
N Aesic
OU \\\\\ ’ --_‘-—
Yy 2200 8 \\-‘/’/ T
:;:, L v
d ;. Liquid
2 180 [/ * i
= / SiC
/ SiC + C
1400 .
~ 1414°
1000 £ Si+SiC -
A Il

Si 20 40 SiC 60 80 C
Atomic % Carbon

Figure 4. Si-C: Possible Constitution Diagram.
(H. Nowotny, et al., 1954)

eutectic-similar decomposition 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

11 °



is present at lower temperatures. Both proposed diagrams display the
decomposition of SiC into graphite and vapor at about 2700°C. The decomposi-

tion temperature of SiC has also been independently reported by O. Ruff(25>.

Recently, R, Scarce and G. Slack(26) as well as
R. Dolloff(27) have investigated the silicon-carbon system and have concluded
that SiC decomposes peritectically into liquid Si and graphite. There is,
however, a vast discrepancy in the reported peritectic decomposition tempera-
tures. Scarce(26) reports 2830°C while Dolloff(27) reports 2540°C; the latter
author further reports that silicon and SiC form a eutectic at .75 At.% C and
1402°C. It seems quite apparent that the exact constitution of the silicon-
carbon-diagram — excluding the many crystallographic modifications of SiC —

is not known, and additional investigations are indeed necessary.

4, The Zirconium-Boron System

There have been numerous investigations in the zirconium-
boron system, and many of the results have been conflicting. Recent work in

this laboratory(zs) confirm some of the earlier published results,

Two phases are present in the zirconium-boron system:

ZrB, and ZrB .. Zirconium diboride crystallizes in a hexagonal C 32 type

(29, %) (30, 31)

structure and has a very narrow homogeneous range . The reported
melting temperatures of the diboride phase are 3040°C(32) and 2990 + 50‘(3(33).
(34, 35) .

More recent determinations by F. Glaser and co-workers are difficult

to assess since no experimental details on the techniques used were given.

ZrB _, a high temperature phase, has a face-centered

12
cubic, D2f, UB -type structure(36’37)

about 1600°C(34 , and melts congruently at 2680
(

ZrB phase. Other investigations

» is unstable at temperatures below

34, 36, 37
‘C(34’ 38). Post and Glaéer »37)

£8) have reported the existence of a face-centered cubic
(30, 31, 39)

as well as Schedler
» however, have proven that this
phase does not exist in the true binary system but is apparently stabilized by

small quantities of carbon, oxygen, and nitrogen.

12



For other details and information concerning the pre-
paration of zirconium borides, the excellent compilation in Hartstoffe(4o)

should be consulted.

A complete investigation of the Zr -B system was under-

taken at this la.bora.tory(zs). Figure 5 portrays the results of these studies.

3245 £18° o0

&
=

~2100°

TEMPERATURE, ° C
8

872°
z ATOMIC % BORON

Figure 5. Zr-B: Constitution Diagram.,
(E. Rudy and St. Windisch, 1965)

The solubility of boron in zirconium is less than 1 At.%; the temperature of
the eutectic formed between zirconium and ZrBz is 1660°C; this eutectic is
located at about 12 At.% B. Zirconium diboride has a narrow homogeneous

range and melts at 3245°C. ZrB,, melts peritectically at 2250°C and

13



decomposes in a eutectoid reaction into ZrB, and boron at 1710°C. A
eutectic, whose temperature is 2000°C, is formed between ZrBlz and B at

about 98 At.% B.

Table 1 lists the intermediate phases present in the

Zr -B system along with their crystal structures and lattice parameters.

Table 1., Lattice Parameters and Crystal Structures of
Intermediate Zr-B Compounds.

Phase Crystal Structure Latti-e Parameter Literature
ZrB, hexagonal, C-32 type a=3.1698% 30
c=3.5308
ZrB,,  cubic,UB, ~type 7.408 & 28
(D2,)
5k The Hafnium-Boron System

Two intermediace phases are formed in the Hf-B system. HfB,,

which crystallizes in a hexagonal lattice structure, has a negligible homogeneous rarige

ard has been reported to melt in the temperature range 3060°-3240°c(32: 41'43).

(41)

with a face-centered cubic structure was formed in the Hf-B system. However,

Early investigations indicated that a monoboride

it was later shown by E. Rudy and F, Benesovsky(44) that the true structure
of the monoboride is an orthorhombic B-27 type; the formation of the mono-
boride in the face-centered cubic structure is attributed to impurities such as

carbon, nitrogen, and oxygen.

Proposed phase diagrams(45’ 16) for the Hf-B system

have been based mainly on estimates. A recent publication by Kaufman and

14
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Clougherty(47) has reported a Hf-HfB eutectic temperature of 1960°C as well
as a peritectic decomposition temperature of greater than 2400°C for HfB. (48
For earlier details, including the preparation of hafnium borides, Hartstoffe
by Kieffer and Benesovsky should be consulted. A complete (irg)estiga.tion of

the hafnium-boron system was carried out in this laboratory . The results

are depicted in Figure 6. The solubility of boron in p-hafnium is less than

3500 | 3380 + 20° |
~66%
i y J
rd
o 3000 ©
& i
— i /
= o /
i 2500 | 2218 /
5
2100 + 20°
2000 1880 + 15° HfB(B27
- [+ < S "l -
ISM/Fqul N 1 lsu]|i|5°1 [ 1 1 1
0 20 40 60 80 100
i ATOMIC % BORON B

Figure 6, Hf-B: Constitution Diagram.
(E. Rudy and St. Windisch, 1966)

2 At.% B; the eutectic, whose temperatures is 1880°C, formed between

HfB and p-Hi lies at about 13 At.%.

HfB, with an orthorhombic unit cell, decomposes peri-
tectically into melt and HIB, at 2100°C. HfB, melts congruently at 3380°C
and forms a eutectic with boron at about 99 At.% B. The eutectic tempera-
ture is 2065°C,

15



Table 2 gives the intermediate phases and crystal

structures of the Hf-B compounds.

Table 2. Lattice Parameters ad Crystal Structures of
Intermediate Hf-B Compounds,

Phase Crystal Structure Lattice Parameters Literature
HfB,  hexagonal (C-32 type) a=3,142 & 49
c=3,4778
HfB orthorhombic a=6.51, '}
(B2 tyrel] b =3.21, & 49
Cc = 4.920 R
6. The Silicon-Boron System

This system has not yet been completely investigated;
in fact, there are a great deal of discrepancies concerning whether or not
there are intermetallic phases present, and if so, what their compositions
and structures are. It is quite evident that a considerable amount of work is

still needed to clarify the silicon-boron system.

As early as 1900, H. Moissan(so) reported the finding
of the compounds SiBj3 and SiB¢. G. V. Sa.msonov(SI) was to have found a
SiBs3, while recently, J. Adamsky( 52) and C, Cline(53) have reported finding
a SiB4 possessing an orthorhombic unit cell. C, Cline(54), E. Colton(ss),
V. Matkovish(56), H. Rizzo(57), and C, Brosset(ss) have published data on a
new silicon boride, SiB,, which is isomorphous with B,C. L. Brewer(59) et al.

reports, however, that no evidence of intermediate silicoborides was found.

5
C. Brosset( S has determined that a eutectic minimum

exists at 7.4 At.% B and 1403°C; the solubility of boron in silicon(60) is

16



2.9 At.% at 1300°C, 1,45 At.% at 1200°C, and 1.25 At.% at 1100°C, while
the solubility of silicon in boron(“) is approximately 9.7 At.% at 1750°C.,

Recently, G.V., Samsonov and V, Sleptsov(62) have

investigated the silicon-boron system using metallographic, X-ray, and

thermal analysis techniques. With their results and other previous literature,
they have established a hypothetical phase diagram of the silicon-boron system;
this diagram is reproduced in Figure 7.

2000

1800

1600

Temperature, 0C

1400

1200

Atomic % Boron

Figure 7. Si-B: Hypothetical Constitution Diagram.
(G.V. Samsonov and V. Sleptsov,1962)

In the diagram by the Russian authors, three inter-
mediate compounds, Si,B, SiBy, and SiBg are indicated. Si,B forms peri-
tectically at about 1450°C from melt and SiB4_x. SiB4 also forms peritectically
from SiBy axd melts at about 1830°C; SiB, possesses a wide homogeneous range
at lower temperatures. SiB, forms peritectically at about 1950°C and is

essentially a line compound.
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Table 3 lists the intermediate phases and the crystal

structures of the silicon-boron system.

Table 3. Lattice Parameters and Crystal Structures of
Intermediate Si-B Compounds

Lattice Parameters
in
Phase Crystal Structure xngstroms Literature
SiB, rhombohedral (B,C - a=6.3198% 58
type) c=12.713 %

SiB, orthorhombic a=14,393

b=18.278 53

c=9.888%
SizB unknown - 62

In spite of the numerous, recent investigations in the
silicon-boron system — these are listed in detail in a new compilation by
R. Elliott(63)—- it is seen that many discrepancies are still present in the
silicon-boron constitution diagram, and additional investigations are still -

necessary.

7. The Zirconium-Silicon System

In view of past investigations as well as in the light of
more recent ones, it may be said that the zirconium-silicon system belongs
to the most complicated refractory-metal silicide systemis, The majority of
the existing discrepancies have been clarified, but some points need consider-
able additional clarification. There is no doubt about the existence of the

phases ZrSi_ and Zr Si. The crystal structure of ZrSi, was first determined

2 2
in 1928 by Seyfa.rth(64) and later also investigated by Naray-Szabo(és), Braugi'é’ 67,)
and Nowotny(be). H. Nowotny, et al.(69), P. Pietrokowsky(7o), and L.Brewer(7l)

all determined that Zr Si has the tetragonal CuAl, structure type.

18
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C. E. Lundin, D.J, McPherson, and M. Hansen(3)
were the first ones to undertake a complete investigation of the Zr-Si system.
These authors listed the following phases as being present: Zr,Si, Zr Si,
Zr3Siz, ZrySis, Zr,Sis, ZrSi, and ZrSiz. Of these phases, ZrSi was described(3)
as having a hexagonal unit cell witha = 12.772 R andc = 7.005% . C. Lundin,

et al.(3) also presented a constitution diagram for the Zr -S5i System.

In a later investigation of the phases occurring in the
Zr-Si-system, H. Nowotny and co-workers(bg) found no evidence of the
Zr,Sis, ZrySis, and Zr;Si; phases, but were able to identify a Zr¢Siy phase
with the D8g structure; the hexagonal in<2xing of the ZrSi phase was not con-
firmed. In a later work(68) the ZrSi phase was found to-have the) orthorhombic

the zirconium-silicon system by means of melting point determinations, metallog-

FeB type structure. Kieffer, Benesovsky, and Machenschalk”z investigated

raphy, and X-ray analysis; they constructed a temporary constitution diagram,

The phases Zr,Si, ZrsSi;, ZrSi and ZrSi, were found.

In renewed investigations of the Zr-Si system, with and
without carbon additions, H. Nowotny(l) and co-workers as well as L.Brewer(73)
were able to show that the phase previously denoted as ZrgSis is in reality a
ternary D8y phase, Zr¢Sis (C), stabilized by carbon, oxygen, nitrogen, and boron.
Furthermore, Brewer and Krikorian(73) state that the phase designated by
C. Lundin(3) as Zr3Si corresponds to the ZrgSisphase, and the Zr Sis is the
ZrSi; phase which, after Pietrokowsky(74) has the U3Si, type structure.

C. H. Dauben(75) later reported that Zri;Si, was isostructural witl(x3l)1;Siz.

H. Nowotny(l) further confirmed the existence of the Zr¢Sig phase and designated

it U-II because of its unknown structure ard in exact carpcsition; by the same token,

another phase which seemed to be at about 40 At.% silicon was designated U-I.

This was the state of the knowledge of the Zr -Si system
until the year 1961 when again Nowotny and co-workers(s)
work on the Zr-Si-Al system, were able to show that the U-II phase (Zr¢Sis)

» in conjunction with

was a CrB-structure-type monosilicide which always occurred at zirconium

concentrations of somewhat less than 50 At.% Si, i.e. ZJ:,\,"Si-\,s . These authors
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were further able to coufirm the findings of Brewer(73)a.nd

Dauben(75) that Zrasi2 is isostructural with U Si; this ersi2 phase is how-
ever; not the previously described(l) U-I phase, This U=-I phase(l-z) has a
oc-similar structure and is isostructural with other unknown phases in the Ti-Si

and Hf-Si systems.

Recently, K. Schubert(4) reported finding a Zr;Si with
the TisP type structure; this reported phase has not yet been confirmed, but

.(3)

may be identical to the rather evasive Zr,Si'"’,

The solubility of silicon in zirconium was determined by

(3),

mately 0.3 At.% Si whereas p-zirconium dissolves about 0.6 At.% Si.

M. Hansen and co-workers a-zirconium dissolves a maximum of approxi-

A constitution diagram (Figure 8) of the Zr-Si system,
(76)

taken from Hartstoffe » shows the basic diagram of C. Lundin et al.(3) modi-

)

40 At.% Si as well as Schuburt's(‘}) Zr,Si phase are not depicted. Table 4 contains

fied with some of the mote recent findings; the new o-similar phase(l' £ near

the established phases and crystal structures o the Zr-Si intermediate phases.
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Figure 8. Zr-Si: Constitution Diagram.

(C.E. Lundin, D.J.McPhersop, and M.Hansen, 1953 -
Modified by R, Kieffer, 1963).
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Table 4. Lattice Parameters and Crystal Structures of
Intermediate Zr-Si Compounds

Lattice Parameters
in
Phase Crystal Structure Xngstrom Literature
ZrSi,  orthorhombic C49 type a 3,728 68
b=14,76 &
c=3678
Zroi orthorhombic B-27 a=6.98 &
(FeB type) b=3.78 ] 68
c = 5.3022.
Z3,, Si,, orthorhombic B(CrB- a=3.7618
type) b=9.91,8 5
c=3754&
ZJ;‘JSi,\‘z unknown, but g-cimilar - 2
Zr,Si, tetragonal(Ussiz type) a=7.08223
c=3.752%
Zr,Si  tetragonal C 16 (CuAl a=6.61201% 70
type) c=5.458
ZrsSi  tegragonal DO (TisP- a=11,013%2 4
LyRE) c=545%
Zr ,Si unknown - 3
8. The Hafnium-Siiicon System

Of all the silicide systems of the refractory metals of the
IVa-IVa groups, the hafnium-silicon system has received the least atten~
tion; the system has not yet been completely investigated, although the

majority of the occurring compounds have been characterized. B. Post,
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F. Glaser, and . Moskowitz( 7 found two silicides, Hf%lz and HfSi. HfSi
(7

atomic parameters and found HfSi, to be isostructural with the analogous

has an orthorhombic unit cell; Smith and Bailey 8) determined the exact
zirconium silicide. By analogy, also, B. Post, et al. (77) stated that HfSi
crystallizes in a hexagonal structure. It has subsequently been shown, how-
ever, by H. Nowotny and co-workers(79) that HfSi has an orthorhombic-FeB
(79)

Hf Sx. This compound has the CuAl ,~type structure and is isostructural with

type structure. H. Nowotny also prepared and identified the compound

the zirconium silicon compound. H. Nowotny( 9 found traces of a possible
Hf,Si phase, but could not identify the suspected phase more closely. The com-
pound HfsSi3(C)(B) has also been found(79) and characterized as having the

D8 y~-MnsSi; structure. In strong analogy to the Zrg¢Siz3 (C)(B) phase it is sus;zgctse(y
that the D§ phase is really a stabilized ternary phase and would not be found

in the true binary system.

In 1961, H. Nowotny(s) and co-workers discovered two
more phases in the Hf-Si system; one of these, Hf3Siz has the tetragonal U;Si,
structure while the other phase, lying near 43 At.% Si, was described as hav-
ing a o-type similar structure; this phase is isostructural with the other un-

known phases in the Ti-Si and Zr-Si systems,

(45)

thetical phase diagram of the hafnium-silicon system based on melting point

Nowotny, Braun, and Benesovsky presented a hypo-

determinations and analogies with the Zr-Si system., This temporary diagram
(Figure 9) does not include the more recent findings concerning the probable
absence of the I-It;Si.3 phase, the presence of the Hfssiz, and the existence of

the o~similar phase .
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Figure 9.
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Hf-Si: Hypothetical Constitution Diagram.

(H. Nowotny, H.Braun, and F.Benesovsky, 1960)

Table 5,

Lattice Parameters and Crystal Structures of
Intermediate Hf-Si Compounds

Lattice Parameters

in
Phase Crystal Structure Rngstrom_s_c Literature
HE Si tetragonal CuAl - a=6.,482
2 type (C-16) c-5.21% 79
. hexagonal a=7.892&
HifgSi 2 «O7%
3 Mn;Siy type (D8,) & = 5.55 & 79
HE Si, tetragonal U, Si,type a=17.00 &
c=3.67 &
Hﬁ‘,SSi'\‘2 unknown, but oc-similr - 5,2
HfSi orthorhombic FeB type a = 6,85 'y
(B-27) b = 3.75¢ & 79
c=5.19 &
HfSi, orthorhombic ZrSitype a=3,6778
b= 14,550 & e
c=3.649 2%
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B. TERNARY SYSTEMS

l. The Zirconium-Silicon-Carbon System

Cursory investigations were performed by L. Brewer
and O. Krikorian(n). They observed the formation of a ternary D8g-type
phase in the region near the Zr-Si side near 40 At.% Si; they indicated, how-
ever, that the ternary phase was an extension into the ternary field of the
ZrgSi3 binary phase observed by C. Lundin(3), et al., although they suspected
that the ZrsSi; was not a true binary phase. A schematic diagram (Figure 10)
of the phase relationships in the Zr-Si-C system was presented by L.Brewer(n)

along with the calculated heats of formation of some silicides (Table 6).

ZrC \ 51C

K
A

\

Zr Zr 51 ZerZ 51 Si
Zr 51 Zr651
Zr Sx Zr 81

Figure 10, Zr-Si-C: Schematic Section .
(L.Brewer and O. Krikorian, 1954)
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Table 6. Heats of Formation of Binary Zirconium

Silicides
[ AH%gg of Formation

Phase per gram-at. Si in Kcal
ZrSi, -21+5

ZrSi -39 + 10

Zr, Sig -43 + 10
Zr¢Sis -45 + 10
ZrgSiy -48 + 10

Zr,Si -50 + 10

ZrySi -53 + 10

Later, H. Nowotny, B. Lux, and H, Kudielka(l), were
able to conclusively show that the ZrsSiy phase observed by C. Lu;ldin(3) and
L. Brewer(7l) is actually a ternary phase stabilized by small amounts of either

(1)

the central portion of the Zr-Si system with additions of up to 5 At.% carbon

carbon, boron, nitrogen, or oxygen. Nowotny' ' and co-workers investigated

and presented the dilagram depicted in Figure 11. It is shown that D8, phase

does not occur in the binary Zr -Si system,

5 v L L] T ]
5 %ZE;MSB i | zrCszrsiszrsi~
terC+ [ . &
4.0l tH D&BoZrC .
ZrC+ZrSi+D8
Vs
L4
<20}
DBS(Z:sSi3)— ok ]
0.5 ) .
Zr-MC+2:z‘§i e —-Zer+D88+U“
+ D8y R

Figure 11, Zr-Si-C: Phase Equilibria Near Central Region
of the Zr-Si Binary
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2. The Hafnium-Silicon-Carbon System

This system has not yet been completely investigated,
although H. Nowotny, E. Laube, R. Kieffer, and F. Benesovsky(79) have
observed the formatiun of a HfsSiy(C) ternary-D8g phase which forms with less
ease than the corresponding zirconium phase. The reported(79) lattice param-
eters of the HfsSi3(C) phase are: a = 7.89, R andec = 5.554 ).

3. The Zirconium-Silicon-Boron System

Nowotny(l) and co-workers observed the formation of a
ternary D8y phase at the composition ZrgSiz + 5 At.% B in both sintered and
arc melted samples; the reported lattice parameters were: a = 7,93, X,

c=55%2%.

An isothermal section of the Zr-Si-B system at 1400°C
(6)

was presented by E. Parthe and J.T. Norton' ‘. This section is reproduced

in Figure 12,

Figure 12. Zr-Si-B: Section at 1400°C,
(E. Partheand J. T. Norton, 1960)
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There are no mutual solubilities in the silicide and
boride phases; a ternary D8g-phase with a slight homogeneous range is located
on the "'ZrSiq{'-B section and contains about 5 At.% boron. ZrBz is the most
stable binary phase and forms equilibria with all the other silicide phases and

the D8,-ternary phase as well as with silicon itself.

4. The Hafnium-Silicon-Boron System

A ternary phase, lying on the '""HfgSiy''-B section and
(79)

containing about 5 At.% B, was found by H. Nowotny and co-workers; the

ternary phase possesses the D8z, hexagonal structure.

No other work concerning the Hf-Si-B system has been

reported.

III. EXPERIMENTAL PROGRAM

A. EXPERIMENTAL PROCEDURES

L. Starting Materials

Elemental, pre-prepared binary monocarbide, diboride,
and disilicide as well as zirconium hydride powders were used as starting

materials for the alloys investigated.

Zirconium metal powder was obtained from the Wah
Chang Corporation, Albany, Oregon, and had the following main impurities
(in ppm): C-40, Nb-<100, Fe-315, Hf-67, N-34, O-830, Si-<40, Ta-<200,
Ti-<20, and W-<25. The lattice parameters of this starting material were
a=23.2328 andc =5.149 8 . The metal powder was sized between 74 and 44
micrometers. Spectrographic analysis performed at the Aerojet Metals and
Plastics Chemical Testing Laboratory yielded the following results (in ppm):
Si-10, Fe-20, Ta-not detected, and Hf-500,
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A second batch of zirconium metal powder, also obtained
from the Wah Chang Corporation had the following main impurities as designated
by the vendor (in ppm): Al-25, C-40, Nb0<100, Cr-47, Cu-6l, Fe-315, H-270,
Hf{-67, N-34, O-830, Ta-<200, and W-<25. The metal powder had a particle
size of less than 74 micrometers; the lattice parameters of this zirconium

powder were also e = 3,232 R andc=5.149 8% .

Zirconium dihydride, also purchased from the Wah
Chang Corporation, Albany,Oregon, had the following main impurities (in ppm):
C-320, Nb-<100, Cr-125, Fe-1800, Hf-137, Mg-255, N-116, O-1300, Si-157,
Ta-<200, Ti-29, and W-<25. The hydrogen content was 2.1% by weight, and

the particle size was less than 44 micrometers.

An overexposed Debye-Scherrer powder diagram of
this material showed only the tetragonal-ZrH, , -pattern with no other extraneous
lines, Spectrographic analysis performed at the Aerojet MPCT Laboratory
gave the following results (in ppm): Si-10, Fe-500, Ta-not detected, Hf-<100,
and Mg-40.

The hafnium metal powder used was of two different
batches; both lots were purchased from the Wah Chang Corporation, Albany,

Oregon.

The first batch had the following main impurities in the
vendor's analysis (in ppmn): Al-20, C-210, Nb-680, Fe-265, H-55, N-200,
0-810, Si-<40, Ta-200, and W-235. This hafnium contained 3.2% by weight
of zirconium. Spectrographic and vacuum fusion analysis of the hafnium
powder by the Aerojet Metals and Plastics Chemical Testing Laboratory yielded
the following values (in ppm): Nb-<1000, N-<300, O-<1000, Si-10, and Ta-400.
The average particle size was 74 microineters; lattice parameters of
a = 3.19¢ R and c - 5. 05, R were obtained from a powder diffraction pattern

taken with Cu-K(1 radiation.
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The second batch of hafnium powder had the following
main impurities (in ppm): Al-44, C-60, Nb-<100, Fe-99, H-45, N-200,
0-660, Ta-<200, Si-<40, and W-<20. 2,5% zirconium by weight was present

in this hafnium metal powder whose partic:e size was less than 74 micrometers.

The boron used was supplied by the United Mineral and
Chemical Corporation, New York. The vendor's analysis contained the follow-
ing values (in ppm): Fe-2500, C-800 ppm; Boron-99.55% by weight. The
boron powder was sized between 149 and 44 micrometers. Spectrographic and
chemical analyses at the Aerojet Metals and Plastics Chemical Testing
Laboratory yielded the following results (in ppm): Mn-1500, Si-2000, Cr-1000,
Mo-3000, Fe-500, and B,O,- 1. 37% by weight,

The silicon used was supplied by the Var-Lac-0id
Chemical Company, New York and had the following vendor's analysis (in ppm):
Fe-500, A1-100, Ca-200, Ti-10, Cr-50, Mn-30, Cu-10, Ni-trace., The particles
were sized smaller than 44 micrometers., The Aerojet Metals and Plastics
Chemical Testing Laboratory's spectrographic analysis of this materials was
(in ppm): C-80, Cr-100, Ni-<10, Cu-800, Al1-1000, Fe-250, Ti-400, Mg-<l10,
B-10, and Ca-500. The lattice parameter of this starting material was 5.429-,2. g

Carbon was used in two forms. The lampblack powder,
supplied by Monsanto Chemical Company, had 99.57% free carbon and the
following impurities (in ppm): HZO-400. benzol extract-3000, ash-300, and
volatiles-3600. The particle size was 0.01-0.1 micrometers. Spectrographic
analysis at Aerojet gave the following results (in ppm): Si-20, Mg-<10, Cu-<10,
Al-10, and Fe-10,

Graphite powder was obtained from the National Carbon
Company and had the following typical impurities (in ppm): S-110, Si-46,
Ca-44, Fe-40, Al1-8, Ti-4, Mg-2, V-trace, and ash-800 max. 99% of the
graphite was smaller than 44 micrometers. Highly overexposed X-ray films

of these materials showed no traces of any impurities.
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The zirconium monocarbide powder was supplied by
the Wah Chang Corporation, Albany Oregon. The main impurities were (in
ppm): Nb-100, Fe-<50, Hf-<10, Ta-<200, Ti-38, and W-<25, The mono-
carbide had a carbon content of 11.54% (49.8 At.%) and a particle size of less

than 44 micrometers.

The zirconium disilicide was prepared with a nominal
content of 68 At.% Si by cold pressing the mixed powders with a small amount
of camphor dissolved in ether as a binder. The bricketts were placed under a vacu-
um of 30 inches of mercury at a temperature of 110°C for 12 hours to remove
the camphor. The compacts were then reacted in a molybdenum boat in a
muffle furnace under hydrogen at 1250°C. Subsequent sintering under the same
conditions lasted for two hours. The reacted compacts were crushed in an
agate mortar and sieved to a particle size of less than 74 micrometers. Chemical
analysis on silicon showed 39.6 Wt.%, or 68.2 At.% silicon. A Debye-Scherrer
X-ray film of this material showed only the disilicide pattern and very faint
lines of silicon metal. The lattice parameters of the disilicide were:a=3.69,,
b = 14.75, and ¢ - 3.665 & . The hafnium disilicide was prepared in the exact
same manner as that described above for ZrSi,. Chemical analysis showed
67.6 At.% silicon to be present in the disilicide. The lattice parameters of
this starting material taken from an X-ray film which showed only the disilicide

pattern and faint traces of silicon metal were: a = 3.675, | - 14,56, c = 3.6323. .

The preparation of the silicon carbide master alloy followed
the steps outlined above for the preparation of the disilicides, 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 p-SiC; the lattice parameter was 4.35; R; and a carbon

analysis showed 47.4 At.% carbon to be present.
Because of the violent exothermic reaction associated

with the formation of the zirconium and hafnium diborides, these two materials

were prepared in two steps.
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For the ZrB_, the initial reaction involved a mixture
whose overall nominal compositionﬁ was 76.6 At,% B. This mixture was cold
compacted with the addition of a camphor -ether solution as a binder. When
the ether had evaporated, the compacts were placed in a tantalum container
which was placed in the center of the graphite heating element of a carbon pot
furnace. Under a vacuum of 1 x 107 Torr and a temperature around 200°C
the camphor was driven off. After the temperature was allowed to climb
slowly to near 900°C, the furnace was flooded with helium; after the exothermic
reaction at a slightly higher temperature, the furnace was again placed under
vacuum and allowed to cool. The boride was removed and ground to particles
smaller than 100 micrometers. The remaining portion of the zirconium metal
was mixed with the initially formed boride to yield a diboride composition. The
cold pressing and reaction steps were rerun, and the material was given a final

heat treatment at 1750°C for 30 minutes under helium.

An X-ray film of the final diboride showed only the pat-
tern of the diboride and some faint lines of the zirconium metal phase. The
lattice parameters of this starting material were a = 3,167 and c = 3.530 2. A

boron analysis showed 63.5 At.% B to be present in the starting material.

The same procedure as above for ZrBz was followed in
the preparation of HfBz. Chemical analysis of the total boron contained in the
HfB, starting material showed that 67.6 At.% B was present. The lattice
parameters of the diboride, taken from an X-ray film which showed only the
diboride pattern, were a = 3,142 and c = 3,477 X,

2. Alloy Preparation and Heat Treatment

a. Solid State Samples

Solid state samples for the Zr-Si-C, Hf-Si-C,
nd Hf-Si-B systems were made by hot pressing the mixed powders using the
respective components: Hf, Si, C, HfSiz, B, and ZrH,. The samples for

these solid state investigations were prepared without using the extremely
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high melting compounds,i.e., HfC, SiGC, HfBz, ZrBz, and ZrC, to assure the

maximum possible chance for the attainment of equilibrium at the lower heat

treating temperatures.

The following table provides the detailed information

concerning the heat treatment of the solid state alloys.

Table 7. Heat Treatment Conditions for Solid State Samples

Duration of
Heat Treatment Heat Treatment
System Temperature, °C in Hours Atmosphere
Zr-5i-C 1300° 63-65 Helium
Hf-Si-C 1300° 64-65 Helium
Hf-Si-B 1300° 66 Heliwin
b. Melting Point Samples

The majority of the melting point samples for
the Zr-5i-C, Hf-Si-C, Zr-Si-B, and Hf-Si-B systems were prepared by hot-
pressing in the manner previously described(Bl). Again, the use of the
extremely high melting compounds — except in those cases where the ternary
samples had compositions quite close to the high melting binary compounds —
was eliminated in order not to hinder the correct equilibrium formation with

these slowly reacting compounds.

A few of the extremely metal-rich melting point
samples were cold pressed and given a subsequent low temperature heat
ireatment for strength; sample preparation in this manuner prevented possible

undue carbon and air contamination in hot pressing.
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3: Melting Point Determinations

Melting points of .he alloys in the four ternary systems
were determined by direct resistance heating of the samples. Observation of
melting was conducted using the Pirani-hole method. The special melting
point furnace and the Pirani-technique have been previously described(sl) in

this series of reports.

The temperature measurements were carried out with a
disappearing-filament type micropyrometer which was calibrated againsta
certified, standard lamp from the National Bureau of Standards. The tempera-
ture correction for the absorption in the quartz furnace window, as well as
that for deviation due to non-black body conditions have been amply described and

(81)

validated in a previous report .

The melting point experiments were conducted under
high purity helium at 2 1/4 atmospheres pressure to prevent undue vaporization

of silicon.

Considerable difficulty was encountered in the heating of
the silicon and boron-rich alloys. At normal temperatures, these materials
have a very low electrical conductance, and it was difficult to initially heat the
samples using the direct resistance method. This difficulty was overcome in
some cases by rubbing a small amount of molybdenum powder on the ends of the
sample to provide a better contact between the sample and the tungsten insulating
plate in the melting point furnace. The melting of the sample occurred in the
center of the sample in the reduced area at the black body hole,and no contamina-

tion of the molten portion of the sample was possible.

4. X-ray Analysis

Debye-Scherrer X-ray photographs were made of all samples
in the Zr-Si-C, Zr-Si-B, Hf-Si-C, and Hf-Si-B systems after solid state heat
treatment, melting point experiments, and arc melting. Because of the compli-
cated X-ray patterns offered by the many silicide compounds, chromium K(1

radiation was used exclusively to spread out the diffraction lines.
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Due to the rapid martensitic-like transformatia which occurs
in both the hafnium and zirconium metals, the high temperature p-form of
the metals was never observed in the X-ray patterns of samples which were

at high temperatures.

The majority of the structures of the zirconium and
hafnium silicides are known, and no difficulty was encountered in indexing and
calculating lattice parameters of these phases except in the case of the ersiz
and Hf 5i, phases where equilibrium was not obtained ,and the quality of the
Debye-Scherrer patterns was quite poor. Traces of some of the other reported
binary silicide phases, whose structure and exact compositions are not known,
were observed, and it was possible to only indicate the phase equilibria with

uncertainty.

In the few cases (melting point samples) where the
complicated high temperature structures of SIC were observed, no attempt

was made to identify or index these phases.

%
5. Chemical Analyses

Chemical and spectrographic analyses were performed
on the majority of starting materials to check the vendor's analyses. In addi=-
tion, the pre-prepared master silicide and boride alloys were aralyzed for
their silicon and boron contents. The interstitial impurities of some of the
starting metal powders was checked using a vacuum fusion technique in a platinum
bath.

Silicon was determined by fusing the sample in a sodium
hydroxide-sodium peroxide mixture, dissolving the melt in perchloric acid

and volatilizing the silicon as I-IzSiF6 with a hydrofluoric-sulfuric acid mixture.

*The chemical analyses were performed under the direction of W.E. Trahan
in the Aerojet-General's Metals and Plastics Chemical Testing Laboratory.
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Boron was determined by fusing the borides in pre-
dried sodium carbonate at 1000°C, The resulting melt was dissolved in water,
and the excess carbonate was rermoved with barium hydroxide. After removal
of the precipitates, poric acid was determined by differential titration of the
boro-mannitol complex with N/10 sodium hydroxide between pH-values of 5.3

and 8.5,

The spectrographic analyses showed that there was no
major metallic impurity present in the starting materials which would seriously
affect the high temperature equilibrium. The values of the interstitial con~
tents (O, N, H) of the starting materials were somewhat higher than those indi-
cated by the vendor; this discrepancy, however, is attributed to the time
interval between Aerojet's and the vendor's analyses; the metal powders had

sufficient time to absorb both water and air.

The prepared silicides held their nominal compositions
quite well, although the prepared borides showed up to several atomic percent

boron loss owing to the volatilization of B,0,.

6. Metallography

Metallographic studies were made of the melted portions
of melting point samples as well as of arc melted specimens. The samples
were prepared by mounting the alloys in an electrically conductive mixture of
diallyl-phthalate-lucite copper base mounting material. The samples were
roughly ground on varying grit sizes of silicon carbide paper; the final polish-
ing 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 silicon-rich, diboride-rich, and
carbide-rich specimens were best dip etched in a aqueous aqua regia-hydrofluoric
acid solution (9 parts HO - 1 part acid mixture) (60% HC1-20% HNO;-20% HF).
The metal-richer silicides as well as the metal phase, (Hf, Zr), itself respond-

ed best to electroetching with 10% oxalic acid solution.
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Etchants which would selectively attack only one or
more of the many silicide phases could not be discovered. The oxalic acid
produced only gradually varying color changes in the silicides depending on
metal content. The majority of the silicide phases were differentiated by
careful comparison of the metallographic specimen with the corresponding
X-ray film. Most of the silicides showed a cousiderable amount of intragranular
cracking produced upon cooling; this in itself was sufficient for identification

in many instances.

B. EXPERIMENTAL RESULTS

l, The Zirconium-Silicon-Carbon System

Seventy-nine samples were prepared by hot-pressing
for solid state investigations in the Zr-Si-binary and the Zr-Si-C ternary
fields. Figure 13 shows the locations and qualitative X~-ray analysis of the

Zr-Si-C samples heat treated at 1300°C,

a. The Zr-Si-System

The results obtained from the binary Zr-Si
samples confirmed the majority of the more recently published results. The
zirconium disilicide, with the orthorhombic, C49-type unit cell, had the
following lattice parameters: a = 3.69, 2, b=14.75%, andc = 3.664 2.
Debye-Scherrer films of quite good quality were obtained of the monosilicide
with the orthorhombic, B-27 type structure. Lattice parameter measurements
of this phase gave: a = 6.99, 8. b =3.78 &, andc = 5.30, &,

Samples containing between about 49 and 44 At.%
silicon presented X-ray patterns which were quite complicated; none of the
films were sharp, and varying amounts of the phases present were observed
see ningly independent of concentration. The reported ZrSi, or better said
ZrSix-,\;' or Zr¢Sis was observed in only exceedingly small trace amounts in

the binary samples. The majority of material present in these samples con-

(5)

, bhase mixed with the as yet unknown o-similar

sisted of the tetragonal Zr}Si
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Figure 13, Zr-Si-C Location and Qualitative X-ray Analysis
of 1300°C Samples.

U-l(z) phase which also lies near 40 At.% Si. In substantiation of previously
reported results(l) the D8y phase was not observed in binary Zr-Si samples.
The tetragonal ZrZSi phase was never obtained as a single phase, but was
always seen in the presence of either zirconium metal or the ngsiz phase.
The Zr Si phase appears to have a slight homogeneous range in the binary
even though many of the X-ray films obtained were not sufficiently in equilib-
rium to permit exact lattice parameter measurements; a sample with 18 At.%
silicon showed zirconium metal and the Zr,Si phase which had lattice param-

eters of: a = 6.60, & and c = 5.31, X.
No evidence was seen in these hot pressed

samples, which were heat treated at 1300°C, of the reported Zr4Si(3) or
(4)
Zr,Si phases,
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b. The Zr-Si-C Equilibria at 1300°C

The main equilibria at 1300°C have been estab-
lished; until the exact nature and characteristics ci the binary Zr-Si system
are clarified, some uncertainties must remain concerning the equilibria involved

near the region of 50 At.% silicon near the Zr-Si binary,

Qualitative X-ray analysis of the many samples
prepared showed that the following equilibria exist at 1300°C, ZrSi,-SiC,
ZrSi(B-27)-SiC, ZrSi(B-Z7)-ZrCl_x, SiC-ZrCl_x. D8£,(ternary)-ZrC1__x -
D8,—U-1, D8 'Zrasiz’ D8,—ZrzSi and ZrZSi-ZrCl_x. These results are
depicted in Figure 14,
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Figure 14. Zr-Si-C: Section at 1300°C.
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The D8y phase, which is formed only in the ternary
region, stretches from about 1/2 At.% to about 5 At.% C and lies between 36
and 37 At.% silicon at 1300°C. Table 8 shows the variance in lattice param-

eters of the D8, ternary phase as a function of nominal composition. Owing to

Table 8. Lattice Parameters of the Zr-Si-C D8;-Phase

Nominal Composition in Lattice Parameters in
Atomic Percent ngstroms

Zr Si C a c

62 35 3 7.924 5.56,

61 37 2 7.93, 5.57,

60 25 15 7.93l 5‘601

56 36 8 7.91, 5.60,

the uncertainties in the binary Zr-Si system near 50 At.% Si, some of the
equilibria emanating from the binary Zr-Si edge have been dotted (Figure 14).
to indicate uncertainty. Although the Zr;Sis or ZrSi, - phase with the chromium
monoboride structure has been observed(l’ 5,69) in binary Zr-Si samples, it
was evident from this investigation that this crystal structure is far more stable
in ternary, i.e., carbon containing, samples, It is not inconceivable that the
Zr-Si phase with the CrB orthorhombic structure is also a stabilized ternary
phase. The lattice parameters of a Zr-Si-C 52/43/5 sample which contained a
majority of the Zr~Si phase with the CrB-type structure were a = 3,75, X,

b =9.92, R, and ¢ = 3, 75z R . Qualitative X-ray analysis of samples from

this region did not yield conclusive evidence as to which equilibrium,ZrCl_x-
ZrgSis or ZrSi(B-27)-D8g exists at 1300°C. In general, the films of samples
from this area showed all four phases ZrCl_x, Zr,Siq, D8y, and ZrSi(B-27). In
view of the preceding result s and the fact that the exact characteristics of the
Zr-Si binary are are not accurately known, the phase relationships in this area

are indicated with uncertainty.
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The majority of the samples from Zr-Zr Si-
ZrC, region indicated the equilibrium as depicted in Figure 14. Two samples,
however, had extremely faint lines which could not be either identified or
accurately measured; the X-ray findings, showing non-equilibrium conditions
in these samples have been indicated in an appropriate manner in Figure 13,
These faint lines possibly stem from the reported Zr4Si(3) or Zr;Si(4), but
since other evidence of the presence of these phases was not found, these crystal

structures and their possible equilibria are not depicted in any of the drawings.

The lattice parameters of the ZrSi, phase as
taken from ternary, carbon-containing samples showed no change compared
with those of the binary disilicide; there is no carbon or carbide solubility in
ZrSiz. The above statements hold true for the monosilicide with the ortho-
rhombic B-27 type structure. There appears to be no lattice parameter change
in the Zr¢Sis, U-1, and ZrSSi.z phases present in carbon-containing samples,
although exact measurement of lattice parameters was not possible because of

the diffuse nature of the Debye-Scherrer patterns.

A slight variation of the littice parameters of the
Zr Si phase was observed: a Zr-Si-C sample, 70/25,/5 had a = 6.59 R and
¢ - 5.304 3 whereas the sample 80/18/2 hada - 6.6038 and c = 5.30,8. In
view of the observed lattice parameter variance of the Zr,Si phase in binary
samples, this slight change in lattice parameters observed in ternary, carbon-
containing samples is most probably due to a homogeneous range of this phase
in the binary Zr-Si system rather than a solubility of carbide in the Zr,Si
phase. Final clarification of this point must await exact investigations in the

binary Zr-Si system,

The lattice parameters of the SiC cubic phase,
which were measured on films taken from samples lying in the two and three
phase fields in equilibrium with ZrC, _ ,» showed a slight enlargement to
4.36y 2 as compared to 4,354 R fora binary SiC pattern. This observation
speaks for an ever so slight solubility of ZrCl_x in SiC at 1300°C,
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At 1300°C the cubic, B-1l structure of the
ZrC phdSC has a lattice parameter of 4.69, R at 49.5At.% C or areater in
the Zr-C bmary( ). On the other hand, the lattice parameters of the ZrC,
phase taken from samples which showed this phase in equilibrium with SiC,
SiC and graphite, SiC and ZrSi{(B-27); and D8, varied between 4.69, and
4.6953. . These findings prove that there is no solubility of silicides in the
least carbon defect part of the homogeneous range of ZrC, X furthermore,
the only slight variation in lattice constant of silicon-containing samples from

the value exhibited by the binary ZrC_ phase indicates that the ZrSi, SiC, and

D8y phases are in equilibrium with an almost stoichiometric ZrC, _

The solubility of carbon and silicon in zirconium
was not specifically investigated; the values used in the isothermal section

A7, 3)

(Figure 14) were taken from the literature

c. Melting Point Results and High Temperature
Equilibrium

Owing to the uncertainties of the characteristics
of the binary Zr -Si and Si-C systems, no attempt can be made to completely
describe, elucidate, and depict the various complicated high temperature solid-
liquid equilibria in the Zr-Si-C system. The investigations, therefore, were
limited to the obtainment of melting point data showing the interphase melting
temperatures of the various sample compositions. Closer interpretations of

ternary solid-melt equilibria were possible in a few cases.

Figure 15 shows the compositional location of
the ternary Zr-Si-C samples whose melting points were determined. There is
a eutectic in the Zr-Si binary between p3-Zr and Zr S‘ at approximately
9 At.% Sl( ), the eutectic temperature is about 1610°C( ). In the binary
Zr-C system, there is a eutectic between [3-Zr and ZrC, _ atless than about
2 At. % C(7) (Teut = 1R35°C). A ternary eutectic consisting of ZrZSi, ZrCl_X A
and B-Zr is most .probably present in this region but due to the vanishingly small ’
amount of carbide present, this ternary eutectic was not observed metallo-
graphically; no decided temperature minimum was observed which would indi-

cate the exact melting point of the ternary eutectic; the ternary cutectic must
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be quite close both in temperature and composition to the ﬁ-Zr-ZrzSi

eutectic at 1610°C,

,\C

Figure 15. Zr-Si-C: Location of Melting Point Samples.

Figures 16 and 17 show the metallographic
findings in this metal rich region. The D8y phase increases its homogeneous
range with ‘ncreasing temperature in the ternary region. The compound melts
with a large, flat maximum at temperatures near 2400°C in' the ternary region
(Table 10}, Near its melting point, the homogeneous region of the D8z phase
encompasses the approximate compositional region; Zr: 56-65, Si: 32-37,
and C: 0.3-8 \t.%.

There is probably a eutectic between the D8y
ternary phase and 7ZrC, -} because of the great difference in melting points
of these two phases, the eutectic point lies very close to the D8y phase in both
temperature and composition. Due to the relatively small percentage of the
ZrCl_x phase present in the eutectic, a eutectic structure was not observed.
Figure 18 shows a metallographic picture of a small amount of ZrCl_x in a

D8; matrix.
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Figi.re 16. Zr-Si-C: 90/7/3, Arc Melted X1000

Primary f}(transformed)-Zr (White) in p-Zr-Zr Si-
ZrC, Matrix (ZrCl_x Unresolved),

Figure 17, Zr-5i-C: 94,3/3, Arc Melted X600

Primary (transformed)-7Zr (White), Secondary 7Zr Si (Grey)
in 3(a) -Zr-2Zv 51-70C . Matrix (7€ . Unresolved),



Figure 18, Zr-Si-C: 56/33/11, Arc-Melted, Quenched from X1000

Approximately 2400°C,
Carbide Dendrites (White, Etch Stained) in D8, Matrix.

X-ray films of the molten portions of melting
point samples from the central portion of the ternary region indicated that a
basic change in the equilibrium, as determined at 1300°C, occurs at a higher
temperature — probably quite close to the melting regions. Debye-Scherrer
powder diagrams showed that ZrSi, was in equilibrium with ZrC!_x. In other
words, at a temperature between 1300°C and about 1600°C a four~-phase

reaction plane:
ZrSi (B-27) + SiC &, ZrSi, + ZzxC,

occurs. Since no differential thermal analysis experiments were run, the

exact temperature of this four phase plane was not more closely determined.

Interpretations of the complex behavior of the
high temperature regions involving equilibria with the SiC phase were practi-
cally impossible. It was quite evident that SiC decomposes into silicon vapor

and graphite at temperatures in the range of about 2000°-2700°C in ternary
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samples. After each of the Pirani melting point experiments with ternary
samples containing the SiC phase, the cooler inside parts of the melting point
furnace were covered with a brownish-grey and sometimes slightly yellow
(SiO) dust layer. The remaining specimens themselves were quite porous so
that no metallography was possible; furthermore, small bits of material,
identifiable to the naked eye as graphite, were seen on the surfaces of the
sample. Subsequent examination of X-ray powder patterns of these samples
showed free silicon and in cases where the concentration was high enough, free
carbon, It seems as though the temperature of the peritectic-like or eutectic-
like decomposition of SiC as proposed by Nowotny(24) and co-workers is depres-
sed considerably in ternary zirconium carbide and zirconium silicide contain-

ing samples.

Both lattice parameter measurements and examina -
tion of metallographic sections of specimens quenched from the molten state
indicate that there is no solubility into the ternary region by either the ZrSi(B-27)
or ZrSiz phases. The lattice parameters were the same as those of binary
samples, and no signs of precipitation from the silicide phases were seen metal-

lographically.

The following metallographic pictures depict the
representative findings from the central portion of the Zr-Si-C system as
well as from the ternary region near the Zr-Si binary side. Although the lattice
parameters of the Z:L'Cl_x phase in the ternary region in equilibrium with the
extreme carbon defect end of the ZrC, _ homogeneous range showed a very
slight increase over the corresponding pure binary carbide phase (4.684 R vs
4,68, ?L), metallographic examination showed no signs of silicide precipitation
from the carbide grains. There is virtually no silicide solubility in the ZxC,
pbase, and no temperature dependent solubility even at high temperatures.

Figures 22 and 23 show these metallographic findings.

The melting point results of the Zr-Si-C system
are summarized in the following table (Table 9) which shows the minimum melt-
ing temperatures along various sections. In some instances the interface melt-
ing of some samples is governed by thc melting points of the lower melting binary

compound.
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Figure 19. Zr-Si-C: 30/65/5 , Quenched from Approximately X1000
1555°C.

ZrSi, (Light Grey with Cracks) with Silicon Along Grain
Boundaries. Small Amount of SiC Visible as Black Areas.

Figure 20, Zr-Si-C: 20/60/20, Quenched from Approximately X600
1571°C.

SiC (Black Clusters) and ZrSi, (White with Cracks) with
Silicon Matrix (Grey).
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Figure 21. Zr-Si-C: 40/50/10, Quenched from Approximately X750
1750°C.

qu o (Small Angular Grey Grains) ar.d ZrSi (ZrSi1 -x)
(Grey) in a ZrSi, Matrix (White with Cracks).

Figure 22. Zr-Si-C: 54/2/44, Quenched from Approximately X1000
2800°C.

Carbide Grains (White) with D8; Phase (Black) in Grain
Boundaries.

-

47



g

Figure 23. Zr-Si~C: 63/2/35, Quenched from Approximately X1000
3300°C.

Carbide Grains (White) with Zr Metal (Black) and ZrzSi
(Dark Grey) in Grain Boundaries.

Table 9. Minimum Melting Temperatures of Various Pseudo-
binary Sections in the Zr-Si-C System

Minimum Incipient Melting
Section Temperature ‘Centigrade
ZrSiz-ZrCl__x 1526°
ZrSiz-SiC 1520
ZrSi-SiC 1637°
ZrSi-ZrCl_x 1658°
D8y-2rC, 2385°
zrC,__-SiC 2580°

An additional table (Table 10) displays
the melting behavior and qualitative X-ray analysis of the ternary Zr-Si-C
alloys examined.
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Table 10. Melting Temperatures, Melting Behavior, and
Qualitative X-ray Analysis of Zr-5i-C Alloys

Composition Melting Temperature X-ray Analysis

Atomic % Nominal *C Type Melting Phases Present
Zr Si C Incipient Collapse
34 65 1 1490 1617 very heterog ZrSiz+ tr ZrSi (B-27)
32.5 66.5 1 1526 1559 heterogeneaus ZrSi, + tr Si + tr SIC
30 65 15 1520 1555 very heterog ZrSi +little Si+tr SiC
26,5 63,5 10 1541 1541 heterogeneaus Z:r:Si.z + little Si + SiC
23 65 15 1566 1617 very heterog ZrSi.z + Si + SiC
20 60 20 1561 1571 somewlat damp Z.rS!.z + Si + SiC
50 49 1 2230 2230 fairly sharp ZrSi(B-27)+ZrSi(CrB)+D8,
49 49 2 2230 2230 fairly sharp ZrSi(B-27) + ZrSi,
49 50 1 2225 2225 fairly sharp ZrSi(B-27) + tr Z!.'Si.z
40 50 10 1719 1750 heterogeneaus ZI.'Si(B--27)+ZrSiz + ZrC
35 50 15 1677 1740 leterogeneaus ZrSi +ZrSi(B-27)+ZrC+little SIC
28 50 22 1719 1893 very heterog- ZrSi, + ZrC + SiC
50 40 10 2270 2270 somewhat sharp ZrSi(B-27)+Zr+tr ZrSiz
50 37 13 1785 2270 heterogeneais ZrSi (B-27) + ZrC
50 33 17 <<2225 2290 very heterog ZrSi (B-27) + ZrC
50 29 21 1802 2270 very heterog ZrC + ZrSi (CrB)
18 32 50 2580 2765 leterogeneaus ZrC + SiC + tr C + little C49
25 25 50 2590 2646 very heterog ZrC + SiC +C
31 20 49 2610 2688 very heterog ZrC + ZrSi, + tr SiC
38 42 20 1678 1770 very heterog ZrC + tr SiC + C
35 41 24 1688 1930 very heterog ZrC + ZrSi, + SiC
40 35 25 1766 1857 very heterog ZrC + ZrSi, + tr SiC
20 40 40 ~2590 - very heterog ZrC + SiC + C + tr ZrSiz
42 22 36 1751 2306 very heterog ZrC + little SiC + ZrSi,
60 37 3 2420 2420 fairly sharp D8y + tr ZrSi, + tr ZrSi(CrB)
54 2 44 ~2300 - very heterog ZrC + very slight tr?
63 2 35 3342 - leterogeneaus ZrC + tr?
90 7 3 1602 1602 sharp melting Zr + ZrC + Zr Si
94 3 3 1630 1650 snmewhat sharp Zr + ZrC + tr Zr Si
vy
' 49



2. The Hafnium-Silicon-Carbon System

Over 50 samples were prepared in the ternary Hf-Si-C
and binary Hf-Si systems together; these specimens for solid state investiga -
tions at 1300°C wereé prepared by hot pressing and subsequent heat treatment.

Figure 24 shows the compositional location and qualita-

tive X-ray analysis of the 1300°C samples.

Legend: -

@ Two Phase

® Three Phase HISHy o
@ Thres Phase (Non Equitibrium)
8 Four Phase (Non Equilibrium) o

1300°%

HI

Figure 24, Hf-Si-C: Location and Qualitative X-ray
Analysis of 1300°C Samples.

a. The Hf-Si System

The resuits of the binary Hf-Si samples heat
treated at 1300°C showed that the hafnium-silicon system is less complex,
as far as the number of appearing phases is concerned, than its sister system
zirconium-silicon. The following phases and crystal structures were observed
and confirmed (lattice parameters in parenthesis): HfSiz, orthorhombic, C49
type (a = 3.6743, b=14.568%, c = 3.63 X); HfSi, orthorhombic, B-27 type
(a=6.8% &, b=3.76,&, c=5.22,8), H{S1,, tetragonal, U,Si, -type
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(a = 6.982 3, c = 3.6633); and HfzSi, tetragonal, C 16 type (a = 6.553 %.
c=5.18 &).

No evidence whatsoever was found which would
indicate the presence of a HfSig or HISi -x phase with a CrB-type structure
similar to that in the Zr-Si system.,

Barest traces of an unidentifiable phase in the
vicinity of 45 At.% silicon were seen; this pattern probably is the phase
recently observed(z) by H. Nowotny and co-workers. The diffraction lines
of this U-1 designated phase were far too weak to permit measurement of the
Debye-Scherrer powder photograph. In support of evidence(79) pointing to the
fact that a D8g~-Nowotny phase is not present in the true binary Hf-Si system,
it can be said that this crystal structure was not observed in Hf-Si binary
samples which were heat treated at 1300°C, However, almost all the samples
in the range of 30 to 48 At.% silicon, as well as those in this intermediate
vicinity in the ternary Hf-Si-C region, did not attain complete equilibrium at
1300°C. This is evidenced by the observance of all four phases, HfzSi, H&Siz,
traces of U-1, and HfSi in all X-ray films throughout this region.

At 1300°C in sintered samples from the binary
Hf-Si system, as well as in ternary Hf-Si-C samples near the Hf-Si binary,
no signs of a possible HfSi or Hf3Si were observed.

b, The Hf-Si-C Equilibria at 1300°C

The Hf-Si system is characterized by the forma-
tion of a ternary, D8;-Nowotny phase with but a small homogeneous range at
1300°C.

This phase is located at a composition of
Hf!'!‘Si.sgilz at 1300°C. Because of its rather small homogeneous range and the
fact that at 1300°C complete equilibrium was not established in this region —
even after the long time heat treatment — , the phase was never obtained as a
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(a = 6.982 R, c-= 3.66, R); and Hf Si, tetragonal, C 16 type (a = 6,55, R,
c =5.18, ).

No evidence whatsoever was found which would
indicate the presence of a Hf(Sig or HfSil -x phase with a CrB-type structure

similar to that in the Zr-Si system.

Barest traces of an unidentifiable phase in the
vicinity of 45 At.% silicon were seen; this pattern probably is the phaeec
recently observed(z) by H. Nowotny and co-workers. The diffraction lines
of this U-1 designated phase were far too weak to permit measurement of the
Debye-Scherrer powder photograph. In support of evidence(m) pointing to the
fact that a D8g-Nowotny phase is not present in the true binary Hf-Si system,
it can be said that this crystal structure was not observed in Hf-Si binary
samples which were heat treated at 1300°C. However, almost all the samples
in the range of 30 to 48 At.% silicon, as well as those in this intermediate
vicinity in the ternary Hf-Si-C region, did not attain complete equilibrium at
1300°C. This is evidenced by the observance of all four phases, HfzSi. Hf,Siz,
traces of U-1, and HfSi in all X-ray films throughout this regicn.

At 1300°C in sintered samples from the binary
Hf-Si system, as well as in ternary Hf-Si-C samples near the Hf-Si binary,
no signs of a possible Hf,Si or HfySi were observed.

b. The Hf-Si-C Equilibria at 1300°C

The Hf-Si system is characterized by the forma-
tion of a ternary, D8z-Nowotny phase with but a small homogeneous range at
1300°C.

This phase is located at a composition of
Hfs!‘SijS)lz at 1300°C. Because of its rather small homogeneous range and the
fact that at 1300°C complete equilibrium was not established in this region —

even after the long time heat treatment — , the phase was never obtained as a
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single-phased alloy. The D8, phase forms two-phase equilibria with HiSi,
H,Siz. Hf!SL and qu x} the best measurable lattice parameters of the
D8, phase taken from a multiphase Hf-Si-C: 48/37/15 X-ray powder photo-
graph were: a = 7.83, R andc = 5.54, )

The H.fC!_x phase, which is the most stable phase
in the ternary Hf-Si-C system, forms two phase equilibria with all other binary
phases excepting Hf,Siz.

Figure 25 depicts the equilibrium of the H{-Si-C
system at 1300°C, i

Si

0°
/ HiSiy*+ SiC+ Si 1310 86

/

HISi + T + HI,Si | HISi, + HIC,_, + SiC

HySi, + T + HE,Si

A, si

Figure 25. Hf-Si-C: Section at 1300°C.
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The mutual solubilities of the binary silicide and
carbide phases of the Hf-Si-C system are exceedingly small and in some cases,
nonexistant at 13.00'C. Lattice parameter measurements of the HiSi, phase
show a slight enlargement of the orthorhombic unit cell pointing to a slight
interstitial solubility probably of the order of 1/2 - 3/4 of an atomic percent
carbon. The binary HfSi, values of a = 3.67, &, b =14.56 R, c- 3.63, &
enlarge toa = 3,675 2,b=-14.578, andc = 3.63, & . These values were
obtained from a Hf-Si-C: 21/60/19 sample which contained the HfSi, phase in
equilibrium with SiC.

The HfSi structure distorts slightly, showing
a trace solubility for carbon. The binary lattice parameters of a = 6,87, 2,
b=3.7g &, c=5.22,8 changetoa=6.86,8,b=3.77 &, andc = 5.22, &
in a Hf-Si-C: 40/50/10 ternary sample.

Due to the nonequilibrium conditions leading to
quite diffuse Hf!Siz patterns no measurement of the Hf)Siz phase, which occurred
in the ternary region, was possible, However, visual examination of the X-ray
powder patterns indicated that the Hf’Siz phase has no solubility into the ternary
field.

There is no change in the crystal dimensions of
the HfzSi phase in carbon containing ternary samples, and therefore no carbon
solubility in the tetragonal HfzSi phase. In a similar manner, no solubility
was observed in f-SiC, whose lattice parameter remained unchanged com-
pared to the binary value at 4,354 R in ternary,hafnium containing specimens.
Qualitative evaluation of the X-ray,Debye=Scherrer powder photographs of
various ternary alloys containing the cubic HfCl_x phase, as well as precise
lattice parameter measurements, have shown that all silicon containing phases,
except Hf Si, which are in equilibrium with HfC, _, coexist witha HfC,  ofa
practically stoichlometric composition. In addition, it is noted that there is
but a barest solubility — probably not greater than 1/2 an atomic percent
silicon — shown by the more carbon defect end of the HfC, _ homogeneous
range. The lattice parameters o the chx-x homogeneous range available from

(11)

a previous investigation were obtained from material containing 4.1 At%
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gzirconium. The hafnium used in these studies contained 6 At.% zirconium,
and the respective lattice parameters are expected to be slightly larger but
not so much larger so as to confusc interpretation of the solubilities in the
Hf-Si-C system. The laitice parameter of the HIC, _ pha.se taken from a
Hf-Si-C:16/9/75 sample in the SiC-HfC, _-C regzon was 4.64, % compared to
4.64, R(“’ in a binary Hf-C alloy with Z l At.% less zirconium and a carbon
content of 50 At.%. By the same token, an alloy from the a-Hf-HfzSi -HfC, _
three-phase region had an HfC, _ lattice parameter of 4.62, &, whereas the
lattice parameter of the corresponding binary HfCl_x phase(“) with less
zirconium showed 4.61, & . These results indicate an extremely slight — if any —
solubility of silicor in the extreme carbon defect end of the HfC, _ phase.

c. Melting Point Investigations

Figure 26 shows the compositional location of

the melting point samples of the Hf-Si-C ternary and Hf-Si binary systems.

Y W L P
b \\_ f § f N
L) - - ]

” X "‘-:' - * hY,
AT v-"..,..‘ \.z__& XA

Figure 26. Hf-Si-C: Location of Melting Point Samples.
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Partial investigations in the Hf-Si binary
system have shown that a eutectic exists between HfSi, and silicon. Results
with the Pirani hole technique indicate the eutectic temperature to be between
1322° and 1340°C. Incipient melting temperatures varied somewhat due to
electrical contact difficulties encountered with the semiconductor silicon.
Subsequent metallography showed the eutectic point to be at approximately
9 At.% Hf,

Figures 27 and 28 show the metallographic struc-
tures obtained from this region of the Hf-Si binary system.

Figure 27. Hf-Si: 15/85, Quenched from 1340°C, X250
Primary HfSi, (White Grains with Cracks) in HfSiz-
Si Matrix,

The melting point of HfSi, was determined
to be 1571°C; the individual melting behavior of samples from the disilicide
region as well as other binary and ternary Hf-Si-C alloys are listed in
Table 13 at the end o: this section.
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Figure 28. Hf-Si: 10/90, Quenched from 1340°C X400
HfSi,-Si Eutectic Structure (Slightly Silicon-Rich)

A eutectic was also observed between p-Hf
and HfzSI. The eutectic temperature was determined as 1806°C. Although
the exact loca:ion of thef -Hf—HfZSi eutectic was not determined, the eutectic
point probably lies between about 12 and 16 At.% silicon. Figure 29 shows
the ﬁ-Hf-HfzSi eutectic with primary metal phase.

In the binary Hf-C there is a eutectic between
B-Hf and HfCl_x at about 1.5 At.% C(ll). In the ternary area, the three-
phases present in this region, pP-Hf, Hf Si, and HfCl_x probably form a ternary
eutectic close to the Hf-Si side in the hafnium corner although no HIC, " could
be detected metallographically due to the small percentage of carbide which
would be present in this eutectic. Furthermore, no decided minimum in
melting temperatures was observed from the melting point samples in this
region, This behavior indicates again that the ternary eutectic lies quite close
to the Hf-Si binary; the ternary eutectic temperature probably is not much
lower than the P -Hf-Hf Si eutectic temperature of 1806°C., The melting points

and melting behavior of alloys from this region are shown in Table 13,
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Figure 29. Hf-Si: 90/10, Quenched from Approximately X400
1830°C.

Primary p-Hf (White Grains) in a ﬁ-Hf'-H!:si Eutectic
Matrix

Figure 30 shows primary f(transiormed)-Hf

with the eutectic structure observed in this region.

Powder X-ray diagrams of the molten portions
of samples from the ternary region near the D83 phase showed that the horno-
geneous region of this phase increases with increasing temperature similar
to the behavior of the D8 phase in the Zr-Si-C system. The homogeneous
region of this phase at temperatures near melting is Hf: 62-55, Si: 33-37, and
C: 3-11 atomic percent; this homogeneous region is not as large as that
observed with the D8; phase in the Zr-Si-C system. The D83 phase melts with
a broat maximum in the ternary region; the highest incipient melting tempera-
ture observed for the D8; phase was 2467°C in a Hf-Si-C:62/35/3 sample.

As in the analogous Zr-Si-C system, the D8g
phase most probably forms a eutectic with HfCl_x; because, however, of the
great difference in melting points of these two compounds, the eutectic point

lies quite close to the D8y phase, and a eutectic which would contain a relatively
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small amount of HfCl_x was not observed metallographically. Figure 31

shows a two-phased HfCl_x-DS. alloy.

Figure 30, Hf-Si-C: 90/5/5, Quenched from 1908°C. X680

Primary p-Hf (Transformed) (Dark Grey Grains)
with B-Hf-Hf,Si Eutectic on Grain Boundaries (Small
Amount of HfCl_x not Resolved).

Lattice parameter measurements 2.8 well as
metallographic examination of ternary alloys near the HfCl_.x homogeneous
range in the binary Hf-C system showed that the solubility of silicon in the
HfC1 iz phase is not increased at higher temperatures. Metallography showed
carbide grains with the silicide phases on the grain boundaries; there were no

signs of silicide precipitation from the carbide grains. The following metallog-
o,

raphic pictures (Figures 32 and 33) depict the findings from the area near
HfCl_x in the ternary Hf-Si-C system.

The measured lattice parameters also show that

virtually no silicon is taken into solid solution. Table 11 compares the lattice
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Figure 31. Hf-Si-C: 54/27/19, Quenched from >2600°C.

Primary HfC o= Dendrites (Light, Heavily Etch Stained)
in D8y Matrix = (Grey with Cracks).
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Figure 32. Hf-Si-C: 59/3/38, Quenched from 3581°C .

HfC = (Large White Grains, Heavily Etch Stained)
Witl!x HQSi in Grain Boundaries.
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parameters of the HfCl_x phase of ternary silicon containing alloys with those of

the corresponding silicon-free binary Hf-C alloys.

Figure 33. Hf-Si-C: 62/3/35, Quenched from 3302°C X600

HfC - (Large White Grains, Heavily Etch Stained)
With Hf Si (With Cracks) in Grain Boundaries. Lighter
Grey Areas Preferentially More Lightly .tched.

Table 11, Lattice Parameters of the Cubic HiC Phase in Both
Silicon-Containing and Silicon-Free Aff(‘)ys

Nominal

Composition Lattice Parameter Corresponding Si-Free Lattice Parameter
ir. At.% in & Alloys in

Hf Si C Hf C

18 32 50 4,634 51 49 4,64,

49 3 48 4.63, 51 49 4,64,

59 3 38 4.62, 58.5 41.5 4,62,

The remnants of the silicon carbide fram ternary
Hf -containing samples, which had not decomposed upon heating to high tempera-

tures, showed no change in lattice parameter compared with the pure binary

60



Pa— : . <

B-SiC: there is no high temperature solubility of hafnium silicides or carbide

in silicon carbide.

The hafnium silicides present in ternary alloys
which had been molten showed no changes in lattice parameters beyond those
small changes noted in ternary samples at 1300°C; in addition, metallographic
studies did not reveal any carbide precipitations from the silicide grains.,
These results lead to the conclusion that, as at lower temperatures, there is

virtually no carbide solubility in the hafnium silicides at high temperatures.

The melting point samples in the regions of the
ternary Hf-Si-C system containing the SiC phase in equilibrium with either
HfSiz or HfCl__x behaved in the same manner as those samples from the Zr-Si-C
system., Decomposition of the SiC phase occurred, and samples suitable for

metallographic examination were not obtained.

Similar to the results in the Zr-Si-C system,
most interphase melting tempcratures along various pseudo-binary
sections in the ternary Hf-Si-C system are governed by the lowest melting com-
ponent. Table 12 shows the minimum melting temperatures alonz several pseudo-
binary sections in the ternary Hf-Si-C system. In addition, Table 13 lists the
melting temperatures, melting behavior, and qualitative X~-ray analysis of the

Hf-Si-C samples studied.

Table 12. Minimum Melting Temperatures of Various Pseudo-
Binary Sections in the Hf-Si-C System.

Lowest Incipient Melting
Section Temperature in °C
HfSi,-SiC 1422°
HfSi_-HfC 1521°
2 1=-x
HfSi-HfCl_x 1611°
D8g(ternary) -HIC, - 2189°
Hf Si-HfC 2148°
2 lax
HfC, __ -SiC 2662°
-X
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3. The Zirconjum-Silicon-Boron System

E. Parthe and J.T. Norton(6) have made a compre-
hensive study of the Zr -Si-B system at 1400° (Figure 12),and it was deemed

not necessary to repeat this phase of the investigations.

a. Melting Point Results and High Temperature
Mutual Solublilities

Figure 34 shows the compositional location of
the Zr-Si-B alloys on which melting point studies were made; again, because
of electrical contact difficulties with the extremely silicon and boron-rich
alloys, as well as the limited knowledge available on the Si-B binary system,
the investigations in this ternary system were mainly concerned with the high
temperature solubilities and melting temperatures of the metal-rich

areas near the Zr-Si binary as well as those regions near ZrB,.

Figure 34. Zr-Si-B: Location of Melting Point Samples.

65



There is a eutectic in the binary Zr-B system at 12%B(28)
which consists of ZrB and P-Zr; the eutectic temperature is 1660°C; this
eutectic, coupled with the eutectic in the Zr-Si binary between B-Zr and Zr,Si
G,
consisting of p-Zr, Zr Si, and ZrBz This ternary eutectic lies near Zr-Si-B:
65/12/23. The ternary eutectic melts at 1536°C, close to 100°C lower than
the eutectic in the binary Zr-Si and Zr -B systems.

at approximately 9 At.% Si 1630°C)( ) gives rise to a ternary eutectic

Figures 35 and 36 show the metallographic findings
in the zirconium-portion of the Zr-Si-B system,

Figure 35. Zr-Si-B: 60/10/30, Arc Melted X300

Primary ZrB, (Large White Spears) in Ternary
ZrB,-p-Zr-Zr Si Eutectic (ZrB,-Worm-Like Slivers,)

Zr,Si (Dark Grey Grains), andf -Zr (Transformed)
(White Grains).

In analogy to the ternary phase in the Zr-Si-C
system, the ternary D8, phase in the Zr-5i-B system increases its homogeneous
range at higher temperatures; as evidenced by X-ray powder photographs of

the molten portions of samples in this region, the D8y phase encompasses the
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range Zr: 63-55, Si: 30-38, B: 5-11 At.%. The lattice parameters of this
phase in a Zr-Si-B 54/31/15 sample were: a = 7.96, R c= 5.6003.; these

values show the increase in homogeneous range of the D8, phase,for Parthe
reports 7.94 R and 5.57 R as the lattice parameters of this phase at 1400°C.

(6)

'Invh'h-— ~

Figure 36. Zr-Si-B: 72/13/15, Arc Melted . X1000

Primary Zr Si (Gray Grains inp -Zr(Transformed)
(White) - ZrB (Light Grey, Worm-Like) Eutectic .

Melting point results, which are tabulated in
Table 15 show that the D8y phase melis with a rather large, flat maximum at
temperatures varying from 2242° to 2343°C., The maximum melting point of

the D8y phase was obtained in a sample of the composition Zr-Si-B: 62/32/6,

A eutectic exists between the ternary D8y phase
and ZrB,. As to be expected, the eutectic point lies rather close to the D8,

homogeneous range. With the aid of metallography, the eutectic was located
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at a composition quite close to Zr-Si-B: 54/31/15. The following photomicro-
graph shows this eutectic (Figure 37).

Figure 37. Zr-Si-B: 54/31/15, Arc Melted. X400
D8y (Ternary Pha.se)-ZrBz Eutectic.

ZrB, (White Spears) in D8g Matrix (Dark Grey with
Cracks) with Small Amounts of ZrSi (B-27)(Light-Grey-
White Patches).

In the region of the ternary system between the
D8, phase and the binary ZrSi (B-27) phase, as well as on the ZrSi(B-27)~ ZrB,
section, high temperature liquid-solid reactions were virtually impossible to
interpret. This difficulty stems to a great deal from the fact that the charac-
teristics of the binary Zr-Si system in this area are not completely known and
are indeed quite complicated., It must be said, however, that the mono-
silicide or Zr.Si; phase with the CrB-type structure predominated in X-ray
patterns of melted samples from this region. The indication is present, as in the
Zr-Si-C system, that the silicide with CrB-type structure is either only a high
temperature phase in the Zr-Si binary, or actually a ternary crystal structure
stabilized by carbon and, or boron. The lattice parameters of the CrB-type

crystal structure were found to be slightly different in two ternary samples:
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Zr-Si-B: 48/43/9; a =3.74 &, b= 9.91 R, c =3.73; & and Zr-Si-B:

49/48/3; a=3,74, 3.. b = 9.92, R, and ¢ = 3,74, ! . At this time a decision

cannot be reached as to whether these changes are from a slight ternary homogenecous
range or from a Zr,Sis homogeneous range in the Zr-Si binary. Clarifica-

tion of area of the Zr-Si-B system must await specific elucidation of the binary

Zr-Si system.

Lattice parameter measurements of the melted
areas of alloys containing ZrSi (B-27) and ZrSiz phases in ternary samples
containing boron showed that there was no change whatsoever in the lattice
parameters when compared with those of the pure binary silicides. Metallog-
raphically, faint traces of ZrB, were visible on the grain boundaries,and in
the silicon phase there were no signs of boride precipitations frem the silicide
grains. These results indicate that there is no high temperature solubility of
borides in the silicides ZrSi and ZrSi,. Figure 38 shows a typical photomicro-
graph of alloys in the immediate vicinity of the binary ZrSi,.

Figure 38. Zr-Si-B: 31/67/2, Quenched from Approximately X1000
1630°C.

ZrSi  (Large Light Grey Grains with Cracks) with Silicon

(Dark Grey) Containing Minute Traces of ZrB, (Faint White
Spots).
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Along the section ZrB,-Si there is a pseudo-
binary eutectic very close to the silicon corner. The large difference in
melting points between the diboride and silicon led, in the majority of cases,
to a coagulation of the small amount of ZrB, present on the silicon prain
boundaries. Only in isolated parts of the melted samples, where ti.c quenching
rate was exceedingly rapid, was the typical worm-like diboride-silicon eutectic
obtained. The following two microphotographs (Figures 39 and 40) depict the
findings along the ZrBz-Si section.

Figure 39, Zr-Si-B: 9/73/18, Quenched from 1374°C X500

ZrB, (Dark Angular Grains) Along with Small Amounts
of ZrSiz(White Grains) in Silicon Matrix (Grey).

Melting point results of the alloys along this
section showed that the eutectic temperature is 1374°C; the eutectic point

lies at a concentration of less than about 9 Mol.% ZrB,.

The small contraction of the lattice parameter
of silicon, which was noticed, (5.4l, 2 vs 5.43, & for pure Si) is attributed
(6)

to a small solubility of boron in silicon
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The ZrB, phase showed no solubility for silicon
or silicides; the lattice parameters of the diboride phase were the same in
both ternary, silicon-containing alloys and binary ZrB, specimens: a = 3.16, 2

and ¢ = 3.5303.
Metallographically, no evidence of solubility or

a temperature dependent solubility (precipitations) curve for silicon was

observed.

The following figures (Figures 41 and 42) show
the metallographic findings in the vicinity of the ZrB, phase.

Figure 40. Zr-Si-B: 3/90/7, Quenched from 1374°C X600

ZrB,-Si Eutectic; Trace Amounts of ZrSiZ (White Grains).

Table 14 lists the minimum melting tempera-
tures of various pseudo-binary sections in the Zr-Si-B system; in Table 15
the melting temperatures and behavior, as well as the qualitative X-ray

analysis of the Zr-Si-B alloys examined are tabulated.
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Figure 41. Zr-Si-B: 36/4/60, Quenched from 2847°C X400

ZrB_ (Large White Grains) with D8 4 (Ternary Silico-
boriée), ZrSi, and Traces of Zirconium Metal in Grain
Boundaries.
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Figure 42. Zr-Si-B: 31/1/68, Quenched from 3012°C X1000

o

ZrB_ with Traces of Silicon and/or a Silicoboride on
Grain Boundaries.
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Table 14. Minimum Melting Temperatures of Various Pseudo-
Binary Sections in the Zr-Si-B System.,

Minimum Incipient Melting
Section Temperature, °C
ZrB,-5i 1374°
*
ZrB,-ZrSi, 1587°
*
ZrB,-ZrSi 2215°
*
ZrB_-D8(ternary) 2312°
2 *
ZrB,-Zr Si 2312°

* Probably slightly lower — binary Zr-Si not

investigated,
4. The Hafnium-Silicon-Boron System
a. Solid State Investigations

Figure 43 shows the compositional locations

and qualitative X-ray analysis of the Hf-Si-B alloys heat-treated at 1300°C.

At 1300°C the predominate feature of this
ternary system is the formation of a ternary D8;-Nowotny phase at a compo-
sit.ion of Hf,Si3By . The homogeneous range of this ternary phase is quite
small, and inspection of the Debye-Scherrer films of alloys from this region
indicate that the phase is stabilized less easily than those analogous phases in
the Zr-Si-C, Zr-Si-B, and Hf-Si-C systems. No single-phased alloy of the
D8y phase was obtained. The lattice parameters of the D8y phase at various
compositions are listed in Table 16 . Alloys lying in the region bounded
by approximately HfzSi, H&Siz, and the temary D8; phase were found not to
have attained complete equilibrium, even after the long time heat treatment at

1300°C. Four phases were always present in varying amounts: Hf Si, Hf,Siz,HfBz,
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Figure 43, Hf-Si-B: Location and Qualitative X-ray
Analysis of 1300°C Samples.
Table 16, Lattice Parameters of the Hf-Si-B D8y Phase
Composition in At.% Lattice Parameters in
Hf Si B Xngstroms
a c
57 41 2 7.79s 5.52,
53 37 10 7.79, 5.50,
50 34 16 7.80, 5.523

and the D8;~ternary phase.
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In spite of this difficulty,it was concluded that the
equilibrium Hf,Si -HfB, exists rather than the Hf Si-D8, (ternary) at 1300°C.




In contrast to its sister system, Zr-Si-B, the
Hf-Si-B ternary does not show any evidence of the ormation of a CrB-type
crystal structure in the vicinity of the binary Hf-Si system. It must be said,
however, that very faint iraces of an unknown pattern, presumably the recently
discovered(z) U-1,r-similar ,phase in the Hf-Si binary, were observed in the
vicinity of 40-45 At.% Si in the Debye-Scherrer powder patterns of alloys con-
taining up to 5 At.% boron. Since this pattern did not manifest itself with any
degree of intensity, no indication of the possible equilibria formed with this
phase is given in the isothermal section . In fact, confirmation of this phase
and establishment of the exact characteristics of the binary Hf-Si system must

await future studies on this binary system.

Figure 44 shows the isothermal section of the
Hf-Si-B system at 1300°C.

a- Hf

Figure 44. Hf-Si-B: Section at 1300°C.
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HfBz, the most stable phase in this system,

forms two-phase equilibria with all the hafnium silicides and silicon as well.

E. Rudy(49) has indicated that hafnium mono-
boride may decompose in a very slow reaction to hafnium metal and diboride
at a temperature near 1250°C. Only one of the ternary samples in the Hf-Si-B
solid state studies gave any evia~nce of the presence of the HfB phase; the
X-ray film of this one sample, Zr-Si-B: 70/5/25. showed slight traces of the
B-27 type structure along with major qu?‘ix;;ties of Hf Si, HfBz,a.nd hafnium

metal. In accord with previous findings , it seems that the formation

of the HfB phase takes place very slowly, especially in the presence of the
extremely stable diboride. Owing to the uncertainty of the stability of the HfB
near the 1300‘0‘49) the equilibrium of HfB with HfzSi can be indicated only with

uncertainty in Figure 44.

The mutual solubilities of the hafnium silicides
and hafnium diboride are exceedingly small at 1300°C; lattice parameter
measurements of the binary phases in ternary samples indicate that the solu-
bilities are minimal and probably not greater than about 1/2 an atomic percent.
Table 17 compares the lattice parameters of the pure binary compounds with

those measured in ternary alloys,

Table 17. Lattice Parameters of Binary Hf-Si and Hf-B Phases
Measured in Binary and Ternary Alloys

Lattice Parameters in

Phase Binary agatroms Ternary

a b c a b c
HiSi, 3.67, 14.56 3,63, 3.67; 14,56 3.64,4
HfSi 6.87, 3.76g 5.224, 6.87, 3.7 5.23,4
Hf Si 6.55; - 5.18, 6.54, - 5.18,
HIB, 3.14, - 3.47, 3.13, - 3.48,
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Accurate lattice parameter measurements
were not able to be made on the Hf3512 phase in ternary boron containing alloys
due to the quite diffuse nature of the Debye-Scherrer photographs; however,

visual inspection of these films indicates no ternary solubility in this phase.

The dashed lines, showing possible equilibria
with the suspected Si-B phases, are depicted only to indicate these possibilities.
An X-ray film of samples in this region of the ternary system showed mainly
the lines of Hf.Bz and Si; other faint lines were attributed to amorphous boron

and/or possibly one or more of the uncertain silicoborides.

b. Melting Point Results and High Temperature
Solubilities

Figure 45 shows the compositional locations of
the Hf-Si-B melting point samples, Again, due to the poor conductivity of the
more silicon and boron-rich alloys, the investigations were limited to the region

bounded by the Hf—HfBz—Si triangle.

The eutectic in the hafnium-silicon binary between
B-hafnium and HfSi at approximately 12-16 At.% Si and the eutectic in the
hafnium-boron binary between B-hafnium and HfB give rise to a ternary eutectic
consisting of § -Hf, Hf Si, and HfB. Metallographic evidence and melting point
results showed the ternary eutectic is located close to the composition Hf-Si-B:
75/10/15. The eutectic temperature is about 1841°C. Due to the rapid agglomera-
tion of the boride on the grain boundaries of the Hf,Si and Hf phases, no typical
eutectic structure was observed in this area; the closest approach to a eutectic-
like structure is shown in one of the following pictures. Figures 46 - 48 show
the typical metallographic findings in the metal-rich portion of the Hf-Si-B

ternary,

Qualitative X-ray analysis and metallography
of boih arc-melted and melting point samples from the vicinity of the ternary
D8, phase show that the homogeneous range of the terrary phase enlarges

somew] it at higher temperatures; the single phase region is not, however, as
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Figure 45. Hf-Si-B: Location of Melting Point Samples .

Figure 46. Hf-Si-B: 67/20/13, Arc Melted. X400

Hf,Si (Grey Grains) with B-Hf(Transformed) in
Between Grains, and Small Amount of HfB (White

firains).
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Figure 47. Hf-Si-B: 87/3/10, Arc Melted. X400

Primary p-Hf(Transformed)(Light Grains) with HfB
Spears (Dark)(Partially Agglomerated) and HfzSi-p-Hf
Eutectic on Grain Boundaries

[ I s

Figure 48, Hf-Si-B: 54/6/40, Arc Melted. X680
HfB (Light Mottled Grains)-Hf Si(Dark Grey Grains)-

B-Hf(Transformed)(Light Grey). Partially Agglomerated
Eutectic.
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large as those corresponding single phase regions of the D8; phase in the other
systems investigated herein. The Hf-Si-B D8y region assumes the following
dimensions at temperatures near melting: Hf: 60-67, Si: 32-37, B: 6-13. The
ternary phase melts with a flat maximum; the highest recorded melting tem-
perature for the D8,-phase was 2425°C, and the largest lattice parameters
were: a = 7.8148 and c = 5.51662.

The D84 phase forms a eutectic with H{B,; the
eutectic point lies quite close to the ternary phase, probably quite near the
composition Hf-Si-B: 54/32/14. The eutectic temperature was determined
to be close to 2380°C. The following two photomicrographs depict the eutectic

structure observed in this area.

Figure 49. Hf-Si-B: 52/28/20. Arc Melted X325

Primary HfB, (Light) Spears in HfBz-D83 (Ternary)
Eutectic.
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Figure 50. Hf-Si-B: 52/28/20, Arc Melted. X1000

HfB -D8y Eutectic. (from Eutectic Portion of
Sample)

There is also a eutectic formed between HfB,
and silicon; this eutectic is very silicon-rich and is located at less than
10 mole percent HfBZ along the HfBZ-Si section. The eutectic temperature as
determined on several simples from this pseudo-binary section is 1388°C.
The extreme difference in melting points between HfB, and silicon made it
quite difficult to obtain a eutectic structure from this silicon-rich region. A
small portion of one sample ,which apparently cooled quite rapidly,produced

the following photomicrograph (Figure 51).

The slight contraction observed in the lattice

(6)

parameter of silicon is attributed to a small solubility of boron in silicon
Similar to the findings in the Hf~-Si-C system,

no phase with the chromium monoboride-type crystal structure was observed

in melting point samples from the Hf-Si-B system. It is apparent that this
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crystal structure is not stabilized in either boron or carbon containing
hafnium silicon ternary systems; this observation leaves reason to suspect
that the reported ZrSi x ©°F Zr"Sis (CrB-type) is a ternary crystal structure and

not a true binary compound,

Figure 51, Hf-Si-B: 3/91/6, Quenched from Approximately X600
1400°C.

HfB,-Si Eutectic, HfB, -Dark Spears, Traces of HISi,
(Whfte Grains) Visible.

Lattice parameter measurements on the silicide
phases, measured in boron-containing samples, showed that there was no
change in the crystal dimensions beyond those slight changes noted in 1300°C
solid state samples when compared to the pure binary phases. Figure 52 shows
the presence of small quantities of HfB, in the immediate vicinity of the HfSlz
phase. As also noted in part '""a'" of the Hf-Si-B section, no accurate lattice
parameter measurements were pussible on the !{fSSiz phase due to the
diffuse Debye-Scherrer patterns of this crystal structure; however,
visual comparison of the patterns available with those of the pure binary indi-

cate that no solubility for borides is present at high temperatures.
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Figure 52. Hf-Si-B: 30/68/2, Quenched from Approximately X750
1571°C.

HfSi. (Large White Grains), Si (Grey) Matrix,and Clusters of
HfBz on Grain Boundaries. ’

Figure 53 shows a microphotograph of a ternary
alloy in the vicinity of the HfB, binary phase. The silicide on the grain
boundaries is plainly visible and no precipitations in the boride grains are
seen. This observation, as well as the fact that the lattice parameters of the
diboride phase in alloys which were held at high temperatures showed no change
over those values of similar samples held at 1300°C, indicates that there is no

high temperature solubility of silicon or silicides in HIB,.

Table 18 lists the minimum melting temperatures
of various pseudo-binary sections in the Hf-Si-B ternary system, and Table 19
lists the melting behavior and temperatures as well as the qualitative X-ray

analysis of the Hf-Si-B melting point samples.
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Figure 53. Hf-Si-B: 34/5/61, Quenched from Approximately X1000
2800°C.

HfBz (Large Grey Grains) with Hf Si and P-Hf in Between
Grains.

Table 18. Minimum Melting Temperatures of Various Pseudo-
Binary Sections in the Hf-Si-B System.

Minimum Incipient Melting
Section Temperature, °C
HfBZSi 1388'*
HfB,-HfSi, 1576 °*
HfBz-HfSi 1627'*
HfB -Hf 51 1806°
Hmz-DS,(ternary) 2380°

* Binary Hf-Si not yet accurately known
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Iv. DISCUSSION

The purpose of these investigations into the phase equilibria and maxi-
mum solidus regions of the four ternary systems studied is to preseat general
guidelines and specific temperature limitations for feasible application
possibilities of composite materials involving combinations of hafnium-silicon-
carbon, hafnium-silicon-boron, zirconium-silicon-carbon, and zirconium-
silicon-boron. In addition to the presentation of the general high temperature
characteristics of these ternary systems, it would have been beneficial to
have been able to provide detailed descriptims of the complex liquid-solid
equilibrium; however, until the necessary information concerning the exact
characteristics of the binary systems Hf-Si, Zr-Si, Si-C, and Si-B becomes
available, a thorough interpretation and description of the liquid-solid regiors

of the ternary systems Hf-Si-C, Hf-Si-B, Zr-Si-C, and Zr-Si-B is not possible.

Since many of the silicides of the refractory metals exhibit high tem-
perature oxidation resistance, although the modes of protection are different
for various silicides, it is of basic interest to know how these silicides behave
at higher temperatures in the presence of other materials such as carbides
and borides. Hafnium and zirconium diboride, themselves, exhibit high tem-
perature oxidation resistance, and even with the possibility of ;reat mutual
solubilities between silicides and diborides or carbides ruled out by reason
of crystal structural energetical considerations; a proven small solubility of
silicon in the dilhorides or carbides might have increased the innate oxidation
resistance of the diborides or carbides. The results of these investigations
show, however, that in all cases the mutual solubilities of silicides with borides
and carbides at low as well as at high temperatures are practically nil; ..-
creased oxidation resistance of borides and carbides is not to be found by
attempting to incorporate silicon or silicides into the diboride or carbide crystal

lattices.

In addition to the fact that there is virtually no silicc . or silicide
solubility in the diborides and carbides, it is seen from the results of melting

point investigations that composites of silicides — in particular hafnium and
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zirconium silicides — with borides and carbides are limited in high
temperature application. In general, the interphase melting temperatures
between silicides and borides or carbides are strongly governed by the much
lower melting silicides. The exceptions to this low melting behavior in the
systems studied is to be found along the sections D8, (ternary phase) —
refractory-metal carbide or refractory-metal diboride as well as the sections
HfC -SiC and ZrC-SiC.

From the phase diagrams of the two silicocarbide systems investigated,
Hf-Si-C and Zr-Si-C, it is seen that no silicide is in equilibrium with graphite,
and any attempts to combine a hafnium or zirconium silicide with graphite for
high temperature use such as in an oxidation protective scheme for graphite
would lead to rapid failure not only at the lower melting points of the silicides,
but at even lower temperatures due to interphase reactions predicted by the

phase equilibria of the ternary systems.

(24)

silicide — actually a silicocarbide — of all refractory metal-silicon-carbon

In this matter, as noted previously , the only refractory-metal
systems studied, which is in equilibrium with graphite is the ternary D8; phase
in the Mo-Si-C(Z4) system,

Of all the pseudo-binary sections investigated in this study of the four
ternary systems, the two sections HfC-SiC and ZrC -SiC appear to be promis-
ing for moderately high temperature applications if such a combination is ever
desired. However, it must be said that the compounds HfC, ZrC, and SiC individu-
ally behave far more favorably with their higher melting points than pseudo-binary
combinations; the melting or decomposition point of these pseudo-binary
mixtures containing SiC is depressed-several hundred degrees below that of
pure SiC. It was unfortunate that the region bounded by the refractory metal
carbide-SiC-C was not able to be investigated for ternary eutectics due to the decam-
paosition of RiC as well as difficulties due to the nmavailability of DTA cotainer nmate-
rials; ronetheless, it may be assumed that in the presence of a possible tanary eutectic
in this region, the high temperature capabilities of such refractory carbide-SiC

com.vinations in contact with graphite would be limited to temperatures probably

90



not much higher than about 2100°C. These temperatures are considerably
lower than the possible application temperatures of a refractory metal carbide

graphite mixture.
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