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"> The mechanical response of the hydrides to applied stresses is
described. Many of the hydrides exhibit some plastic deformacion ufdder
favorable stress systems with the amount of this deformation increajing as tne
temperature of testing is increased. Phonon properties and the elaitic moduli
of the hydrides are briefly discussed and it is suggested that thess
parameta2rs do not provide a4 bdasis for understanding the mechanical Jroperties |
of the hydrides. The deformation response of the hydrides is consigtent with \
3 the expected behavior of dislocations in the ordered hydride structdres.
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MECHANICAL PROPERTIES OF METAL HYDRIDES

H. K. Birnbaum
Department of Metallurgy and Mining Enginearing

University of Illinois at Urbana-Champaign
Urbana, IL 61801

ABSTRACT

The role of metal hydrides in the hydrogen embrittlement of a number of
metal-hydrogen systems is reviewed. The stress induced formation and cleavage
of hydrides at crack tips and the thermodynamics of the hydrides in the stress
field of the crack tip are discussed.

The mechanical response of the hydrides to applied stresses is
described. Many of the hydrides exhibit some plastic deformation under
favorable stress systems with the amount of this deformation increasing as the
temperature of testing is increased. Phonon properties and the elastic moduli
of the hydrides are briafly discussed and it is suggested that these
parameters do not provide a basis for understanding the mechanical properties
of the hydrides. The deformation response of the hydrides is consistent with

the expected behavior of dislocations in the ordered hydride structures.
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INTRODUCTION

‘ d
s LY

The mechanical properties of the metal hydrides have not been extensively

investigated despite the fact that there exists compelling scientific and

)

ii engineering reasons for doing so. The respoase of the hydrides to an external
i} stress is of importance in the design of systems which use hydrides for

g storage of hydrogen (energy storage, compressors, etc.) as these often depend
o2

on the creation of fresh surfaces for the activation of the hydrides and nave

s

i

X% cycled in and out of the system, The mechanical properties of the hydrides
v

Es; also play a central role in the hydrogen embrittlement of alloy systems based
n’:\: .

tu contend with the dimunition of the hydride particle size as the hydrogen is

[

on the hydride forming metals such as the group Vb metals, Nb, V, Ta, alloys
based on Ti, Mg, Zr as well as others which have more ?pecialized
applications. In all of these applications and alloy systems, the general
expectat@on is that the hydride will be "brittle" and in general this
expactation is in accord with casual observations. Very few hydrides have
been carefully studied wih respect to their mechanical properties and in fewer
still are thg reasons for the mechanical response understood.

In the present paper we will review the available information on the

mechanical properties of the metal hydrides and will discuss some of the

reasons for their limited ductility.

ROLE OF HYDRIDES IN HYDROGEN EMBRITTLEMENT

The mechanism of hydrogen embrittlenent in those systems which form
stable hydrides and which are stressed under conditions of temperature and
hydrogen fugacity such that hydrides can form is relatively well understood
and has been recently reviewed (1,2), It appears that the behavior of these

systems can be completely understood based on a mzchanism in which stress
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induced hydride forms at stress concentrations such as crack tips and the

( “ cracking of the hydrides is followed by repeated stress induced hydride

;Es formation and fracture (3). Embrittlement results from the formation of the
;SQ second phase hydride which is assumed to be a "brittle" phase. As discussed
h’ by a number of investigators (4-7), this mechanism is applicable to

Tij temperature and hydrogen concentration regimes in which the hydride is

{E% thermodynamically stable as well as those in which hydrides are not observed
\:; in the absence of an external stress. [In the latter case hydride formation
;}S can be stabilized by an external stress. Even in the regime whefe stable

}i hydrides.form, the precipitated hydrides merely act as crack nuclei;

;j propagation of the "brittle" fracture requires the repeated stress induced

Eg formation and fracture of the hydrides at the crack tip. In the absence of
,EE such continued hydride formation, the precipitated hydrides act as any other
ifr brittle phase and while the ductility is reduced, the fracture between the
sz hydrides is by a ductile rupture mechanism.

E% Hydride thermodynamics in an externally applied stress field has been
i extensively discussed in the literature (4-11). Non-uniform stresses, such as
;gg those which exist at the tips of cracks, can have significant effects on the
:é; distribution of hydrogen in solid solution as well as on the stability of
:E; hydrides, while uniform stresses have relatively small effects (11). At a
‘:2 - stress concentration in a tensile stress field, the chemical potential of
;:: _ hydrogen in a uniform solid solution is decreased relative to the unstressed
j', volume as a result of the positive volume of solution of the hydrogen. Since
1;5 the volume change on forming the hydride fron the solid solution is generally
;§§ positive, the chenical potential of the hydride is also reduced relative to
:.' the solid solution with which it is in equilibrium at the crack tip. (In

:E; addition to the free energy changes associated with the volume change, terms
M
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Eé due to the shear stresses and shape changes are also significant.) As a

~ result of these terms, the concentration of hydrogen in the bulk which results
fﬁt ' in precipitation of the hydride at the stress concentration is given by (11):
NN

\-‘;E}- AH o

' I s el R AR VRS- A VATV B )

e '

- S
where CH and d;

constant, AHso] is the enthalpy of the stress free solvus (which is generally

are the solvus and hydride concentrations respectively, n is a

< 0 in hydride forming systems), o is the spherical component of the local

stress field, V_, Vm and V,, are the molal volumes of the hydride, the molal

B H
volume of the matal and the partial molar volume of hydrogen in the solid
respectively, R is the gas constant and T is the temperature. In addition to
these terms, the formation of the hydride is constrained by the solid solution
matrix and the volume increase on forming the hydride is accomnodated by
elastic and plastic deformation of the matrix. The plastic accommodation free

energy terms can be decreased by the applied stresses as these assist the

formation of prismatic loops and other accommodation dislocation structures

- (5,7,10). An estimate of the magnitude of this free energy term, which
results from the constraint of the hydride volume change, has been obtained
for the Nb-H system by calculating the total elastic free energy necessary to
insert a hydride into the equiva]ént "hole" in the solid solution under the

assumption of a spherical hydride morphology (10). The value is

2
, . av>
AG:Igashc + AGpIast'C - %_ %&.ﬁ. ~ 3100 J/wole (2)
; a-p [

where o = 1 + 4 n/B, p is the shear modulus, B is the bulk modulus, A“m—ﬁ is

the molar volume change on forming the hydride, and Ya is the molar volume of
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the solid solution. The lower bound of the bulk solid solution hydragen

concentration which can lead to hydride precipitation under stress at an

elastic singularity may therefore be written:

AH

ancs = q + —32L - (%) (U - (vt SV} - )
(3)
2
2y Aa-a
- (30 (’ii:—) .

In the case of platelike or lenticular hydrides, such as in the V-H system,
the magnitude of the last term in eqn. 3 is reduced.

As a result of these considerations, the reported phase diayrams for the
metal hydrogen systems should nﬁt be considered true equilibrium diagrams.
The phases which form are constrained by the matrix in which the precipitation
takes place and the true equilibrium phase boundaries, i.e. those which would
pertain to the equilibrium between phases which are not constrainaed in their
shape or volume changes, generally lie above those commonly observed. uhile
the effects of uniformly aplied external stresses on the phase diagraa are
generally small, quite appreciable changes in the phase equilibria can be
observed in regions of high non-uniforin streses (5,11). These coasiderations
apply to all systems but are particularly significant in the metal hydrogen
systems as the free energies of the hydride phase transitions are quite small
and stress related free energy terms resulting froa the large volune and shape
changes can be comparable. An example of these effects is shown in Fig, 1
which shows the precipitation of the hydride in the Mb-H system in front of a
stressed nclch, This precipitation was observed at temperatures abova the
normal solvus temperature at which general hydrids precipitation occurred in

the bulk of the specimen,

Tyt e
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Using the above concepts, the equilibrium phase boundaries can be

4

estimated and are shown in Fig. 2 for the Nb-H system. The area between the
observed phase boundaries and those which are estimated as the equilibrium
%ﬁ: boundaries is the region in which stress induced hyride formation may occur at

crack tips. In hydride forming systems hydrogen embrittlement has been

;é observed (4-6,12) to result from stress induced hydride formation in region of
:§§ the phase diagram which are nominally single phase solid solutions. An

;\; example of the drastic nature of this effect is shown in Fig. 3 which shows

:3 the fracture surfaces of two specimens having almost the same composition in
}EE the solid solution rang2 of the Nb-H system. The lower composition speciman
L; failed by ductile rupture with extremely high ductility while at a slightly
:53 higher composition, fracture was extremely brittle and resulted from the

;S; stress induced forimation of the y hydride (NbHZ) (6).

- Hydrogen embrittlement by this stress induced hydride formation and

:ﬁ fracture at the crack tips has been directly observed in the V-H (13,14), Nb-H
Eg (4-6), Ti-H (9-15), and Zr-H (16) systems.

N~

'§§ MECHANICAL PROPERTIES OF HYDRIDES

fs While the folklore of hydrides suggests that they are brittle materials
:;‘ few studies of their mechanical properties have been carried out. In those
i;g cases which have been studied, there generally has been some evidence for

:3 plastic deformation in compression, particularly at temperatures above 320 K,
::: but the response to a tensile stress has generally bsen a brittle fracture,

o

Information is available only on a few binary hydrides.

X7
= bk

L3

;-- Beevers and Barraclough (17,18) have been shown that the tetragonal ¢

R phase of the Zr-H system in the composition range of IrHy 41 to Zr) g5

-, X e . .

> fractured without significant plastic deformation at temperatures balos 295 K ‘
s |
Yo




and exhibited increasing plasticity when tested in compression as the
temperature was increased. While some slip deformation was noted at the lower
H/Zr concentrations, the principal deformation process was the displacement of
the twin related domain boundaries and the formation of new twin related
domains. These results were confirmed by Ryzhov et al. (19,20) who also
reported slip on the {111} <110> system and increasing amounts of daformation
up to temperatures as high as 1173 K. The creep deformation of YH1.92 was
also noted at elevated temperatures (21) and the activation enthalpy for creep
was about equal to that of H diffusion in the yttrium hydride. In the case of
the ¢ ZrHl.SS phase the creep activation enthalpy was somewhat higher than for
H diffusion.

Deformation of the titanium hydrides having a fluorite structure
(TiH1.53—TiH1.8O) and a tetragonal structure (TiHl.g1 and TiHl'gg) was shown
to occur by slip on the {111}, {110} and {100} planes (22). These hydrides
exhibit appreciable plasticity when tested in compression above 238 K; about
2% strain being attained prior to microcracking at fhe lower temperatures and
about 15 to 30% being attained at 423 K. At all compositions, the yield and
fracture stresses decreased as the hydrogen jump frequency increased
indicating a correlation between the deformation characteristics and the

hydrogen diffusivity.

Less extensive investigations have bezen made of the behavior of the Group
Vb hydrides under stress. The g f.c. orthorhoabic hydride of niobiua was
shown to exhibit som2 plastic deformation at about 300 K by the motion of the
boundaries between the twin related dowmains which form as a result of the
transformation from the solid solution (10). No evidence was obtainad for
slip in this hydride and the spocimens fractured in a conpletely orittle

mannar when tested in tension at temperatures below 300 X (23). The cleavaye
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planes were the {100} and {110} (referred to the cubic axes). Electron

channel pattern studies of the cleavage planes showed that the fracture was
accompanied by very little local deformation. Studies of the plasticity which
accompanies the tormation of the g hydride in the ¢ solid solution matrix
indicated that very little dislocation generation occurs in the hydride either
during precipitation oriduring dissolution (24) while the surrounding solid
solution is heavily deformed. This again indicated the high resistance of thz
hydride to dislocation motion. The fracture surface energy was determined f-
the p NbHy g, to be 4.59 J/m? for {110} and to be 6.21 J/m? for {100} cleav:
planes (23). These values are within a factor of two of the surface energy
values for the b.c.c. metals (23) and confirm that significant plastic
deformation did not take place during the fracture process.

The only other report of the behavior of the Group Vb hydrides is for
the B V2lehich was reported to exhibit brittle fracture é]ong the {110}
domain boundary planes when tested in a multidomain spacimen. A single domain

crystal was reported to be "ductile" at room temperature when tested in

compression (25).

DISCUSSION

Both theoretical and experimental studies have shown that the hydridas
have significantly different band structures than the metals from which they
are formed (26-18). In a number of hydrides this results in a chang2 of tihe
transport properties from metallic to ionic or semiconducting. In the few
cases for which data are available the change does not appear to reflect
itself in a significant difference in the atomic bonding as measured by "small
strain" measurements such as phonon dispersion measurements (29,30) or elastic

constant determinations (31). Increased phonon frequencies and atomic force
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. constants are observed for both the high concentration solid solutions and the

hydrides which form from these solid solutions by hydrogen interstitial
ordering (29,30). These effects are particularly significant in view of the
large lattice expansion observed on adding H to the metal to form the alloys
and which would b2 expected to lead to a decrease in the force constants. Tae
nydrogen local mode enargies increase on gaing froﬁ tire solid solutiong' to
the g hydride phase in the Nb-H system suggesting an increase in tha Nb-H
potential as a result of the H ordering (32).

Measuremants of the elastic moduli in the solid solution ¢« ' phase up
to H/Nb values of about 1 (33) do not suggest any decrease in tihe atomic
bonding despita tne large volumne increase on alloying uith H. This is shown
in Fig. 4 which shows the variation of the bulk modulus with H/{ib. Similarly,
changes in the elastic moduli have been determined during the o' top phase
transition for NbHy ;g and these measurements show an increase in the moduli
on H ordering (31) (Fig. 4).

The available data do not suggest any reason for the liwited ductility of
the hydride phases based on changes in the atomic bon;fng. Indead the
fracture energy measurements (23) suggest that the reasons for the limited
ductility do not involve changes in the inherent.bonding characteristics,
Since thea plastic response of the hydrides results froa the motion of domain
boundaries as w211 as from dislocation motion, at least two deformationA
mechanisns must b2 considared. It will b2 scen that both of those rasult din
limited plastic strain as a result of the ordered arranganeats of th2 hydirogan
interstitials.

Hydrides which generally have syamctries lowar than that of the solid
solutions with which they are in equilibriun contaia donxins which corresponid

to the different possible ordering arrangzacnts of the interstitial H
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solutes. These domains are twin related (34,35) with the magnitude of the
fwinning shear depending on the appropriate lattice param2ters. Tnese twin
boundaries have been observed to be mobilte under stress and to result in a
limited amount of deformation as a result of the twinning shear (10). In
addition, new twin variants can form under the applied stress. Consideration
of the twinning shears-in hydrides suggests that the magnitude of the strain
by this twinning mechanism is limited to a few percent.

Several of tne hydrides appear to exhibit larger plasticity than could
result from twinning and in these cases the deformation appears to result fron
thermally activated dislocation motion. The observed slip planes correspond
to the close packed planes and the slip directions to the close packed
directions in the metal sublattice. However, the exteat of the dislocation
motion is very limited at low temperaturas and domain boundaries appear to
inhibitAthe dislocation motion, It has been suggested (23) that this limited
dislocation mobility results from the fact that the usual dislocation Burgers
vectors, which correspond to the lowest energy dislocations in the metal
sublattice and to the dislocation structures which were inharited from the
parent solid solutions, are not lattice translation vectors for the hydride
structures. For example, if the total symmmetry of the lattice is considered,
half of the a/2 <110> Burgers vectors in the f.c., orthorhomdic g8 NDH structure
and in the monoclinic g V,H structure do not correspond to lattice translation
vectors., Therefore, dislocation motion on half of the los energy slip systems
in these structures will lead to disordering of th2 H sublattice and hence Lo
a high friction stress. For the g NbH structure, the magnitude of this
friction stress has been estimated to be about 93 MPa or /400 (23). Similar
considerations apply to all of the other low symmetry hydride structures in

which the slip systems are similarly limitad by the H subdlattice ordaring.

-----




Dislocation motion on those slip systems which disorder would be possible if

N

- y \ . . . .

DA the dislocations moved in pairs of a/2 <110> Burgers vectors separatad by
g order faults. These do not seem to be observed (24,35).

'.:‘7 -

5?; The Timitation on the nuaber of active slip systems results in 2an
A

4y
a
1

..r

I .
g

inability to blunt sharp cracks and hence stress concentrations in the
hydrides are less likely to be reduced by local plastic deformation. In

~ tension crack propagation and brittle fracture will occur. In comprassion

;n some dislocation motion on those slip systems whicnh do not lead to hydrogen
disordering will be observed prior to fracture. The amount of slip cn those
systems will howaver be severely limited since cress slip of the disiccations
leads to disordaring on the cross slip plaaas. Furthermore, the Burgars
vectors which lead to conservativa dislocation riotion will vary betuzen
domains due to the different H sublattice ordaring. Consequently, even those
dislocations which are mobile in a particular domain will have their motion

limited by the presence of the domain boundaries; as has apparently been

observed in the case of the V,H hydrides (25). In single domain crystals this
limitation does not apply and more extensive dislocation motion on those
systems which do not disorder should be observed.

Since dislocation motion in the hydrides is limited by disordering of the
H sublattice, the friction stress will vary with the temperature as does the H
diffusivity. This is in agreement with the observations made in TiHZ (22).

In a qualitative sease, the adove considerations based on tha
crystallography of the hydrides and the effects of dislocation motion oa the
hydrogen ordering can account for all the available observations. Further
understanding will depend on a) direct observation of dislocation structures
in the hydrides, b) measurements of the temperature dependence of the

deformation, and c¢) studies of the variation of the dislocation wmebility with
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particular crystallographic directions in single domains. It doas appear

howaver that the limited ductility results from the dislocation structure

rather than from some intrinsic property of the atomic bonding in the

hydrides.

ACKHOWLEDGEMENTS

This work was suppbrted by the Office of Naval Research through Contract

NOCD14-83-K-0468. 1 would also like to acknowledge my debt to the many

studants and Research Associates with whom [ have had many stimulating

discussions during the years we worked on this problen,

REFEREN

)
=1,
-

£S

<

H. K. Birnbaum, Enviromment-Sensitive Fracture of Engineering Materials

(Met. Soc. of AIME, PA) ed. by Z. A. Foroulis (1979).

R. Dutton, Met. Soc. C. of I. M. Ann. Hydrogen in Metals and Titanjum,

Can, Inst. of Min., and Met, (1978) 16.

D. G. Westlake, Trans. A.S.M., 62 (1963) 1000.

S. Ganr, M. L. Grossheck and H. K. Biranbaumn, Acta Mat., 25 (1977) 125.

M. L. Grossbeck and H. K. Birnbaum, Acta Mat., 25 (1977) 135.

S. Gahr and H. K. Birnbaun, Acta iet., 26 (1978) 1731.

N N S S U P TR ST “w - T «® "
Oty et st L. et atatte . -
......... ) "

TN L.

e - - - v, P e P T R e I A Ce e e . A : et .0°.-'.-'.'...‘.
PO IR W SN SN LRI ON R £ & 4 VNG AL LLRAC AT VMV IV RO VORI LU amadalototoBa b et

.t



0

A v
"‘_"& -

-13-

"".’;w

>
> )~)~) s

7. M. P. Puls, Acta Met., 29 (1981) 1961.

oy
,

o
&

rag o

8. J. C. M. Li, R. A, Oriani and L. S. Darken, Z. Phys. Chem. New Folge, 49

NCRARIAINEN -
. s

’
A

(1966) 271.

AL A
[

- P

9. N. E. Paton, B. S.:Hickman and D. H. Leslie, Met. Trans., 2 (1971) 2791.

G 10. H. K. Birnbaum, M. L. Grossbeck and M. Amano, J. Less-Common Met., 43

§:~i (1976) 357.

11. T. 8. Flanagan, N. B, Masscn and H. K. Birabaun, Scripta Het., 15 (1981)

N 109.
12. D. Hardie and P, Mclntyre, Het. Trans., ﬁ_(1973) 1247.

13. S. Takano and T. Suzuki, Acta Met., 22 (1974) 265.

2
I'. -

T

14. S. Koike and T. Suzuki, Acta Met., 29 (1931) 553.

o
-

.(Jl'.,";

AN

15. C. Hsiao, X. Huang, D. Yang, Z. Zhu, Proc. of 8th Int. Cong. on Corrosion

N

AN

of Titanium Alloys (DECHMA, Germany) (1981) p. 594.

16. €. D, Cann and E. E. Sexton, Acta Met., 23 (1980) 1215,

)
L}
’
» 'D

X

5
SPP S

17. K. G. Barraclough and C. J. Beevers, J. of Mat. Sci., 4 (1969} 513.

A

501.

-’-'o“?} :
(o]

18. C. J. Beevers and K. G. Barraclough, 1. of Mat. Sci., 4 (1959)

e

JQTINA
-1 YY)

F e
..

v \.I‘
ol

. e . [ DS “ e e F I SR AR PO N
L et . T T T N e T et T M et et it et e Ye ety .

« \\.'- O\ -‘ L .‘- R AT . Yo, '_‘ o e Tt .0.\ ----- et

o \"‘.'n"v \'A A "'-.- ‘: YRR LY




JONCAR P AL

3 J? KAy e

D]

19.

20.

RS
~N
.

23.

25.

26.

27.

28.

29.

K. P. Kostikova and P. A. Ryzhov, lzv. Akad. Nauk S.S.R. Heorg. Mater.,

12 (1976) 259.

P. V. Zubarev and P, A. Ryzhov, Izv. Akad. HNauk. S.S.R. Neory. Mater., 12

(1976) 768.

P. V. Zubarev and P. A. Ryziov, Izv. Akad. Nauk S.S.R. Nzorg. iateri., 15

(1979) 247.

P. €. Irving and C. J. =arass, J. of Hat, Sci., 7 (1972) 23.

S. Gahr, B. ', Makenas and +. K. Birnbaum, Acta Met., 23 (1930) 1207.
B. J. Makenas and H. K. Birnbaunm, Acta Met., 28 (1980) 979.

H. Kojima, S. Takano, R. Akaba and T. Suzuki, as reported in Ref. 14,
A. C. Switendick, Ber der Bunsenges. fur Phxs. Chemie, 76 (1972) 535.

A. C. Switendick, Hydrogan in Metals I, ed. by G. Alefeld and J. Volki

(Springer Verlag, Barlin) (1979) p. 101.
E. Gilberg, Pays, Stat. Sol. (b), 69 (1975) 477.

T. Springer, Hydroy2n in ™etals I, ed. by G. Alefeld and J. Volkl

(Springer Varlag, Berlin) (1979) p. 75.

P AL R I T I R T W N DRI LS S N S L
W 2 ";J:A'.\ i:';':' .,'f &;1‘-‘” .._ ' a th s’ﬂ{:f\{\“'t:f\ ::




v a v—r W Y T W WY YT NS M ET it et T T et e e e v s~ e s - - o~ [
b2 B SARADAAS WA ol Auas At al LRGSR EAL Al AR AagN EAnATMEAE el I R e R . g

_..lf)..

D. Richter, M2tal Hydrides II, ed. by W. E. MWallace, T. Schober and S.

Suda (Elsevier Sequoia, Lausanne) (1983) p. 293.

" "o

N . .

gsb 3i. M, Amano, F. M. Mazzolatl and H. K, sirabaun, Acta Met., 31 (1933) 1549.
e

2o

32. D. Richter and S. M. Shapiro, Phys. Rev. B 22 (1920) 569,
33. F. M. Mazzolai and H. K. Birnbaua, J. Phys. €5, 2 (1931) 769.
34. T. Schaober, M. A, Pick, H. Wenzl, Pays. Stat. Solids, 18 (1973) 175.

35. B, J. Makenas M. K, Bieabauws, Acia liet., 39 (1832) 439,

Figure Captions

Fig. 1. Hydride pracipitation along slip bands in front of a stressed notch.
NbHy gogq Specimen at 126 K. Tne tensile stress axis was
horizontal. The region away from the notch contains homogeneously

nucleated hydrides (Ref, 5).

Fig. 2. —— Pnase boundaries obtained for bulk alloys,
— o — Ti’ a'-y (Nbi,); phase boundary for the formation of
unconstrained . (S2e Ref. 10.)
- - fz, o'~y (Hbly); phase boundary for the formation of
unconstrainad , under a teasile spherical stress
component of ;1 /30. (See Raf. 10.)
- - - - Tz, o-f (NbH); phase boundary for the fornition of

unconstrainad 3 under g tensile sphoerice! stress
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O
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n-‘ *
19
R component of u/30. See Ref, 10.)
1';:’:
( ----- T:, observed solvus; experimentally observed boundary
2;: between ductile and brittle fracture behavior
o
32 (Ref. 6). This corresponds to the phase boundary
e between the ' and the stress induced
+ \‘.. . D)
:‘i‘ phase,
=
) Fig. 3. Fracture surfaces of Nbo-H alloys tested at 573 K.
E:é A. NbHy 5. Fracture was completely ductile, The fracture
L . . -
e occurred altong tha line indicetad by tha arrows after severe
s necking. Strain to failure was 173,
(3¢ . .
>3 B. NolHy 3y5. Fracture was by cleavage after a strain of 13%,
N
K-
39

Fig. 4. A, Variation of the bulk modulus with temperature near

4 :,[""

[N J:’?:,l: LAY

the ¢'-3 phase transition.

B. Variation of the bulk medulus with H/Nb ratio at 528 X.
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