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FOREWORD 

The work described in this report wa~arried out at the Materials Research Laboratory, Aerojet-General Corp ation, Sacramento, California, under USAF Contract No. AF 33(615)-1249. The contract was initiated under Project No. 7350, Task No. 735001. The program is administered under the direction of the Air Force Materials Laboratory, Research and TP.chnology Di vision, with Captain R. A. Peter son and Lt. P. J. Mar chiando acting as Project Engineers and Dr. E. Rudy, Aerojet-General Corporation as Principal Investigator. Professor Dr. Hans Nowotny, Universily 0£ Vienna, served as consultant to the project. 

The project, which includes the experimental and theoretical investi­gation of related binary and ternary systems in the system classes Me -Mel-C, Me-B-C, Me -Me
2
-B, Me-Si-B, and Me-Si-C, w-,u initiated on 1 January 1'164. 

The phase diagram work was performed by E. Rudy and St. Windisch. Assisting in the investigation s we r e : J. Pomodoro (preparation of sample material), T. Eckert (DTA-runs ), J. Hoffman (met&Uographic preparations), and R. Cobb (X-ray expos ur s ). 

Chemical analy1l1 f th a lloy s wa1 pe rformed under the supervision of Mr. W. E. Trahan, Qua lity ntr o l Dlvi lon of Aerojet-Gen,!ral Corporation. The authors whh to ~ha nk Mr , R. C r i t ni for the pr eparation of the illustra­tions and Mrs. J, W idn r , whu t yt> d th r e port. 
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ABSTRACT 

The binary alloy 1ystem hafniwn-boron has been investigated by 
mean• of X-ray, metallographic, melting point, and differential-thermo­
analytlcal techniques. The experimental alloy material comprhed of hot­
pre11ed 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 prese nt investigation, which resulted in the 
establishment of a complete phase diagram for the system, are discussed and 
compared with previously established system d&ta. 
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I. INTRODUCTION AND SUMMARY 

A. INTRODUCTION 

In ~ite of tre increased interest in hafnium-boron alloys 

over the past few years - hafnium diboride ii the most oxidation resistant 

boride known to date( 1 L comparatively little is known about the high tem­

perature phase relationship• 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 diagram was undertaken. 

Difficulties encountered during the c ourse 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 homogeneous alloy material required 

for good metallographic work. 

B. SUMMARY (Figure 1 and Table 1) 

Two intermediate phases, a perite · tically 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 exi1t. 
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1. The Hafn.ium Phase 

13-hafnium melts at ZZ18 .±. 6•c. The low temperature, 

hexagonal close-packed (ci) modification, transforms at 1795 .±. 35 •c (extrapo­

lated to l 00o/o Hf) into the body-centered cubic high temperature (13) allotrope. 

13-Hf enters a eutectic reaction with the monoboride; 

the eutectic point is located at 13 .±. Z Ato/o B and a temperature of 1880 .±. 15•c. 

The solid solubility of boron in 13-Hf at thh temperature is less than Z atomic 

percent, and boron additions have little effect upon the ci-13-transformation 

in hafnium. NevertheleH, a slight increase (1795• for pure hafnium, to 

1800 - 18Z0°C in exceS1 monoboride containing alloys) is observed, which 

s •.1ggests a peritectoid reaction process in the binary: 

HfB (BZ 7) + 13-Hf-ss '-7 ci-Hf-ss 

z. Hafnium Monoboride (BZ7) 

Hafnium monoboride probably occurring with a boron 

defect of approximately o.:ie (1) atomic percent, has an orthorhombic BZ7 

(FeB)-type of crystal structure (a = 6.51 1 i; b = 3.211 i; c = 4.9Zci i). The 

phase, which has a negligible range of homogeneity, forms in a peritectic 

reaction at z1oo•c from diboride and melt according to: 

P ("-24 Ato/o B) + HfB
2 
~ HfB 

The phase forms by nucleation in hafnium or :.:he hafnium-rich melt. T~e 

nucleation reaction appears to be very slow at temperatures below "'165o•c; 

thus, the monoboride cannot be obtained within feasible lengths of time upon 

reannealing of high-temperature (>ZZ00•c)-quenched alloys at lower tem­

peratures. Although not specifically investigated and therefore unproven, 

there are indications, that the monoboride is unstable below "'iz5o•c, decom­

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

3. Hafnium Diboride 

80 100 
B 

Hafnium diboride, with an hexagonal, C 32. (AlB
2
)-type 

of crystal structure (a = 3.142. i; c = 3. 447 i) and~ negligible range of 

homogeneity (< 2. At°lo B) over its entire temperature range of existence, 

melts congruently at 33B0•c at the stoichiometri c: composition. The phase 
' 

enters a eutectic equilibrium ("' 99 Ato/o B, 2.065•C) with boron. 
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Table 1. Isothermal Reactions in the System Hafnium-Boron 

-- Goinpos1tions of 
Temperature, the Equilibrium 

·c Reaction Phases, At%B Type of Reaction 

3380· L ➔HfB 2 66 66 -- Congruent Transformation 

221a• L -+13-Hf 0 0 -- Melting Point of Hafnium 

2100• L + HfB2-+ HfB 24 65 49 Peritectlc Reaction 

2100· L➔B 100 100 -- Melting Point of Boron 

2065• L➔HfB 2 + B "-99 66.6 100 Eutectic Reaction 

1aao• L-+13-Hf +HfB 13 <2 "'49 Eutectic Reaction 

"-l800• 13-Hf + HfB -+(H{f "'1 "-49 <l Peritectic Reactio~'l 

1795• 13-Hf-+ <PHf 0 0 -- a- ~Transformation in 
Hafnium 

. 

< 12so• HfB-+o-Hf t HfB
2 

"'49 <l "'66 Eutectiid Decomposition 
of HfB 
-

• Not fully ascertained 

II. LITERATURE REVIEW 

Two intermtst&lllc phases, a refractory diboride with a hexagoru>.l 

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, lsomorphous with the other diborides of the group 

rv. V, and VI metal diborides, ha• a hexagonal, C32 (A1B
2
)-type of crystal 

structure with a = 3. 141 i, and c = 3. 470 i <2). Melting temperatures 
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reported for this phase include: "'31 oo•c (K. Moers, 1931 (
3

); C. Agte and 

K Moers, 1931(4)), 3z4o•c (F. W. Glaser, et.al. 1953(2)), and 306o•c 

(5) 
(R. Kieffer, et.al., 1952 ). 

In addition to the diboride, a face-centered cubic (B 1) compound with 

a lattice parameter of a. = 4.62 iwas observed by P. W. Glaser,et.al. <2
> 

in hot-pressed hafnium-boron alloys, and it.ttributed to a phase HfB. Later 

investigations by E. Rudy and F. Benesovsky(
6

) on high purity sample 

material showed that the true binary compound is ~rthorhombic (B27-type), 

with a = 6.517 }t; b = 3.218 }t, and c = 4.919 }t, and that the previously 

observed B 1-phase probably corresponded to an impurity phase Hf (0, N, C). 

This latter interpretation is also sugg e sted by a com pa rison of tre lattice pa ram­

eters, since the cell dimensio:1 given for the 'monoborlde ' generally lie 

between those of the binary compounds of hafnium with the corresponding 

impurity elements: aHfC = 4.61 to 4.64 }t; aHfN = 4.525 to 4.5Z }t. 
1-x 1-x 6 

A cubic (Bl) monoboride would have the much lat"ger parameter of "-4. 70 }t ( ) . 

Structural details on hafnium borides as well as a collection of lattice 

para.meter cu.ta are presented in Table (Z). 

No systematic phase diagram investigations were carried out i i'.he 

sys tem, and tentative diagrams proposed(7' 8) were mainly based on esti­

m ates. Recently, L. Kaufman and E. V. Clougherty(l) have measured a 

eutectic temperature (Hf+ HfB) of l 960•c, and a peritectic decomposition tem­

perature for HfB in excess of Z400•C. 

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

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

11 Ha.rtstoffe 11
(
9) may be consulted. 
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Table Z. Structure and Lattice Parameters of Hahium Bor1des 

- -
Lattice Parameters, i 

Phase Structure Literature Values This Investisation -• HfB Cubic, Bl 4.62 (Z) not confirmed -
HfB 0 rthor hombic a = 6.s11i a = 6. s 11i 

BZ 7-typ e(FeB) b = 3.Zl8 i (6, 7) b = 3.Zl8i 

c = 4.919l C = 4. 92.0 i 

H!Bz Hexag .C 3Z-type a = 3. 141 a = 3. 142 i 
(AlB

2
) 

C = 3.470 (Z) 
C = 3.477 i (Hfo,, Zro.HBz 

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

W. EXPERIMENTAL PROGRAM 

A. STARTING MATERIALS 

The elements as well as hafnium diboride served as the 

starting materials for the experimental investigations. 

Hafnium spo:ige and hafnium metal powder (<lZ0 µ) 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-SS, Mo-40, N-200 (<300), 0-810 {<1000), 

Si-<40 (10), Ta-<200 (400), Ti-2.0, W-2.3S, sum of all other impurities-<100. 

The hafnium powder, which also contained 4.1 atomic percent zirconium, 

had lattice parameters of a = 3.19, i; c = S. 0S1 i, which compare favor-

ably with reported lite ratur e values of a = 3. 194 to 3. 199 i, and c = S. OS l 0 

to S. 06Z i ( l O). 

*The concentration figures given in the brackets are data from a control 
analysis performed at the Analytical Chemistry Laboratory at Aerojet-General 
Corporation . 
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The hafnium sponge had the following impurities (contents in ppm): Al-94, Cu-<40, Fe-185, Cl-100, Mg-45J, N-30, O-680, Si-<40, Ti-250, W-<7. The zirconium content of the sponge was 4 atomic percent. The DTA- an1.lyses, which yielded apparent transformation temperatures of 1770 to 1soo•c for the arc molten metal powder and the sponge hafnium, are compatible with the values to be expected from the combined interstitial impurity contents(l 1). 

Boron powder in a purity of 99. 55,. was purchased from United Mineral and Chemical Corporation, New Yot>k. Major impurities were iron (0.Z5o/o) and carbon (0. lo/o). 

The diboride powder was prepared by direct combination of the elements at high tempera tu res. Hafnium and boron react violently to form the dlboride; therefore, a master alloy containing 85 atomic. perce.:it boron was prepared fir st, which then was reacted in second step with the necessary amount of hafnium to form the stoichiometric dlboride. The detailed procedures followed were analogous to those described for zirconium diboride in a previous report( ll). After the final reaction, , hich was allowed to proceed at temperatures between 180J and zooo•c, the reaction lumps were crushed and comminuted by ball-millin to a grain size smaller th.an 4 7 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 metallorJraphically detectable quantities of monoboride, gave an average boron content of 65. 0 ±. 0. 3 atomic percent; it also contained 0. 018 Wto/o carbon. Oxygen, nitrogen, and hydrogen were present in quantities less than 200 ppm. 
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A semiqua.ntitative spectrographic analysis indicated the following additional 

impurities (in ppm): Fe-<200, Si-<Z00, Mg-<100, Ca-<500, Co, Ni, Mn, 

Cr, Mo-<100, Ti-300. V, W, Ta, and Nb were below the detectable level. 

B. EXPERIMENTAL PROCEDURE.5 

1. S-lm.£!!._Prep-:uation and He:at 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 concentration• in excess of 

60 atomic percent were hot-pr.- c; sed, 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 addltlon to the hot- and cold­

pressing, a number of specimens were arc- or electron-beam melted £'lrior 

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. Brev. Company. Main equilibration temperature for the study of the solid 

state portion of the system was 1400•c (80 hrs); additional homogenization 

treatments were c~rried out at 1z5o•c (140 hrs), 160o•c (60 hrs), 180o•c 

( 10 hrs), and 2000•c (2 hrs), and the formation of the monobnride 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 1aoo•c. 

Rapid quenching of the alloys after equilibration .\.t temperatures in excess 

of zooo•c was achieved by dropping the resistively heated specimens into 

a tin bath, which was preheated to 300•c. 

8 



alloys, the 

Approximately one-fourth of the experimental 

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 ui: ~o 3 atomic percent, the concentration stability of the samples 

was usually better than one atomic per cent with regard to the weighed-in 

compositions. 

z. Differential Thermal Analysis 

Details of the OTA-setup and the calibration 

procedures have been described earlier{l 3 , lS). Specimens with boron con -

centration below SO atomic percent were r n UllEr vacuum as well as under a 

protective atmosphere of 1/ Z atm high purity helium: the furnace 

chamber was pressurized with high purity helium to approximately 1 1/ Z 

atmospheres for higher-boron alloys. To retard interaction between the test 

samples and the container in the DTA-experiments, t e walls of the graphite 

sample holder were lined with either tantalum or hafnium diborid,~; this 

particular choice of liner materials limited the useful operating range to tem­

_t,leratures below 2450 °G. 

3. Determination of Meltin.&....Poin~ 

The melting temperatures of the alloys were determined 

using the previously describei l 3) Pirani-technique: A .'.imall sample bar, 

with dimensions varying betw~en 4 x 4 x ZO mm to 10 x 10 x 40 mm in length, 

is clamped between two water-co,::,led copper-electrodes, and heated resi s­

tively to the temperatut·e of the phase change. The temp e ratures ar e 

measured optically with a disappearing-filament type pyrometer through a 

quartz window in the furnace wall. A small black body hol c , gene rally in the 
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order of 0. 6 mm in diameter and 3-4 mm in depth, drilled or presaed into 
the sample, serves as the reference point for the measurements. 

Since this technique essentially eliminates the container 
pro lem, and the large transmission of O. 92 of the system implies only 
small temperature corrections, consistencies of + 1o•c .a.t 3000°C 

in homogeneously melting alloys are common. The overall temperature 

uncertainties are compoaed of two parts: The precision {consistency) of the 
measurements, and the uncertainties in the pyrometer calibration. They can 

• - ~ z be computed from the :elation tr = !. fl c 
z I -+ fl , where tr stands for m 

the ~erall temperature uncertainty, and er and ·fl designate standard C m 
error of the pyrometer calibration and precision of individual measurem.eni-s, 
respectively. Typical calibration uncertainties are .:t, 1o•c at 2300°C, 

.:t, "-l 7'C at 3000•c, and 30°C {estimated) at 4000•c. These values, in con­
junction with the precision of the measurements refer red to on the figures and 
in the text, may be u . ed to calculate the overall temperature uncertainties 
involved in our measurements. 

4. X-Ra.y Investigation_s 

Since the structure of all phases occurring in this 
alloy system Yoere known from previo1JS work, only powder diffraction patterns 
with Cu-K -radiation were prepared f.l om the alloys. The exposures wt~re Q 

made in a 57. 4 mm earner;. on a Siemens Crystalloflex II unit, and a Sierr ens-
Kirem coinc ' ~ence 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 inte de ring accompanying elements - is 
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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(l 4 ). 

The standard combustion technique in conjunction with 
a conductometric analysis for CO

2 was used ~.>r the determination of the total 
carbon content. Oxygen and nitrogen were hot-extracted in a gas-fusion 
apparatu1 using a platinum bath, and small impurity contents were cietermined 
in a semiquantitative way spectrographically. 

6. ~llographic 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 
su:rface. After coarse grinding on silicon carbide paper with grit sizes 
between 120 to 600, the samples were mechano-chemically polished, using 
a slurry of O. 3 micrometer alumina and Murakami's solution on a nylon cloth. 
Excellent contrasts between the various p~ses in the system could be obtained 
by electro-etching in Zo/o Na.OH: The hafnium phase was stained light-blue 
and HfB appeared light-brown in coJ.or, while the diboride essentially remained 
unaffected by the anodizing treatment. No etching was required for excess boron-containing alloys. 

C. RESULTS 

1. The Hafnium Phase - ·---
For hafnium, a melting point of 22 i8 6 •c was d - rived 

from four measurements on cold-pressed and sintered samples, as well as 
from OTA-measurements. Melting in the alloys with 2 and 5 atomic perc nt 
is already two-phased and occurs at significantly lower temperat ires 

11 



T
a
b

le
 3

: 
M

e
lt

in
g

 T
e
m

p
e
ra

tu
re

s
 o

f 
H

a
fn

iu
m

-B
o

ro
n

 A
ll

o
y

s 
a
n

d
 Q

u
a
li

ta
ti

v
e
 P

h
a
s
e
 E

v
a
lu

a
ti

o
n

. 

M
e
lt

in
g

 T
e
m

p
s
. 

·c
 

X
-R

a
y

 

N
o

. 
N

o
rn

. A
n

a
l 

In
c
ip

ie
n

t 
C

o
ll

a
p

se
 

M
e
l t

in
e:

 
P

h
a
s
e
s
 

L
a
tt

ic
e
 P

a
ra

m
e
te

rs
, 
i 

M
e
ta

.l
lo

2
r a

p
h

y
 

1 
0 

n
. 
d

. 
2.

2.
18

+
6 

2
2

1
8

+
6

• 
S

h
a
rp

 
n

.d
. 

n
.d

. 
S

in
g

le
 P

h
a
s
e
 H

f 
-

-
2 

2 
1

.8
 

2
0

4
1

 
2

1
2

2
 +

 
h

e
te

ro
g

 
H

f+
 H

fB
 

H
f:

a
=

3
2

0
2i.

; 
c
=

5
. 
0

7
~

 
H

f 
+

 T
ra

c
e
 H

fB
 

3 
5 

4
.9

 
1

9
0

4
 

1
9

7
3

 +
 

h
e
te

ro
g

 
H

f+
 H

fB
 

n
.d

. 
H

f
+

 H
!B

 

4 
1

0
 

1
0

 
1

8
7

2
 

1
9

0
5

 ♦
 

s
l.

 
h

e
te

ro
g

 
H

f+
 H

fB
 

n
.d

. 
H

f 
+

(H
f+

 H
fB

)E
u

te
c
. 

5 
1

5
 

n
.d

. 
1

8
7

8
 

1
8

7
8

 •
 

s
h

a
rp

 
n

.d
. 

n
. 

d
. 

H
fB

 +
(H

f+
 H

fB
)E

u
te

c
. 

I 
6 

2
0

 
n

. 
d

. 
1

8
8

5
 

1
8

9
7

 ♦
 

h
e
te

ro
g

 
n

. 
d

. 
H

f:
a
=

3
. 2

0
~

; 
c
=

5
. 
0

8
z
i 

H
fB

 +
(H

f+
 H

fB
)E

u
te

c
. 

I 
7 

2
3

 
n

.d
. 

1
8

9
6

 
1

9
0

5
 ♦
 

h
e
te

ro
g

 
n

.d
. 

n
.d

. 
n

.d
. 

I 

8 
2

5
 

n
. 
d

. 
I 

1
8

9
8

 
1

9
0

8
 t'

 
h

e
te

ro
g

 
H

f+
 H

fB
 

n
.d

. 
n

. 
d

. 
I 

- "' 
9 

2
8

 
n

. 
d

. 
I 1

8
9

4
 

1
9

0
3

 •
 

h
e
te

ro
g

 
H

f+
 H

fB
 

n
.d

. 
n

. 
d

. 

I 
1

0
 

3
0

 
n

.d
. 

I 
1

8
8

2
 

1
9

1
1

 •
 

h
e
te

ro
g

 
H

f+
H

f.
d+

'I
m

oe
 H

fB
2 

n
.d

. 
n

. 
d

. 
I 

I 

1

1
1

 
3

5
 

n
. 

d
. 

1
9

0
0

 
2

0
2

2
 t

 
h

e
te

ro
g

 
H

f+
 H

fB
 

H
fB

:a
=

6.
 5

1
8

~
;b

=
3

.2
1

.i
;c

=
4

.9
2

0
i.

 
H

fB
 +

 H
f 

1
2

 
3

7
 

n
. 
d

. 
1

9
0

3
 

2
0

2
4

 t
 

h
e
te

ro
g

 
. 

H
f+

 H
fB

 
n

.d
. 

H
fB

 +
 H

f 
-r

 T
ra

c
e
 H

fB
2 

i 1
3

 
4

0
 

n
. 
d

. 
1

8
9

9
 

2
0

4
4

 t 
h

e
te

ro
g

 
H

f+
 H

fB
 

H
fB

:a
=6

.5
1

7i
;b

=
3.

21
6i

; 
c
=

4
.9

1
~

 
H

fB
 +

 H
f 

I 
1

4
 

4
5

 
n

. 
d

. 
1

9
0

6
 

2.
03

3 
t 

h
e
te

ro
g

 
H

f+
 H

fB
 

H
fB

:a
=

6
 .5

l~
;b

=
3

 .Z
l~

;c
=

4
 .9

2
~

 
H

fB
 +

 H
f 

1
5

 
4

8
 

4
7

 
I 

1
9

9
5

 
2

1
1

1
 •

 
h

e
te

ro
g

 
H

f+
H

fB
+

H
fB

Z
 

n
.d

. 
H

f+
 H

fB
 +

 H
fB

Z
 

1
6

 
5

0
 

4
8

. 
5 

2
0

6
5

 
2

1
5

8
 ♦
 

h
e
te

ro
g

 
H

f+
H

fB
+H

fB
2 

n
. 

d
. 

H
f+

 H
fB

 z +
 L

it
tl

e
 H

fB
 

1
7

 
51

 
5

0
.5

 
21

02
. 

2
1

8
9

 t
 

h
e
te

ro
g

 
H

f +
H

fB
+

H
fB

2 
H

fB
:a

=
6

 .5
1

,i
;b

=
3

.2
1

~
;c

=
4

.9
2

c)
l 

H
f+

 H
fB

2 
+

 T
r
a

c
e
 H

fB
 

1
8

 
5

3
 

n
.d

. 
2

1
2

0
 

2
3

4
3

 t 
h

e
te

ro
g

 
H

f+
 H

fB
Z

 
n

. 
d

. 
H

f+
 H

fB
2 

+
 '

lh
t.

ce
 H

fB
 

1
9

 
5

7
 

n
. 

d
. 

2
1

4
8

 
2

4
5

6
 ♦
 

h
e
te

ro
g

 
H

f+
 H

fB
/1

\a
ce

H
S

 
n

.d
. 

H
f+

 H
fB

2 
2

0
 

6
0 

6
0 

2
2

1
2

 
2

6
2

0
 ♦
 

h
et

er
o

g
 

H
f

+ 
H

fB
2 

n
.d

. 
H

f+
 H

fB
 z 

2
1

 
6

2
 

6
2

 
2

1
9

9
 

3
0

1
2

 +
 

h
e
te

ro
g

 
H

fB
Z

 
H

fB
2:a

=
3

. 
4

7
7

i;
c
=

3
.1

4
2

.A
 

H
f+

 H
fB

2 

2
2

 
6

3
 

n
. 
d

. 
2

7
5

6
 

3
1

8
2

 ♦
 

h
e
te

ro
g

 
H

fB
Z

 
H

fB
2:a

=
 3

. 
4 

7 
7)

\.
;c

=
3 

.l
 4

2i 
H

f+
 H

fB
2 

2
3

 
6

4
 

6
3

.0
 

3
2

0
5

+
2

5
 

3
3

1
7-

r2
8

 
h

e
te

ro
g

 
H

fB
Z

 
n

. 
d

. 
H

fB
2 

+
 L

it
tl

e
 H

f 

2
4

 
6

5
 

n
. 
d

. 
3

3
3

4
~

3
~

 3
3

-1
6

+
1

8 
fa

ir
ly

 s
h

a
rp

 
H

fB
Z

 
H

fB
 :

a
=

3
. 
4

7
4

~
;c

=
3

.1
4

J
l 

H
fB

 z
 +

 T
ra

c
e
 H

f 
2 



-I.,.) 

T
a
b

le
 3

 (
c
o

n
ti

n
u

e
d

) 

M
e
lt

in
g

 T
e
m

p
s
. 

·c
 

N
o

. N
 o

m
.. 

A
n

a
 1

. 
In

ci
p

ie
::

it
 C

o
ll

a
p

se
 

M
el

ti
n

g
 

2
5

 
6

6
 

6
5

. 
1 

I 3
3

8
0

+
2

0
 

3
3

8
0

+
2

0
 

sh
a

r
p

 

2
6

 
6

7
 

6
6

. 
4 

3
3

4
6

+
2

5
 

3
3

4
6

+
2

5
 

fa
ir

ly
 s

h
a
rp

 

2
7

 
6

8
 

6
7

. 
4 

2 
2

4
4

6
 

3
2

5
5

 
h

e
te

ro
g

 

2
8

 
6

9
 

6
8

.6
 

2
2

0
0

 
3

1
4

0
 

h
e
te

ro
g

 

2
9

 
7

2
 

71
 

2
0

5
8

 
3

0
9

8
 

h
e
te

ro
g

 

3
0

 
7

5
 

n
. 
d

. 
2

0
6

5
 

2
5

9
8

 
h

e
te

ro
g

 

31
 

9
0

 
n

.d
. 

2
0

8
0

 
2

1
4

0
 

h
e
te

ro
g

 

L
e
g

e
n

d
: 

♦ 
q

u
e
n

c
h

e
d

 
n

. 
d

. 
n

o
t 

d
e
te

rm
in

e
d

 

X
-R

a
y

 

P
h

a
s

-e
s 

L
a
tt

ic
e
 P

a
ra

m
e
te

rs
, 

i 
M

e
ta

ll
o

a
ra

p
h

y
 

H
fB

Z
 

H
fB

 2:a
 =

 3
.4

 76
X

. ;
c
 =

 3
.1

4
2

jl
 

H
fB

Z
 

H
fB

Z
 

H
fB

2:a
=

3
.4

 7
6

jl
;c

=
3

.1
4

Z
X

 
H

fB
2 

+
 T

ra
c
e
 B

 

H
fB

Z
 

H
fB

2:a
=

3.
4 

7
7i

;c
=

3
.1

4
2

jl
 

H
fB

2 
+

 B
 

H
fB

Z
 

I 
n

.d
. 

H
fB

Z
 +

 B
 

H
fB

Z
 

H
fB

z:
a=

3
.4

7
7~

;c
=

3.
 1

4
z
i 

H
fB

Z
 +

 B
 

H
fB

Z
 

n
.d

. 
H

fB
Z

 +
 B

 

H
fB

Z
 +

 B
 

n
.d

. 
H

fB
Z

 +
 B

 

f ! 



(Table 3 and Figure 2.). Metallographically, an alloy with l atomic percent 

boron, quenched from 2.ooo•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). 

3500 

0 
Hf 

• Incipient melting 
o Specimen collapsed 
• Sharp melting (Tinc·T coll•) 
■ By OTA 
□ Signal very weak 

20 40 60 
ATOMIC I BORON 

----------

80 

Figure 2.. Melting Temperatures and Solid State R ea c tion 
Isotherms in the Hafnium-Boron Syste m. 

14 

100 
B 



.. ^ y / '

a/-

Figure 3. Hf-B (1 At% B), Quenched froir. dOOO”C.

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

XIOOO

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

|3 Hafnium (Transformed) with Monoboride Precipitations 
and Traces of Ebccess Monoboride.



,1 V J

■J

f r
.V'\

Figurt- 5. Hf-B ( J At% B). Cuolud with 1 “C per Secjiid 
from <dOOU°C .

(5-Hafniuni (Transformed), and Excess Monoboride,

X2S0

Addition of 1 atomic percent to boron prior to 

electron-beani melting resulted in a lowering of the apparent transformation 

temperatures from '^ISOO'C for the hafnium starting material (Section III-A), 

to ’'•ITTO'C in the low-boron alloy. On the other hand, the thermal arr» st 

due to the a-jl-transformation reaction ajjpeared consistently at about 1800°C 

in two-phased alloys Hf t HfB (Figure 6). A correlation of the data with 

post-melting chemical analysis, however, revealed, that in the 1 atomic 

percent alloy practically all the boron had combined with the oxygen impurities 

present in the starting material to form B^O,, which tlien volatilized during 

the melting process; thus, one may assume, that the transformation temj<era- 

tures measured in this alloy (Curve A in Figure o) probably correspond close 

to that of pure hafnium, whereas the thermal arrests observed in the higher- 

boron-alloys are representati\e of the temperature for t!i cor n. spoiui n.action



·-

isothenn in the binary system. The apparent increase of the transforma­

tion temperature thus suggests the formation of the Q-modlfication in a 

pedtectoid reaction according to: 

13-Hf-ss +- HfB _. Q-Hf-ss 

i 
7°C, sec- 1 t _. 

A ._ 
<1 > -

1 
8 

2000 1800 1600 1400 
• TEMPERATURE, °C 

Figut'e 6. Q-13-Transformation in Boron-Desoxidized Hafnium 
(A) and in a Hafnium - 6 Atomic Perc ent Boron Alloy (B). 

(Electron-Beam Molten Alloys; Zr-Co:1tent After Melting: 
""l. 9 Ato/o). 

i.e., the hexagonal close-packed <1-modification is stabilized to slightly 

higher temperatures by dissolving small amounts ( 5 1 At%) of b.lron. 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 i, and c = 5.07 ~ were obtained for them tal phi\se 

in excess monoboride containing alloys, which are noticeabl e larg than th 

17 



lattice dimensions of the starting material. for which a = 3. 196 i and 

a .::. 5.057 ~ were, measured, 

z. The Concentration Range Hafnium-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 Z0 atomic 

percent. 

Cooling Rate: 14°C•sec 1 

t l 
( 

eutectic 
sol id if ication 

/ oc - ~-tran storm. 

> -
1 

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 measuremen ts .,1s well as th 

differential-thermoanalytical studies (Figure 7) a temperature of 1880 ±_ l5 0C 

was derived for the metal-rich eutectic reaction isotherm. and the compo s i­

tion of the eutectic was bracke ted to 13 ±. Z At% B by metallographic inspe cti on 

18 



of sp» cimens quenched from temperature>, above the eutectic line (Figures 8 

and 9). Similar as experiem t d during the investigation of the titanium- 

and zirconium-boron systems, the boride phases tend to segregate very 

rapidly to the meUl-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. Hf-B (10 At% B), Quenched from 1900*C.

Primary ^3-Hafnium (Transformed), and Hf + HfB 
Eutectic.

XSOO

As the equi-atomic concentration region is approached, 

the incipient melting temperatures for the alloys increase to approximately 

^100•C, but melting always remains two-phased, indicating a perit. ctic 

reaction isotherm at this temperature (Figure Z). The first ai.pearance of



:K

Fij>ure 9. Hi-B (15 At% B), Rapidly Quenched from 1900*C. 
Hf • HfB Euleitic.

X500

Figure 10. Hi-B (dO At% B). Quenched Mth - y *C per X600
Second from 1900*C.

Primary Monoboride in a Matrix of l.argely Segregated 
Hf + HfB Eutectic.



Figure 11. Hf-B (30 At% B), Quenched with Approxirruitely X500 
20*C per Second irom 1910*C.

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 allovs quenched from tem|u-ratures far abo\e tlie perltei tic 

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 ,^nd 13).

Metallographically, the peritectic reaction cuuld be 

traced down to boron concentrations of less than 30 atomic percent and 

usually preceded to completion if the toUl 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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l 
.... 

<I 

t 
> -

2200 
• 

Heating Rate: 3°C- sec • 1 

Cooling Rate: 12°C· sec •1 

peritectic decomposition 
of HfB 

eutectic melting 

cr-,-Hf 

2CXX> 1800 1600 
TEMPERATURE.°C -

1400 

Figure lZ. DTA-Thermogram of a Hafnium-Boron Alloy with 
40 Atomic Percent Boron. 

Note Bivariant Melting Between 1900 and Zl00•c on the 
Heating, and Partial Superposition of Peritectic and 
Eutectic Reaction on the Cooling Cycle. 

X-ray After the Run: Hf + HfB + HfB
1 



Cooling ates: 12°c. sec-1 

f l Hf-SOAtl 8 --. 
... 
~ 

> -
! 

Hf-SS All B 

I 
2200 2(D) 1800 1600 

• TEMPERATURE, °C -
1400 

Figure 13. DTA-Thermograms (Cooling) of Hafnium-Boron Alloys from the Concentration Range SJ to 60 Ato/o B. 
Spreaded Peaks Indicate Superposition of Eutectic and Peritectic Reactio.:i. 

X-rays After th ~ Runs: "if + HfB
2 

+ Smaller Quantities of Monoboride. 
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vS:.^ 

1' -
y'W

• * '^^~‘.

^3^

Figure 14. Hl-B ( ^' At', B), t;,,t,ucl Aith ^ C per Second XIOOO
(rwin il 1 50“C .

H.ifiuutn (Dark) and 11115, Forti;. d in a Peritectic Reaction 
Between Meit an 1 Diboricle.

Figure 1=5. Hf-B (3n At% B), Cooled wit:. "i'C per Second 
fron, Z1 =^ 0 °C .

Initiation oi Feritectu Reaction P + HfB,—► HfB.

XIOOO



wm
Figure 16. Hf-B (30 At% B), Alloy from Figure 14 

Ann';a.led for 225 hrs at 1650°C.

Hf (Light), and Dark-Colored HfB.

X850

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, 

chan<.:e nucleation within the metal piuse, followed by caitinued growth of the ttuitj- 

boride nuclei in the direction of the boron-source (HfB^, seems to be the 

predominant factor if the reaction in non-equilibrium mixtures Hf + HfB, is 

allowed to proceed at subsolidus temperatures (Figures lb 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



Figure 17. Hf-B (40 At7o B), ReanneaU-d for 225 hrs. at 1650'C XIOOO 
After Rapid Quenching from 2500°C.
HfB^ 1 Hf (Sumev-hat Darker Shaded)

X-ray: Hf e HfB,

Figure 18. Hf-B (40 At% B), Quenched from 2500»C : 
Annealing: 1 Minute at 18^0°C to 1880*0,
Followed by 225 hrs at 1650*0.

X750

HfB (Light, Acicular Shaped), Hafnium (Slightly Shaded), 
and Hafnium Monoboride (Dark).
X-ray: Hf + HfB + HfB,





Figure 20 a. X400

Fibure 20 b. X600

Figure 20 a) and b). Hf-B (46 At% B), Quenched from 2600*C, and Heat-
Treated for 12 hrs at 1750*C.Treated

Nu?leation and Growth of Hafnium Monoboride in 
the Metal MatrLx.



Figure 21. Hf-B (4b At% B), Queruhtd frotn 2S00°C .
Armciling: 10 Minutes at 2050*C, Followed
by 22S hrs at lb50*C .

X250

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

Figure 22 a. b Hours at 17S0*C X325



X'igure il b 12 Hours at 17S0*C

. .

Figure 22 c 12 Hours at 1750*C + 22S Hours at 1650*C

X375

X325
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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).

XI000

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 S’lbsolidus Temperatures.



Although inconclus ive, it see ms to be worthwhile to mmticn, 

that t he expe rimental observatior ; also indicate a certain dependence of the 

rate of back-reaction upon the degree of superheating (T il -T it t ) equ . per e c . 
of the alloys prior to quenching. One may suspect, that this phenomenon will 

have to do with temperature changes o a monoboride-type short range order 

prevailing in the melt at lower t e mperatures. Related effects have frequta 

bee n ob s~ rved in solid state decompo s itions of inorganic salts , such as 
II carbonate s, etc. ( " Erinnerungsvermogen"). 

X-ray inspection of monoboride-containing alloys, which 

were reannealed for 160 hours at 12 50• showed a slight, but noticeable 

d e crea s e of the amount of monoboride. This 3bservation is in accordanc e 

with our previous findings<
6

• 
7

), which indicated that HfB might undergo a 

d e compositio:i towards lower tempet"ature. However, prolonged he a t tr eat­

m e nt studies ( > 1000 hrs) at these temperatures will be necessary in orde r 

to obtain a definitive answer to this problem. 

La tti ce parameter measurements on solid state e quili­

brated samples showed practically no change of the cell dimensions of hafnium 

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 7 i, b = 3.21 1 i, c = 4.920 i, 
which are in good agree m ent with the parameters deriw:d in the initic.J struc­

ture determination<
6

• ?) (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. Hafoium Diboride, and Boron-Rich E~ilibr ia 

Alloys from the concentration rang e 60 to 33 atomi c 

percent boron melted extremely two-pha s ed; due to the small amount s o f 

32 



me lt form ed in the se alloys, incipient m e lting generally could not be observed 

until temperatures were reached, which wer e a ppr c iably a bove the pe ritecti c line. 

Maximum melting, substantiated by a total of 16 measurements in this con­

centration range, occurs at 3380 • and at a composition of "'66 atomic per-

cent boron. Two-phased melting again was note d in specime ns with .1nalyz ed 

boron contents of 6 7. 4 and 68. 6 atomic p e r ce nt. 

The small homogene ity range of the diboride was 

independently verified by lattice para.me ter calculatio:is on an alloy s e r ies 

which was equilibrated and then rapidly quenched from 2ooo•c (Figur e 23): 

Within the experimental error limits, r • variation of tht! lattice dimensions 

with the boron concentration could be ,i e tected and no signs of precipitations, 

which could be related to temperature-dependent phase boundaries, could be 

found metallographica.lly. As a matter of fa.ct, due to the narrow homogeneous 

range of the phase, it proved to ba quite difficult to prepare truly sin~le­

phased material (Figures 24 through 26). 

~: ::: t I H t Li Utt I t I t 
< ::: t I f t f f ! f f I ! I ! I t 
: : ::: t I H f Li t t 11 111 t 

b -1 bb b8 10 72 74 

Atomic 'lo B o r o n 

Figure 23. Lattice Parameters of Hafnium Diboride as a 
Function of the Boron Content. 

(Alloys Rapidly Quenched from 2000°G) 
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Figur 2 4 . Hf-B (63 . 0 At% B). R ap idly C o l d from 2 00°C. XlOOO 

Ha fn ium Dibor id and E ce • Hafni u (Dark ). 

Fig ure 2 5 . Hf- B (64 . 8 At% B), R apidl C l d from 2 700°C. X l 000 

Hafnium Dibor id 
Hafniu m . 

n d m 11 A 
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Figure 26 a. 

. ... 

65. 3 + o. 3 At%, 2aoo•c 

HfB
2 

+ Hf 

. . 

. .. . . . . . . -

. . .. 

FigureZob. 65.6,:t.0.3At%, 280o•c 

HfBZ + Hf 
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Figure 26 c . 

Figure 26 d. 

66.0 0.3 At%, 280::>°C 

H.ffi z + Tra Hf 

6 6 . 6 + 0. 3 A to/o B , 2 4 0 0 • c 

HfBz + Trace Bor on 

36 

X 40 0 

Xl000 · 



Figure 26 e. 67. o + o. 3 At%. z4oo·c X900 

HfB 
2 

+ Trace Boron 

Figure 26 f. 67. s + o. 3 At%. zsoo·c X450 
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Figur , 26 g. 67. 9 + O. 3 At% B, 2900°C 

HfBZ + B 

Figure Z6 h. 68. 8 + 0, 5 Ato/o B, Z800°C 

H.fB
2 

+ B 
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Figure ib i. 72 At% B. 2800°C.

HfBj t B

X75C

Melting point determinations on high-boron ( > 8S 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-boro.i system^*^^, did not provide the desired accuracy 

(Table 3). The corresponding experimenUl 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 crysUllized hafnium diboride in a eutectic matrix, which conUined



f .... 
<I 

i 
> .... 

1 
eutectic 

Heating Rate: 3°C· sec -1 
Cooling Rate: l. 5°C· sec- 1 

< solidi icatio 

2300 2200 2100 2000 1900 1800 1700 
• TEMPERATURE,°C 

Figure 2 7. DTA-The rmogram of a Hafnium-Boron A Uoy 
with 80 Atomic Per e nt Boron. 

only minute quantities of dibor ide. The high.er diboride cont nts of the 

e utectic, as suggested by the microstru::tures shown in Figure 26 (a) through 

26 (i), apparently must have been caused by trapping of diboride cry s tals 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; ori 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 m e tal-boron systems. 

Although no detailed thermodynamic qu.3.ntities are available for eithe r com­

pounds other than the diborides, a somewhat closer inspection of the phase 

diagrams indicates only marginal re lative stabilities for TiB and HfB, as 

well as for the dodecaboride in the zirconium-boron system. Thus, one may 

suspect, that only smdl variations in the stabilities of the diborides would be 

necessary to control the appearances of phases other than the diboride s in 

thes e systems; an immediate decision, whether, say, the hypothetical zirconium 

monoboride is of lower stability tha.n its counterparts in the titanium- an:i 

hafnium-boron systems, may therefore be deceiving. Quantitative compari­

s ions for cases where instable compounds are involved, are only possible 

from an thermodynamic evaluation of the equilibria in higher order systems(l
6
). 

For the specific boride phases under discussion, &1ch a comparative analysis 

is presently being performed using data from ternary phase equilibria in the 

systems Ti-Hf-B, Ti-Zr-B , and Zr-Hf-B, and the results will be summarize d 

in another report issued under the present program. 
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