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FOREWORD

The work described in this report has been carried out at the
Materials Research Laboratory, Aerojet-General Corp?uon, Sacramento,
California, under USAF Coatract No. AF 33(615)-1249.” The contract was
initiated under Project No. 7350, Task No. 735001, and was administered
under the direction of the Air Force Materials Laboratory, Research and
Technology Division, with Captain R.A. Peterson acting as Project Engineer,
and Dr. E. Rudy, Aerojet-General Corporation, as Principal Investigator.
Professor Dr. Hans Nowotny, University of Vienna, served as consultant
to the project.

The project, which includes the experimental and theoretical investi-
gation of selected ternary systems in the system classes M3 ~Me -C,
Me-B-C, Mg -Me -B, Me-5i-B, and Me-Si-C, was initiated on 1'January
1964. The investigation of selected binary metal-carbon and metal-boron

systems was performed as a subtask to the wa k on the ternary diagrams,

The author is indebted to Dr. E. Rudy for his help in the interpreta-~
tion of the experimental results. He also wishes to thank E. Spencer for
sample preparations, J. Hoffman for Metallographic preparations, R. Cobb
for X-ray exposure, D.P, Harmon for many informal discussions, and
Dr. A.J. Stosick for technically proofreading the manuscript.

Chemical analyses of the alloys was carried out under the supervision
of W. E, Trahan, Metals and Plastics Chemical Testing Laboratory of
Aerojet-General Corporation. Mr. R. Cristoni prepared the illustrations
and Mrs. J. Weidner typed the report.

The manuscript of this report was released by the author in March
1966 for publication as a RTD Technlcal Report.

Other reports issued under USAF Contract AF 33(615)~1249 have
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Part I. Related Binaries

Volume I. Mo-C Systems

Volume II Ti-C and Zr-C Systems
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ABSTRACT

A complete phase diagram for the ternary alloy system titanium-
hafnium-boron from 1000°C through the melting ranges of the diborides
was established on the basis of X-ray, melting point and metallographlc
studies. The outstanding features of the system are that both the metal
diborides and monoborides form continuous solid solutions with respect
to metal exchange,

From the distribution of the tie-lines in the metal monoboride
two-phase field, the Gibbs free energy difference between the titanium
monoboride and hafnium monoboride was derived.
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I. INTRODUCTION AND SUMMARY

A. INTRODUC TION

Dus to the good oxidation-resistant properties of hafnium diboride,
it is considered for use as a major component in composite systems with other
materials. Consequently, it is important to have information concerning the
interactions between the various diborides themselves, as well as between
the diborides and the elemental metals and boron. Unfortunately, little phase-
equilibrium data existed in the literature for systems such as the titanium-
hafnium-boron system. The purpose of the present investigation is to eustablish
the phase relationships in this technologically important alloy system from
1400°C through the melting range of the diborides. T

Phase equilibria of binary and ternary alloy systems, in principle,
can be predicted from chemical thermodynamics. However, the lack of perti-
nent data often makes such predictions impossible, Moreover, the Gibbs free
energy of formation of a hypothetical binary alloy which affects the solubility
of this alloy in another real binary alloy cannot be obtained using conventional
thermochemical methods since this pure hypothetical binary alloy is unstable,
However, In a converse way once a ternary phase diagram is established experi-~
mentally, one can then derive the relative free energy values for the various
phases. One can, for example, derive the difference in Gibbs free energy of
two binary alloys, even though one of the binaries cannot exist as a pure phase,
In a similar way, one can derive the decomposition energy of a hypothetical
binary phase to two other phases by applying the methods developed by Rudy(l).
This information, together with other thermodynamic data obtained utilizing
conventional thermochemical means, can be used to predict phase equilibria of

systens which have not been investigated experimentally.



B. SUMMARY

the ternary alloy system titanium-hafnium-boron and the binary
titanium-hafnium system were investigated by X-ray, metallographic, melting
peint and DTA techniques. The melting-point samples of the ternary alloys
were prepared exclusively by hot-pressing. After hot-pressing, only the
50 atomic % boron alloys were heat-treated at 1450°C under a vacuum of
5 x 10—6 mm Hg for 300 hours before melting point determination in the hope
that the solid solution formation would be complete. The post-melting samples
were heat-treated at 1400°C under a vacuum of 5 x 10™* mm Hg for solid state
investigation. For metallographic examinations, either the melting samples
or arc-melted samples were used.

The hcp-bce transformation temperatures and the melting points
of flve arc-melted titanium-hafnium alloys were determined by DTA -methud.

1. Binary Systems

The binary systems titanium-boron and hafnium-boron

have been recently re-investigated by Rudy and Windisch(z’ 3 and described in
previous documentary reports. The metal binary system titanium-hafnium
(Figure 1) was investigated only superficially in the present study. The hcp-bec
transformation temperatures as well as the melting temperatures obtained are
in good agreement with those reported by Hayes and Deardorff‘4). Although not
experimentally established, a minimum must exist in the liquidus and solidus
curves. The congruent melting composition is indicated at about 10 atomic % mfium.

2. Constitution Di‘agram Titanium-Hafnium-Boron

The constitution diagram titanium-hafnium-boron is presentd
in Figure 2. The main features of this system are described in the following:
a. The He'xagonal (C -32) Diboride Phase (6)
Titanium diboride {a = 3.025 & and ¢ = 3.226 ):§)

*
and hafnium diboride (a = 3.140 R andc = 3.471 2.) form a continuous series
*See Section III for zirconium content
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of solid solutions. Both the lattice parameters a and c for the solid solutions
show slight positive deviations from a linear relationship with composition.
b. The Orthorhombic (B27) Monoboride Phase (v)

Titanium monoboride (a = 6.14 &, b = 3.06 &
and ¢ = 4.578) and hafnium monoboride (a = 6.521 £,b-3.2218 and
c = 1,921 R) also form a continuous series of solid solutions. Within the scatter
of data the lattice parameters a and b increase linearly with hafnjum exchange,
while the parameter c shows a slight positive deviation from a linear relation-
ship with composition.

The formation of the nafnium-rich monoboride
solid solutions at 50 atomic % boron was never complete even after long-time
heat treatment, Presumably due to a nucleation problem(a). However, X-ray
and metallographic examinations of the 25 atomic % boron alloys showed only
the monoboride and metal phases. Moreover, the lattice Parameters of the
monoboride phase present in the 2% atomic % boron alloys vary smoothly with
bafnium exchange.

7 e monoboride solid solutions melt peri-
tectically with a rapid drop of the peritectic temperature from 2190°C at the
titanium side to 2100°C which is the peritectic temperature of the pure hafnium
monoboride.

c. Metal-Rich and Boron-Rich Equilibria

There is no four-phase reaction in the titanium-
bhafnium-boron system. The metal-rich eutectic trough extends from the
titanium-side with 7 atomic % boron to the hafnium side with 13 atomic % boron,
The eutectic temperatures increase smoothly starting from the titanium side,
and increase sharply when the pure hafnium monoboride-hafnium eutectic is

approached.



Due to the existence of a hcp (a) - bec (B) two-
phase field in the metal binary system, a three-phase field between the a-, B-
and 7-phases is formed in the temperature region from the a-pf-transformation
temperature of pure titanium to that of pure hafnium.

An isopleth at a 40 atomic % boron composition,
which shows the phase reactions in the metal-rich solutions, is shown in
Figure 3.

The boron-rich eutectic trough Letween the diboride
solid solutions and boron as shown in Figure 2 was estimated to be consistent

with the boundary binary systems.

II. LITERATURE REVIEW

A, BOUNDARY SYSTEMS

The titanium-hafnium system as shown in Figure 4, exhibited
complete solubility between both the hep (a) and bec (B) forms, was established
by Hayes and Deardorff(4) using a DTA technique and melting point determina-
tions. As pcinted out by Hayes and Deardorff, there must exis’ a two-phase
field which separates the a- and B-phase. However, due to the scatter of data
obtained from the cooling and heating curves, the a-p-transformation tempera-
tures were shown as a single line.

The literature data concerning the phase relationships of the
titanlum-boron and hafnium-boron systems up to 1953 have been summarized
and evaluated by Ha.nsen(S). According to Hansen, there exist four intermediate
phases, TizB, TiB, TiBz, and TizBS in the titanium-boron system, and only
two intermediate phases, HfB and HfB,, in the hafnium boron system. The
phase equilibria of the titanium-boron system in the melting range were un-

certain, while those of the hafnium-boron system were not even studied with the

exception that the melting point of HﬂBz was reported to be 3250 + 100°C.

6
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In view of the scarcity of data and partially conflicting data
concerning the phase relationships of the titanium-boron and hafanium-boron
systems which existed in the literature, both systems were recently reinvesti-

gated by Rudy and Windisch!?" 3

of this laboratory.

In contrast to previous findings, only two intermediate phagses —
a monoboride with an orthorhombic structure (B27), and a diboride with a
hexagonal structure (C32) — were found to exist in both systems by Rudy and

Windisch as shown in Figures 5 and 6. The monoboride melts peritectically

while the diboride melts congruently.

B. TITANIUM-HAFNIUM-BORON
Relatively little information concerning the phase relationships
of the titaniv n-hafnium-boron system exist in the literature. Post, Glaser,
and Moskowitz(é) found that the titanium and hafnium diborides are completely
soluble in each other. The lattice parameters of one (Ti,Hf)Bz with 50 Mole %
HfB, determined by Post, et.al. were a = 3,085 R andc=-3.368%. By heat-
ing a 'I[‘i-l-lfBz mixture to 1000°C, Antony and Cummings(-’) found the presence

of H!Bz as well as TiB by means of X-ray.

III. EXPERIMENTAL PROGRAM

A, EXPERIMENTAL PROCEDURES

1. Starting Materials

The ternary alloys used in this investigation were pre-
pared from titanium diboride, hafnium diboride, titanium and hafnium metal
powders and elemental boron powder.

The metal diborides were prepared by directly reacting

the elemental metal and boron powders. The titanlum metal powder used was
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purchased from Var-Lac-0Oid Chemical Company, New York, and had the
following analysis: 99.8% Ti, 0.13% C, 0.15% H, 0.005% N, 0.05% Fe, and
0.12% Ci. The lattice parameters of this starting material determined from a
powder pattern using Cu-Ka radiation were a =2.9508 iadc - 4.683 8% .
The boron powder, purchased from United Mineral and Chemical Corporation,
had the following analysis: 99.55% B, 0.25% Fe and 0.08% C. The resulting
titanium diboride having stoichiometric composition was comminuted in hard
metal lined ball mills. The carbon concentration in the titanium diboride was
0.3%% and the laitice parameters of this diboride were a = 3. 025 & and
c=3.226%.

The hafnium powder used to make the hafnjum diboride
was purchased from Wah Chang Corporation, Albany, Oregon, and had the
following analysis in ppm: Al-44, B<.2, C-<60, Nb-<100, Cd-<l, GCo-<5,
Cr-<10, Cu-<40, Fe-99, H-45, Mg-<10, Mn-<10, Mo-<10, N-<200, Ni-<1l0,
0-660, Pb-<5, Si-<40, Sn-<10, Ta-<200, Ti-<39, V-<5, W-<20, and Zr-2500,
The resulting hafnium diboride had 10,15% B and 0. 17% C. The lattice param-
eters of this hafnium diboride werea = 3.140 & and ¢ = 3.4T1 %,

For hafnium-rich alloys, hafnium hydride was used instead
of hafnium metal powder, in order to make alloys of desired compositions. The
hafnium hydride was also purchased from Wah Chang Corporation, Albany, Oregon.
The impurities present in this material in ppm were: Al-80, B-<0,2, C-50,
Nb-100, Cd-<1, Co-<5, Cr-<10, Cu-60, Fe-190, Mg-250, Mn-<10, Mo-<10, N-20,
Ni-<10, Pb-<5, 5i-<40, Sn-<10, Ta-<200, Ti-75, N-<5, W-<20, 0-<330, and
Zr-1350. The hydrogen content was 0,92%.

The binary titanium-hafnium alloys were prepared from

titanium bar of high purity and hafnium sponge since metals in the form of

12



sponge have less surface area than in the powder form and consequently

less chance to form metal oxides. The titanium bar, purchased from Foote
Mineral Company had the following analysis in percentage: Si-<0,001,
Al-<0.005, Mg-<.001, Mn-<0. 005, Pb-<0.00l, Cr-<0.001, Fe-<0.00l,
Ni-<0.001, Mo-<.001, Ca-<.005, Cu-<.003, Sn-<.001, Zr-<.0l5. The hafnium
sponge was again purchased from Wah Chang Corporation, Albany, Oregon.

The impurities in the sponge in ppm were: Al1-94, B-<0.2, Cd-<l, Co-<5,
Cr-<10, Cu-<40, Fe-185, C1-100, Mg-450, Mn-<10, Mo-<10, N-30, Ni-<10,
0-680, Pb-<5, 5{-<40, Sn-<10, Ti-250, V-<S5, W-<20, U-<0.5, and Zr-2100.

2. Alloy Preparation and Heat Treatment

In the present study, the cylindrical melting point
samples of approximately 10 mm in diameter and 30 mm in length with a
rectangular or cylindrical grove in the center were prepared by hot-pressing
of well-mixed powder mixtures in graphite dies. Before determining the
melting points of these alloys, the hot-pressed samples were ground on sand
paper to remove any minute surface contamination of carbides. A small hole
of about 1 mm diameter, drilled in the center portion of the sample, served
as the black body cavity for the temperature measurements.

For alloys in the monoboride region, the melting samples,
after removing any surface contamination of carbide, were heat-treated at
1450°C under a vacuum of <5 x 10-‘ mm for 300 hours before melting point
determinations in the hope that the formation of solid solutions of titanium and
hafnjum monoboride would be complete. Unfortunately, the reaction rate for
the formation of the monoboride solid solution in the hafnium-rich side was 50
slow that solid solution was never completely formed. The problem concerning

the solid solution formation of the monoboride will be discussed in later sections.



The samples for solid state investigation, obtained from
the post-melting point samples, were heat treated at 1400°C under a vacuum
of <5 x 166 mm for 92 hours. All alloys attained equilibrium as evidenced
by X-ray investigation with the exception of the hafnium-rich monoboride alloys.

Additional alloys in the monoboride region were also
made from the elemental metal, metal hydride and boron powder instead of
the diborides as the starting materials. It was believed that the monoboride
would be formed more readily from the elemental metals and boron than from
the diboride and metal. However, the hafnium-rich monoboride alloys pre-
pared in this manner followed by long time heat treatment at 1400°C under a
vacuum of <l x 10— mm Hg again did not attain equilibrium. This statement
does not mean that the monoboride does not form readily from the elemental
powders; rather it suggests that the primary reaction product was diboride
whose sluggish reaction with metal prevents any formation of the monoboride
phase.

The existence of a series of continuous solid solutions
between titanium- and hafnium monoborides was proved by analyzing the two-
phase alloys having 25 atomic % boron using X-ray and metallographic tech-
niques. Since the boron concentration of the peritectic point in both the
titanium- and hafnilum-boron system is higher than 25 atomic % boron, :the
primary phase formed when cooling an alloy from its liquid phase is the mono-
boride phase rather than diboride. The experimental results and the analysis
of data will be presented in detail in later sections.

Whenever the melting polnt samples were not sufficiently
dense, they were arc melted in a non-consumable tungsten electrode melting

furnace. The samples were then examined both by X-ray and metallographic

technique.
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The locations of the melting point samples, the solid
state samples at 1400°C and the metallographic samples are shown in
Figures 7 through 9.

Since the lattice parameters of the binary titanium-
hafnium alloys were not available in the literature, five metal alloys were
prepared from titanium bar and hafnlum spoage by arc melting. After arc
melting six times, these alloys were heat-treated at 1200°C under a vacuum
of <ir x N‘s mm Hg for two hours. Fine powders filed from these alloys were
stres. annealed at 800°C for one hour under a vacuum of <5 x lo-smm Hg and

sibsequently X-rayed.

'
eTids

Figure 7. Ti-Hf-B: Location of Melting Point Samples
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Figure 9. Ti-Hf-B: Location of Metallographic Samples.
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3. Melting Points

The melting points of the selected alloys as shown in
Figure 7 was determined by the Pirani-technique which has been extensively

(8)

described previously' ',

The temperature measurements were carried out with
a disappearing filament type micropyrometer, which was calibrated against
a certified lamp from the National Bureau of Standards. The temperature was
corrected for absorption losses in the quartz window of the melting point
apparatus and deviations due to non-black body conditions of the observation
hole. The detailed treatment with regard to the temperature correction has
been discussed earlier(s, and will not be repeated here,

To prevent any appreciable loss of boron or metal from
the melting samples during the course of the melting point determination, the
furnace chamber was pressurized to about 2 1/4 atmospheres with high purity
helium after a short vacuum degassing treatment at temperatures below the
incipient melting points.

4. Differeatial Thermal Analysis

Differential thermal analysis has been proven to be
one of the useful methods in determining the temperature at which a material
undergoes a phase transformation. In the present study, the a-pf-transforma-
tion and the melting temperatures of five titanium-hafnium alloys were deter -
mined by means of the DTA technique.

The details of the DTA -apparatus has been discussed

extensively in previous publication(s' 9 and will not be repeated here.
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5. Metallography
The metallographic samples, which had been either a

small portion of the molten zone of the melting point sample, or arc melted
samples whenever the molten zone of the melting point sample was not
sufficiently dense, were mounted in an electrically conductive mixture of
diallylphtalate -lucite-copper powder. After coarse grinding on silicon carbide
powder (grit sizes varying between 120 and 600), the samples were first polished
on microcloth, using a slurry of 0,05 micron alumina and 5% chromic acid
solution, and then etched electrolytically in a 10% aqueous oxalic acid solution.
6. X-Ray Analysis

Debye-Scherrer powder diffraction patterns, using
Cu-Ka radiation, were made of all samples after melting point and solid state
investigations, as well as of arc melted samples. To eliminate the film-
blackening caused by titanium fluorescence radiation, a cover film which
absorbed this soft white radiation was used over the films during the exposure.

»
7. Chemical Analysis

The dissolution of alloy powders for boron analysis was
achieved by fusion in pre-dried sodium carbonate at 1000°C. The resulting
melt was dissolved in water, and excess carbonate removed by barium hydroxide.
After removal of the precipitants, boric acid content was determined by dif-
ferential titration of the boromannitol complex with 10 N NaOH between pH
values of 5.3 and 8.5, Depending on the sample material, the consistency of
data obtained by this method varied between + 0.1 and + 1.0 atomic % boron

absolute.

*The chemical analyses were performed under the supervision of My . W.E.
Trahan, Metals and Plastics Chemical Testing Laboratory of Aerojet-General
Corporation.
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B. RESULTS
1. Titanium-Hafnium

The lattice parameters of the hcp solid solutions of
titanium and hafnjum obtained from powder patterns using CuKa radiation are
summarized in Table 1, and plotted as » function of composition in Figure 10,
The c-parameter increases linearly with concentration from titanium to
hafnium, while the a-parameter exhibits a slight negative deviation from a
linear relationship. The extrapolated values to pure hafnium (see atarting
material for zirconium content) are in good agreement with a value presented
by Cullity(lo), but higher than the values reported by R\.luell(l 1). The dis-
crepancy is probably due to different amounts of zirconium present. From
an analysias of weight losses of the arc-melted alloys, the nominal composition
as given in Table 1 should be within t 1 atomic % of the actual composition,

Typical DTA curves for one titanium-rich and one
hafnium-rich alloys are shown in Figures 11 and 12. Since the a-p transforma-
tion peaks for the 20 and 40 atomic % Hf alloys are much sharper than alloys
with higher hafnium content, it is concluded that the a-p two-phase field on the
titanium-rich side must be relatively narrow,

It is noteworthy to point out that the a-f transformation
temperatures obtained from the heating curves for the two titanium-rich alloys
are higher than those obtained from the cooling curves. The phenomenon is
undoubtedly due to a kinetic effect. As ths heating and cooling rates approach
zero, the two temperatures should cross each other. In any case, the tem-
perature difference obtained from the heating and cooling curves are within
the uncertainty of our temperature measurements.

The a-p transformation as well as the melting tempera-

tures of the five titanium-hafnium alloys are shown in Figure 1 (see summary
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Figure 11, DTA-Thermogram of a Ti-Hf (60/40) Alloy,

Table 1. Lattice Parameters of Titanium-Hafnium Alloys.

Nominal Composition

Atomic % Hf a, X c,
20 3.006 4,765
40 3.058 4.846
60 3.111 4.922
75 3.146 4.976
90 3.183 5.038

2]

on page 3 ). One can see from this figure that the data obtained in the present
study agree reasonably well with those of Hayes and Deardorff“). The liquidus
and solidus curves as well as the a-p two-phase boundaries (Figure 1) are drawn

based on the data of Hayes and Deardorff and those of the present study.
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Figure 12. DTA-Thermogram of a Ti-Hf (10/90) Alloy.
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2. Titanium-Hafnium-Boron

The phase equilibria of the titanium-hafnium-boron
system at 1400°C as determined primarily from X-ray analysis of the heat-
treated samples are shown in Figure 13, Titanium diboride and hafnium
diboride form a series of continuous solid solutions as evidenced by both X-ray
and metallographic examinations. Both the lattice parameters a li;d ¢ for
the diboride solid solutions, as shown in Figure 14, show slight positive devia-
tion from a linear relationship. The values for a 50 mole % l-i.fBz alloy obtained
by Post, Glaser and Moskowitz“” are in good agreement with the results of
the present investigations.

The alloys in the monoboride region with hafnium exchange
of more than 20 atomic % never attained equilibrium. X-ray analysis of these
alloys showed the presence of diboride, monoboride, and metal phases. Since
the lattice parameters of the diboride phase present in all these alloys change
progressively with increasing hafnium content, the possibility of a three-
phase equilibrium between the diboride, monoboride, and metal Phases is ruled
out.

The existence of a series of continuous solid solution
between ‘'{B and HfB is proved by analyzing the 25 atomic % B alloys. Both
X-ray and me tillographic examination of these alloys revealed only the presence
of monoboride ind metal phases. From the calculated lattice parameters of
the metal phase present in the two-phase alloys and the known lattice param-
eters of the (Ti-Hf) solid solution (Table 1 and Figure 10), tie lines connect-
ing the two coexisting phases were established as shown in Figure 13. Due to
the existence of a a-P two-phase field between the a-(Ti, Hf) and p-(Ti, Hf)
solid solutions at 1400°C, a three -phase fleld, i.e. » a~(Ti, Hf)-p-(Ti, Hf)-

{Ti, Hf)B is formed.
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The lattice parameters of the monoboride solid solu-
tions obtained from the single-phase alloys (50 atomic % B) as well as from
the two-phase alloys (25 atomic % B) are plotted as a function of hafnium
exchange as shown in Figure 15. The lattice parameters of TiB obtained in
the present investigation agree with those of Decker and K.uper(lz). Within
the scatter of our data, the lattice parameters a and b increase linearly with
hafnium exchange as shown in Figure 15, while the c-parameter shows a slight
positive deviation from a linear relationship. All three lattice parameters
join in smoothly with the lattice parameters of HfB as reported by Rudy and
Beueuovxsky(l 3 .

According to chemical analysis for boron content, the
alloy Ti-Hf-B (65/10/25) lost about 1 atomic % metal after a 92 hour heat-
treatment in vacuum at 1400°C. Based on this evidence, it is believed the
nominal compositions of all the ternary alloys, with the exception of the
diboride samples, must be within 1 atomic % of the actual compositions.

The location of the metal-rich eutectic trough extending
from the titanium side to the hafnium side was established exclusively by
metallographic examinations of alloys having 5, 10, and 25 atomic % boron (see
Figure 9 for the compositions of the metallographically examined samples).
The micrograph of an arc-melted Ti-Hf-B (75/25/5) alloy as shown {n
Figure 16 shows the primary crystallization of the metal phase exhibiting the
a-f transformation structure and the metal-rich eutectic structure. On the
other hand, the micrograph of an arc-melted Ti-Hf-B (55/20/25) alloy as shown
in Figure 17 shows the primary crystallization of the monoboride phase and
the metal-rich eutectic structure. The micrographs of two alloys: Ti-Hf-B
(20/70/10) and Ti-Hf-B (10/80/10) as shown in Figures 18 and 19 exhibit the

metal-rich eutectic =‘ructures.
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Figure 16. Micrograph of an Arc-Melted Ti-Hf-B (75/25/5) X1000
Alloy.

Primary Crystallization of Metal Phase Exhibiting the
a- Transformation Structure and the Metal-Rich Eutectic
Structure,

Figure 17. Micrograph of an Arc-Melted Ti-Hf-B (55/20/25) X100
Alloy

Primary Crystallization of the Monoboride Phase (Dark)
and the Metal-Rich Eutectic Structure.
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Figure 18. Micrograph of an Arc-Melted Ti-Hf-B (20/70/10) X150

Alloy.
Eutectic Structure.

Figure 19. Micrograph of an Arc-Melted Ti-Hf-B (10/80/10) X460
Alloy.
Eutectic Structure.
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The incipient melting points as well as the boron content
at the metal-rich eutectic trough are plotted as a function of hafnium exchange
in Figure 20. The eutectic temperature of the two binary systems: Ti-TiB
and Hf-HfB as determined by Rudy and Windisch(z' 3 are also shown in the
figure.

The determination of the peritectic temperatures of the
hafnium-rich monoboride solid solutions was difficult since the alloys even
after 300 hour heat treatment at 1450°C did not completely reach equilibrium.
The measured me.ting points for the monoboride solid solutions as a function
of hafnjum exchange are shown in Figure 21. The peritectic temperature of
TiB obtained in the present study agrees with that of Rudy and Windlsch(z).
For hafnium-:ich monoborides the values of the peritectic temperatures were
uncertain and are dotted in Figure 21 to agree with the peritectic temperature of
pure hafnium monoboride as determined by Rudy and Windisch(3). The peri-
tectic concentrations were estimated based on the binary data and are also
dotted in Figure 21. Since the peritectic temperatures of the titanium-rich
monoboride solid solutions drop rapidly from 2190°C to 2100°C (which is the
peritectic temperature of pure HfB) as shown in Figure 21, one does not expect
that the temperature will change drastically toward the hafnium side. The
relatively low values of the incipient melting points for the two hafnium-rich
monoboride alloys are most probably due to the presence of the unreacted
metal-diboride mixture.

The micrographs of two arc-melted titanium-rich mono-
boride solid solutions which show the peritectic-type of reaction are shown in
Figures 22 and 23. On the other hand, a micrograph of an arc-melted hafnium-

rich monoboride, Ti-Hf-B (5/45/50) as shown in Figure 24 shows that the
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Figure 22. Micrograph of an Arc-Melted Ti-Hf-B (50/0/50)

Alloy.

A Non-Equilibrium Mixture of Diboride (Light), Metal

(Gray) and Monoboride (Dark).
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Figure 23. Micrograph of an Arc-Melted Ti-Hf-B (45/0/50) X270
Alloy.
A Non-Equilibrium Mixture of Diboride (Light), Metal
(Gray) and Monoboride (Dark).

Figure 24. Micrograph of an Arc-Melted Ti-Hf-B (5/45/50) X400
Alloy.

A Non-Equilibrium Mixture of Diboride (Large Gray Grains),
and Monoboride (Dark Aciculan Grains) Present in the Metal

Matrix.
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metal-rich melt did not attack the diboride grains to form the monoboride.

The monoboride (dark acicular grains) present in the metal matrix formed

from the melt at temperatures below the peritectic temperature since the primary
crystallization is that of the monoboride.

Some difficulty was also encountered in the determina -
tion of the melting maximum of the diboride solid solutions due to the narrow
homogeneous range. The melting point drops sharply on either side of the
maximum melting composition. Since the vapor pressure of boron is relatively
high at the temperatures where the diboride solid solutions melt, the boron
concentration in the sample depended a great deal on the'hhtory of the melting
point determination. In order to determine the maximum melting point, one
must measure a large number of boron-rich alloys since it was not possible
to pre-determine accurately the final compositions of the alloys. After measur-
ing the melting points of six hafnium diboride samples, the highest value
obtained was 3345°C. The value of 3345°C is about 35°C lower than the highest
value determined by Rudy and Windisch! at a boron concentration of ~66
atomic %.

On the titanium-rich side of the diboride solid solutions,
solid crystals frequently formed which blocked the black-body hole and made
the melting point determination impossible. This was most probably due to
the sublimation of titanium and boron simultaneously from the interior part of
the black-body hole where the temperature was hotter than outside. As soon
as the vapor species left the hot zone, they recombined to form diboride
crystals which covered the black-body hole. These crystals were X-rayed and

found indeed to be diboride.
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The melting temperatures and the composition (accord-
ing to chemical analysis of post-melting samples for boron content) of numerous
diboride solid solutions are shown in Figure 25. The maximum melting points
corresponding to about 66 atomic % boron were estimated using the binary
data as a guide and are dotted in Figure 25.

A typical micrograph of one diboride solid solution, as
shown in Figure 26 contains diboride with a small amount of boron at the grain

boundaries.

Figure 26. Micrograph of a Ti-Hf-B (16.7/16.6/66.7) Alloy. X1000
Quenched from 2700°C.

Diboride with a Small Amount of Boron at the Grain Boundaries.

The experimental evidence is summarized in the con-
stitutional diagram titanium-hafnium-boror (Figure 2 on page 5) from 1000°C
through the melting range of the diboride solid solutions. To facilitate reading

of the phase diagram, the liquidus projections and a series of temperature
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sections were prepared and are shown in Figures 27 through 35. The loca-
tion of the tie-lines in the diboride-monoboride two-phase field were eati-
mated, and will be discussed in detail in the discussion section. The boron-

rich eutectic trough, and the course of the eutectic temperature were esti-

mated using the binary data as a guide.

----- Maximum Solidus Temperatures of (Ti, l-lf)Bz

Figure 27. Liquidus Projections in the Titanium-Hafnium-Boron
System.
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Iv. DISCUSSION
A. PHASE EQUILIBRIA

The outstanding features of the Ti-Hf-B system at high tempera-
tures are that both the metal diborides (5§) and the monoborides (y) form con-
tinuous solid solutions with respect to metal exchange. The tie-lines connect-
ing the co-existing phases in the f-metal monoboride twa-phase tield were
established ’by comparing the lattice parameters of the metal phase present
in the 25 atomic % boron alloys with those of the metal solutions. Although the
bee (B) structure of the titanium-rich metal solid solutions is the stable form
at 1400°C, only the hcp (a) structure was found by X-ray analysis due to the
extremely rapid a-f transformation. Toward the hafnium-rich side, the
monoborides are in equilibrium with the a-matal solid solutions. The existence
of an a-p two-phase field in the metal binary system at 1400°C results in a
a-f-v three-phase field in the ternary phase diagram.

The locations of the tie-lines in the monoboride diboride two-
phase field could not be determined experimentally within a feasible length of
time due to the slow formation of the monoboride solid solutions. Any alloys
in the y-§ two-phase field would contain a non-equilibrium mixture of diboride,
metal solution and monoboride, since the 50 atomic % boron alloys, as already
discussed earlier, never attained equilibrium even after long-time heat
treatment at 1450°C,

From the locations of the tie-lines in the B-v two-phase fleld,
one can derive the Gibbs free energy difference, i.e. the relative stability,
between the titanium monoboride and hafnium monoboride. The conditional
equations governing the ternary phase equilibria have been discussed extensively

(n 14,15,16,17,18)
by Rudy' "’ and applied to numerous ternary metal-carbon alloy systems.
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The appropriate equation for a two~-phase equilibrium between two series of
solid solutions with the concentrations of the third component, in the present

case the boron component, being constant is,

pac? _ paG” (1

“axP B
where AGp is the Gibbs free energy of formation of the becc-metal solid solu-
tion, AG7 is that of the monoboride solid solution, xp is the mole fraction
of Hf in the f-metal phase and x” s that of HfB in the monoboride phase. In
order to obtain expressions for A(‘np and AGV. one must know the solution
behaviors for both the f-metal and monoboride solid solutions. From the
shapes of the a-f and f-L phase boundaries of the binary titanium hafnium
system, it is concluded that both the a-solid solutions and f-solid solutions
are endothermic. Moreover, the a-solid solutions are more endothermic
than the f-solid solutions. Since the regular solution approximation adequately
describes the behavior of a- and f-solid solutions in the titanium-girconium
lyltem(m), it is reasonable to assume that the a- and f-solid solutions in the
present system, titanium-hafnium also behave regularly. One adiitional plece
of information is needed to fix the interaction parameter ¢ ® for the a-solid
solutions. Using the solubility parameters given by Brewer(zo) one obtains a
value of about 100°K for the critical temperature of titanium-hafnjum solid
solutions. However, in view of the rhape of the a-p phase boundaries in this
system, it is more likely that the critical temperature would be somewhat
higher. For lack of experimental evidence at the present, a value of 2000 cal,
which corresponds to about 500°K as the critical temperature, is assumed for

¢ %, the interaction parameter for the a-solid solution. Knowing the value of
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«® and the a-p phase boundaries, a value of 1000 cal is obtained for ap. the
interaction parameter for the S-solid solutions.

Assuming the monoboride solid solutions also behave regularly,

the concentration gradients of AC.':p and aGY become,

] -p g
:—Ag- = AC?HI + ¢® 0-2xP) + RTin l_"p (2
X X
8aG"

= AG - AG + «Y(-2x") + RT) x?
= £, HIB f, TIB ‘ B =

=, ™
-X

ax !

From equations (1), (2), and (3), the Gibbs free energy difference between the

two binary monoborides is obtained,

x¥ 1. P B
4Gy 1p ~4Gg yw = RTIn =, —x;— - ad-,
+ e 2x") - P -2 4

In the above equations, R is the universal constant and T {s the absclute tem-
perature. The term, AG;; B is the free energy transformation of hafnium from

hep to bece structure and may be represented by the following oqu;tion(z!):

ac P - 0.9 (2073 - 7) (5)

The assumption made in equation (5) is that Cp " Cp o’ 0, a condition which
» ’

is true to a first approximation.

In order to evaluate AGL TIB " AGI.HIB according to equation (5),
one has to know the value of ¢, the interaction parameter for the monoboride
solid solutions. Different values of ¢' varying from 0 to 3000 cal were used to

calculate the Gibbs free energy difference between Ti8 and HfB, but a value of
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2000 cal fit the experimentally determined tie-lines best (Figure 13). The

value so obtained is AG -AGy yep = - 2500 + 600 cal. The uncertalnty
»

{, TiB
of 600 cal is that due to the scatter of values obtained from the individual tie
lines only. However, if one also considers the uncertainties in the interaction
parameters used for the various solutions, the uncertainty may be as large
as + 1000 cal. Since the tie lines in the -5 two-phase field were not established
in the present investigations, the free energy difference between TiB, and me
could not be obtained.

Knowing the Gibbs free energy difference between TiB and HfB,
it is now possible to calculate the phase equilibria at 1400°C betwsen the
y-phase (monoboride) and p-phase using equations (2) and (3). The actual
evaluation of the concentrations of the coexisting phases in a two-phase field
is best done graphically. Since the technique has been discussed in detail by
Rudy(“). it suffices to say that the concentrations of the two respective phases
in equilibrium correspond to the same concentration gradient of the Gibbs free
energies, i.e. -aﬁ-?-l = %G-j . Similarly, the distribution of the tie lines
in the y-phase (monoborlde)aand o-phase (hcp phase) can be obtained utilising
the following condition,

8aGY _  8aG® (6)
ax” 8x°

The term on the right-hand side of equation (6) is

a a
L:‘i = ach P -2l 1n1" . )
X -X

The superscript a refers to the hcp-metal phase and x® {s the mole fraction of
hafnium in the a-metal solution. In a manner similar to that used for hafnium,

the free energy of transformation of titanium may be represented by(zz):
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acl ? = o.88 (1155 - T) (8)

In order to locate the thr:e-phase field which separates the
three two-phase regions: a-f, a-v, and f-v, one needs one additional condi-

tion, which is

o P

88 s AR xpa (9)
a = p

aG Ti,xaf AGTl,xpa (10)

where Ac,n and Acm are the relative partial molar free energies of Ti and
Hf in the respective a- and p-phases, and xaf and xPa are the phase boundaries
of the a-phase and P-phase in the a + p two-phase fields,

Using the well-known thermodynamic equations relating the partial

molar and integral free energies, with x being mole fraction of component 2,

ag,,, = acx B2 (11)
aB,., - Ac+(1-x)§5‘;—° (12)

one obtains the following equations for the partial molar free energies of Hf in
the a- and f-phases;

I\ ¢ (1x% + RTIx® (13)

aGP, = adi;Pre? 1xP) 4 RTInP (14)

The numerical evaluation for the values of xap and xfa is best done by picking
out the values of x* and <P from the Gibbs free energy gradient curves

i
(—O;A—?- vs ! curves), and substituting these values in equations (13) and (14).
> 4
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By plotting these values so obtained for AG;;I - Aafn. as a function of
either x® or xp. the values of 08 and % when Aa:u - Acgu = 0 (equa-
tion 9) are obtained.

The calculated phase diagram at 1400°C as shown in Figure

36 is in reasonable agreement with the actual phase diagram (Figure 13),

Figure 36. Calculated Phase Diagram at 1400°C for Titanium-
Hafnium-Boron System.

The distribution of the calculated tie-lines is more self-consistent than that
of the experimentally determined ones since the value of AGf. TIB" AGf.H!B =
- 2500 + 600 cal/g 4atan metal is an average value obtained from the individual
tie-lines.
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In order to calculate the tie-line distribution in the y-§ two-
Phase field, it is necessary to know the Gibbs free energy difference between
TiB, and H£Bl in addition to the Gibbs free energy difference between TiB

and HfB as shown by the following equation:

x‘s 1-x7

RT In = (aG - aG ) - (AG -aG )
R LHB™ 1, TiB £, HfB,; ™1, TIR

(15)

In the above equation, x® is the mole fraction of HIB, in the diboride solid solu-
tion, x7 {s the mole fraction of HfB in the monoboride solid solution, and
AGf‘ Hmz and AGf' TiB' are the Gibbs free energies of formation of I-ms, and
TiB, respectively. From the recent phase investigations of the ternary systems
Zr-Hf-B and Ti-Zr-B at 1400°C by Harmon‘ %) and Eckert (24), HIB, was
found to be much more stable than TiB,. This result is In accord with the
thermodynamic data available in the literaturo(zs). Based on these data,
the tie lines in the v-5 two-phase field as shown ir. Figures 28 through 35
were drawn with inclinations toward HfBz side,
B. APPLICATION

Due to the inherent brittleness of the otherwise oxidation-
resistant diborides, one must utilize composite systems consisting of pri-
mary diboride matrix with metal constituents in order to overcome the thermal
shock problem. Although the monoboride solid solutions existing in the
titanlum-hafnium-boron system are thermodynamically stable, the formation
of the hafnium-rich monoboride solid solution is rarely complete even after

the alloys are heat-treated for 300 hours at 1450°C. Rudy and Wlndhch(a)
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have quenched a mixture of hafnium diboride and hafnium with a gross compo-
sition around 50 atomic % boron from high temperature followed by long time
heat treatment at 1400°C. They found virtually no back reaction between
diboride and metal to form the monoboride. In view of the slugi'shness of
the reaction between the diboride and metal to form the stable monoboride at
the hafnium-rich side, one can still prepare a metal_table diboride-metal

composite for services below the metal-rich eutectic temperatures.
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