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V An experimental study, using Transmission Electron Microscopy techniques

was carried out to observe precipitation and ordering phenomena in the Niobium—

Hydrogen system. Niobiuni-Hyd~ogen alloys of composition H/Nb=O.OO1 to H/Nb=

1.07 were prepared by improved hydrogen charging methods. Room temperature,

hot stage, and cold stage experiments were performed in situ in the electron

microscope. The plastic deformation , which accompanies the precipitation and 
V

dissolution of hydri des, was observe d . Vo lume cons tra int, temperature gradi-

ents, and impurity traps were shown to have an effect on the nucleation of

hydr ides. Several low temperature ordered phases ~, ( and A were studied
using electron diffraction. The crystal structures were observed to change

wi th both temperature and composition . The NbH2, S-phase was also studied

and shown to consist of a highly twinned fcc structure.
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1.0 INTRODUCTION

Investigations of the niobium-hydrogen system have, in the past, been

mot i vated by a number of scientifically interesting phenomena and also by the
V possibility of using niobium based alloys in the hydrogen environments asso-

ciated with variou s energy systems. In this regard, one of the most notable

properties of niobium is its susceptibility to hydrogen embrittlement.

Westlake~~ has proposed and Grossbeck , Gahr and Birnbaum(2 3) have shown

that this embrittlemertt is intimately connected with the precipitation of a

hydride phase. In order to fully understand these hydrogen embrittlement

effects, it is necessary to have a thorough knowledge of the various hydride

phases and their properties. This includes the crystal structure and compo-

sition of hydr i des and the conditions under which hydr i de will precipitate

from solid solution . To this end , a study of the precipitation and ordering

of hydrides in the niobium hydrogen system was undertaken using Transmission

Electron Microscopy (TEM) techniques as a principal tool.

Several techniques for hydrogen charging of thin specimens were inves-

tigated. An improved charging procedure, utilizing an evaporated palladium

coating was developed for niobium foils. Aspects of contamination by other

interstitials were also explored and a mechanism of hydrogen enhanced oxida—

V 

tion was formulated.

In situ cooling and heating experiments were carried out in the TEM to

study the morphology of hydr i de precipitation and hydr ide dissolution in low

H concentration alloys . The details of plastic accomodat i on of precipitate

volume changes were noted. The effects of varying foil thickness and of

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~V V V~~~~~~~~~ •~~~ 
.
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electron beam heating were stud ied in detail. Higher hydrogen concentration

alloys, up to H/Nb=1, were also studied at low temperatures. Electron dif-

fraction evidence for a sequence of several ordered phases was obtained. The

hydrogen sublattices were observed to change with both temperature and compo—

V sition .

In situ high temperature morphologica l and electron diffraction studies

were also performed in the composition range H/Nb=O.50 to 0.90. The transfor—

mation of the ordered ,8 hydride to the solid solution <‘ was observed. In

addition , specimens containing NbH2 ~5 hydride were prepared and a highly

twinned fcc structure shown to result.

L _ _ _ _  -~~~~~~~~~~



3

2.0 R EV IEW OF PREVIOUS RESEARCH

The elements oxygen, nitrogen and hydrogen form interstitial solid solu-

tions with the group Vb bcc metals vanadium , niobium and tantalum and also

form a large number of ordered phases~~
7
~. In these ordered phases the

non—metal atoms occupy a specific subset of the possible interstitial sites

and the resulting unit cells are generally larger than the simple metal cell.

The ordering phases exist over a wide range of stoichiometry and exhibit a

variety of structures. These often result from different but closely related

ordered arrangements of both the i nterstitial atoms and the interstitial

vacancies on the allowed subset of interstitial sites. This is particularly

evident in the niobium -hydrogen system wh i ch contains an extensive single

phase solid solution , a region of spinodal decomposition , and several ordered

hydride modifications.

Transmission Electron Microscopy (TEM) methods have been successfully

used by a number of investigators to study the ordered oxides , nitrides , and

hydri des of the group Vb metals~
79

~. Both morpholog ical and electron

diffraction studies have been performed and have utilized the significant

atomi c scattering factors of the light interstitial elements for electrons.

Diffraction patterns from the ordered phases show weak superlattice reflec-

tions due to the scatteri ng of electrons by light interstiti al atoms. This V

diffraction informat i on can be used to aid in the i dentification and structure

determi nation of ordered phases.

-- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
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2.1 The Precipitation of Hydrides from Solid Solution at Low Hydrogen

Concentrations

As shown in Figures 1—2 , hydrogen forms a limited solid solution (up to

H/Nb=O .04) with the bcc niobium at room temperature. The o( solid solution

• region becomes more extensive with increasing temperature. Hydrogen is be-

lieved to randomly occupy the tetrahedral interstices in the oC phase. Pick

and Bausch V°) have recently reported that the lattice parameter increase

• —4of the bcc l attice , due to the addition of hydrogen , is 4.72x10 na/a per

atomic percent (H/Nb) where a=3.3044A for hydrogen free niobium.

Optical meta llography Ul~~
3) and SEM~

14
~ studies have shown that, on

slow cooling the ~( solid solution , the ~8 hydride precipitates in bulk samples

in the form of plates parallel to 
~‘°°~~

• Large numbers of dislocation s are

contained both within these plates and in the surrounding matrix. Westlake~
’5
~

has determined the low concentration o(-~ o(+/~ phase boundary for niobium hydride

(Figure 2) during slow cooling. Due to the large volume change which accom-

panies the o(-~/ transformation , (~V/V)~~ =11.9 percent , this solvus is not the

true thermodynami c equilibrium solvus but corresponds to equilibrium between

the ~(
‘ solid solution and fi hydr i de particles which are constrained by the

solid solution~~
6).

Thin foils containing a small amount of hydrogen (less than 4 percent)

are entirely in the c( solid solution region of the phase diagram at room

temperature . If these foils are then cooled rapidly, small , roughly spheri-

cal , hydr i des precipitate ~~~. A number of interestit ial prismatic loops ,

which have been emitted in <~~~~~~‘~ directi ons , are u s u a l l y  associated wi t h

the precipitates. These dislocations are thought to partia lly relieve the

V :5
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misfit strains that arise from the greater lattice parameter of the hydride

compared with that of the solid solution matrix. Similar prismatic intersti-

tial loops have been observed during the precipitation of niobium hitride~
’7
~

and in both cases the loops have Burger ’s vector ½<111> as expected. Several

other metal-hydrogen systems~~
8) exhibit the same behavior.

It should also be noted that there is considerable evidence for a thermal

hysteresis in the precipitation and dissolution of niobium hydr i de~~
5
~ in

bulk specimens. The nucleation , growth , and dissolution of niobium hydride is

greatly influenced by the volume constraint of the matrix~~
6). Both elastic

and plastic work must be done during both the d-~ and ~~~~ transformations.

Precipitation of ,i3 hydr ide occurs at a temperature which is significantly

below the stress free or true equilibrium solvus. This happens because the

free energy required for the elastic and plastic accommodation is supplied by

increasing ~G.1fi (chemical) through undercooling below the true thermodynamic

equilibrium temperature at which ~~~~ (chemical) = 0. The thermal hysteresis

which accompanies the ,d-~=’. transformation is thought to be associated with the

work of accommodation on heating si nce a volume change opposite to that ob—

served on cooling is required (16)

2.2 The A Niob i um Hydride

The niobium-hydrogen system exhibits a face-centered orthorhombic ~a phase

in the vicinity of the stoichiometric composition of NbH10 
(19) (F igure

1). This phase has been reported to extend from about NbH0 ~ 
to NbH10

and to have the structure shown in Figure 3. The arrangement of metal atoms

differs on ly slightly from body centered cubic with the degree of distortion

__________ V . •V V VVV ~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~
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vary i ng with compo~i~ ic~’ . The angle between the [iooJ
~ 

and devi-

ates from 900 by about 0.5° at NbH080 and about 0.8° at NbH095 
(10)

•

Formation of the ~ hydr i de from solid solutions can therefore occur by

V 
ordering of the H atoms with on ly elastic displacem ent of the Nb atoms.

Somenkov~
20
~ has demonstrated using neutron diffraction , that the deuter ium

atoms in NbD095 are ordered on the subset of tetrahedia l sites shown in

Figure 3. This structu re is related to the bcc °( phase by [1OO1jj[11OJ
~
,

[O1O]oIftllO]ci [OO1
~o~

[C01
~~ 

and has hydrogen solutes at tetrahedral

positions

/ 1 1 1 \  f 3 3 3 \  / 3 1 1 \  / 1 3 3
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 0 0 0

V 

Schober (2U using TEM , demonstrated that NbH has the same structure as NbD

at room temperature .

One striking featur~ of ,~ hydr i de , as stu died in TEN and polarized light

m i crosc~py, is the presence of domain boundaries~
2
~~. In TEN these bounda-

ries are seen as thin ribbons of fringe contrast within an area of~~ hydride.

Sim ilar boundaries were also observed in alloys of niobium with interstitials

other than hydrogen~
2’
~. From the ordered structure shown in Figure 3,

one sees that there are six equivalent orientations for the orthorhombic fi
unit cell relati,~ to the bcc niobium matrix. The domains differ by their

orientations relative to the bcc unit cell. The boundaries between domains

are coherent twin bourdaries and show interference fringes~
23 24

~ when

imaged in TEN . These dcm air boundaries are highly mobile under stress as

expected for coher er~t t i n  boundaries. It. has been suggested that these

domain boundaries are d~e to an attemp t by the hydride to lower its overall

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~ - V __ V~~~ V V V~ V V_ V V _ V _ _ V _______________ 
V

L _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _
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energy ’13~ wh il~ maintaining an interface with the o(or o~~ bcc solid solu—

tions. Even though domain boundaries necessarily imply a certain amount of

interfacial energy , the alternating l ayers of two or more twin related domains

decreases the amount of strain that must be acconinodated by the surrounding

matrix.

Cassidy et al .,~
25

~ have suggested that the crystallography and shape

change associated with the hydr i de transformations can be described by the

theory of martensitic transforr ations. The applicability of the martensitic

theory has so far been demonstrated for a limited number of metal hydride

systems~
2
~~

26’. Rashid and Scott ,(27) furthermore, suggest that the

nucleation of nydride is possibly a two step process. Hydrogen atoms may

first concentrate and order in dislocation stress fields and then hydride

nucleation possibly proceeds by a diffusionless shear transformation.

2.3 Low Terper~ture Ordered Phases

Many of the “ i nt~rst itial phases ” exist over a wide range of compositions

as shown in Figure 1 for the f~hH ~ phase. In these systems only the stoichi—

ometric composi tion can have t’~e idealized structure with comp lete occupancy

of the subset ~r interstitial sites upon which the structure is based. For

non-stoich i ometric compositions , Somenk ov~
28
~ has proposed that a series of

ordered structures can form. If the composition is deficient in interstitial

atoms , relativ e to the stoich i ometric composition , this series of phases

results from placing vacancies on specific sites of the i nterstitial sublat—

tice in order to increaso the degree of order rel ative to a random distri-

bution of the interstitial solutes on the interstitial sublattice. At the

compos i ti on ~D0 75, for exampl e , above 170°K, the /3 phase is stable with an
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occupation probability of 0.75 for the allowed tetrahedral interstitial sub -

lattice sites of the ,6 structure. Below 170°K further ordering occurs and

V only a specific subset of the /3 phase interstitial sites is occupied. This

structure is shown in Figure 4 and is designated Nb4D3. A simi l ar phase 
V

has been reported in the Ta-D system~
2
~~.

Schober~
9’30~ has reported the Nb4H3 phase (designated E) below

208°K in TEM specimens. The E phase has not been detected by low temperature

x—ray measurements~~
’
~, which indicates that the volume change during the

fl+E transformation must be very small. Optical metallography has similarly

been unsuccessfu l~
32
~ in detecting the fl-E transition . The specific heat

measurements of Heibel~
33
~ and the elastic constant measurements of

Amano~
34
~ do show a transition at 208-209°I( which appears to correspond to

the /-~e transition .

In addition , several other low temperature transitions and structures

have been reported (Figure 1). Schober, using electron diffraction evi-

dence~
9’30~, has reported that , on heating, the € phase first transforms to

an intermediate structure (designated ~) between 228 and 208°K. The ~ phase

was not observed by Heibel~
33
~ (specific heat), mano~~

4
~ (elastic con-

stants) or by Somenkov~
29
~ (neutron diffraction).

Pick~
3
~ has demonstrated with x-ray methods , that a cubic hydride ,1,

exists below 173°K at an approximate composition of H/Nb=O.91 and Hauck~
35
~

has proposed hydrogen positions for this phase (Figure 5). Schober~
32
~ has

also seen evidence (optical inetallography and differential thermal analysis)
t 

for low temperature transformations in the region NbH08Q to NbH0 98.

V - - •- . V - - —. AV_~ V
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‘-hydride phase.

Uydrogen atoms occupy a different subset of tetrahedral
sites than than allowed in the p phase.
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2.4 High Te~perature Phase Transformations

2.4.1 ~~-‘c’(+ o’~ Transformation

Walter and Chandler have shown~~~ , using x—ray methods , that at tem-

peratures above 78°C and composition s between about NbH015 and NbH0 50,

F the bcc solid solution undergoes a spinodal decomposition to two bcc phases,.~
and c’<~ (Figure 1) of differing hydrogen concentrations. According to the

lattice gas model proposed by Alefeld~
36
~ this phase separation is due to

long range elastic interactions between hydrogens via the host metal atoms.

Recent x-ray studies by Zabel , et al .~
37 38

~ have found the critical point

of the °(+°‘ field to be 85°C. They have also demonstrated that the e(+c ’ sepa—

ration persists to temperatures well above 300°C in the presence of large

amounts of plastic deformation such as dislocation debris introduced during ft

hydr i de precipitation at or below room temperature . Fenzl , et ~~~~~~~~~~~~~~ have

also studied the o’ to c(+.<’ decomposition with a Iray diffraction technique.

They observed that {100} plates of o nucleated at the edges of niobium sam—

ples during electrolytic charging at 140°C.

Lattice parameter measurements made by Pick and Bausch~
10
~ indicate

V 

that at elevated temperature (160°C) lattice expansion is linear with hydrogen

concentration and continuous throug hout the entire ~~
‘ and ~(‘ solid solution

regions.

Although °“ and ~O appear to be identical body centered cubic phases,

except for hydrogen concentration and lattice parameter , it should be noted

that Gahr and Birnbau rn~
3
~ have found differences in the mechanical proper—

ties of ~~
‘ and ~~~

‘ . Samples fractured in the I phase region showed ductile

fracture surfaces while those in the ~~
‘ region showed flat cleavage fractures

uI1I~
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up to a temperature of 400°C. In additio n , the resistivity measurements of

Maier and Wipf at 196°C~
40
~ show increasing resistivity values with increasing

H concentration in solid solution until H/Nb 0.6 where resistivity begins to

drop with increasing H concentration .

2.4.2 The ~‘-‘fl Transformation

Metallographic studies~
13
~ have shown that the ~~~ solid solution will

V transform to the rnu ltidomai n ft phase upon cooling. Domain boundaries in such

crystals are mobile under the influence of stress and temperature gradients ,

and domain free bulk ~i3 hydride single crystals can be grown by taking advan-

tage of this domain mobility~
4
~~. In ~~

‘ the hydrogen atoms are, as a first

approx imation , distributed randomly over all of the tetrahedral interstices.

Some ev i dence for deuterium correlations corresponding to the ft phase inter-
stitial occupancy has been reporteJ in the .~~

‘ phase using neutron scattering

techniques (42). The correlations correspond to extensive short range order

well above the ft phase boundary and indicate very strong 0—0 interactions.

At the 
~

‘
~/ 

transition temperature , T
~
, the hydrogen atoms order onto a

subset of 1/3 of the tetrahedral sites corresponding to the ft hydride struc-
ture. Amano and Birnbaum ~

34
~ studied the behavior of elastic constants near

the ~‘-‘,5 boundary during both heating and cooling. Evidence was found for an

elastic constant softening in C’ at temperatures sli ghtly above I~. These

pretransition elastic phenomenon above T
~ 

and the calculations of Hauck~
35
~

further suggest the possibility of short range correlations between hydrogen

atoms in this region of the phase diagram.

L ~~~~~~~~~~~~~~~~~~~~~~~ V~ V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~V . _ V V V .~~ V_ V~~~~~~~~~~ VV ..j
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2.5 NbH2— $Hyd r ide

Above the composition NbH10 the particu l ar subset of tetrahedral posi-

tions allowed in the ~ hydride structure is entirely filled. Reilly and

Wiswa ll~
43
~ have used high pressure H2 charg ing and x—ray measurements to

show that a hydride with composition NbH1 8 forms in increasing amounts as

more hydrogen is added above NbH10 . The NbH2 phase , 5 hydride (often

called ~ hydride in older literature) has a structure in which the metal atoms H

occupy a face centered cubic l attice , with a0=4.53, which is formed from

the bcc lattice by elastic displacements. The S hydride precipitates on
(32 ,) planes within the fi phase. Little is known of the hydrogen

lattice structure or morphology of this phase although a flourite structure

has been suggested by Hauck~
35
~.

________V . 
~~~~~~~~ V
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3.0 EXPERIMENTAL PROCEDURE

3.1 ~~ ple Preparation

West lake~
44
~ had demonstrated that electropo lishing of hydrogen charged

refractory metals can significantly change the hydrogen concentration of the

samples. Either iocreases or decreases in CH have been reported depending

on the metal and the detailed thinning procedure. Therefore, controlled com-

position s of hydrogen cannot be maintained on thinning precharged specimens.

In addition , acid electropolishing techniques are known to preferentially

attack second phases suc h as hydride precipitates. The extensive handling

during polishing may also cause the ‘v ery brittle hydride samples to shatter.

For these reasons , throuqhm~t this study, hydrogen was introduced into niobium

samples only after all th i rnin a procedures had been completed. All samples

wor e exam ined in TE~ between the th innin g and charging steps and any samples

which showed evidonc e of hydrogen pickup or deformation during thinnin g were

d i scar ded .

Hydrogen analysis of specimens was performed using hot vacuum extraction

techniques.

3.1.1 Thin Fo il Niobium Specimens

Niobium strips (1 in. x 4 in. x 0.004 in.) were cut from an as-received

s heet and the n UHV ou ty~sse d ~~t 2100°C and ~~~~ torr to remove oxygen and

nitrogen impu r it ie s . A t~o~c a l anal ysis for impurities is given in Table 1

a ’d  2. Discs , ~ mm in di~~reter , were cut from the outgassed sheet using a

standard spocim en p-V nc~
’ ar~~ p la sti c deform-~tion durin g this cutt ing operatior~

~~IV s enti~ ely con fir rT ~ ~~V I  t he  r im of each disc. No differences were noted

between these samples and discs which have been sparkcut from sheets.

L
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TABLE 1 4

A TYPICAL SPARK SOURCE MASS SPECTROMETRY ANALYSIS FOR

SUBSTITUTIONAL IMPURITIES IN NIOBIUM

Solute Element Concentration (ppm)

Si 4.0

Ti 0.1

V 0.2

Cr 0.04

Mn 0.03

Fe 0.03

V Cu 0.1

Zn 0.06

Mo 0.4

Ta 10.0

W 5.0

V ~V V V_ V_VVV~~VV _V ~~V~~~_ VV ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE 2

TYPICAL INTERSTITIAL IMPURITY CONCENTRATIONS FOR UHV ANNEA LED

NIOBIUM SHEET DETERMINED BY VACUUM FUSION ANALYSIS

Solu te Element Concentration (atomic percent)

O 0.03

N 0.02

C undetectable

TABLE 3

TYPIC A L ~~~~~~~~~~~~~~~~~ IMPURITY CONCENTRATIONS AFTER THE PALLADIUM COATING

P? C - EflL RE DETERMINED BY VACUUM FUSION ANALYSIS

Solute Ele ment Concentration (atomic percent)

0 0.06

N 0.02

C 0.02

V 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~.—-~~~~~ V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~VV
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Several tec hn iques are known to produce good quality niobium specimens

for TEM~
45 ’ °’. The following techni que , used in this study , was found to

consisten tly produce l arge electron transparent areas (Figure 7) (<2000A in

thickness). The 3 mm niobium discs were jet thinned from both sides to a

concave sha pe in a stream of H2S04:HF :Methano l , 2:1:7 at 100—125 volts.*

F i nal ~~~~~~~~~~~~~ to perforat ion was accomplished in a solution of

H2SO4:HF:lac t~c acid , 1:1:2 at 3 volts using plat i num tipped tweezers to

hold the speci--ens and an aluminum cathode. Samples were washed in aqua

reg i a, water and methanol and quickly dried in a warm air stream. The final

geometry of tk e sa mp le i s given i n Fi gure 5.

3.1.2 Palla dium Coated TEM Sampj~~

Ox i de la yers which act as barriers to hydrogen pickup are characteristic

of the grou p ‘1 b refractory metals at room temperature . The following tech-

ni que was de.~ lc ped in order to replace the low permeability oxide l ayer with

a high hydrc~e” ~erroea bil ity layer of palladium. UHV annealed niobium sheet

samples (O.E x 2 x  0.004 in.) were mounted in stainless steel grips in a glass

bell jar vac uum system. The niobium specimens were then resistance heated to

700 °C at 5 x torr for one minute to dissolve the oxide layer. During

cooling a th~ r~ l a y e r  of p al la di um wa s eva porated from a hot tungsten basket

onto one S~VCC of the niobium sheet. A typical interstitial impurity analysis

of the SCP2IC fo ’1o~~ nq this treatment is given in Table 3.

*Th~~mix inq o~~L2 SC~ and rVlethanol i s hi 9h ly exotherm ic and the init ial
m i x i n g  sb ojld ~!on~ with a lib e ’-al quantity of dry ice to coo l the solution.

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  ~~~~~VVVV ~~~
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~O.Imm 
~~~~~~~~ ~~~~~~~~~~~PaI~~dium

3mm

Fiçu re 6. The geometry of the TE~1 samples used in this investigation.

In some of the experiments the norma l oxide surface layer

was replaced wi th a thin layer of palladium.

- - - .. V V .~~~V V V V ., ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Figure 7. Transmission mi crograph of a niobium sample immed iately after
electropolishing. Surface disturbances , due to the passage of
dislocations , are visible. These “tracks” disappeared after
on ly a few seconds of exposure to the electron beam.

Figure 8. SEM micrograph showing cracking of specimens due to a high
flux of hydrogen during electrolytic charging.
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The Palladium —Niobium “composites ” were thinned for TEM in the same manner as

pure niob ium , except that some portion of the palladium layer was protected

(by laquer or plastic holder) from acid attack. (Figure 6). The amount of

final electropolishing was minimized relative to the amount of jet polishing

in order to prevent excessive H pickup during polishing. The aqua regia wash

was not used for these specimens.

3.1.3 Gaseous Hydrogen Chargin g

The usua l method of gaseous hycrogen charging for refractory meta1s~~
4
~

involves the heating of bulk samples to high temperatures (>600°C) in order to

dissolve the surface oxide l ayer . Hydrogen gas is then introduced and the 
V 

-

pressure adjusted to give the proper hydrogen equi lbrium concen Vtration~~
8
~.

As detailed in Appendix B , this m e t hod was found to be unsuitable for the
V charging of niobium thin foils beca use of oxygen pickup and subsequent oxide

precipitation even in UHV environme~’ts. Furthermore , heating in the presence

of purified hydrogen gas , at temperatures as low as 250°C, was sufficient to

cause precipitation of metastable sV :oxides in the thinnest sections of the 
V

foil

Oxide precipitation during gaseous charging was avoided by the use of Pd

coated samples. Hydrogen charg ing of the niobium foils could be accomplished

at ambient temperatures because the palladium l ayer is much less of a perme-

ation barrier to hydrogen entry than the oxide l ayer. A diffusion pumped ,

glass vacuum system was used for this charging procedure. Since the pallad ium

coating effectively purified the ircV :ming H2 gas , commercial hydrogen gas

could be used. Samples were quick l y removed from this system and immersed in

L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ V V V ~~V 

V
~~~~~~

V
~~~~~I_ ~~~~~~~ V V V V  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



mercury to poison the palladium l ayer and trap hydrogen in the sample. The

hydrogen concentration was controlled by varying the H2 pressure and time

of exposure (Figures 9 and 10). At 
~H ~~ 

atmosphere , concentrations of
2

H/Nb<1 could be obtained with this method.

3.1.4 Electrolytic Charging of Niobium 
V

Many investigators of hydrogen in niobium have employed cathodic charging

techniques using solutions containing H2S04 or H3P04. The general observa-

tion is that this technique does not yield predictable hydrogen concentrations.

That observation is confirmed in this work. Several thin foil samples charged

equal current densities for equal times showed widely varying concentrations.

Most of the current supplied to the sample goes to the creation of gaseous

hydrogen in the reaction 2H~ (solution)-~ H2 (bubbles). Only a small and

apparently uncontrollable amount of hydrogen penetrates the oxide layer and

enters the niobium sample. These difficulties were surmounted by the use of

palladium coated samples~
47
~.

Cathodic charging of palladium coated niobium samples was performed in

85% reagent grade orthophosphoric acid at temperatures of 20°C to 150°C. A

1 sq. in. stainless steel cathode was used. The higher charging temperatures

(11O°C—150°C ) were used whenever it was desirable to avoid charging through 
V

the 2 phase o(4./ region of the Nb-H phase diagram. Palladium coateci samples

were usually immersed in mercury and aqua regia after charging to trap the

hydrogcn in the specimens. All samples were rinsed in ~ater, acetone and

methanol and dr i ed with a cool air stream after charging.



V - - V V V V

26

4-’

0
U

—
0.

— i
0

V ‘4-

_ c ’vJ w V

— 
V

U’
. — 0

0.

O
— 4-

V .  

— E V..-

-cO .’_
U) U’o — 

V

—
•
0

-(0r$.) 0• ELC) - .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 V

I— u
II - 0

00
h. V

- 0
U)
U)

- . s.. m0
U

0.
o ‘~.- 4-’

I I I I I I I I
c q cq cs.~— — 0 0 0 0

f l k t ’ H  . U’
f~ C)
U

V 

r

VIVV_~VV VVVVV . ~~~~~ .__.V V VV V.V . V V , V . VV.AV,.V .~.4 at...S ~V.~VVV.* V . - V V V V *V. V V * V V ~.~~_____________________

V~~~~~~VV ~~~~~~~~~~~~~~~~~V~~~~~~~~~~~~~~ - ~~~~~~~~~~~ 

V VVZ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



V VV~~~~~~~ .
~~~~~ ~~~~~ V V

U’ V

- 0.‘p
U’

a

I I I I I I I I I I 0 ~~~~~~o —

— 0 0 0 0
qN/H

D
‘-4

I-

~1~

A

~

V W V  

~~~~~~~~~~~~~~~~~~~~~~~~~~~ V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~V V~~~V V~~~~~~~~~~~~ V V~~~~~~• V V V  T V V~~~~~~~~~~~T 

V



V ~~~~~~~~~~~ V_V~~_ V

28

Reliable hydrogen concentrations up to H/Nb=O.60 could be obtained using

this method. During electrolytic charging at low current densities (<10

ma/cm2) no formati on of H2 bubbles was observed at the sample surface.

The amount of hydrogen uptake could be accurately controlled by charging

current and time (Figure 11) follow i ng Faraday ’s Law n~=Fq where nH is

the number of moles of hydrogen , q is the total charge transferred , and F is

Faraday ’s constant 96516 coulombs/mole. This result indicates that all of

the hydrogen reduced at the surface , enters the sample.

For concentration s above H/Nb=O.60, some bubble formati on occurred and

the actual concentrations deviated from those predicted. However, samples

with hydrogen concentrations as hig h as H/Nb=1.07 were obtained , with less

reliability, usi ng high current densities (O.2A/cm2 to 1.OA/cm2). Cracking

due to high hydrogen fluxes (Figure 8) could be avoided by charging to H/Nb=

0.60 at low current densities and then completing the charging at nig h current

densities. The cathodic charging technique is therefore applicable to charging

bulk or thin samples to a wide range of compositions with no contaminant pickup .

3.2 Electron Microscopy Studies

Microstructura l and electron diffraction studies were carried out using a

JEOL 2008 transmission electron microscope equipped with a side entry +60°

goniometer , scanning—transmission , and supplemental pumping to minimize con-

tamination. A single tilt heating stage, single tilt cooling stage (—180°C)

and room temperature double -ti lt and tilt-rotate stages were used in this

work. In addition a tilt-rotate cooling state was designed and constructed.

This gas cooled ho l der was used for experiments between room temperature and

—70°C and allowed contro l of the specimen temperature in this range.
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4.0 RESULTS AND DISCUSSION

4.1. Hydrides at Low Hydrogen Concentrations

4.1.1 TEM Studies of Precipitation and Dissolution

Thinned TEV samples containing 0.1 to 2.0 atomic percent hydrogen were

rapidly cooled in liquid nitrogen and then warmed to room temperature. The V

dislocation remnants of precipitation and dissolution were observed. The

structure s (Figure s 12-14) consisted of approximately spherical volumes of

high density disloc aticn tangles , 1 to 2,iim in diameter , surrounded by dislo-

cation loops emitted in <111> directions. The dislocation loops were shown to

have ½ <111> Burgers vectors in agreement with Schober~
9
~. Several of these V

loops were analyz ed using “insi de-outside ’ contrast techniques~~
0
~ and were

shown to be interstitial prismatic loops.

In order to study the actual hydride precipitation and to observe any

differences bet~ceen precipitation in thin and thick foil areas, hydrogen

charged samp~es ‘?:ere cooled in situ at rates of 3 to 20 degrees C/minute.

Hydride preci pitation did not , however , occur as discrete particles , but

instea d , all of the hydride formed as a highly deformed ring around the 
V

central perfo~natic n ir the thinnest portion of the foil (Figure 15). Two

beam diffrac tion condition s could not he attained in this deformed area but ,3

V superlattice spots were in evidence. Attempts were made to “innocu late ” the

specimen with a dist~ ibuti on of nucleation sites produced by rapidly quenching
V 

to form sm3ll hvd ’ i des followed by dissolution. On slow cooling, following

this treatm~rt , the in situ slow cooled hydride still precipitated only in th~
th irn e~ t s e c t io r n , a r d  nucleation occurre d only at the quenched in nucleation

sites nea~~st the cent ral perforation .

L
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Figure 12A and B. The prismatic loops and dislocation tang les generated

during the precipitation and dissolution of fast cooled

hydri des. 
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I

Figure 13. High magnification micrograph of interstitial prismati c loops
associate d with the precipitation of~~ hydride.

Figure 14. The di slocat i on remnants of a large hydri de wh ich had
nucleated on a lo~: angle grain boundary .
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1

I-

Figure 15. The preferential precipit ation of hydr i de in the thinnest 
V 

-

areas of the foil after slow cooling to —126°C for an
~bH001 alloy . The hydr ide is in the lower ha lf of the
mic rograph.

Figure 16. Cracking near the edge of a TEN fo i l in the vicinity of a
nydride pa r t i c l e .  H/Nb=0.1. The crack is indicated by an
arrow.
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The precipitation of ,8 hydr i de from solid solution is accompanied by a

volume expansion of approximately 12 percent. As discussed by Birnbaum , et

~~~~~~ this expansion is accommodated by elastic and plastic work done on

the matrix and on the hydride. The free energy for precipitation is then

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (1)

where ~G(chemica l) is the free energy for precipitation in the absence of con-

straint by the matrix , s~G(elastic) is the elastic work done in the matrix and

in the precipitate , tiG(surface) is the energy to create the surface between

precipitate and matrix , and ~G(plastic) is the plastic work done in the matrix.

Similarly, a volume decrease of about 12% is required on dissolution of

the hydride . Elastic , p lastic , and surface energy terms must therefore be

accounted for during dissolution.

For precipitation of the hydr i de , the plastic work term , ~G(plastic), is

the energy required to create prismatic interstitial dislocation loops at the

o~-~’j interface and to move these loops into the matrix. Thus matter is trans-

ported away from the growing precipitate. As noted by Brown,et alJ5~~, how-

ever , dislocat ion loops will not be observed unless the stresses at the (-fl
interface are sufficiently large to nucleate dislocation loops. The maximum

stress at the interface is independent of precipitate size and directly propor-

tional to the magnitude of the dilitationa l strain , eT, associated with the

phase transformati on. At the interface of an elli psoidal particle , for exam—

ple~
52’
~, the maximu ri shear stress , ET~, is:
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(2)

wh e ’e 
~ 

is the shear modulus. The shear stress must be greater than the

the oretical shear stress in order for dislocation l oop punchin g to occur.

:r th~ case of rapid cooling to 77°K, the plastic accommodation takes the

fc~V. cf p~~~—a tic interstitial dislocation loops which serve to move material

away ~~om the precipitate interface . Hydrogen diffusion is too slow , rela—

tive to the cooling rcte , to allow significant redistribution of the hydrogen

atc— s. In thi s case the hydride nucleation appears to occur homogeneously and

foi’ ic~ ress has little effect. For precipitation durin g slow cooling,

hya~ocen d~f~~sion is rapid enoug h to allow hydrogen redistribution and foil

th~:~~ess i-as a lar ge effect. In close proximity to the surfaces, the neces—

sa~j acoo r-oda tio n terms ~G(plastic) + ~G(elastic) are not as large as in the

fu~~y co rs t ~’~~ned case since no constraint is placed on a precipitate by a

f~se s~;rf ace . Less V j n de r c o ol jn g  is necessary then and the solvus temperature

ir ~ b i r se:ti :~s app ro.~:hes the equili b rium , i.e., unconstrained , solvus tern—

pe’~e t J r e .  T~’e ~ so i v~s temperature is hi ghest in the thinnest regions of

t~- e sar~~ e and therefore on slow cooling massive precipitates form first in

t~e thi nnest section of the specimen .

:~r att emP t was made to approxi u’ateiy calculate the magnitude of the plas—

t~c ,‘~~~V r ~~ ta r— , ~G( p las ~ ic ), from the rumber and position of prismatic inter-

s Y Y a ’ ‘-- o s seen in the VVJccomp anyin~ micrographs. The ~G(plastic) consists

: oop ~or’~at io n  energy ar -~ t he en~rav of loop motion away from the

Q.
V Thc~ e V e r r ~~S c~n be w r i t t e n :
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R .pb2 4R.

~ G(plastic) ~~ 2(1-hi) (In _?2.) — 1 +
~~~ 

21PR
~
vbd i (3)

where 
,~~

‘ is the shear modulus , b is the Burgers ’ vector, R 1 is the radius of

the ~th dislocation , d~ is the distance the 1th dislocation has moved

from the precipitate ,~Q is the shear modulus , V is Poissons ’s ratio , and p is
about b/8. The summat i on is carr i ed out over all of the dislocation loops.

Us i ng Equation 3 and the information obtained from rnicrographs, a plastic work

term of 50 cal /mole is estimated . This value is of the same magnitude but

less than the value of approximately 300 cal/mole estimated by Birnbaum , et

~~~~~~ The 50 cal /mole calculated here is a low value because of three V

factors .

1. The calculation does not take into account the possible generation of

loops on slip systems which allow annihilation of dislocation loops at

the sur face.

2. The energy of the tang le of interfacia l dislocation s at the precipitate

surface has not been included in the calcul ation.

3. The addacent free surface allev i ates the need for some of the plastic

accomm odation thus lowering the magnitude of aG(plastic) in the thin

foils relative to bulk specimens.

V 
The hydride dissolution process was studied on slow heating after precip-

itation. Samoles were cathodica lly charged at 110°C to 10 atomic percent H

ar
~ 

cJenc hed im-’ed i ately into liq u id nitrogen. This yielded a room temper—

at ;re d is t’ ih~ tion of hydride precipitates ranging in size from 4—5 uem in

V V V V V~~~~~~V V~~~~~~
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V 

diameter in thinnest foil sections to 1-2fim in thick foil sections. The

morphology consisted of an undeformed multidomain hydr ide surrounded by a

highly deformed interface and by prismatic dislocation loops (Figure 17).

Microcracks l eading from the central perforation to adjacent hydrides were

often observed (Figure 16). The precipitates were heated in situ and the

dissolution process was observed. As the hydride particles decreased in size ,

dislocation having a/2.zlll> Burgers vectors were observed to precede the

interface into the inter i or of the 7? precipitate. The process continued unt il

the entire precipitate filled with disl ocation tangles (Figures 18—21). The

actual o(_f? interface could not usually be observed. Dislocation motion

occurred quite readily within existing hydr i des and the p domain boundaries
did not appear to hinder this motion.

It is theoretically possible for the volume accommodation which accom-

panies hydr i de dissolution to be accomplished by the punching of vacancy

prismatic dislocation loops into the oC matrix or by the absorption of existing

prismatic interstitial loops at the c(_fl interface. Neither of these two

mechanisms was observed . Presumably interactions between the existing pris-

matic i nterstitial dislocations inhibits the absorption of i nterstitia l loops

during reversion . The lack of plastic accommodation by means of prismatic

vacancy loop punching in the ~ matrix may also be caused by the presence of

dislocation tangles at the .(-~d interface .

The plastic accommodation of the volume change for the /3~”< transformation

occurred almost entirely within the dissolving hydr i des by mot ion of a/2<111>

dislocations. These dislocations were not loops and therefore could not be

—V - -* V - V~~V . VV~~~V~~~ ~~V V 
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Figure 17. A portion of a large hydride precipitate formed on quenching to

-196°C from a charging temperature of +110°C. The foil composi- V

tion is NbH01 . The hydride contains little deformat i on and
domain boundaries are visible. The interface is highly deformed
and plastic deform ati on extends into the matrix.
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Figure 18. A hydr i de precipitate formed in a thick foil area by quenching to
-196°C frcm a charging temperature of +110°C. Foil composition
H/Nb=0 . 10.

Figure 19. Same area as above after heatin g to 60°C to dissolve the hydride
precipitate.
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Figure 20. A large hydri de p rec ipi ta te undergoing d issolu ti on at 60°C.

Fi gure 21. Same as figu re abo •’e at higher magnificati on. Dislocations
are in mot i or to~’:ords the center of the precipi tate.
H/t~b=0 . 10.
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analy zed for interstitial or vacancy character. They may be partial prismatic

loops which intersec t the foil surfaces. Alternatively, if they are shear

dislocations , their correlated mot i on could have the effect of moving material

towards the center of the ,E hydride as reversion occurs. In rare cases the

disloc ation tang le was sparse enough to permit observation of the ~
‘-

~~ inter-

face. Some addition al dislocation debris is left behind when the i nterface

passes through an area and some plastic accommodation may occur in this manner.

The analysis ~V;aS complicated by the un avoidable motion of the dislocations

dur i ng observat i on. ~ince the dislocation s were observed within partially

dissolved hydride , even small amounts of electron beam heating caused further

dissolution and additional stresses which induced dislocation motion .

4.1.2 Beam Heatin g Effects

Dur i ng i n s i tu cool i ng of low H concentration sam p les , precipitation of p

hydr i de always occur red firs t in thin areas not illuminated by the electron

bea m . As a conse quenc e, an area several microns in diameter could be kept

Free of hyiride until the electron beam was removed. At normal 200 KV oper-

ation , th e elec tron b ea m b omb ardmen t ha d no effect on al ready ex i st i ng

hydr i des , exce pt very near the solvus temperature. A lower accelerating

vo l tage of 100 KV or operation without a condensor aperture caused rap id

movement of domain hc~ ndarie s with in hydrides (Figure 22).

These effects are attributable to electron beam heating of a small area

of the sarpl e an~ t he concomitant stresses. Thermal gradients are created

within the snec imen an~ mobile so lutes having a pos i t i ve heat of transport ,

I
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Figure 2?A. A dome~~ heinda ry within a hydride precipitate. The microgr aph

was t .V
~~~~ E~ a t 100 KV VV~~th a highly defocusecl condensor lens.

Fi gure 22B. rV~icrog,-ach taken after br ir f exposure to a 100 KV beam with a

nermal lv focused condensor lens. Note the movement of the

boundary ~.e to beam heatinq.
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such as hydrogen~
53
~, will tend to mi grate towards the cooler areas of the

spec imen. Concentration gradients are thus established which make precipita-

tion unlikely in the area under observation . Wipf~
53
~ has discussed thermal

transport of hydrogen solutes , and his phenomenological treatment is outlined

here. For steady state , the flux of H due to thermal drift is balanced by the

flux due to the induced concentration gradient

J (Diffusion ) = J (Drift) (4)

0 gra d C = ~CMQ* 
grad T (5)

where 0 is the diffusion coefficient of H in Nb , C is the concentration of H,

M is the mobility of hydrogen and T is the temperature . Q~ is called the

“heat of transport~ and th is quantity includes not only the act ivat ion barrier

for H mot i on , but also the effects of electrons , holes , and lattice phonons on

the migrating hydrogen atoms. The approximation can be made that:

D = C ~~~ = kTM (6)

Then combining the two previous equations:

grad C ~~~~~ grad 1 (7)
kT

For a concentration of 0.001 the value of Q* has been reported to be 0.15 eV

an d the hydride solvus temperature reported to be 173°K. 

- 
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The beam heatin g in a TEN cooling stage can be estimated ’54~ by:

A T  = 

~~~~ 
[.5771 + 2 1n~~] (8)

where R is the distance to a thermal contact between sample and stage, I is

the total beam current hitting the sample , K is the thermal conductivity of

the samp le , t is the sample thickness at the point of irradiat i on and ~~~
=

ln i~/2 
. H, where H is the diameter at half maximum of the gausian beam

profile (H taken here to be 2,~~m). The energy loss to the sample by one

electron , ~E, can be calculated approximately~~
5
~ from the equation :

E(o)2 - E( t )2 = 2’?e4 [Nr /a ]zt (9)

where A = atomic wei ght , Z atom i c number , Y’ = density , N = Avogadro ’s number

and E(t) is the electron beam energy after passing through material of thick-

ness t. Usin g the appropr i ate constan ts for n i ob ium, ~ E/t is 0.75 x io6

eV /cm for E(o) = 200 KeV. Zalusec~
56
~ has reported that at 200 KeV for the

JEOL 200B ins trument , I = 3.7 x 10~~ amperes (2.3 x io
12 electrons/second).

Then by Equation 8, ~T, between the irradiated area and the supporting stage,

is approxim ate ly 7°K . Which in turn , by Equation 7 gives an estimated concen-

tration difference (at C(average) 10~~ and I = 173°K) of~~C = 4 x 10~~.

Elnc tron beam heating has a si g ni f ic a nt effect upon hydrogen concentration in
—---—-

sol id sol ution s and can be ex .4 f4~~r~~ t~~~~~T~i tate di St r I but I on.
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4.1.3 Trapping Effects

Several investigators (S7~
58), using internal friction and resistivity

V neasurements , have found evidence for trapping of hydrogen by other inter—

stitials. Oxygen-hydrogen and nitrogen-hydrogen bound pairs are believed to

form in niobium with a binding enthalpy of ~~~~~~ and 0.12 e~iatom~~
8
~ ,

respec tively.

There has been investigation of and controversy about the effect of 0 and

N additions on the hydride solvus in the Group Vb refractory metals. Chang

and wert(60) and Westlake and Ockers (61 ) both found shifts in the solvus

to lower temperatures for oxygen additions in the Vanadium-Hydrogen system,

but they differ on the magnitude of the effect. Lecocq~
62
~ found no effect

of oxygen on the tanta lur’ hydride solvus. Pfeifer and Wl~ f~~
9
~ and Chen~

62
~

found solvus shifts and decreasin g amounts of niobium hydride precipitation

with 0 and N additions , respectively.

To demonstrate the effec t of 0 and N interstitials upon hydr i de prec ipi—

ta tion , TE~ samples were made from Niobium sheet which had been doped with

0.27 atomi c percent oxygen and 0.47 atomic percent nitrogen . These samples

were then electrolytically charged to 0.1 and 0.7 atomic percent hydrogen ,

respectively. During subsequent in situ cooling to 77°K no hydr i de prec ipita —

t’~on was observe d in either foil. The hydrogen trapped at 0 or N is evidently

ret available for the hydride precipitation process in agreement with the mea-
- V 

s~ ’-errents of Pfeifer and yjpf (59) and wi th Chen~
62
~. These observa tions

S~ PPO.Vt their cenclusion s that the amount of hydride precipitation decreases

th inc reasing solute trap concentrations.
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4.2 Low Temperature Phase Transformations

4.2.1 Transformations in Samples of H/Nb less than 0.70

At room temperature , a two phase mixture of o( solid solution and

hydride is stable for compositions between H/Nb=0.04 and H/Nb 0.70. Thin foil

samp l es were electrolytically charged at temperatures above 110°C and cooled

quickly to ambient temperature. This charging technique successfully avoided

the excessive amounts of plastic deformation that usually accompany the nucle-

ation and growth of hydride particles in the c(+fl region. In general , the

entire electron transparent area transformed to a relati vely undeformed

hydr i de. The °~ solid solution was presumably confined to the thicker areas

of the sample. This distribution is consistent with the volume increase on

forming hydr i de as discussed in previous sections. Domain boundaries were in

evidence throughout the structure (Figures 23-24) and j3 phase superlattice

reflections were observed (Figures 25-29) at ~½½1} as previously reported by

Somenkov , et al.~
20
~ and Schober , et ai.

(21 ’).

The specimens were cooled in situ and observations were made at 200 Ky

on cooling to and warming from -180°C. The sequence of transformat i ons on

warming will be described here; no differences were found during cooling. The

relations between these observation s and those previously obtained at 100 KV

will be discussed shortly.

Between -180°C and -66°C and stable hydride isE , which is based on the

ordering of hydrogen vacancies on a specific subset of those tetrahedral sites

allowed in the structure (Figures 30-33). In this structure the intersti-

tial sites in the subset labeled (ii) in Figure 33 have occupation probabi li—

ties of 1 while those in the subset labeled (i) have occupation probabiliti es

V V ~~~~~~~~~ V
VV ~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fi gure 23. Domain boundaries in 
~ 

hydride at room temperature.

Figure 24. Domain boundar ies in a sample of composition H/Nb 0.79 at room

temperature . Tk~ alternating dark— light contrast of domains is 
-

caused by chan ces in diffraction conditions due the differing

orientat ion CF the three orthorhombic axes in each domain.
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Figure 25. A (110) diffraction pattern showing (½½1 )
~~flsu

per l attice

reflections. Sample composition is approximatel y H/Nb=0.70.

Temperature is 20°C. - 
-

Figure 26. Scann ing-Diffraction taken in the [112]
~ 

direction and showing

the 3 super l attice spot at (½½l) c~ 
Intensities are on a Log

scale.

~
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Figure 27. Brig ht fie ld-Da rk field pair of a sing le ~ domai n. The dark

f ie ld  image is fo rmed using the 
~~~~~~~ 

superlat tiCe reflec-

t i o n indicate d.
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Figure 28. An diffraction pattern at 20°C from /3 hydr i de in a sample

of composition H/Nb=0.67 . No superlattice reflections appear on

any of t he t hree VOO 1 }
c 

reciprocal sections in ~ hydr ide.
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• N b2OO~ 
-

~~~~ O H
Figure 29. The reciprocal lattices of /i, ~ and hydrides. 
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Figure 30. An diffraction pattern taken at -78°C from a sample of
composition H/Nb=0.67. The superlattice reflections at (¼½O)

~
,

(½00)
~
, and (O½O )

~ 
are due to a single E domain.

Figure 31. Scanning -Diffraction in the [2OO]
~ 

direction taken from
hydr i de. Note superlattice spots at (½00)

~ 
and (

~
OO)

~
.

Temperature is -180°C.
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of either 1 or 0 as indicated. The ~ reciprocal lattice observed in this

investigation (Figures 29-31) was the same as than seen by Somenkov , et

a1i29) and Schober , et ~~~~~ No morphological differences between the

,e and ~ phases were observed. In particular , the domain structure was the

same for the ,o and ~ phases.

At -66°C the super l-attice reflections at {½OO}
~ 

greatly decreased in

intensity and nearly disappeared. The super l attice reflections at (½½O )
~

rema i ned intense. The change in diffraction pattern occurred at approximately

the temperature wh i ch was reported by Schober~
9
~ to characterize the trans-

formation from the ~ to the ~ hydride structure (Figure 1). It has been

suggested by Schober~
63
~ that the ~ phase , characterized by the (½½O)

~
superlattice reflection , (Figure 29), is due to the ordering of hydrogen

vacancies suc h that the sites labeled (ii) in Figure 34 have occupation prob-

abi l i t ies of 1 and the s i t es  labeled ( i )  have occupation probabil i t ies of ½. - 
-

This was confirmed by s t - .jcture factor calculations where vacancies were

placed as shown in F1c~i~-~ 3~. The E-.C transit ion at —66°C appears to have

the characteristics of a first order transition , in agreement w i th DTA~
64
~

specific heat~
33
~, and e la stic constant~

34
~ measurements.

However , the observations in this work are not entirely in agreement with

Schober ’s results which ifld icated distinct {½½O )
~ 

C ref lect ions and no

intensity at the {~OO-~ i n  the ~ phase. The range of stability of the

phase was reported to be -65°C to -45°C. Above -45°C the (½½O)C intensity

was reported to disappear and the structure to become the p hydride.

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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In the present experiments , in all cases where the ~ hydr ide was observed ,

the (!
~½O)~ reflection s were accompan i ed by reciprocal lattice streaks in the

[100]
~ 

and [oi0]
~ directions (Figures 35-37) with weak intensity maxima at

(½00)c and (0½0)~
. The 

~ 
(½½ O)

~ 
reflections and their assoc i ated streaks

did not disappear at -45°C; rather their intensities gradually decreased as

the temperature increased . Both the (1
~
2½0) c 

reflections and the streaks were

detectable up to approxim~tely 0°C.

The gradual decrease in ~ reflection intensity with increasing tempera-

ture and the occurrence of <100> streaks will be treated here as two separate

but rel ated phenomena. First , the ~~~ disorde ring of H vacancies does not

appear to occur as a distinct first order transformation. The continuous

decrease in the C (½½O)~ diffracted intensity on increasin g the temperature

above -66°C corresponds to decreasing order of the H vacancies in the {ii0]
~

direction , i.e., the occupation probability of type (ii) sites decreases and

that for type (i) sites increases towards the ,8 hydride occupat i on probability

of 0.75. The intens i ty at the ~ rec iprocal lattice points is a function of the

difference in electron scattering between 
~
‘10

~~ 
p lanes , which varies as the

difference in vacancy population on alternate planes. The conclusion that the

C-’fl transition is seconJ order , is supported by the fac t that three previous

stud i es usi ng DTA~
64
~, specific heat~

33
~ , and the variation of elastic

constants with temperature~
34
~ have failed to show any first order transfor-

mation behavior .

The observation of streaks in the [100]
~ 

and [010J
~ 

reciprocal direc-

tion s through (½½O)
~, 

an d the obse rvation of weak maxima at (½OO )
~ 

and

(0½0)
~ 

i n the ~ temperature range can be interpreted in a number of ways.

-V  ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ V ~~~~~~~~~~ V V ~~~~~~~~~~~~~~~~~ 
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1

Figure 35. An (OOl) c diffraction pa t t e rn  taken at -61°C . Sample compos i-

tion is H/Nb=O.66 . The (
~
½0)

~~
Csuperlattice reflection is shown

as well as streaking in the [0iO]~ 
an d {100]c d irection s.

I
I
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Figure 36A . Scann i ng-Dif~r-act ion taken through three superlattice
ref lections ~F th~ E phase at -180 °C.

Figure 368. Scanning di ff r-~cti on 1~ ke’ at -40°C. The three ref l ect ions
of the € phase hav e cha- ged to the single diffuse (streaked)

peak of the ~ ~~~~~~ The weak maximum at (0
~

0)
~ 

could not
be detected V I S~~~r~~ th is teohnique. 
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0
~—I(\1

0
0
~—Ic\J

t 0
I -

-

~~~~~ streak

~r~w
background

Fi c~~ c 37. P~~tn-der .;itonieter tracing taken from Fi gur e 35 of the
2 -phase. The I super latt ice ref lect ion , streaking , and
the wea L - V l x irnun l at (1•00 ) c are shown .

_ _ _ _ _ _ _ _  -- ~~_ V VV V~~~~~~~~~~~ V V V ~~~~~~~~~ ~~~~~~~ V - V~~ _V-~~~~ VVVV --



V ~~~~~~~~~~ -V V V V V V V V V~~~~~ V~~~~~~~~~

75

The model most c o n s i s t e n t  w ith the data is based on a fluctuation phenomenon

in wh ich the H vacancies order on the type (i) sites in a number of continuous

ordered dist r ibut ion s , of varying wavelength , between the 0— 1 bimodal distri-

bu t i on charac teri st i c of the E phase and the occupation probability of 0.5 of

the ~ phase (Figure 38). Such distributions could be a continuous phenomenon

throughout the saV~nle or ccul d also poss ib ly take  the form of di sc reet short

lived heterop hase part icles (66). In e it her case these fluctuat i ons gi ve

rise to intensity between the (½½O )
~ 

and the (½00 )c and (0½O)~ 
pos i tions

in reciprocal space. The intensity maximum at the {½O0~~ r e f l ec t ions  i nd i-

cates that th e r~ost probable fluctuation is that corresponding the the (

phase. The abrupt termination of the streaks at the (½00)C and (0
~
0)
~

spats , then is a conseonence of these fluct-jatio ns. As the temperature is

increased tcwar~ s 0°C , the intensity in the streaks gradually decreases and

a ho .-e th is to - - a e ra tu re  on ly the  ~ phase structure is observed.

In s u m r a V ;. the t ransf or nat ion on heat ing from the E phase to the e phase

~c~urs in a se~~es of s te p s . Belo~-; -66°C the H vacancies are distr ibuted on

or l y type (I) sites , an~ furthermore , exhibit a bimodal 0-1 probabil ity dis-

tr ibut ion . ~t L (f~~~
) , f V 3 O C , the con fi nement of vacanc i es to type (i)

sites persist~ . V-h u e tb~ bi mo dal di stri buti on weakens and many occu pancy

f l~ctu-atioos acer’ amor g tho vario us type (i) sites. As temperature continues

t~ increa se , th~ conEinnoe nt of v a c a n c i e s  to the type (i) sites gradually

hr~aks d0,-;~ u n t i l  onl y the ~ type sub l attice , w i t h  uni fara occupation proba-

bility of 0.75 u~:is ts at “oem tn~’pr rat u re .

- V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V
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Figure 38. The variation of hydrogen occupation probability on type (i)

s i te s  w ith increasing temperature. Two E unit cel ls are shown
with hydrogen vacancies allowed along l i ne s  i — i and i ’ — I ’ .

The E phase h E s a bimodal 0-1 (square wave) distributio n. The

t ra n s fo r : na ti cr  of ~-‘C h as b een descr ib ed as a t ransform at ion
f rom the 0-1 bimodal distribution to the uniforrn occupation

~r ’ob ab ’li ty of 0.5 on a ll type (i) sites. The streaked diffrac-

tion pat~ er n shown in Figure 35 can be exp lained by allowin q

periodic f l V ct uet i on s in hydrogen density on the type (i) sites.
The d i st rih t~ons are drawn out of phase to eliminate intensity

rear
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The fac t that <‘°°> c streaking see n in this work has not been reported

by previous TEM investigators may be in  p art due to t he use of different

acce lerating voltages. Because of the flatter Ewald sphere , for low wave-

l ength electrons , higher i ndex reflect ions can , in principal , be observed at

200 KV than at 100 KV and therefore , observat ions can be made far from the

diffuse inelastic b ackgroun d tha t p er v ad es the center of the electron dif-

fraction pattern. The use of 200 KV accelerating potential also lessens the

ma gnitude of the diffuse background. Thus , higher volta ges increase the

chance of de tect i ng streaks wh i c h are ve ry weak and wh ich may be very narrowly

confined to a particular reciprocal plane.

Observ ations made in the course of this investi gation indicate that the

,-.aak 
~~~~~ 

re f lec t ion  is detectable at. hig her temperatures usi ng 200 KV vs.

100 Ky . T he st reaks , altho uqh de finitely present in diffraction patterns

t a k e n a t 100 hI coera t i on , are ver y hard to distinguish from the diffuse

b a:kg round.
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4 .2. 2 The )
~ Phase

As noted in Section 1, the Xray data of Pick ( 31) indicates that a low

temperature bcc ~~

‘ hydride exists in the composition range from approximately

H/Nb=O.85 to 0.98. Welter et al. (65) have interpreted their DTA data as

indicating a sequence of at least three X phases at low temperatures , one of
wh i ch may be identical to the Y phase (Figure 1). At present the structural

relationships between these various ordered non-stoichiometric hydride phases

is not lrVjerstood . An attempt was made in this investigation to study the

morphology and possible ordered structures of high concentration hydrides at

- 180°C.

Pallad i um coated niobium samples were electrolytically charged at 120-

140°C to compositions in the range H/Nb=0.72 to H/Nb=0.98. On cooling to room

temperature all samples were multi -domain /3 phase (Figure 39). The specimens

were then cooled in situ from room temperature to -180°C. Morpholog ical elec-

tron diffraction studies were carried out at -180°C and on warming to room

temperature.

The observations can be summarized as follows .

1. Samples of composition H/Nb~O.72, observed at —180°C, showed a

small amount of secon d phase , , in an € matrix (Figure 40). The ~ precipi-

tates took the form of plates parallel to 
~
0o1
~ 

which appeared to have

nucleated at 6 domain boundaries. Diffraction patterns (Figure 41) showed

large numbers of superlattice reflections along the {0Oi]
~ 

which is perpen-

dicu l ar to the [O1O]c and [100]~ 
directions which show (½0O )~ and

(O2O)C f superlat tice reflection s from the ~ phase matrix. Dark field

studies (Fiqires 42, 43) indicate that the cf reflections are not incorporated

in the reciprocal lat t ic of the )
~ phase.

L VV- V V V r n~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
V _ _

~~~~~~~‘ ~~~~~~~~~~
. .
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2. On warmi ng , the ~ matr ix transformed to ~ hydride at -66°C. At

-40° C (O0l)
~ 

plates of ~~hydr ide appeared within the )~precipitate s, and

grew to consume the ) .

3. The th inned areas of samp les wi th average composition 0.85 to 0.90

transformed entirely to a single phase ~k during cooling to —180°C. The fi
domain boundaries disappeared and were replaced with fringed boundaries which

were non—planar and were not crystallographic in nature (Figures 44). The

sample morphology also showed fine striations perpendicu l ar to [0o1]
~ 

on

foils. These str iation s, wit h app rox imately 60-250 A spac ings ,

changed directions in the )k phase upon crossing a fringed boundary (Figures

44 , 47). Associated diffraction patterns (Figures 45, 46) also showed large

numbers of su per la t t i ce  re f lec t i ons alon g [ooi]
~ 

but with different spac i ng

than the lower concentration )~+E sample (Figure 50). On gradual heating, the

samples returned entirely to the :3 hydride . The new domain pattern of the

room temperature ~3 phase was ge n e r a l l y not the same as that observed prior to

cooling. This was due to a h i gh m o b i l i ty of /3 do~na irt boundaries which was

observed just above the Tc()~
’,i) and which was probably caused by stresses

induced by the transformation.

4. Samples of composition H/Nb=0.91-O.96 at -180°C showed morpho lo g ies

and diffraction patterns similar to those observed for the )s, phases at l ower

H/ Nb ratios . The superlattice reflection spacing along [ooi]
~ 

(Figures 47,
V 48) again depended on composition . The presence of {¼½l}

~ 
reflections was

noted in some of the patterns obtained in this composition range , and this may

indicate the presence of some ~3 phase, in addition to the

I

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~

VV V ~~~~~~~V~~~~~_ V~~ V V V ~~~~~~~~~~~~~ V

81

5. In samples of composition H/Nb=0.97, rapid cooling to -180°C resul-.

ted in a if phase structure as indicated by the morphology and diffraction

patterns. On holding for several minutes at -180°C, plates of ). hydride

nucleated atp domain boundaries (Figure 49) and a two phase mixtur e of and

V was formed . Samples of composition H/Nb’~O.98 remained entirely single phase

,8 hydr i de on cooling to -180°C. No evidence was found for a structure as

simple as that suggested by Pick (31 ) , (i .e. having dimensions 2 times the~~
cell in all dimensions).

In every case where the )~ phase was observe d , superlattice reflections

along the [O01]c direction were always present. These could be interpreted

as sattel ites of the bcc fundamental reflections and as sattelites of the

extinct (
~
2½l)C 

reflec ti ons. Most of the observe d ),~ diffraction patterns

are complicated by double diffraction , streaking, an d by anomo l ous d i f f r ac t i on

spots due to the intersection of streaks with various reciprocal lattice

p lanes.  Fur thermo re, the spacing of superlattice reflections changed with

hydrogen concentra tion as shcw’m in Figures 50-53. The super l attice reflec-

tions along the [O0i]
~ 

direct ion appeared at approximately the positions

summar ized in Ta b le 4 .

Tr an sfo rmat ion  tem peratures , for the )r’/~
’ t r ans i t i on , as observed on

heating , ar~ given in F i gure 54.

Brun et al. (42) have recently confirmed the existence of A superlat-
tice reflections at low temperatures for a large deuter i de crystal of compo-

sition D/Nh~0.84 u s i n g  neu tron d i f f r a c t i o n . The super la tt i ce re f lec t ions  we re

observed at. approxin~ately (O ,O ,3/7 )
~ , (1/2 , 1/2 , ‘1’14

~~ 
and (1/2 , 1/2,
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Figure 39. ~3 hydride at room temperature and composition H/Nb = 0.94.
Hydrogen charging was performed electro lytically at 130°C.
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Figure 40. )~hydr i de plates in an 6 hydride matrix. Sample composition is
N b H 0 7 2 . An ~ domain boundary can be seen in the upper left of
the micro graph.

Figure 41. 
~
110

~~C 
diffraction pattern taken fom an area cont ainin~ both ~

and k hydr i de . composition is NbHQ 72.
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Figure 42. Dar k f i el d m i crog ra ph taken u s i n g the ~~. reflec t i on in di cated.
Sample composit io n is NbHQ 72.

Figure 43. Dark field micrograph using the ~ reflection indicated. Sam-

ple composition is NbH 0 7 2 . Th i s m i cro g ra ph corresponds to

the upper rig h t h a n d corne r of F ig ure 40. Si n ce the )
~ p lates

are not “br i ght~ in this nii crograph , t he conc lus i on can be
drawn that the C reflect -ion is not incorporated in the A
rec ip rocal la t t i ce .
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Figure 44. Two transmission microgr aphs showing the non—crystallo graphic

dcr~’ain boundaries of the )
~ phase. These boundaries often formed in

nearly the same locat ion as the crystal lographic domain boundaries
of the parent ,,6 phase. Sample composit ion is NbH 0 85 .
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Figure 45. diffraction pattern from an area of .~ hydride. Sample

composition is NbH0 85. No fi or C hydride was seen in samples of
this composition. Note the absence of the (½½1 ) fi reflections.

Figure 46. diffraction pattern taken from the same specimen as Figure

45 above. The presence of )~ superlattice reflections along
[O02]

~ 
in both of these figures indicates that these reflections

are not due to double diffraction.
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Figure 47. Dark field micrograph using a )~. superlattice reflection . Sample
composition is NbH0 96. Note the striat i ons perpendicular to
[002]c~

Figure 48. Diffraction pattern taken from a sample of composition NbH0 96.
Orientation is (1lO)

~
.
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Figure 49. Two transmission mi crographs showing A plates in a fi matrix.
Samp le compos iti on is NbH0 97. These plates formed after holding

for several minutes at -180°C.
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Figure 50. A composite of three diffraction patterns showing the shift in
first )

~ superlatt i ce reflection with increasing composition .
Measurements of peak spacings here were made from the photographs
and are probably less accurate than those made from the
densitometer tracings.

I 
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Figure 51A. A photo-densitometer tracing in the direction
through two niobium reciprocal lattice peaks. Truncated
peaks indicate film saturation . Weak A reflections are
observed at (hkl) + (O,0,.43). Sample composition is
NbN0 72.

Figure 51B. A simil ar tracing through the (½½l) c E reflection in the
tOO2]

~ 
direction . The diffraction pattern shown in

Figure 41 was used for both of these plots.

‘1



A
Cr) $

\ o Io(••‘J ‘ 0 1~~~
I— 

+I—

I-c

\ C 9

0 0
- 

~—ic ’.i ~—T~ N b~

- :



100

Figure 52A. Phot o-d e ns i tc m~ter tracing in the [OO2]
~ 

direction
throu qh t~:c nieb~um reciprocal points. Truncated
peaks indicate f u n  saturation . Sample composition
is NbH 0 3 7 . Fi a~re 44 was used for this plot.
supe riat ti ce reflection s can be seen along 

~°°
21
~ 

at
h~ l) = (O ,0 ,.3~ ).

Figure 52S. ~ si~~~~r trac~r;o in the vicinity of the extinct
r C f i e C t~~ Of l .  T-~e - ‘

~~C ~ reflection does not eppear

tc ~ h~ i~ cc- c r a t e - ~ into the reciprocal lattice of the )~
b ase .

1-
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Figure 53A. Photo-densitometer tracing in [0023c direction through two
niobium reciprocal lattice points. Tracing is taken from
Figure 4~. Sample composition is NbH0 96. 

)
~ Superlattice

reflections can be seen at (hkl) ± (O,0,.31)•

Figure 53B. Same sample as above. Tracing in the vicinity of the
(½½l)

~ 
reflection .
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Figure 54. Although TEN methods are not sufficient , in themselves, to
determine phase diagram boundaries with confidence, qualitativ e
comparisons can be made between previous and present work .

A. The summarized low temperature data of Welter and
Schober~

77
~ _ _ _ _ _ _ _ _ _  

and Pick~
3
~ (DTA and X-rays)

B. The summarized low temperature data of this investigation .

• - observed in TEM
D /7 - no ,A observed

~ >~. - deuterium , Brun~
42
~

L .~1~--~ :1iiI:i~~
_ _ _ _
~~~.±:~
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These investigators found that )~
. hydride coexists with C hydride at -196°C and

that the \ reflections disappear at approximately -50°C upon heating. They

have also shown by comparison of the relative intensities of the 6 possible

{½½l} C reflections that the relative population of the various /7 domains

changes after thermal cycling 8’*~f l. These resu lts are i n genera l agreement

with those observed in the present work (Table 4).

TABLE 4

RE PORTED POSITION S OF THE A SUPERLATT ICE REFLECTIONS

In di ces In di ces
Composition (H/r bj (Near bcc Fundamental) (Near ½½1)

0.72 (0,0, + .43) (.5,.5,.79)— 
(.5,.5,1.21)

0.84 (D/ ~b ,~ run) (0,0, ± .428) (.5,.5,.79)
(.5 ,. 5,1.21)

0.85-0.90 (0,0, + .38) (.5,.5,.81)— 
(.5,.5,1•19)

0.91-0.96 (0,0, + .31) (.5,.5,.84)— 
(.5,.5,1.16)

The transformation of the /3 phase to the A phase appears to represent on

ordering of hydrogen solutes on specific interstitial sites. Following the

• analogy of the ‘~~‘~ transition , wh i ch is based on the ordering of hydrogen

atoms and hydrogen vacancies on the /3 structure , the various )k phases may be
based on the ordering of hydrogen atoms and vacancies on a specific subset of

t
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interstitial sites. As the H/Nb ratio increases, the number of vacant hydro-

gen sites on any structure would decrease. If these hydrogen vacancies are

ordered, the size of the unit cell will increase and the reciprocal superlat-

tice vectors would shorten as the H/Nb approaches unity. This is consistent

with the present results . The A unit cell size in the [0Ol]
~ 

direction

increased as the H vacancy concentration decreased. The variat ion of the

reciprocal lattice spacing with composition is consistent with the ~ phase

being a series of distinct phases in the composition range 0.72 < H/Nb < 0.97
(65) or with the possibility of a continuous var iation of A phase unit cell
size with increasing composition .

The structure of the hydride cannot be completely defined on the basis of

the electron diffraction results. Positive determination of the exact hydro—

gen sites will necessitate precise diffracted intensity measurements which are

best done with neutron scattering. Such measurements are being conducted

presently by Brun et al. (42)~ Some general statements, however , can be

made from electron diffraction data and structure factor calculations.

The A unit cell cannot be based simply on the ff unit cell since the

{½½1}C fi reflections are absent from the ~ diffraction patterns (Figure~ 5).
Nor can A simply be based on theY structure proposed by Hauk~

35
~, since h is

unit cell was shown to give rise to no superlattice reflections. Two explana- -

tions of the ,A ordering seem tenable. The first involves a distribution of H

vacancies on a simple stoichiometric structure such as the fi unit cell of
Somenkov or the Ycell suggested by Hauk. This H vacancy distribution would

necessarily have a long wave length per iodicity in the direction which

- 

- 

I 
- - --- -- - - - -- _ -~~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _



108

is incommensurate with  the niobium lattice in order to be consistent with the

repeat distances suggested by the )~ superlattice reflections. Such distribu-

tions were shown by structure factor calculation to give rise to additional

ref lecti ons al on g [OO1]~.

An alternative structure is one in wh ich single unit cells , such as

hydride cells , are stacked upon one another in the [OOlIc direction . As the

stacking proceeds , some unit cells are rotated with respect to the cell

below. A large number of possible structures can then be generated. This

type of stacking leads to the extinguishing of the normal /7 C½~ul}~ ref lec.-
tion and the creation of sattelite reflections near 

~~~~~
‘

~~C
• Large un it

cells constructed in this way do, howeve r, result in prohibitively close

approach of hydrogen atoms near the point where the rotation occurs.

A tentative model for the )~. structure can be proposed using a combination
of the two explanation s discussed above. A structure pertaining to the lower

concentration (H/Nb=O.72 to 0.84) A data will be discussed here but the con-

clusions should be generally applicable to the entire ~ region with minor

modification . For the A structure observed for D/Nb=O.84 Brun~
42
~ has

suggested a stacking of 14 unit cells in the [OO1]
~ 

direction with 180

degree rotations of the cells abou t [OOlJ c in a 2/3/2/2/3/2 sequence. Such

a structure gives rise to intensity at (1/2, 1/2, 11/14) and (1/2, 1/2,

17/14). In order to generate additional superlatt-ice intensity near the bcc

Bragg peaks , i.e. at the 
~ 

(0 ,0,3/7) satellites , and in order to relieve the

close approach of hydrogen atoms at the points of 180 degree rotation , an

occupation probability having a sinuso i da l variation in the t0Ol~~ direction

1-
TT~III±~1I:I:. ‘~1I~ITT JIll 1
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Figure 55. A. The hydrogen positions for /3 hydr ide, here drawn in the
bcc unit cell rather than the fco representation used
previously.

B. A 14 p cell , layered , 2/3/2/2/3/2 structure. Dashed
lines delineate points where a 180 degree rotation was
performed. Such a rotation places hydrogen atoms in a
new set of 

~
“ 2

~~C 
planes but does not generate a

domain boundary since the orthorhombic distortions are
equivalent for both sets.

C. A distribution of hydrogen occupation probability,
sin (3~z/7) + BJ . Low probabilities occur near

areas of closest hydrogen atom approach.

0. A diffraction pattern as generated by structure factor
computer calculation using the unit cell formed by

• superposition of B. and C. above. Note agreement with
(42 )Fi gure 51 and Brun
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was superimposed on this structure. The results of such structure factor

calculations are shown in Figure 55. The wavelength of the distribution was

taken to be 0,0,7/3. The function 
j
Asin(3Z)?/7)+B~ can be adjusted to maintain

the overall hydrogen concentration by means of the parameters A and B. The

minima in such a distribution are nearly coincident with sections of the unit

cell where close approach of hydrogen atoms occurs. The required satellites

near the bcc reflections along [ooi1~ are generated by such a distribution .
The variation of the structure with H/Nb can be accounted for by varying the

periodicity of the /3 cell stacking and the wavelength of the probability

distribution . As H/Nb increases the interval between rotations and the wave-

length of the probability distribution would both increase. As H/Nb

approaches 1 the structure approaches the 1
q hydride . The validity of the

mode l can possibly be tested with neutron intensity measurements.

4.3 The High Temperature o&~fl Transformation
Gahr and Birnbaum~

3
~ have demonstrated that there is a marked variation

in tensile fracture mode between the ~( and o~ ’ - boundary. In the present

experiments the structure of the o~
’ and possible electron diffraction phenom-

enon associated with elastic softening were examined. Pallad ium coated, pre-

th inned sample were cathodically or gaseously charged to compositions between

H/Nb 0.50 and H/Nb 0.90. The samples were then heated in situ in the

electron mi croscope. The observed fl~ o(’ transformation temperatures are shown
in Figure 56. At Ic(P

c($) the domain boundaries disappeared suddenly

(Figure 57) as did the 
~~~~~~~~~ 

super lattice reflections (Figure 58). Con—

siderable bend contour mot i on accompanied the transformation. No diffraction 

-- - _--~~~--~--- 
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Figure 57. A. A p-hydride (H/Nb .79) sample at 78°C. Note the presence
of domain boundaries.

B. Same area as previ ous figure but at 140°C. Note the absence
of domain boundaries in the o(phase.

I 
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Fi gure 58A. 
~
‘11
~~ 

electron diffraction pattern showing superlattice fi
reflections at 102°C; H/Nb = 0.76.

Fi gure 58B. Same as previo us figure but at 108°C. Note the absence of
superlattice reflections.

S 

~~~~~~ - - --- ---- ~~~~~~~ -~~~~~~ - --~~~~~~~~-- - - - -- --~~



r - -- - -  --

~~~~

-

116

10 1

110

(111)



- -~~~~~~~~~~~~~~~~~~ -~~~~-— - - -_  - - - -  - - ~~~ --~~~~~~~~~~-~~~- __•- —
~~

117

anomalies such as streaking or diffuse scattering could be observed at or

above T
~
. It should however be noted that Brun et al. (42) in a parallel

study, using neutron diffraction have reported some weak diffuse scattering in

the ~ phase near the extinct reflection as well as some asymmetry

in the diffuse scattering intensity near the bcc Bragg reflections. No evi-

dence for these effects was observed in electron diffraction . The neutron

diffraction technique has inherently l ower background and a greater facility

for reliable intensity measurements. The results of Brun et al. suggest short

range order correlations for the H positions in the 0(1 phase which are not

detected in electron diffraction .

In returning to the jS phase during cooling, the domain boundaries gener-

ally reappeared in the same pattern as before heating. No hysteresis was

observed for T
~ 

on heating vs. cooling.

4.4 c5 Hydride - NbH 2

As discussed in Section 2, the dihydride NbH2 has a flourite structure

(Figure 59) w i th Nb atoms occupying a face centered cubic lattice and the H

atoms occupying tetrahedral interstitial sites that form an interpenetrating

simple cubic lattice. Previous attempts to study the 5 hydride using TEM have
been unsuccessful due to the difficu l ty in handling brittle S bulk samples
during electropo lishing. In this investigation , prethinned pallad ium coated

TEM samples were charged to compositions H/Nb = 1.02 to 1.07 and mercury

quenched as described in Section 3. When examined in TEM , these samples

contained very large amounts of plastic deformat i on and large numbers of

rnicrocracks. Diffra ction patterns (Figure 60) taken from these specimens

_ _ _ _  - -
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demonstrated the presence of both the /3 hydride , NbH , and the face centered

cubic ~ hydride NbH2. Extensive dislocation tangles prevented the observa—

tion of /7 domain boundaries or the ~~~~~~~ interface. Areas which consisted j
entirely of could be distinguished morphologically from fi hydride by the
presence of f cc twins (Figure 61). The twin plane was determined to be

and the twin boundaries were stable under electron bombardment even

after removal of the conder.sor aperture, in contrast to the usual behavior of

the domain boundaries. This difference is consistent with the larger twin-

ning shear for ~111} fcc twinning of the hydride in comparison to the small

shear for 
~
110

~bCc 
/3 domain boundary twinning. Classic fcc twin spots were

seen in the associated diffraction patterns (Figure 60). No superlattice

reflection s were observed.

S The occurence of twins in the S phase may indicate an attempt by the
lattice to match crysta llographically with the surrounding ~8 matrix. Since

there is a volume increase on going from NbH to NbH2, the frequency of

twinning in the S phase could be expected to be larger than the frequency of

twins (domains) in the ,8 phase. In fact, the density of twins observed here

in the S hydride is much larger than that ever observed for fl domain

boundaries .

In situ observations were also made as a sample containing NbH2 lost

hydrogen by effusion. The palladium coating of this sample had not been

poisoned with mercury. Nearly all of the electron transparent area of this

sample was originally tw i nned NbH2. During “decharging ” the foil trans-

formed entirely to multi -domain /7 hydride . Superlattice reflections from

several p domain boundaries were then in ev i dence.

—- -~~~--—-~~~~-- - - -- -- -_ -  -
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Figure 59. The Flour ite structure of the NbH 2 c~ - phase.
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Figure 60. 
~~

110
~~fCC 

diffraction pattern from twinned NbH2,S-hydride.
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Figure 61. Bright field-dark field pair from twinned NbH2 S hydride . The
fcc twinning reflection used for the dark field micrograph is
indicated in Figure 60.
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5.0 CONCLUSION S

A method was developed to produce palladium coated niobium composite

samples . It was shown that this specimen preparat ion technique is an effec-

tive way to circumvent the oxide surface barrier and to allow impurity free

hydrogen charg ing . Observations , using transmission electron microscopy

techniques , were made at several compositions and the results are summarized

as follows.

1. The necessary volume accommodation , for hydr ide precipitation in

low H concentration alloys , was shown to cause the punching of interstitial

prismatic dislocation loops. The plastic deformation necessary for reversion

was observed to occur almost entirely within the shrinking hydride precipi-

tate. Thermal gradients , proximity of free surface , and the presence of other

interstitial solutes greatly influenced the nucleation of hydride.

2. The existence of low temperature ordered phases, C and C, was
confirmed. The behavior of the fl-sc transformation was shown to be consistent

with a second order phase change. Reciprocal streaks were shown to be present

in C diffraction patterns and these are interpreted as indicating a

tendency toward E type ordering the C phase.
3. The existence of a A phase at the approximate composition H/Nb =

0.85 was confirmed. Non-crystallographic domain boundaries and superlattice

reflections along [O01]c were observed . The spacing of the superlattice

reflections was seen to change with composition. This is consistent with a

hydrogen vacancy ordering model based on an incommensurate hydrogen density

wave in the [OOl]
~
• 

_____ __________i_ 
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4. The fl-
~~~~

.’ transformation was observed. No anomolous diffraction

effects were detected with electron microscopy techniques.

5. The S hydride , NbH2 was shown to have a high ly twinned fcc

structure . The twin plane observed was

_ _ _ _ _ _ _ _ _  - • - —~~~~~-- - - - - - ---~~~~ --
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APPENDIX A

Flow Chart of Computer Program

The following computer program was used in this work for structure factor

calcula t i ons.

1. Read H positions (X ,Y ,Z) and scattering factor FH (X ,Y ,Z)

2. Read diffr action pattern of interest (HP,KP ,LP)

3. Choose next reciprocal point of interest H,K ,L

4. —yes Is (H,K ,L)~(HP,KP ,LP)~O ?—-——---no

5. L~~s= c =0.

6. Sur over a~l Nb ~to~s X ,Y ,Z

S=F (nb) T~~sin 2~[H~X+K~Y+VZ]

C=F (Nb)~~~~
’cos 2~[H~X+K~Y+VZ]

7. Su~ over al l H ator’s X ,Y ,Z

S S±L \ F H(X ,Y ,Z) . sin 2’~r [WX+K~Y+L~Z]

C=C+
~~~LFE~

(X ,Y ,Z) . cos 2~[H X+K~Y+L~Z]

~ 2 28. A~~= S  +~~~

9. 1—yes——Is A2 si gnificant ?—no -----+3.

10. ~— Save H ,K ,L , and A2

11. — yes-——— Last H,K ,L ?— no—~ 3.
V

12. ~—.Set up 60 x 100 plot array

13. Print -a ll H ,K ,L ,A2

14. P l et c~ffraction p~:tern using numeric characters equal to

Log10 (intensity).

I 
-—--- -~~~~——- -- - —
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APPENDIX B

The Formation of Ox i des During High TemperaLure

Gaseous Hydrogen Charging

Since the oxide layer on the surface of niobium is an effective barrier

to hydrogen entry, the gaseous charging of samples usually requires heating to

650°C in order to dissolve the impermeable l ayer~
67
~. This procedure is

known to introduce a quantity of oxygen which may be insignificant in large

bulk samp l es, but could be of greater si gnificance in thin foils (<2000A). An

investigation was therefore undertaken to determine the extent of oxygen

contamination during gaseous charging of prethinned niobium specimens.

The annealing of thin samples , in the absence of hydrogen at 650°C in

vacuums of io
_8 

torr res u l ted in large numbers of oxide precipitates

th rou ghout the volume of the specimen (Figure 62). In contrast , annealing at

250°C for 18 hours in  a vacuum of io 8 torr did not produce any precipitates

which were visible in TETM . Similar specimens were then annealed in an atmos-

phere of 0.16 torr H2 for 18 hours in an attempt to diffuse hydrogen through

the surface oxide layer. Subsequent analysis showed that H/Nb = 0.025 had

been achieved compared to the H/Nb = 0.05 expected from equilibration with

hydrogen gas. Hydrogen charging can therefore occur by permeation through the

surface oxide during lon g time anneals at relatively low temperatures.

TEM exam ination of these specimens revealed a hi gh concentratir.~i of

p re~ ip i t at e s  in  the t h i n n e s t  part of t he fo i l , wi thin 10 m of the central

perforation as shc-in in Figures 63-64. Selected area diffraction patterns ,

_ _ _  _ _ _ _ _ _ _ _
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Figures 65-67, exhibited a large number of superlattice reflections and could

not be indexed with any of the known hydr i de structures. In situ heating and

cooling experiments also showed that the precipitates were not hydrides.

Rapid cooling to 77°K did not cause growth of these precipitates , although

formation of fi hydr i de occurred in the thick portions of the foil away from

these precipitates. Heating to 250°C in the tran smission electron microscope

caused growth and further nucleation of the precipitates similar to that seen

by Van Lc~ndy t~
68
~ and shown in Figure 68. If these had been hydrides , -

dissolution would have occurred. Additional annealing of these samples at

400°C and at vacuums of io
_8 

torr for 18 hours produced the changes ‘in the

morpho logy and structure of the precipitates shown in Figure 69.

Apparently an interstitial phase other than a hydride forms during an-

nealing of niobium thin foils in a purified hydrogen atmosphere . This phase

is most likely a suboxide of niobium. Such suboxides have been seen in the

~~~~~~~~~~~~~ i a_ü (70~
71) and Nb-0~

72
~ systems . They are characterized by

diffraction patterns wh i ch contain large numbers of superlatt ice reflections

whose spacings are not simple fractions of the normal bcc reciprocal lattice

vectors. There is no dislocation structure associated with the suboxides

which usually contain twin boundaries parallel to t1101c planes (Figures

70—72). The twinning results from the multiplicity of oxide ordering variants

(domains) in which the oxygen sublattice has different orientation relative to

the bcc niobium lattice.

Monfort et ~~~~~ have determined the reciprocal lattice (Figure 73)

for a tetragonal suboxide of niobium (Nb80 to Nb6 50) which they call

NbO xU). The electron diffraction patterns presented in Figures 65-67 can

be satisf actorily interpreted as super-positions of two or more single—domain

_ _ _  _ _ _ _ _
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patterns from this suboxide . Exact oxygen sites for this niobium suboxide

structure are not yet available in the literature . Milil l o and Potter~
70
~

have recently calculated oxygen positions in tantalum for a very similar , but

not i dentica l , suboxide .

It is notable that the format i on of the niobium suboxide precipitates

occurred only in the presence of purified hydrogen gas. One possible explana-

tion is that the hydrogen aids in the transport of contaminants , principally

oxygen , to the niobium sample from the surrounding vacuum system walls. -

Hickmott~
72
~ has established that for glass vacuum systems the presence of

hydrogen increases the partial pressure of water vapor. This occurs princi-

pally through the formation of atomic hydrogen at hot tungsten ionization

gauge filaments and the subsequent reduction by this hydrogen of 5i02 at the

vacuum chamber walls. It is possible that a similar cycle involving hydrogen

reduction of metal oxides at vaccuni system walls exists for the stainless

steel hydrogen charging system used in this work~~~’~. Annealing below

1600°C in an atmo-sphere of water vapor is known to i rreversibly increase the

oxygen concentration of niobi um~
7
~ and Monfort et al.(72) observed a

suboxide phase identical to that observed in the present work after charging

in argon saturated with water vapor- at 350°C.
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Figure 62. Oxide precipitates which formed in niobium thin foils during
annealing at 650°C and a vacuum of io

_8 
torr.

_ _ _ _
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• Figure 63. Precipitates wh ich formed in thin foils which had been
annealed at 250°C in an atmosphere of 0.16 torr for
18 hours . 2

Figure 64. These precipitat es formed on ly in the thinnest areas of the
foil , thu s forming a ring around the central perforation .

_ _ _ _ _  
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Figure 65. Mult i-domain electron diffraction patterns taken from precipi-

tates similar to those shown in Figure 64.

A. 
~
111

~C 
pattern

B. (Oll)c pattern

- - —‘ --- - - - - -—- --~-- -- ------~~~~---- --~~ -- - --~~
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A

Figure 66. 
~
1o0
~ 

multi-domain electron diffraction patterns taken from
precipitat es similar to those shown in Fi gure 64.
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Figure 67. A 
~
100

~c 
electron diffraction pattern taken from precipitates

formed during annealing at 250°C in a hydrogen atmosphere. This

pattern , and the previous four patterns , can be interpreted as

superpositions of several sections throug h the reciprocal lattice

of Nb0
~
(I) shown in Figure 73.
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Figure 68. Hot stage experiments done in the electron microscope demon-
strated that these precipitates did not disolve upon heating.
In fact, growth and further nucleation were observed.

A. Suboxide precipitates prior to heating.

B. Precipitates after heating to approximately 200°C in the
electron microscope. (same area as A.)

This behavior is characteristic of an oxide rather than a
hydride. 

------~~~~-~~~~~~—-- - . --~~~~
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Figure 69. Oxide structure which formed during annealing of foils , which
previously contained suboxides shown in Figure 63, for an
additional 18 hours at 400°C. 
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Figure 70. Two transmi ssion electron micrograph s showing domain boun-
daries in the suboxi de precipit ates.

_ _ _ _ _ _ _  
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Figure 71. Suboxide precipitates with domain boundaries perpendicular to the
beam direc tion.

Figure 72. Suboxide precipitates with domain boundaries out of contrast.
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APPENDIX C

Hydrogen Ion Charging

Experiments on bulk samp l es were conducted to study the effects of hydro-

gen ion bombardment on the surface oxide layer of niobium and specifically to

determine whether both remova l of the ox ide and entry of hydrogen could be

accomplished by this method. In situ ion bombardment was carried out in PHI

545 Scanning Auger Microprobe , SAM, with simulataneous recording of the

differentiated niobium and oxygen signals.

Niobium specimens of approximately 1cm x 1cm x .01cm were used in both

the as received and UHV annealed conditions. Hydrogen pressures of 4 x 10~~
torr and accelerating voltages of 05 to 2KV were employed. The results are

shown in Figure 74. The oxygen signal was greatly reduced , though not elimi-

nated , during bomb ardment. Corresponding ly the niobium signal increased. The

possible ionic species H+, H2
+ and H3

+, therefore, are thought to

have removed at least some of the oxide l ayer. This most likely is due to

chemi cal attack of the bound oxygen atoms by the hydrogen ion species.

When the samples were removed from the SAM and analyzed for hydrogen

content they were found to have picked up no apprec iable hydrogen. Likewise

other attempts to ion bombard niobium samples with hydrogen ions in a glass

vacuum system at accelerating voltages of 0.5 Ky to 3 KV and 112 pressures of

10~~ to 10
_i 

torr did not result in any penetration of hydrogen into the

bulk sample. Apparently sufficient oxygen remains bound to the niobium

surface or to some selective hydrogen entry site , to prevent hydrogen uptake

under these conditi c~s.
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APPENDIX D

The Effects of Hi gh Temperature Annealing on Thin Foil s

of Niobium

The follow i ng set of mi crographs (Figures 75-78) details seieral attempts

to anneal prethinned niobium TEM samples at temperatures hi gher than those

previously indicated in this work , 1200°C (½T
~~
) < I < 1800°C (3/4 Tmp )

~
A number of interesting surface tension effects are described. Also the

precipitation of carbides in thin and bulk samples is noted during non-UI-tV

high temperature vacuum anneals. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -‘ - - - —-- - ---
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Figure 75. During the annea ling of niobium thin foils at temperatures
1500°C and 1800°C the thinnest areas of the spec imens agglomerate
into the thick structure s shown . T( melting point ) = 2468°C.

Figure 76. During anneal ing at 1200°C the edge of the central perforation
forms very cyrstal lograph -i c features. 
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• Figure 77. Transmission mi crograph showing the striat ions formed in thin
areas not immediately adjacent to the central perforation.

Annealing temperature was 1500-1800°C. Further study using
SEM techni ques deomonstrated that these are on the surface of
the foil.

Figure 78. Niobium carbides.
The oxygen content of niobium can be effectively lowered by

heating in vacuum to temperatures in excess of 1800°C. How-
ever , j c  this annealing is done in non-UHV diffusion pumped
systems , as much as 1 atomic percent carbon is introduced
into bulk or thin samples. These precipitates are similar
in morphology and diffraction pattern to those seen by
Viswanadha rn~

76
~. The vacuum used for outgassing was 5 x

io
_6 

torr and the bulk samples were 0.003 in. thick. 

-- -- - - - - - - --- - -
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