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PRECIPITATION AND ORDERING IN THE
NIOBIUM-HYDROGEN SYSTEM

Bruce James Makenas, Ph.D.
Department of Metallurgy and Mining Engineering

University of I1linois at Urbana-Champaign, 1978
An experimental study, using Transmission Electron Microscopy techniques
was carried out to observe precipitation and ordering phenomena in the Niobium-

Hydrogen system. Niobium-Hydrogen alloys of composition H/Nb=0.001 to H/Nb=

N A S

1.07 were prepared by improved hydrogen charging methods. Room temperature,
hot stage, and cold stage experiments were perfdrmed in situ in the electron
microscope. The plastic deformation, which accompanies the precipitation and

dissolution of hydrides, was observed. Volume constraint, temperature gradi-

ents, and impurity traps were shown to have an effect on the nucleation of
E hydrides. Several Tow temperature ordered phases £, € and A were studied

using electron diffraction. The crystal structures were observed to change

with both temperature and composition. The NbHZ, J -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
motivated by a number of scientifically interesting phenomena and also by the
possibility of using niobium based alloys in the hydrogen environments asso-
ciated with various energy systems. In this regard, one of the most notable
properties of niobium is its susceptibility to hydrogen embrittlement.
westlake(l) has proposed and Grossbeck, Gahr and Birnbaum(2'3) have shown
that this embrittlement 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 hydrides and the conditions under which hydride 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-
tion was formulated.

In situ cooling and heating experiments were carried out in the TEM to
study the morphology of hydride precipitation and hydride dissolution in low
H concentration alloys. The details of plastic accommodation of precipitate

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




electron beam heating were studied 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-

sition.

In situ high temperature morphological and electron diffraction studies

were also performed in the composition range H/Nb=0.50 to 0.90. The transfor-

mation of the ordered g hydride to the solid solution <' was observed.
addition, specimens containing NbH2 S hydride were prepared and a highly

twinned fcc structure shown to result.

In
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2.0 REVIEW 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(4'7).

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 interstitial atoms and the interstitial
vacancies on the allowed subset of interstitial sites. This is particularly
evident in the niobium-hydrogen system which 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
hydrides of the group Vb metals(7'9). Both morphological and electron
diffraction studies have been nerformed and have utilized the significant
atomic scattering factors of the light interstitial elements for electrons.
Diffraction patterns from the ordered phases show weak superlattice reflec-
tions due to the scattering of electrons by light interstitial atoms. This

diffraction information can be used to aid in the identification and structure

determination of ordered phases.




| 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
1 H/Nb=0.04) with the bcc niobium at room temperature. The « solid solution
region becomes more extensive with increasing temperature. Hydrogen is be-
lieved to randomly occupy the tetrahedral interstices in the « phase. Pick

(

and Bausch 10) have recently reported that the lattice parameter increase

of the bcc lattice, due to the addition of hydrogen, is 4.72x10"4 sa/a per
o

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

Optical meta\]ography(11'13)

and SEM(lq) studies have shown that, on
slow cooling the X solid solution, the A hydride precipitates in bulk samples
in the form of plates parallel to {lOO}C. Large numbers of dislocations are
contained both within these plates and in the surrounding matrix. west1ake(15)
has determined the low concentration «*«+/ phase boundary for niobium hydride
(Figure 2) during slow cooling. Due to the large volume change which accom-
panies the «-4 transformation, (AV/VL75 =11.9 percent, this solvus is not the
true thermodynamic equilibrium solvus but corresponds to equilibrium between
the « solid solution and £ hydride particles which are constrained by the
solid so]ution(ls).

Thin foils containing a small amount of hydrogen (less than 4 percent)
are entirely in the « solid solution region of the phase diagram at room

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

cal, hydrides precipitate(g). A number of interestitial prismatic loops,
which have been emitted in <lll>. directions, are usually associated with

the precipitates. These dislocations are thought to partially relieve the
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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(17)

and in both cases the loops have Burger's vector %<111> as expected. Several
(18)

other metal-hydrogen systems exhibit the same behavior.

It should also be noted that there is considerable evidence for a thermal
k hysteresis in the precipitation and dissolution of niobium hydride(ls) in

bulk specimens. The nucleation, growth, and dissolution of niobium hydride is
greatly influenced by the volume constraint of the matrix(ls). Both elastic
and plastic work must be done during both the «2# and #»X transformations.
Precipitation of g hydride 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 AG{*ﬂ (chemical) through undercooling below the true thermodynamic
equilibrium temperature at which “G,(»/s
which accompanies the g»« transformation is thought to be associated with the

(chemical) = 0. The thermal hysteresis

work of accommodation on heating since a volume change opposite to that ob-

served on cooling is required(16).

2.2 The A Niobium Hydride

The niobium-hydrogen system exhibits a face-centered orthorhombic g phase
in the vicinity of the stoichiometric composition of Nle.0 (19) (Figure
i § 1). This phase has been reported to extend from about NbHO.75 to NbHL0
and to have the structure shown in Figure 3. The arrangement of metal atoms

differs only slightly from body centered cubic with the degree of distortion

|
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[oo1], oo,

[100],

Figure 3. The unit cell of the NbH g phase. Hydrogen atoms are shown
to occupy a subset of the tetrahedral sites.




varying with compositicn. The angle between the [100]c and [010]& devi-

ates from 90° by about 0.5° at NoHy g0 and about 0.8° at NbHy oo (100

Formation of the f hydride from solid solutions can therefore occur by
ordering of the H atoms with only elastic displacement of the Nb atoms.

(20)

Somenkov has demonstrated using nautron diffraction, that the deuterium
atoms in NbDO.95 are ordered on the subset of tetrahedial sites shown in
Figure 3. This structurz is related to the bcc « phase by [100]0“[110]C,
[OIO]OH[IIO]C, [OOl]Ou[OOI]C and has hydrogen solutes at tetrahedral

positions

]
Sl

) o

0 0 0 0
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Schober(ZI) using TEM, cemonstrated that NbH has the same structure as NbD
at room temperature.
One striking feature of 4 hydride, as studied in TEM and polarized light

microscopy, is the presence of domain boundaries(ZI).

In TEM these bounda-

ries are seen as thin ribbons of fringe contrast within an area of £ hydride.
Similar boundaries were also observed in alloys of niobium with interstitials
other than hydrogen(zz)‘ From the ordered B structure shown in Figure 3,

one sees that there are six equivalent orientations for the orthorhombic &
unit cell relative to the bcc niobium matrix. The domains differ by their
orientations relative to the bcc unit cell. The boundaries between domains

are coherent twin boundaries and show + interference fringes(23'24)

when
imaged in TEM. These ccmair boundaries are highly mobile under stress as
expected for coherent twin boundaries. It has been suggested that these

domain boundaries are cdue to an attempt by the hydride to lower its overall

Tk T e T M S T ¢ BTN Va1 o ST R
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(
energy‘13) while maintaining an interface with the « or ' bcc solid solu-

tions. Even though domain boundaries necessarily imply a certain amount of
interfacial energy, the alternating layers of two or more twin related domains

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

e S St M e

matrix.

(25)

Cassidy st al., have suggested that the crystallography and shape

change associated with the hydride transformations can be described by the
theory of martensitic transformations. The applicability of the martensitic

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

(25-26) (27)

systems Rashid and Scott, furthermore, suggest that the

nucleation of hydride 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 Temperature Ordered Phases

Many of the "interstitial phases" exist over a wide range of compositions
as shown in Figure 1 for the NbH g phase. In these systems only the stoichi-
ometric composition can have the idealized structure with complete occupancy
of the subset of interstitial sites upon which the structure is based. For
non-stoichiometric compositions, Somenkov(zg) has proposed that a series of
ordered structures can form. If the composition is deficient in interstitial
atoms, relative to the stoichiomatric composition, this series of phases
results from placing vacancies on specific sites of the interstitial sublat-
tice in order to increase the degree of order relative to a random distri-
bution of the interstitial solutes on the interstitial sublattice. At the

composition hDDO 75 for example, above 170°K, the ﬁ phase is stable with an




e S

occupation probability of 0.75 for the allowed tetrahedral interstitial sub-

lattice sites of the g structure. Below 170°K further ordering occurs and
only a specific subset of the 8 phase interstitial sites is occupied. This

structure is shown in Figure 4 and is designated Nb4D3. A similar phase

has been reported in the Ta-D system(za).

Schober(g’Bo) has reported the Nb4H3 phase (designated €) below

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

(31)

X-ray measurements » which indicates that the volume change during the

A>€ transformation must be very small. Optical metallography has similarly

(32)

been unsuccessfu in detecting the /=€ transition. The specific heat

(33) and the elastic constant measurements of

measurements of Heibel
Amano(34) do show a transition at 208-209°K which appears to correspond to
the g»¢ transition.

In addition, several other low temperature transitions and structures
have been reported (Figure 1). Schober, using electron diffraction evi-

(9,30)

dence , 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 He1‘be1(33 (specific heat), Amano(34) (elastic con-

(29)

stants) or by Somenkov neutron diffraction).

Pick(31) has demonstrated with x-ray methods, that a cubic hydride,",
exists below 173°K at an approximate composition of H/Nb=0.91 and Hauck(35)
has proposed hydrogen positions for this phase (Figure 5). Schober(32) has
also seen evidence (optical metallography and differential thermal analysis)

for low temperature transformations in the region NbH0 go to NbH0 98"
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Fioure 5. The structure proposed by Hauk(35) for the ¥-hydride phase.
llydrogen atoms occupy a different subset of tetrahedral
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2.4 High Temperature Phase Transformations

2.4.1 «—>«+&' Transformation

(19)

Walter and Chandler have shown , using x-ray methods, that at tem-
peratures above 78°C and compositions between about NbHO.15 and NbHO.SO’
the bcc solid solution undergoes a spinodal decomposition to two bcc phases,«
and «<' (Figure 1) of differing hydrogen concentrations. According to the
lattice gas medel proposed by Alefe]d(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 x+«' field to be 85°C. They have also demonstrated that the «+«' sepa-
ration persists to temperatures well above 300°C in the presence of large
amounts of plastic deformation such as disiocation debris introduced during g
hydride precipitation at or below room temperature. Fenzl, et a].,(39) have
also studied the o to «+«' decomposition with a ¥ray diffraction technique.
They observed that {100} plates of «' nucleated at the edges of niobium sam-
ples during electrolytic charging at 140°C.

Lattice parameter measurements made by Pick and Bausch(lo) indicate
that at elevated temperature (160°C) lattice expansion is linear with hydrogen
concentration and continuous throughout the entire « and «' solid solution
regions.

Although « and «' appear to be identical body centered cubic phases,

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

that Gahr and Birnbaum(3) have found differences in the mechanical proper-
ties of « and «'.,  Samples fractured in the « phase region showed ductile

fracture surfaces while those in the «' region showed flat cleavage fractures
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up to a temperature of 400°C. In addition, 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 «'»£ Transformation

(13)

Metallographic studies have shown that the <£' solid solution will
transform to the multidomain g phase upon cooling. Domain boundaries in such
crystals are mobile under the influence of stress and temperature gradients,
and domain free bulk g hydride single crystals can be grown by taking advan-

tage of this domain mobility(%l),

In «' the hydrogen atoms are, as a first

approximation, distributed randomly over all of the tetrahedral interstices.
Some evidence for deuterium correlations corresponding to the g 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 g phase boundary and indicate very strong D-D interactions.
At the «'## transition temperature, Tc’ the hydrogen atoms order onto a
subset of 1/3 of the tetrahedral sites corresponding to the g hydride struc-
(34)

ture. Amano and Birnbaum studied the behavior of elastic constants near
the «'+# boundary during both heating and cooling. Evidence was found for an
elastic constant softening in C' at temperatures slightly above TC. These
pretransition elastic phenomenon above TC and the calculations of Hauck(35)
further suggest the possibility of short range correlations between hydrogen

atoms in this region of the phase diagram.




2.5 NbH,- d Hydride

Above tha composition Nle.0 the particular subset of tetrahedral posi-
tions allowed in the g hydride structure is entirely filled. Reilly and
Wiswa11(43) have used high pressure H2 charging and x-ray measurements to
show that a hydride with composition Nle.B forms in increasing amounts as
more hydrogen is added above Nle.O' The NbH2 phase, ) hydride (often
called ¥ hydride in older literature) has a structure in which the metal atoms
occupy a face centered cubic lattice, with ao=4.53, which is formed from
the bcc Tattice by elastic displacements. The § hydride precipitates on
{102}C (32) planes within the 4 phase. Little is known of the hydrogen
lattice structure or morphology of this phase although a flourite structure

has been suggested by Hauck(35).

e N M AN S e S0 6 bkt
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3.0 EXPERIMENTAL PROCEDURE

3.1 Sample Preparation

(44)

Westlake had demonstrated that electropolishing of hydrogen charged
refractory metals can significantly change the hydrogen concentration of the
samples. Either increasss or decreases in CH have been reported depending
on the metal and the datailed thinning procedure. Therefore, controlled com-
positions of hydrogen cannot be maintained on thinning precharged specimens.
In addition, acid electropolishing techniques are known to preferentially
attack second phases such as hydride precipitates. The extensive handling
during polishing may also cause the very brittle hydride samples to shatter.
For these reasons, throughout this study, hydrogen was introduced intoc niobium
samples only after all thirnina procedures nad been completed. All samples
were examined in TEM between the thinning and charging steps and any samples
which showed evidance of hydrogen pickup or deformation during thinning were
discarded.

Hydrogen analysis of specimens was performed using hot vacuum extraction
techniques.

3.1.1 Thin Foil Niobium Specimens

Niobium strips (1 in. x 4 in. x 0.004 in.) were cut from an as-received
sheet and then UHV outgassed at 2100°C and 10'10 torr to remove oxygen and
nitrogen impurities. A typical analysis for impurities is given in Table 1
and 2. Discs, 3 mm in diameter, were cut from the outgassed sheet using a
standard specimen punch and plastic deformation during this cutting operation

was entirely confined to the rim of each disc. No differences were noted

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




TABLE 1

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
Gr 0.04
in 0.03
Fe 0.03
' Cu 0.1
In 0.06
Mo 0.4
Ta 10.0
W 5.0




e 2 E——

TABLE 2

TYPICAL INTERSTITIAL IMPURITY CONCENTRATIONS FOR UHV ANNEALED
NIOBIUM SHEET DETERMINED BY VACUUM FUSION ANALYSIS

Solute Element Concentration (atomic percent)
0 0.03
N 0.02
C undetectable
TABLE 3
5 TYPICAL INTERSTITIAL IMPURITY CONCENTRATIONS AFTER THE PALLADIUM COATING
L PROCEDURE DETERMINED BY VACUUM FUSION ANALYSIS
Solute Element Concentration (atomic percent)
0 0.06
N 0.02

C 0.02
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for TEM(45:48)

The following technique, used in this study, was found to
consistently produce large electron transparent areas (Figure 7) (<20002 in
thickness). The 3 mm niobium discs were jet thinned from both sides to a
concave shape in a stream of HZSO4:HF:Methan01, 2:1:7 at 100-125 volts.*
Final electropolishing to perforation was accomplished in a solution of
H2504:HF:1act‘c acid, 1:1:2 at 3 volts using platinum tipped tweezers to
hold the specimens and an aluminum cathode. Samples were washed in aqua
regia, water and methanol and quickly dried in a warm air stream. The final

geometry of thz sample is given in Figure 5.

3.1.2 Pzlladium Coated TEM Samples

Oxide layers which act as barriers to hydrogen pickup are characteristic
of the group V5 refractory metals at room temperature. The following tech-

nique was dsv=leopad in order to replace the Tow permeability oxide layer with

(0

a high hydrogen parmeability layer of palladium. UHV annealed niobium sheet
samples (0.5 «x 2_; 0.094 in.) were mounted in stainless steel grips in a glass
bell jar vacuum system. The niobium specimens were then resistance heated to
700°C at 5 x 10'6 torr for one minute to dissolve the oxide layer. During
cooling a thin layer of palladium was evaporated from a hot tungsten basket
onto one sice of the niobium sheet. A typical interstitial impurity analysis

of the sample following this treatment is given in Table 3.

*The mixing of H2S04 and Methanol is highly exothermic and the initial
mixing should te done with a liberal quantity of dry ice to cool the solution.
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Ficure 6. The geometry of the TEM samples used in this investigation.
In some of the experiments the normal oxide surface layer
was replaced with a thin layer of palladium.
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Figure 7. Transmission micrograph of a niobium sample immediately after
electrepolishing. Surface disturbances, due to the passage of
dislocations, are visible. These "tracks" disappeared after
only a few seconds of exposure to the electron beam.

Figure 8. SEM micrograph showing cracking of specimens due to a high
flux of hydrecgen during electrolytic charging.
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The Palladium-Niobium "composites" were thinned for TEM in the same manner as
pure niobium, 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
vas not used for these specimens.

3.1.3 Gaseous Hydrogen Charging

(14)

The usual method of gaseous hydrogen charging for refractory metals

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

e

dissolve the surface oxide layer. Hydrogen gas is theq;introduced and the .
pressure adjusted to give the proper hydrogen equilbrium conCentration(48). f
As detailed in Appendix B, this metnod was found to be unsuitable for the
charging of niobium thin foils because of oxygen pickup and subsequent oxide
precipitation even in UHV environments. Furthermore, heating in the presence
of purified hydrogen gas, at temperztures as low as 250°C, was sufficient to
cause precipitation of metastable suboxides in the thinnest sections of the
foi1(49).

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

coated samples. Hydrogen charging of the niobium foils could be accomplished
at ambient temperatures because tha palladium layer is much less of a perme-
ation barrier to hydrogen entry than the oxide layer. A diffusion pumped,
glass vacuum system was used for this charging procedure. Since the palladium
coating effectively purified the incoming H2 gas, commercial hydrogen gas

could be used. Samples were quickly removed from this system and immersed in
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mercury to poison the palladium layer 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 PH2 <1 atmosphere, concentrations of
H/Nb<1l could be obtained with this method.

3.1.4 Electrolytic Charging of Niobium

Many investigators of hydrogen in niobium have employed cathodic charging
techniques using solutions containing H2504 or H3P04. The general observa-
tion is that this technique does not yield predictable hydrogen concentrations.
That cobservation 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 on* (solution)— H2 (bubbles). Only a small and
apparently uncontrollable amount of hydrogen penetrates the oxide layer and
enters the nicbium sample. These difficulties were surmounted by the use of
palladium coated samp]es(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
(110°C-150°C) were used whenever it was desirable to aveid charging through
the 2 phase %+£ region of the Nb-H phase diagram. Palladium coated samples
were usually immersed in mercury and aqua regia after charging to trap the
hydrogcn in the specimens. A1l samples were rinsed in water, acetone and

methanol and dried with a cool air stream after charging.
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Reliable hydrogen concentrations up to H/Nb=0.60 could be obtained using
this method. During electrolytic charging at Tow current densities (<10
ma/cmz) no formation 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) following Faraday's Law nH=Fq where Ny 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 concentrations above H/Nb=0.60, some bubble formation occurred and
the actual concentrations deviated from those predicted. However, samples
with hydrogen concentrations as high as H/Nb=1.07 were obtained, with less
reliability, using high current densities (0.2A/cm2 to 1.0A/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 nigh 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

Microstructural and electron diffraction studies were carried out using a
JEOL 200B 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-tilt and tilt-rotate stages were used in this
work. In addition a tilt-rotate cooling state was designed and constructed.
This gas cooled holder was used for experiments between room temperature and

-70°C and allowed control of the specimen temperature in this range.
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4.1 Hydrides at Low Hydrogen Concentrations

4.0 RESULTS AND DISCUSSION

TEM Studies of Precipitation and Dissolution

4.1.1
ﬁ Thinned TEM samples containing 0.1 to 2.0 atomic percent hydrogen were
rapidly cooled in liquid nitrogen and then warmed to room temperature. The
dislocation remnants of precipitation and dissolution were observed. The
structures (Figures 12-14) consisted of approximately spherical volumes of
high density dislocaticn tangles, 1 to 2um in diameter, surrcunded by dislo-
cation loops emitted in <111> directions. The dislocation loops were shown to
nave % <111> Burgers vectors in agreement with Schober(g). Several of these i
loops were analyzed using "inside-outside" contrast techniques
shown to be interstitial prismatic Toops.

In order to study the actual hydride precipitation and to observe any
differences between precipitaticn in thin and thick foil areas, hydrogen
charged samples were cooled in situ at rates of 3 to 20 degrees C/minute.
Hydride precipitation did not, however, occur as discrete particles, but
instead, all of the hydride formed as a highly deformed ring around the
central performation in the thinnest portion of the foil (Figure 15). Two
beam diffraction conditions could not be attained in this deformed area but/ﬁ
superlattice spots were in evidence. Attempts were made to "innoculate" the
specimen with a2 distribution of nucleation sites produced by rapidly quenching
to form small hydrides followed by dissolution. On slow cooling, following
this treatment, the in situ slow cooled hydride still precipitated only in the
thinnest sections, and nucleation occurred only at the quenched in nucleation

sites nearest the central perforation.

‘.I p—— —— ; s
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Figure 12A and B. The prismatic loops and dislocation tangles generated
during the precipitation and dissolution of fast cooled
hydrides.







Figure 13. High magnification micrograph of interstitial prismatic loops
associated with the precipitation of‘ﬁ hydride.

Figure 14. The dislocation remnants of a large hydride which had
nucleated on a low angle grain boundary.







Figure 15. The preferential precipitation of hydride in the thinnest
areas of the foil after slow cooling to ~126°C for an
NbHO.Ol alloy. The hydride is in the lower half of the
micrograph.

Figure 16. Cracking near the edge of a TEM foil in the vicinity of a
hydride particle. H/Nb=0.1. The crack is indicated by an
2rrow.
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The precipitation of g hydride from solid solution is accompanied by a

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

a].(lﬁ), this expansion is accommodated by elastic and plastic work done on

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

o3

A6

‘*ﬁ=AG(chemica1)+AG(p]astic)+AG(elastic)+AG(surface). (1)

where 4G(chemical) is the free energy for precipitation in the absence of con-
straint by the matrix, aG(elastic) is the elastic work done in the matrix and
in the precipitate, aG(surface) is the energy to create the surface between
precipitate and matrix, and aAG(plastic) is the plastic work done in the matrix.

Similarly, a volume decrease of about 12% is required on dissolution of
the hydride. Elastic, plastic, and surface energy terms must therefore be
accounted for during dissolution.

For precipitation of the hydride, the plastic work term, AG(plastic), is
the energy required to create prismatic interstitial dislocation loops at the
o-4 interface and to move these loops into the matrix. Thus matter is trans-
ported away from the growing precipitate. As noted by Brown,et a].(sl), how-
ever, dislocation loops will not be observed unless the stresses at the «-8
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 dilitational strain, eT, associated with the
phase transformation. At the interface of an ellipsoidal particle, for exam-

(52)

ple , the maximum shear stress, Ug, is:

o v e o
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Tg=2pe' /3 (2)

whare # is the shear modulus. The shear stress T¢ must be greater than the
thecratical shear stress in order for dislocation loop punching to occur.
In the case of rapid cooling to 77°K, the plastic accommodation takes the
ferm of prismatic interstitial dislocation loops which serve to move material
away from the precipitate interface. Hydrogen diffusion is too slow, rela-
tive to th2 cooling rate, to allow significant redistribution of the hydrogen
atems.  In this case the hydride nucleation appears to occur homogeneously and

foi’ thickness has little effect. For precipitation during slow cooling,

hydrogen ditfusion is rapid encugh to allow hydrogen redistribution and foil

thizknass has a large effect. In close proximity to the surfaces, the neces-
sary zccommodation terms aG(plastic) + #G(elastic) are not as large as in the
fully constrained case since no constraint is placed on a precipitate by a
ree surface. Less undercooling is necessary then and the solvus temperature
ir thin secztions approaches the equilibrium, i.e., unconstrained, solvus tem-
paratura, The «-4 solvus temperature is highest in the thinnest regions of

th

(38

sample and therafore on slow cooling massive precipitates form first in
the thinnest section of the specimen.

An attempt was made to approximately calculate the magnitude of the plas-
tic work term, 4G(plastic), from the number and position of prismatic inter-

stitial Toops seen in the accompanying micrographs. The 4G(plastic) consists

primz2~ily 2f loop formation energy and the energy of loop motion away from the

oraczipitate. These terms can be written:
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a G(plastic) = - B (1n ———Io> 1 + zer].v'bdi (3)

4 [

where « is the shear modulus, b is the Burgers' vector, R. is the radius of

i
.th th

the i dislocation has moved

dislocation, di is the distance the i
from the precipitate,/a is the shear modulus, V is Poissons's ratio, and A is
about b/8. The summation is carried out over all of the dislocation loops.
Using Equation 3 and the information obtained from micrographs, 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
a].(ls). The 50 cal/mole calculated here is a low value because of three
factors.

e The calculation does not take into account the possible generation of
Toops on siip systems which allow annihilation of dislocation loops at
the surface.

2. The energy of the tangle of interfacial dislocations at the precipitate
surface has not been included in the calculation.

3. The adjacent free surface alleviates the need for some of the plastic

accommocation thus lowering the magnitude of aG(plastic) in the thin

foils relative to bulk specimens.
The hydride dissolution process was studied on slow heating after precip- : ]
itation. Samples were cathodically charged at 110°C to 10 atomic percent H
and quenched immediately into liquid nitrogen. This yielded a room temper-

ature distribution of hydride precipitates ranging in size from 4-5um in *
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diameter in thimest foil sections to 1-2 4m in thick foil sections. The
morphology consisted of an undeformed multidomain hydride surrounded by a
highly deformed interface and by prismatic dislocation loops (Figure 17).
Microcracks leading 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 decréased in size,
dislocation having a/2<111> Burgers vectors were observed to precede the o -f
interface into the interior of the ﬁ precipitate. The process continued until
the entire precipitate filled with dislocation tangles (Figures 18-21). The
actual «-p interface could not usually be observed. Dislocation motion
occurred quite readily within existing hydrides and the p domain boundaries
did not appear to hinder this motion.

It is theoretically possible for the volume accommodation which accom-
panies hydride dissolution to be accomplished by the punching of vacancy
prismatic dislocation loops into the « matrix or by the absorption of existing
prismatic interstitial loops at the «-4 interface. MNeither of these two
mechanisms was observed. Presumably interactions between the existing pris-
matic interstitial dislocations inhibits the absorption of interstitial 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 «-§ interface.

The plastic accommodation of the volume change for the/B** transformation
occurred almost entirely within the dissolving hydrides by motion of a/2<111>

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




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-
tion is NbHO.l' The hydride contains little deformation and
domain boundaries are visible. The interface is highly deformed
and plastic deformation extends into the matrix.
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Figure 18. A hydride precipitate formed in a thick foil area by quenching to
-196°C from a charging temperature of +110°C. Foil composition
H/Nb=0.10.

Figure 19. Same area as atove after heating to 60°C to dissolve the hydride
precipitate.







Figure 20. A large hydride precipitate undergoing dissolution at 60°C.

Figure 21. Same as figure above at higher magnification. Dislocations
are in motior towards the center of the precipitate.
H/Nb=0.10.
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