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ABSTRACT

The binary alloy system hafnium-boron has been investigated by
means of X-ray, metallographic, melting point, and differential-thermo-
analytical techniques. The experimental alloy material comprised of hot-
pressed and heat-treated, arc- and electron-beam melted, as well as
equilibrated and quenched alloy material. All phases of the experimental
investigations were supported by chemical analysis.

The results of the present investigation, which resulted in the

establishment of a complete phase diagram for the system, are discussed and
compared with previously established system data.
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I. INTRODUCTION AND SUMMARY

A, INTRODUCTION

In spite of the increased interest in hafnium-boron alloys
over the past few years — hafnium diboride is the most oxidation resistant
boride known to date( ) comparatively little is known about the high tem-
perature phase relationships in this system., Data of interest concern the
melting temperature of the diboride phase and its range of homogeneity as
a function of temperature; further, in view of the possibility of using
diborides as container material for boron melts, temperature and composi-
tion of the boron-~rich eutectic; and finally, the equilibria on the metal-rich
side of the system are of importance in connection with the binder problem
for the extreme brittle borides.

In view of the scarcity of data available for this alloy system,
a fairly thorough investigation of the entire phase dlagram was undertaken.
Difficulties encountered during the course of the work are inherent to the
whole system class, and included slow attainment of equilibrium in solid-
state equilibration studies, severe melting point depressions for the extreme
high melting diboride phase upon small contaminant concentrations, and the
general problem of obtaining dense and homogeneosus alloy material required
for good metallographic work.

B, SUMMARY (Figure ! and Table 1)

Two intermediate phases, a peritectically decomposing,
orthorhombic monoboride of low stability, and a very refractory diboride of
hexagonal structure, are formed in this alloy system. The previously

reported face-centered cubic monoborides does not exist.



1. The HafniuLn Phase

B-hafnium melts at 2218 + 6°C. The low temperature,
hexagonal close-packed {a) modification, transforms at 1795 + 35°C (extrapo-
lated to 100% Hf) into the body-centered cubic high temperature (p) allotrope.

p-Hf enters a eutectic reaction with the monoboride;
the eutectic point is located at 13 + 2 At% B and a temperature of 1880 + 15°C.,
The solid solubility of boron in B-Hf at this temperature is less than 2 atomic
percent, and boron additions have little effect upon the a-f-transformation
in hafnium. Nevertheless, a slight increase (1795° for pure hafnium, to
1800 - 1820°C in excess monoboride containing alloys) is observed, which

suggests a peritectoid reaction process in the binary:

HfB (B27) + p-Hf-gs «» a-Hf-ss

2. Hafnium Monoboride (B27)

Hafnium monocboride probably occurring with a boron
defect of approximately one (1) atomic percent, has an orthorhombic B27
(FeB)-type of crystal structure (a = 6.51, &; b = 3.21, &; ¢ = 4.92, R). The
phase, which has a negligible range of homogenelty, forms in a peritectic

reaction at 2100°C from diboride and melt according to:

P (~24 At% B) + HfB, —> HfB

The phase forms by nucleation in hafnium or the hafnium-rich melt. The
nucleation reaction appears to be very slow at temperatures below ~1650°C;
thus, the monoboride cannot be obtained within feasible lengths of time upon
reannealing of high-temperature (>2200°C)-quenched alloys at lower tem-
peratures. Although not specifically investigated and therefore unproven,
there are indications, that the monoboride is unstable helow ~1250°C, decom-

posing in an extremely slow reactlon into a-hafnium and the diboride.
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Figure 1. Constitution Diagram Hafnium-Boron,

3. Hafnium Diboride

Hafnium diboride, with an hexagonal, C32 {AlIB,)-type
of crystal structure (a= 3.142 R;c=3.447 2} and a negligible range of
homogeneity (<2 At% B) over its entire temperature range of existence,
melts congruently at 3380°C at the stoichiometric composition. The phase

enters a eutectic equilibrium (~ 99 At% B, 2065°C) with boron.
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Table 1. Isothermal Reactions in the System Hafnlum-Boron
‘Compositions of
Temperature, the Equilibrium
*G Reaction Phases, At%hB Type of Reaction
3380° L —pHIB, 66 66 - r Congruent Transformation
2218° L —pB-Hf 0 0 -- Melting Point of Hafnium
2100° L + HfB,—p H{B 24 65 49 Peritectic Reaction
2100° L B 160 100 - Melting Point of Boron
2065° L —pHB, + B ~99 66.6| 100 Eutectic Reaction
1880° L—pp-Hf + HfB 13 <2 ~49 Eutectic Reaction
~1800° B-Hi+HfB podf| ~I1 ~49 <1 Peritectic Reaction
1795°* g-Hf 9 o-Hf 0 0 —-— a~ ~-Transformation in
Hafnium
<1250° HfB—po-Hf+tHfB_ | ~49 <1 ~b6 Eutectgid Decomposition
’ of HfB

* Not fully ascertained

II. LITERATURE REVIEW

Two intermetallic phases, a refractory diboride with a hexagonal

structure, and a monoboride with an orthorhombic (B27) structure are

formed in this alloy system. The previously reported face-centered cubic

{Bl) monoboride does not exist.

Hafnium diboride, isomorphous with the other diborides of the group

IV, ¥V, and VI metal diborides, has a hexagonal, G32 (Ale)—type of crystal

structure witha = 3.141 &, and ¢ = 3,470 3(2). Melting temperatures
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reported for this phase include: ~3100°C (K. Moers, 19313}, ¢, Agte and
K Moers, 19318%)), 3240°C (F. W. Glaser, et.al. 1953(3)), and 3060°C
(R. Kieffer, et.,al., 1952(5)).

In addition to the diboride, a face-~centered cubic (Bl) compound with
a lattice parameter of a = 4,62 R was observed by P. W, Glaser,et.al.(z)
in hot-pressed hafnium-boron alloys, and attributed to a phase HfB. Later

(6) on high purity sample

investigations by E. Rudy and F. Benesovsky
material showed that the true binary compound is orthorhombic {B27-type),
witha = 6.517 8 ;b =3.218 &, and c = 4.919 &, and that the previously
observed Bl-phase probably corresponded to an impurity phase Hf (O, N, C).
This latter interpretation is also suggested by a comparison of the lattice param-
eters, since the cell dimension given for the 'monoboride’ generally lie
between those of the binary compounds of hafnium with the corresponding
impurity elements: Ay Cl-x = 4,61 to 4.64 g; aHle_x= 4.525 to 4.52 &

A cubic {(Bl) monoboride would have the much larger parameter of ~4.70 R{b).

Structural details on hafnium borides as well as a collection of lattice
parameter data are presented in Table (2).

No systematic phase dlagram investigations were carried out in the
system, and tentative diagrams pr0posed(7’ 8) were mainly based on esti-
mates. Recently, L, Kaufman and E.V, Clougherty(l) have measured a
eutectic temperature (Hf + HfB) of 1960°*C, and a peritectic decomposition tem-
perature for HfB in excess of 2400°C.

For detailed reference on earlier work and a summary of the physical

properties of hafnium borides, R. Kieffer and F. Benesovsky's book

”Ha.rtstoffe”(g) may be consulted.



Table 2. Structure and Lattice Parameters of Hafnium Borides

Lattice Parameters, X
Phase Structure Literature Values This Investigation
HfB* Cubic, Bl 4.62 (2) not confirmed
HfB |Orthorhombic a=6.5173% a=6.5172
B27-type(FeB) b=3.218¢,7 | b=3.218%
c=4.919 % c=4.920 &
HfB, |Hexag.G32-type a =3.141 a=3.142%
(ALB,) c=3.470 (2 = 3,477 & (Ffogs ZT0.04B,

*Probably Impurity Phase Hf (N,O,B,C).

1II. EXPERIMENTAL PROGRAM

A, STARTING MATERIALS

The elements as well as hafnium diboride served as the
starting materials for the experimental investigations.

Hafnium sponge and hafnium metal powder (<120 i)} were
purchased from Wah Chang Corporation, Albany, Oregon. Their analyses
were as follows: Hafnium metal (contents in ppm); Al-20, C-210, Nb-680
(<1000}*, Cr-<20, Cu-40, Fe-265, H-55, Mo=-40, N-200 (<300), O-810 {<1000),
Si-<40 (10), Ta-<200 (400), Ti-20, W-235, sum of all other impurities~<100,
The hafnium powder, which also contained 4.1 atomic percent zirconium,
had lattice parameters of a = 3.19, K; c = 5,05, K, which compare favor-
ably with reported literature values of a = 3.194 to 3,199 £, andc = 5.0510
to 5.062 K(lo).

*The concentration figures given in the brackets are data from a control
analysis performed at the Analytical Chemistry Laboratory at Aerojet-General
Corporation,



The hafnium sponge had the following impurities (contents in
ppm): Al-94, Cu-<40, Fe-185, C1-100, Mg-450, N-30, O-680, Si-<40,
Ti-250, W-<7. The zirconium content of the sponge was 4 atomic percent,.
The DTA - analyses, which yielded apparent transformation temperatures of
1770 to 1800°C for the arc molten metal powder and the sponge hafnium, are
compatible with the values to be expected from the combined interstitial
impurity contentsul).

Boron powder in a purity of 99.55% was purchased from United
Mineral and Chemical Corporation, New York., Major impurities were iron
{0.25%) and carbon (0.1%).

The diboride powder was prepared by direct combination of
the elements at high temperatures. Hafnium and boron react violently to
form the diboride; therefore, a master alloy containing 85 atomic perceat
boron was prepared first, which then was reacted in second step with the
necessary amount of hafnium to form the stoichiometric diboride. The detailed
procedures followed were analogous to those described for zirconium diboride
in a previous report(lz). After the final reaction, which was allowed to
proceed at temperatures between 1800 and 2000°C, the reaction lumps were
crushed and comminuted by ball~milling to a grain size smaller than 47
micrometers. Cobalt and other metallic impurity traces, which were picked
up during milling, were removed by an acid-leach in hot, 8 normal mixture
of hydrochloric and sulfuric acid.

The chemical analysis of the diboride powder, which contained
metallographically detectable quantities of monoboride, gave an average boron

content of 65,0 + 0.3 atomic percent; it also contained 0.018 Wt% carbon.

Oxygen, nitrogen, and hydrogen were present in quantities less than 200 ppm.



A semiquantitative spectrographic analysis indicated the following additional
impurities (in ppm): Fe-<200, Si-<200, Mg-<100, Ca-<500, Co, Ni, Mn,

Cr,Mo-<i100, Ti-300, V,W,Ta, and Nb were below the detectable level,

B. EXPERIMENTAL PROCEDURES

1. Sample Preparation and Heat Treatment

A total of 85 alloys were prepared for melting point,
DTA, metallographic, and X~ray studies on solid state equilibrated samples.

Specimens with boron concentrations in excess of
60 atomic percent were hot-pressed, while for the preparation of metal-
richer compositions the cold pressing-sintering route was chosen. The ele~
mental powders were used as starting materials for the latter alloys, since
equilibrium in sintered mixtures of hafnium and hafnium diboride could not
be attained within feasible lengths of time. In addition to the hot- and cold-
pressing, a number of specimens were arc- or electron-beam melted prior
to the measurements or the homogenization treatments.

The samples which were loaded in a tantalum container,
were homogenized in a tungsten-mesh element furnace manufactured by the
R. Brew Company. Malin equilibration temperature for the study of the solid
state portion of the system was 1400°C (80 hrs); additional homogenization
treatments were carried out at 1250°C (140 hrs), 1600°C (60 hrs), 1800°C
(10 hrs), and 2000°C (2 hrs), and the formation of the monoboride in high-
temperature quenched specimens was studied in a series of long-time heat-
treatments (60 to 440 hrs) at temperatures varying between 1450 and 1800°C.
Rapid quenching of the alloys after equilibration at temperatures in excess
of 2000*°C was achieved by dropping the resistively heated specimens into

a tin bath, which was preheated to 300°C,
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Approximately one-fourth of the experimental
alloys, the majority of which were located at compositions close to the
mono- and the diboride, were chemically analyzed after the runs. With the
exception of electron-beam and arc melted specimens, which showed compo-~
sition shifts up to 3 atomic percent, the concentration stability of the samples
was usually better than one atomic percent with regard to the weighed~in
compositions.

2. Differential Thermal Analysis

Details of the DTA-setup and the calibration

procedures have been described earlier(lB’ 15).

Specimens with boron con-
centration below 50 atomic percent were run under vacuum as well as under a
protective atmosphere of 1/2 atm high purity helium: the furnace

chamber was pressurized with high purity helium to approximately 1 1/2
atmospheres for higher-boron alloys. To retard interaction between the test
samples and the container in the DTA -experiments, the walls of the graphite
sample holder were lined with either tantalum or hafnium diborids; this
particular choice of liner materials limited the useful operating range to tem-

peratures below 2450°G.

3. Determination of Melting Points

The melting temperatures of the alloys were determined

)

using the previously described(13 Pirani-technique: A small sample bar,
with dimensions varying between 4 x 4 x 20 mm to 10 x 10 x 40 mm in length,
1s clamped between two water-cooled copper -electrodes, and heated resis-
tively to the temperature of the phase change. The temperatures are
measured optically with a disappearing-filament type pyrometer through a

quartz window in the furnace wall. A small black body hole, generally in the



order of 0.6 mm in diameter and 3-4 mm in depth, drilled or pressed into
the sample, serves as the reference point for the measurements.

Since this technique essentially eliminates the container
problem, and the large transmission of 0.92 of the system implies only
small temperature corrections, consistencies of + 10°C at 3000°C
in homogeneously melting alloys are common. The overall temperature
uncertainties are composed of two parts: The precision (consistency) of the

measurements, and the uncertainties in the pyrometer calibration. They can

be computed from the relation o = + \] :r:': + n:r:n , 'where ¢ stands for

the overall temperature uncertainty, and L and T designate standard
error of the pyrometer calibration and precision of individual measurements,
respectively. Typical calibration uncertainties are + 10°C at 2300°C,

+ ~17°C at 3000°C, and 30°C (estimated) at 4000°C. These values, in con-
junction with the precision of the measurements referred to on the figures and
in the text, may be used to calculate the overall temperature uncertainties

involved in our measurements.

4, X-Ray Investigations

Since the structure of all phases occurring in this
alloy system were known from previous work, only powder diffraction patterns
with Cu-Ku-radia.tion were prepared fiom the alloys. The exposures were
made in a 57.4 mm camera on a Slemens Crystalloflex II unit, and a Siemens-
Kirem coincidence scale with micrometer attachment was used for measur -~
ing the films.

5. Chemical Analysis

The principle of the wet-chemical method used for the

boron analysis consists in converting bound or free boron to boric acid,
which then — after removal of interfering accompanying elements — is
10



determined by differential titration of the complex acid formed with mannitol.
The detailed procedures were analogous to those employed for titanium-
boron alloys and have been described in an earlier report(l4).

The standard combustion technique in conjunction with
a conductometric analysis for CO, was us ed for the determination of the total
carbon content. Oxygen and nitrogen were hot-extracted in a gas-fusion
apparatus using a platinum bath, and small impurity contents were determined

in a semiquantitative way spectrographically.

6. Metallographic Procedures

The specimens were mounted in a combination of
diallyl-phtalate and lucite-coated copper powder such as to provide an elec-
trically conductive path from the top of the mount to the polished sample
surface. After coarse grinding on sgilicon carbide paper with grit sizes
between 120 to 600, the samples were mechano-chemically polished, using
a slurry of 0.3 micrometer alumina and Murakami's solution on a nylon cloth.
Excellent contrasts between the various phases in the system could be obtained
by electro-etching in 2% NaOH: The hafnium phase was stained light-blue
and HfB appeared light-brown in color, while the diboride essentially remained
unaffected by the anodizing treatment. No etching was required for excess

boron-containing alloys.

C. RESULTS

1. E‘_l_:}e Ha.f_zlium Phase

For bafnium, a melting point of 2218 + 6°C was derived
from four measurements on cold-pressed and sintered samples, as well as
from DTA-measurements. Melting in the alloys with 2 and 5 atomic percent

is already two-phased and occurs at significantly lower temperatures

11
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{Table 3 and Figure 2). Metallographically, an alloy with 1 atomic percent
boron, quenched from Z2000°C is single phase at high temperatures (Figure 3).
The sample with ~2 atomic percent boron, prepared under similar conditions,
already shows scant traces of excess monoboride (Figure 4), which becomes

clearly recognizable in the alloy with a boron content of 4 atomic

percent (Figure 5).
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Figure 2. Melting Temperatures and Solid State Reaction
Isotherms in the Hafnlum-Boron System.
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Figure 3. Hf-B (1 At% B), Quenched from 2000°C, X1000

B-Hafnium (Transformed) and Small Amounts of
Monoboride Precipitations.

Figure 4. Hf-B (1.8 At% B), Quenched from 2120°C, X550

B-Hafnium (Transformed) with Monoboride Precipitations
and Traces of Excess Monoboride.
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Figure 5. Hf-B (4 At% B), Cooled with 4°C per Second X250
from 2000°C.

f-Hafnium (Transformed), and Excess Monoboride.

Addition of 1 atomic percent to boron prior to
electron-beam melting resulted in a lowering of the apparent transformation
temperatures from ~1800°C for the hafnium starting material (Section III-A),
to ~1770°C in the low-boron alloy. On the other hand, the thermal arrest
due to the a -B-transformation reaction appeared consistently at about 1800°C
in two-phased alloys Hf + HfB (Figure 6). A correlation of the data with
post-melting chemical analysis, however, revealed, that in the 1 atomic
perceat alloy practically all the boron had combined with the oxygen impurities
present in the starting material to form B,O,, which then volatilized during
the melting process; thus, one may assume, that the transformation tempera-
tures measured in this alloy (Curve A in Figure 6) probably correspond close
to that of pure hafnium, whereas the thermal arrests observed in the higher-

boron-alloys are representative of the temperature for the correspading reaction
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isotherm in the binary system. The apparent increase of the transforma-
tion temperature thus suggests the formation of the a-modification in a

peritectoid reaction according to:

p-Hf-ss + HIB — a-Hf-ss

T — 7°C SBC‘l A
/‘,
- I
4| = |
| ~ | = §°C-sec’
B
2000 1800 1600 1400

+—— TEMPERATURE,°C ———

Figure 6. a-p-Transformation in Boron-Desoxidized Hafnium
{A) and in a Hafnium - 6 Atomic Percent Boron Alloy (B).

{Electron-Beam Molten Alloys; Zr-Content After Melting:
""1 - 9 At%) L]

i.e., the hexagonal close-packed a-modification is stabilized to slightly
higher temperatures by dissolving small amounts ( =-1 At%) of boron. A
small,but finite boron solubility is also indicated by the slight increase of the
lattice parameters of the metal-phase upon addition of boron: In the average,
parameters of a = 3,20 3;, and c = 5.07 & were obtained for the metal phase

in excess monoboride containing alloys, which are noticeable larger than the

17



lattice dimensions of the starting material, for which a = 3.19, X and

a = 5,05, 2 were measured.

2. The Concentration Range Hafnjum-Hafnium Diboride

While melting of the samples with boron concentrations
of 5 and 10 atomic percent respectively was still two-phased, the alloy
with 15 atomic percent boron melted isothermal (Table 3). Two-phase melt-
ing was again noticed in the specimens with boron contents above 20 atomic

percent,

T [ T 1T 1 1171
Cooling Rate: 14°C-sec
eutectic
\/ solidification

,%-p-transform,

AT —*

- \
)

il

2200 2000 1800 1600 1400 1200
«— TEMPERATURE,°C —

Figure 7. DTA~Thermogram (Cooling} of a Hafnium-Boron Alloy
with 6 Atomic Percent Boron,
From the melting point measurements as well as the
differential-thermoanalytical studies (Figure 7) a temperature of 1880 +15°C
was derived for the metal-rich eutectic reaction isotherm, and the composi-

tion of the eutectic was bracketed to 13 + 2 At% B by metallographic inspection

13



of specimens quenched from temperatures above the eutectic line (Figures 8
and 9). Similar as experienced during the investigation of the titanium-

and zirconium-boron systems, the boride phases tend to segregate very
rapidly to the metal-grain boundaries (Figure 10 and 11), and rapid quenching
(>300°C per second) proved to be a necessity for retaining the eutectic

structure.

Figure 8. HI-B (10 At% B), Quenchsd from 1900°C, X500
Primary f-Hafnium (Transformed), and Hf + HfB
Eutectic.
As the equi-atomic concentration region is approached,
the incipient melting temperatures for the alloys increase to approximately
2100°C, but melting always remains two-phased, indicating a peritectic

reaction isotherm at this temperature (Figure 2). The first appearance of

19



Figure 9. Hf-B (13 At% B), Rapidly Quenched from 1900°C.
Hf + HfB Eutectic.

Figure 10. Hf-B (20 At% B), Quenched with~ 8°C per
Second from 1900°C.

Primary Monoboride in a Matrix of Largely Segregated
Hf + HfB Eutectic.
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Figure 11, Hf-B (30 At% B), Quenched with Approximately X500
20°C per Second from 1910°G.

Primary Monoboride, and Hf + HfB Eutectic (Partially
Segregated).

X-ray: a-Hf + HfB

diboride was noticed in the alloy with 48 atomic percent, which was quenched
from slightly above the peritectic line; no  monoboride was present in

the alloys quenched from temperatures far above the peritectic

line (Table 3). The very sluggish back-reaction, usually superimposed

onto the solidification peak of the rest eutectic was also noticed in the DTA-
experiments {Figures 12 and 13).

Metallographically, the peritectic reaction could be
traced down to boron concentrations of less than 30 atomic percent and
usually preceded to completion if the total boron content was less than
35 atomic percent and the cooling rates employed did not exceed 4°C per

second (Figures 14 through 16),
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Heating Rate: 3°C-sec -!

f\ Cooling Rate: 12°C- sec -!

eutectic
idification

peritectic decomposition
of HfB

eutectic melting .
a-p-H N
1 1 l | L

2200 2000 1800 1600 1400
+—— TEMPERATURE,®C

Figure 12. DTA-Thermogram of a Hafnlum-Boron Alloy with
40 Atomic Percent Boron.

Note Bivariant Melting Between 1900 and 2100°C on the
Heating, and Partial Superposition of Peritectic and
Eutectic Reaction on the Cooling Cycle.

X-ray After the Run: Hf + HfB + HiB,
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Figure 13, DTA-Thermograms (Cooling) of Hafnium-Boron
Alloys from the Concentration Range 50 to 60 At% B.

Spreaded Peaks Indicate Superposition of Eutectic and
Peritectic Reactiona,

A

X-rays After the Runs: Hf + HfB, + Smaller Quantities of
Monoboride.
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Figure 14. HI-B (30 At% B), Cooled with 3°C per Second X1000
from 2130°C,

Hafnium (Dark) and HfB, Formed in a Peritectic Reaction
Between Melt and Diboride.

/

{

Figure 15. Hf-B (35 At% B), Cooled with 8°C per Second X1000
from 2150°C.,

Initiation of Peritectic Reaction P + HfB2 —p HIB.
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Figure 16, Hf-B (30 At% B), Alloy from Figure 14 X850
Annealed for 225 hrs at 1650°C.,

Hf (Light), and Dark-Colored HfB.

While in the alloys with compositions less than 40
atomic percent, the peritectic formation of the monoboride from diboride
and melt appears fairly obvious from the appearance of the microstructures,
chance nucleation within the metal plase, followed by cmtinued growth of the mono-
boride nuclei in the direction of the boron-source (HfBz), seems to be the
predominant factor if the reaction in non-equilibrium mixtures Hf + HfBz is
allowed to proceed at subsolidus temperatures (Figures 16 through 22),
Nucleation of the monoboride phase, which appears to be the rate-controll-
ing step, occurs fairly rapidly at temperatures close to liquidus, and the
minimum amount of monoboride required for adequate growth propagation at
lower temperatures can also be formed comparatively fast by direct attack

of the melt on the diboride at temperatures between eutectic and peritectic
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Figure 17. Hf-B (40 At% B), Reannealed for 225 hrs. at 1650°C X1000
After Rapid Quenching from 2500°C,

HfB, + Hf (Somewhat Darker Shaded)
X-ray: Hf + HfB,

Figure 18, Hf-B (40 At% B), Quenched from 2500°C ; X750
Annealing: 1 Minute at 1850°C to 1880°C,
Followed by 225 hrs at 1650°C.

HfB_ (Light, Acicular Shaped), Hafnium (Slightly Shaded),
and Hafnium Monoboride (Dark).

X-ray: Hf + HfB + HfB,
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line (Figures 19, 21, 22). However, practically no monoboride is formed
upon reannealing of rapidly quenched (> 2200°C) alloys at temperatures

below 1650°C (Figure 17).
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Figure 19, Hf-B (40 At% B), Quenched from 2500°C. X120
Annealing: 2 Minutes at ~1950°C, Followed
by 225 hrs at 1650°C.

Hf + HfB, + HfB (Dark Phass)
Note Initial Peritectic Attack of Diboride by the Metal-

Rich Melt, and the Random Distribution of Monoboride
Within the Metal Grains.
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Fibure 20 b.

Figure 20 a) and b).

X400

X600

Hf-B (46 At% B), Quenched from 2600°C, and Heat-
Treated for 12 hrs at 1750°C.,

Nucleation and Growth of Hafnium Monoboride in
the Metal Matrix.
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Figure 21. Hf-B (46 At% B), Quenched from 2500°C . X250
Annealing: 10 Minutes at 2050°C, Followed
by 225 hrs at 1650°C.

Hf, HfB (Dark),and Rest Amounts of Hafnium Diboride
(Light Grains, Surrounded by Hafnium Monoboride).,

Figure 22 a. 6 Hours at 1750°C X325
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Figure 22 ¢

12 Hours at 1750°C + 225 Hours at 1650°C
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Figure 22 d. 225 Hours at 1650°C + 243 Hours at 1750°C.

Hafnium Monoboride and Small Amounts of
Excess Hafnium (Light Grains).

Figures 22 a) through 22 d):

Hf-B (48 At% B), Quenched from 2600°C., Nubleation of the
Monoboride: 2 Minutes at 2050°C.,

Formation of Hafnium Monoboride from Diboride and Hafnium

After Prolonged Heat Treatments at Subsolidus Temperatures.
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Although inconclusive, it seems to be worthwhile to mentin,
that the experimental observations also indicate a certaln dependence of the

)

of the alloys prior to quenching. One may suspect, that this phenomenon will

rate of back-reaction upon the degree of superheating (Tequil.-Tperitect.
have to do with temperature changes of a monoboride-type short range order:
prevailing in the melt at lower temperatures. Related effects have frequently
been obszrved in solid state decompositions of inorganic salts, such as
carbonates, etc. (“Erinnerungsvermggen”}.

X-ray inspection of monoboride~containing alloys, which
were reannealed for 160 hours at 1250° showed a slight, but noticeable
decrease of the amount of moncboride. This observation is in accordance

(6, 7), which indicated that HfB might undergo a

with our previous findings
decomposition towards lower temperature. However, prolonged heat treat-
ment studies (> 1000 hrs) at these temperatures will be necessary in order

to obtain a definitive answer to this problem.

Lattice parameter measurements on solid state equili-
brated samples showed practically no change of the cell dimensions of hafnjum
monoboride with the boron concentration; thus, the homogeneity range of the
phase must be very small, probably less than one atomic percent. The
average parameters measured were a = 6,51, X,b- 3.21, R, c= 4,94, x,
which are in good agreement with the parameters derived in the initial struc-
ture determina.tion(é' 0 (Table 2). Micrographic inspection of the alloys
further indicated [ compare for example Figure 22 (d)] that the phase is

located at compositions close to stoichiometry,

3. _I-Efnium Diboride, and Boron-Rich Equilibria

Alloys from the concentration range 60 to 33 atomic

percent boron melted extremely two-phased; due to the small amounts of
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melt formed in these alloys, inciplent melting generally could not be observed
until temperatures were reached, which were appreciably above the peritectic line.
Maximum melting, substantiated by a total of 16 measurements in this con-
centration range, occurs at 3380° and at a composition of v66 atomic per-

cent boron, Two~phased melting again was noted in specimens with analyzed
boron contents of 67.4 and 68.6 atomic percent.

The small homogeneity range of the diboride was
independently verified by lattice parameter calculations on an alloy series
which was equilibrated and then rapidly quenched from 2000*C (Figure 23):
Within the experimental error limits, no varlation of the lattice dimensions
with the boron concentration could be detected and no signs of precipitations,
which could be related to temperature-dependent phase boundaries, could be
found metallographically. As a matter of fact, due to the narrow homogeneous
range of the phase, it proved to be quite difficult to prepare truly single -

phased material (Figures 24 through 26).
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Figure 23. Lattice Parameters of Hafnium Diboride as a
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Figure 24. HI-B (63.0 At% B), Rapidly Cooled from 2600°C.

Hafnium Diboride and Excess Hafnium (Dark).

Figure 25. Hf-B (64.8 At% B), Rapidly Cooled from 2700°C,

Hafnium Diboride and Small Amounts of Grain Boundary
Hafnium,
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Figure 26 a.

Figure 26 b.

65.3+0.3 At%, 2800°C

HfBz + Hf

65.6 + 0.3 At%, 2800°C

Hf.Bz + Hf
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Figure 26 c.

Figure 26 d.

66.0 + 0.3 At%, 2800°C

Hﬂ32 + Trace Hf

66.6 + 0.3 At% B, 2400°C

HfBz + Trace Boron
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Figure 26 g. 67.9 + 0.3 At% B,

HfBzi-B
:
Ve

Figure 26 h. 68.8 + 0.5 At% B,

H£Bz+-B
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Figure 26 i. 72 At% B, 2800°C. X750

HfBz + B

Melting point determinations on high-boron (> 85 At% B)
were difficult to perform with the Pirani-method; the electrical conductivity
of the samples was poor at low temperatures, and preheating of the samples
with a foreign heat source, such as described in the experimental work on
the zirconium-boroa system(lz), did not provide the desired accuracy
(Table 3). The corresponding experimental points were therefore omitted
in the compilation drawing shown in Figure 2. The finally accepted tempera-
ture for the boron-rich eutectic reaction isotherm (Figure 1) is based mainly
upon results gained in the differential-thermoanalytical studies (Figure 27).

Metallographic examination of arc melted specimens

with boron concentrations between 90 and 99 atomic percent always showed

primary crystallized hafnium diboride in a eutectic matrix, which contained
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Figure 27. DTA-Thermogram of a Hafnlum-Boron Alloy
with 80 Atomic Percent Boron.

only minute quantities of diboride. The higher diboride contents of the
eutectic, as suggested by the microstructures shown in Figure 26 (a) through
26 (1), apparently must have been caused by trapping of diboride crystals in
the boron-rich melt during the rapid quenching process. Generally, the
microstructures of the high-boron alloys were of comparable poor quality

and were therefore not taken up in the report.
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Iv. DISCUSSION

A comparison of the three group IV metal-boron systems reveals,
that zirconium-boron falls somewhat out of line in its phase behavior, as
no stable monoboride is formed; on the other hand, a dodecaboride only
exists in the zirconium-boron system, whereas no phases richer in boron
than the diboride occur in the other two group IV metal-boron systems.
Although no detailed thermodynamic quantities are available for either com-
pounds other than the diborides, a somewhat closer inspection of the phase
diagrams indicates only marginal relative stabilities for TiB and HfB, as
well as for the dodecaboride in the zirconium-boron system. Thus, one may
suspect, that only small variations in the stabilities of the diborides would be
necessary to control the appearances of phases other than the diborides in
these systems; an immediate decision, whether, say, the hypothetical zirconium
monoboride is of lower stability than its counterparts in the titanium- and
hafnium-boron systems, may therefore be deceiving. Quantitative compari-
sions for cases where instable compounds are involved, are only possible
from an thermodynamic evaluation of the equilibria in higher order systemsllf’) .
For the specific boride phases under discussion, such a comparative analysis
is presently being performed using data from ternary phase equilibria in the

systems Ti-Hi{-B, Ti-Zr-B, and Zr-Hf-B, and the results will be summarized

in another report issued under the present program.,
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