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Abstract. Small-angle neutron scattering (SANS) measurements of low concentration, single
crystal Nb–D alloys have been performed to characterize the effect of deformation on deuteride
phase formation. The SANS response from the deuteride phase formed at low temperature in the
undeformed matrix was consistent with a spherical particle morphology, as expected from a large
body of published TEM studies. In addition, a significant hysteresis was observed (1T ∼ 100◦)
in the SANS response versus temperature from the undeformed sample material. The hysteresis
is attributed to the irreversible plastic deformation required to nucleate the incoherent phase.
Deformation produced by unidirectional rolling to 50% thickness reduction altered the deuteride
phase transformation characteristics in a fundamental way. The SANS response was highly
anisotropic, indicative of an oriented, anisometric particle morphology. Metallographic analysis
of deformed specimens electropolished below the solvus temperature confirmed the presence
of large deuteride plates with an orientation consistent with the anisotropic SANS response.
Deformation also eliminated the temperature hysteresis observed in the undeformed material. A
cellular dislocation substructure was found in TEM characterization of the deformed Nb single
crystal material. The plate-like particle morphology in the deformed material is attributed to an
interaction between the precipitating deuterium and the cellular dislocation substructure. The
elimination of the temperature hysteresis is consistent with an interaction between the deuterium
and regions of high dislocation density facilitating heterogeneous nucleation.

1. Introduction

Phase transformations in the Nb–H system have been of interest for quite some time.
Theoretical calculations have been performed for theα–α′ portion of the phase diagram
using a lattice gas model modified to include hard-core repulsion and elastic interactions
between protons [1, 2]. These efforts were found to be in reasonable agreement with the
known phase diagram [2]. On the experimental side, coherent and incoherent hydrogen
precipitation in Nb has been observed byin situ x-ray diffraction [3, 4]. One especially
interesting aspect of this work was the observation of sample-shape-dependent hydrogen
concentration modes within the coherent portion of theα–α′ phase diagram [4], consistent
with earlier theoretical work [2, 5].

Numerous transmission electron microscopy studies ofin situ precipitation [6–9] have
led to a general consensus of the incoherent phase diagram and associated phase structures
[10]. Of relevance here is the observation of small, spherical or cube-shaped particles in the
low temperature, low concentration portion (ε phase) of the Nb–H phase diagram [6]. In
fact, the conditions investigated by Schober in [6] (hydrogen concentrations less than 5%,
temperatures of approximately 110 K) are similar to those studied here.
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Although TEM, electron and x-ray diffraction are invaluable in the determination of
hydride phase structures and morphologies, these techniques suffer from low sensitivity
to hydrogen in metal lattices. It is important to note, though, that this limitation does
not prevent the observation of superlattice reflections from ordered hydride phases [8].
However, in the absence of an ordered hydrogen superlattice, electron and x-ray based
techniques derive all structural and morphological information from changes in the host
lattice brought on by the incorporation of hydrogen.

Neutron-based techniques such as neutron diffraction and small-angle neutron scattering
(SANS) have a much greater sensitivity to the presence of deuterium (hydrogen). (Generally,
deuterium is used in coherent neutron scattering measurements. The coherent scattering
cross section of the deuteron is three times larger than that of the proton, while the incoherent
scattering cross section is a factor of 40 lower.) Neutron diffraction measurements of the
Nb–D system have been performed, but have been limited to high concentration alloys
[9, 10]. Perhaps this is due to the fact that even in neutron diffraction measurements, a
limit of a few volume percent exists for the resolution and refinement of second phase
structures.

In contrast, SANS is extremely sensitive to deuterium precipitation in a metal lattice.
Deuteride particle shape and local deuterium concentration can be determined from analysis
of SANS data using simple models. The ability to examinein situ deuterium precipitation
low-concentration alloys on a bulk scale can provide information that is otherwise difficult
to obtain.

2. Experimental details

Single crystal Nb samples were taken from a 99.9% pure Nb single crystal ingot with a [110]
cylinder axis. This ingot was prepared using a zone refining technique by Metal Crystals and
Oxides Ltd of Cambridge, England. Samples were cut from this ingot with faces normal
to the cylinder axis direction. Deuterium loading was performedex situ by exposure to
D2 gas at 673 K after a one hour, 10−7 Torr, vacuum anneal at 1073 K. This operation
was performed in an all metal vacuum manifold with a quartz sample tube. Deuterium
concentrations were determined by the volumetric technique and from the change in mass.
Concentrations of a given sample determined by these two methods typically agreed to
within 10%. The deuterium concentrations for all samples presented here were such that
only the solid solution,α phase existed at room temperature. Hydrogen and deuterium
absorption into and evolution from Nb at room temperature up to approximately 500 K
does not occur. (This effect is usually attributed to the native oxide acting as a permeation
barrier and/or as surface that limits dissociation and recombination. However, evidence of
an alternative mechanism involving a sub-surface trapping interaction has been proposed
[11].) The loaded samples could therefore be handled, stored, transported and measured
without any special precautions to limit deuterium outgassing.

SANS measurements of five single crystal samples are presented here; a low
concentration set (identified by ‘lc’) of three samples with 7000 to 8000 atomic parts
per million (appm) deuterium and a higher concentration set (identified by ‘hc’) of two
samples with 24000–25000 appm deuterium. One sample from each set was deformed to
50% thickness reduction by unidirectional rolling at room temperature (identified by ‘d’)
after deuterium loading. Rolling was performed using 5 inch diameter slow-speed steel
rollers. Eight to ten passes were required to achieve the final thickness reduction. The
rolling direction was [1̄11] and the direction of thickness reduction corresponded to the
[110] face-normal axis.
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SANS measurements were performed at the Intense Pulsed Neutron Source (IPNS) at
the Argonne National Laboratory in Argonne, Illinois using the Small-Angle Diffractometer
(SAD) instrument [12]. IPNS is a spallation neutron source with time-of-flight (TOF) based
scattering instruments. For the SANS technique, two dimensional scattering patterns are
recorded as a function of TOF (or neutron wavelength) and folded together during automated
data reduction. Multiple Bragg diffraction from crystalline samples is possible for neutron
wavelengths shorter than the Bragg cut-off. The problem is especially severe for single
crystals, but is easily avoided by rejecting all data in TOF bins below the cut-off. In

principle, aQ range of 0.0066 Q 6 0.1 Å
−1

(the wave-vector transfer,Q, is given by
Q = (4π/λ) sinθ , whereλ is the neutron wavelength andθ is half the scattering angle)
can be probed for crystalline samples with the SAD, although the actual range may be
reduced for weakly scattering systems. SANS measurements were corrected for sample
transmission, empty beam, and dark current. Absolute macroscopic differential scattering
cross sections were determined by using a polymer standard sample [12].

All SANS measurements were performed in vacuum using a Displex capable of 12 K
operation. Except for the sample, two beam defining Cd apertures (before and after the
sample), and the two sapphire vacuum-jacket windows, no other material was placed in
the neutron beam. Sample temperature during SANS investigation was monitored with a
thermocouple mounted near the sample on the sample holder. This sample holder was
fabricated from 1100F aluminium and mounted directly to the Displex cold finger.

Maximum cooling rates of 2–3◦C min−1 at the sample location were typically observed.
The thermocouple calibration, checked at 77 K and 273 K, was found to read 1–2 degrees
too low. This was considered adequate and all temperatures reported here are not corrected
for this slight inaccuracy.

3. Results and discussion

3.1. Effect of crossing the low-temperature solvus

The 293 and 120 K SANS response from Nb1(lc), an undeformed, single crystal Nb sample
loaded with 7400 appm deuterium, is shown in figure 1. (All data are presented as radial
averages over all azimuthal angles recorded by the 2D SANS detector unless otherwise
stated.) The incoherent solvus (in this case,α→ ε solvus) at 7400 appm is approximately
210 K. (Although some uncertainty in the Nb–H phase map exists [10], the low temperature,
low concentration phase is referred to as ‘ε’ here.) Thus, the effect of crossing the solvus
on the observable scattering response is illustrated by this measurement. The scattering
response at 120 K represents a 50- to 60-fold increase over the 293 K measurement at
lowestQ. Based on an application of the lever rule at 120 K, approximately 1–2% of the
total volume of the Nb matrix was converted to theε phase.

The SANS response of two low concentration samples, Nb1(lc) and Nb9(lc/d), at 120 K
are compared in figure 2. This figure is in ln–ln format, allowing the identification of power
law scattering behaviours (d6/d� ∼ 1/Qn). Nb9(lc/d) was prepared with 7800 appm
deuterium and was deformed by unidirectional rolling to 50.7% thickness reduction. As
with Nb1(lc), this sample was cooled continuously from room temperature to 120 K at
the maximum cooling rate. The deformation of Nb9(lc/d) has a noticeable effect on the
observed SANS response. In particular, the high-Q power law behaviour is changed from
d6/d� ∝ Q−4 (Nb1(lc)) to d6/d� ∝ Q−2 (Nb9(lc/d)). Q−4 behaviour is still present
in the Nb9(lc/d) measurement, but is much weaker and occurs at the low-Q end of the
measured range.
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Figure 1. 293 K (open circles) and 120 K SANS (open squares) response of Nb1(lc), a lower
concentration undeformed single crystal Nb sample.

Figure 2. 120 K SANS measurement of lower concentration samples, undeformed Nb1(lc) (full
squares) and deformed Nb9(lc/d) (open squares). Deformation resulted in a pronouncedQ−2

response at the high-Q end of the measurement.

The 120 K measurement of the two high concentration samples, Nb6(hc) and Nb8(hc/d),
are compared in figure 3. Nb6(hc) was undeformed and had a deuterium concentration
of 24 000 appm. Nb8(hc/d) was loaded to 24 500 appm deuterium and deformed by



Deformation in single crystal niobium 8949

Figure 3. 120 K SANS measurement of higher concentration samples, undeformed Nb6(hc)
(full squares) and deformed Nb8(hc/d) (open squares). Solid lines are best fits of a d6/d� ∝
Q−2 +Q−4 behaviour. Amplitudes of theQ−2 andQ−4 responses are given in table 1.

unidirectional rolling to 49.5% thickness reduction. Unlike the previous samples, both
Nb6(hc) and Nb8(hc/d) were step-wise cooled, with SANS patterns recorded at constant
temperature every 40–50 degrees. This was done to observe the effect of deformation on
the phase transformation temperature hysteresis and is discussed below. Like Nb9(lc/d), a
significantQ−2 response is observed at high-Q end of the Nb8(hc/d) measurement. Sample
characteristics and SANS results, given by radially averagedQ−2 andQ−4 amplitudes, are
compiled in table 1. The results from Nb7(lc), an undeformed, low concentration sample
that was stepwise cooled, are also included in this table.

TheQ−4 response, known as Porod behaviour, results from discontinuous changes in
the nuclear scattering length density. Such discontinuities may occur at the internal surfaces
or interfaces, such as those associated with voids and second phase particles, for example.
The Porod response is an asymptotic behaviour valid for allQ such thatQD � 1, where
D is the characteristic dimension of the scattering object, and is given by [13],

d6

d�
(Q) = 4π1ρ2

Q4

S

V
(1)

where1ρ is the scattering length density contrast, in the present case between theε deuteride
phase and the Nb solid solutionα phase (1ρ ∼= 2.9× 1010 cm−2), S is the total interfacial
surface area, andV is the irradiated sample volume. This equation represents an average
over all scattering object orientations and therefore does not directly provide morphological
information. However, for oriented, highly anisometric particles, the Porod response can
exhibit severe anisotropy.

Equation (1) can be used to calculate the total deuteride surface per unit volume for
the undeformed samples. The results of this calculation for the 120 K data are shown in
table 2. The total volume fraction of the deuteride phase at 120 K (from the application of
the lever rule to the equilibrium Nb–H phase diagram) is also given in table 2. Equation (1)
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Table 1. Power-law amplitudes for 120 K SANS measurements of Nb–D samples.

Dconc. Q−4 amplitude Q−2 amplitude

Sample [appm] Deformation (×10−9 cm−1 Å
−4

sr−1) (×10−5 cm−1 Å
−2

sr−1)

Nb1(lc)∗ 7400 undeformed 22.6± 1.0 —
Nb9(lc/d)∗ 7800 50.7% (unidirectional) 5.0± 0.3 2.9± 0.1
Nb7(lc) 7000 undeformed 2.8± 0.4 0.7± 0.1
Nb6(hc) 24000 undeformed 9.0± 0.1 1.1± 0.1
Nb8(hc/d) 24500 49.5% (unidirectional) 6.6± 0.4 5.5± 0.1

∗ Cooled continuously from 293 K to 120 K at 2–3◦C min−1. All others step-wise cooled.

Table 2. Low temperature deuteride phase parameters determined from SANS.

Volume fraction f , volume fraction
of ε phase ofε phase giving

Sample from lever rule S/V (cm−1) Q−2 response

Nb1(lc)∗ 0.02 214 —
Nb9(lc/d)∗ 0.02 — 0.0025
Nb7(lc) 0.02 26.5 —
Nb6(hc) 0.06 85.2 —
Nb8(hc/d) 0.06 — 0.0050

∗ Cooled continuously from 293 K to 120 K at 2–3◦C min−1. All others step-wise cooled.

is not applied to the deformed sample data. As demonstrated below, deformation resulted
in the formation of oriented, plate-like deuteride particles. The general form of the Porod
law given by equation (1) represents an average over all particle orientations [13]. This
condition is automatically satisfied for a spherical particle shape. It is not, however, met
for oriented anisometric particles, even when the radial average cross section is used.

Notice from table 1 that the Porod response of the Nb1(lc) is 2.5 times greater than that
of Nb6(hc) and 8.1 times greater than that of Nb7(lc). This appears to be inconsistent with
the known deuterium loading. Also recall that the Porod response of Nb1(lc) occurred at
the high-Q end of the measured range (figure 2), whereas it occurs at the low-Q end for
all other samples. This latter point is demonstrated for Nb6(hc) in figure 4; a pure, low-Q

Porod behaviour results after subtraction of the smallQ−2 component. These observations
are consistent with smaller, more finely dispersed deuteride particles in Nb1(lc) and is
attributed to the cooling rate; continuous for Nb1(lc) versus step-wise for Nb6(hc) and
Nb7(lc). This hypothesis is corroborated most strongly by the results of Nb7(lc). This
sample was undeformed, loaded to 7000 appm deuterium, and step-wise cooled; in other
words, identical to Nb1(lc) except for the cooling rate. The effect of cooling rate on observed
SANS response is dramatic; a factor of 8.1 increase in Porod amplitude.

The other relevant comparison of Porod amplitudes is between Nb6(hc) and Nb7(lc),
both of which underwent approximately the same step-wise cooling procedure. Here the
scattering amplitudes are almost in direct proportion of the deuterium concentration. This
is expected if the relative number of deuteride particles versus particle size (the normalized
size distribution) are equal for the two samples. In this case, the total deuteride surface area
will scale with the total amount of deuterium available for phase transformation.

A single crystal Nb reference sample, deformed to 50% thickness reduction by rolling
at room temperature and without deuterium loading, was measured at 293 K and 175 K
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Figure 4. ResidualQ−4 SANS response of Nb6(hc) after subtraction ofQ−2 response.

(measurement not shown). The purpose of this measurement was to confirm that the
large increases in SANS response reported here were due to deuterium precipitation in
the deuterium-loaded samples. As expected, the scattering response of the reference sample
was low and remained invariant with respect to temperature.

3.2. Scattering anisotropy

The most striking effect of deformation was the development of significant anisotropy in
the scattering pattern. Responses from all three undeformed samples, Nb1(lc), Nb6(hc),
and Nb7(lc), were isotropic, consistent with a spherical deuteride particle morphology.
Although randomly oriented particles of any shape would exhibit any isotropic scattering
pattern, spherical hydride particles have been observed under similar conditions (113 K,
hydrogen concentrations less than 5%) within situ TEM by Schober [6]. On the other
hand, the scattering patterns of both Nb8(hc/d) and Nb9(lc/d) exhibited a pronounced two-

fold symmetry in the region of Porod scattering belowQ < 0.03 Å
−1

. This anisotropy is
quantified in figures 5 and 6, which show the dependence of Porod andQ−2 scattering
amplitudes as a function of detector azimuthal angle,θ , for Nb8(hc/d) and Nb9(lc/d),
respectively. Both samples were oriented with the [11̄1] rolling direction atθ = 0◦ and have
the same, strongly peaked anisotropy. This can only occur for oriented, highly anisometric
particles. The radially averaged Porod andQ−2 amplitudes given in table 1 can now be
identified as averages over all azimuthal angles (−π/26 θ 6 π/2) in figures 5 and 6.

The severe anisotropy of the Porod response is attributed to an oriented arrangement of
large plate-like particles. Scattering from plate-like particles is expected to be highly peaked
about an axis perpendicular to the face normal of the plate. This is a direct consequence of
the inverse relationship between particle dimension and scattering angle orQ. The small-
angle scattering response is compressed into a small angular orQ range aboutQ = 0 along
in-plane directions of the plate. The resultant scattering then becomes highly peaked about
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Figure 5. Porod andQ−2 amplitudes as a function of detector azimuthal angle,θ , for deformed,
high deuterium concentration sample Nb8(hc/d). The solid curve is a best fit of equation (2) to
the observed Porod amplitude dependence onθ . Only half of the total 2π azimuthal angles are
shown because of the two-fold symmetry of the SANS response. The [11̄1] rolling direction
corresponds toθ = 0.

the plate normal direction. The fall-off in intensity from the face normal direction is given
qualitatively by [14],

d6

d�
(Q) ∼ [sin(πα)/πα]2 (2)

whereα is the product of the plate dimension andQ component in the plane of the plate
(the latter of which is proportional to sinθ ). The anisotropic responses of the deformed
samples shown in figures 5 and 6 follow this general behaviour reasonably well.

3.3. 1/Q2 behaviour

The most noticeable effect of deformation in figures 2 and 3 is the development ofQ−2

scattering at higherQ. Unlike the low-Q Porod scattering from the deformed samples, this
scattering is isotropic (see figures 5 and 6). AQ−2 response is the single particle form factor
of an object with plate-like geometry. The macroscopic differential scattering cross section
is given by the product of the single particle form factor and the plate number density [15],

d6

d�
(Q) = 2πNPAT

21ρ
2

Q2
exp(−Q2T 2/12) ∼= 2πf T

1ρ2

Q2
(3)

whereNP is the number density of deuteride plate-like particles,A is the plate cross-
sectional area,T is the plate thickness,f is the volume fraction of particles resulting in the
Q−2 response and1ρ is the scattering length density contrast as given above. The right-
hand side of equation (3) is written under the assumption thatQT 6 1. This is justified
because a pureQ−2 response was observed in the high-Q limit of the measurement.
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Figure 6. Porod andQ−2 amplitudes as a function of detector azimuthal angle,θ , for deformed,
LOW deuterium concentration sample Nb9(lc/d). The solid curve is a best fit of equation (2) to
the observed Porod amplitude dependence onθ . Only half of the total 2π azimuthal angles are
shown because of the two-fold symmetry of the SANS response. The [11̄1] rolling direction
corresponds toθ = 0.

It is important to distinguish between the two types of plate-like particles resulting
in the Porod andQ−2 scattering responses observed from the deformed samples, because
they are different. Porod scattering is an asymptotic behaviour that occurs beyond theQ

range where the single particle form factor dominates. Thus, the Porod scattering observed
from the deformed samples cannot be the asymptotic response of the plate-like particles
causing theQ−2 behaviour because it occurs at lower, not higher,Q. The ‘Porod’ deuteride
particles would also exhibit aQ−2 form factor, but at much lowerQ than probed in these
measurements. Likewise, the ‘Q−2’ particles would exhibit a Porod response in a range
beyond the maximumQ measured here. That theQ−4 scattering is highly anisotropic,
while theQ−2 response is isotropic, is another indication that two distinct sets of deuteride
precipitate plates are present.

The observation of theQ−4 behaviour at low-Q implies that the thickness of the
‘Porod’ plates must be very large, so thatQT � 1 is satisfied at thelowest Q limit
of the measurement. An estimate of theminimum thickness can be made;T > 2000 Å
(T � 1/0.005 Å). On the other hand, the ‘Q−2’ plates must satisfyQT 6 1 at the
highestQ of the measurement, leading to an estimatedmaximumthickness of approximately
20 Å.

The volume fraction of deuteride particles responsible for theQ−2 scattering observed
from Nb8(hc/d) and Nb9(lc/d) can be estimated using equation (3) if the plate thickness
is known. SettingT = 20 Å in equation (2) leads to volume fractions of 0.0050 and
0.0025 for Nb8(hc/d) and Nb9(lc/d), respectively. This simple analysis demonstrates that
the total volume fraction of the ‘Q−2’ plates is very small, much smaller than the totalε
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phase volume fraction estimated from the phase diagram (see table 2). The balance of the
precipitated deuterium is in the much larger ‘Porod’ plates.

We note that the initial trapping of deuterium at dislocations can result in a SANS
response. The deuterium-dislocation trapping interaction, in the absence of deuteride
formation, has been investigated with SANS in single crystal Pd [16, 17]. The response from

this trapping interaction is very weak (d6/d� ∼ 0.02− 0.03 cm−1 sr−1 atQ ∼ 0.01 Å
−1

)
and would be dominated by the large deuteride SANS response observed below the solvus
temperature. In principle, the SANS response from the trapping interaction could be seen at
temperatures above the solvus. This would require impractical counting times on the SAD
instrument and was not attempted in this study.

3.4. Temperature hysteresis

The SANS response during step-wise cooling, followed by step-wise heating, of Nb7(lc)
is shown in figure 7. Equilibrium at each temperature was confirmed by an invariant
scattering response. However, this procedure was not sensitive to slowly varying changes.
The ordinate in figure 7 is the absolute scattering cross section integrated over the entireQ

range. A substantial hysteresis about the incoherentα→ ε solvus is evident.

Figure 7. Integrated d6/d� for Nb7(lc) as a function of sample temperature duringin situ
step-wise cooling and heating. Arrows indicate direction of temperature change. The integrated
scattering response shows a significant hysteresis associated with nucleation and reversion of
the deuteride phase.

The temperature-dependent scattering amplitudes of theQ−4 andQ−2 behaviours for
Nb8(hc/d) are shown in figures 8 and 9, respectively. The Porod amplitude in figure 8
was determined along the direction of most intense scattering (θ = 0 in figure 5),
while the Q−2 amplitude in figure 9 is a radial average. Although fewer temperature
steps were measured for this sample, a few observations can be made. First, the Porod
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Figure 8. Porod amplitude for Nb8(hc/d) as a function of sample temperature duringin situ
step-wise cooling and heating. Arrows indicate direction of temperature change. The Porod
response increases immediately upon crossing the incoherent solvus temperature.

response changes immediately upon crossing the solvus temperature during both cooling
and heating. Likewise, theQ−2, plate-like responses track closely together in figure 9,
although apparently this behaviour is responding to a lower incoherent solvus temperature.
This latter observation is consistent with a smaller amount of solid-solution deuterium
available forQ−2 platelet formation; the incoherent solvus temperature corresponding to
2500 appm deuterium (one tenth of the total deuterium concentration in accordance withf

in table 2) is approximately 175 K [10].
Temperature hystereses similar to that in figure 7 have been observed in resistivity

measurements performed by Westlake and Ockers [18] and by Birnbaumet al [19] on low
concentration Nb–H (–D) alloys. Hystereses in systems with large phase transformation
volume differences are generally thought to be due to irreversible plastic deformation during
incoherent hydride formation [18]. This hypothesis has been corroborated by the observed
dependence of solvus temperature on temperature cycle history; thermal cycling through
the two phase region was found to reduce the hysteresis, consistent with heterogeneous
nucleation at remnant dislocations from previous cycles [19]. The behaviour of Nb8(hc/d)
in figures 8 and 9 is consistent with regions of high dislocation density promoting deuteride
formation, thereby reducing the hysteresis.

3.5. Metallographic analysis

Large pieces of scrap material were available from the fabrication process of all deformed
samples. This scrap material was identical to the measured samples except for the
in situ cooling that was part of the SANS investigation. Specimens were prepared
from the Nb8(hc/d) scrap material for TEM analysis and low-temperature electropolishing.
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Figure 9. Q−2 amplitude for Nb8(hc/d) as a function of sample temperature duringin situ
step-wise cooling and heating. Arrows indicate direction of temperature change.

(a) (b)

Figure 10. (a) Micrograph of Nb8(hc/d) scrap material electropolished at 215 K. The plane of
the micrograph corresponds to the (110)Q plane of the SANS measurements. The [11̄1] rolling
direction is oriented vertically. (b) Micrograph of Nb8(hc/d) scrap material electropolished at
215 K. The plane of the micrograph is(1̄12). This plane is perpendicular to the (110) sample
face. The [1̄11] rolling direction is again oriented vertically.

Figures 10(a) and 10(b) are room temperature surface micrographs of a Nb8(hc/d) specimen
after electropolishing at 215 K. This temperature is well below theβ-phase solvus line
at 24500 appm (approximately 250 K) and just below theα + β → α + ε triple line
(225 K) [10]. Temperature reduction associated with electropolishing was the only time the
specimens were cooled into the two phase region. The same is true for the TEM specimens.
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The line-like structures shown in figure 10(a) are the remnants of the deuteride particles
(large plates which have intersected the free surface) caused by preferential etching during
the low temperature electropolishing procedure. The plane of this micrograph is the
measured (110)Q plane with the [1̄11] rolling direction vertical. Although line remnants
with other orientations are evident in figure 10(a), the vast majority are perpendicular to
the rolling direction. This is not proof that the majority ofplates are perpendicular to the
rolling direction since the intersection of the plates with only a single free surface is imaged
in the micrograph.

The surface shown in figure 10(b) is a plane perpendicular to the (110)Q plane
of figure 10(a) and contains the [11̄1] rolling direction, again oriented vertically. (In
other words, the plane normal of figure 10(b) is given by the cross product of [11̄1] and
[110].) The orientation of figures 10(a) and 10(b) relative to the sample geometry during
neutron exposure is shown in figure 11. Two different intersection orientations are seen in
figure 10(b), demonstrating that a unique orientation of deuteride plates does not exist.

Figure 11. Schematic representation of sample orientation during SANS investigation. Incident
neutron beam direction, rolling direction, and orientation of the micrographs in figures 10(a) and
(b) are given.

Two conditions on the orientation of the deuteride plates must be met to explain the
observed anisotropic SANS response from the deformed samples. First, a significant fraction
of all deuteride plates must have normal directions within±15◦ of the measuredQ plane.
This is the approximate angular FWHM of the anisotropic behaviour quantified in figures 5
and 6, but applied orthogonally to theQ plane. All plates that satisfy this condition will
necessarily have intersection remnants perpendicular to the rolling direction (horizontal in
figure 10(b)). By the same argument, deuteride particles with non-horizontal intersection
orientations in figure 10(b) cannot contribute to the SANS response that has been observed
in these measurements. Second, a necessary requirement for the stronganisotropyscattering
observed from the deformed samples is that a majority of all plates meeting the first condition
have normal directions along the [11̄1] rolling direction. These plates, and only these plates,
will result in horizontal intersection remnants in both figures 10(a) and 10(b). If this were not
true, if a more random orientation of plates with normal directions in the measuredQ plane
existed, the observedQ−4 response would have been more isotropic. In the absence of
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proof to the contrary, it is now logical to attribute (i) the strongQ−4 anisotropy observed
within the (110)Q plane and (ii) the preferential arrangement of a majority of the line-like
remnants in figure 10(a) to planes which must be aligned orthogonal to the rolling direction.

Hydride particles similar to the plate-like morphology found here have been observed
by Birnbaumet al in a well-annealed Nb-1.15 at.% hydrogen alloy cooled slowly, under
equilibrium conditions, into the two phase region [19]. Hydride plates were observed to form
on the{100}α family, as expected from the work of others [9]. Under more rapid cooling
conditions (∼2 K min−1), a spherical or ‘blocky’ hydride morphology was observed by
Birnbaumet al [19]. We believe a similar effect is responsible for the morphology observed
here; the plate-like structures are the result of the dislocation substructure facilitating
heterogeneous precipitation, leading to the deuteride particle shape similar to that observed
by Birnbaumet al under equilibrium cooling conditions in the undeformed Nb matrix.

3.6. TEM analysis

The purpose of room temperature TEM investigation was to characterize the dislocation
substructure in the heavily deformed single crystal Nb matrix. Low-temperature TEM
analysis was not performed.

Two TEM micrographs of Nb8(hc/d) are shown in figures 12(a) and 12(b). These
specimens were made from a piece of Nb8(hc/d) scrap material. The zone axis for
these micrographs are the [11̄1] rolling direction (figure 12(a)) and the [1̄13] direction
(figure 12(b)). The latter is approximately 10◦ off the [1̄12] plane-normal direction of
figure 10(b). The substructure shown in figures 12(a) and 12(b) is typical of a cellular
dislocation arrangement; the linear features are dislocation bands or cell walls that formed

(a) (b)

Figure 12. (a) TEM micrograph of Nb8(hc/d) specimen (made from scrap material). Zone
axis of the micrograph is the [11̄1] rolling direction. The light bands are dislocation cell walls
comprised on many dislocations bunched together. (b) TEM micrograph of Nb8(hc/d) specimen
(made from scrap material). Zone axis of the micrograph is [1̄13]. The light bands are dislocation
cell walls comprised on many dislocations bunched together.
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during rolling and separate regions of low dislocation density. Similar structures have been
observed in deformed, single crystal Nb [20, 21].

A cellular dislocation substructure is often observed in metals driven into the work
hardening regime. The ideal use of TEM analysis would be to establish a correlation
between the orientation of the large plates shown in figure 10(a) and the dislocation cell
structure. This would require, at the very least, analysis of the [110] zone axis corresponding
to the measuredQ plane and the plane of figure 10(a). This was not possible for the present
work.

4. Conclusions

Low temperature deuteride precipitation in well annealed and cold worked single crystal Nb
has been characterized in a series ofin situ SANS measurements. Samples were prepared
with low (∼7000 appm) and high (∼24 500 appm) concentrations of deuterium. All samples
were in solid solution at room temperature. Two of the samples were deformed by rolling at
room temperature to 50% thickness reduction. The following conclusions are drawn from
analysis of the SANS measurements:

(i) The observed low temperature SANS response from the undeformed samples was
consistent with the formation of spherical deuteride particles. For two samples with
approximately the same deuterium concentration (∼7200 appm), the cooling rate (continuous
cooling at a rate of 2–3◦C min−1 versus step-wise cooling) had a noticeable effect on the
Porod scattering amplitude; continuous cooling resulted in an 8.1 increase in scattering
intensity. This observation is consistent with the more rapid, direct cooling rate inducing
precipitation on a much finer scale. For the stepwise cooling procedure applied to two
samples with different deuterium concentrations, the low-Q Porod scattering amplitude
varied in proportion to the concentration. This is consistent with the formation of deuteride
particles in numbers proportional to the overall concentration under more equilibrium
cooling conditions.

(ii) The effect of deformation by rolling on the observed low temperature SANS response
was significant. The scattering pattern exhibited marked two-fold asymmetry in the Porod
region (where theQ−4 scattering dominates the measured response), with the direction of
maximum scattering along the [11̄1] rolling direction. This is attributed to the formation of
large, oriented deuteride particles with a plate-like morphology. In addition, the development
of an isotropicQ−2 response at highQ was observed in the deformed samples. This is the
single particle form factor for plate-like particles and is attributed to the formation of much
smaller deuteride plates with a more random orientation distribution. The volume fraction
of these smaller platelets was approximately 10% of the total precipitated deuteride phase.

(iii) The SANS response as a function of temperature was recorded for two samples.
A noticeable hysteresis was evident in the undeformed sample temperature response. Such
hystereses are generally thought to be due to irreversible formation of dislocations at the
incoherent deuteride boundary. The temperature dependence of the low-Q Porod response
and theQ−2 response for the deformed sample were analysed separately. Both responses
tracked closely together during temperature change, indicating the hysteresis was greatly
reduced by deformation. This is expected if preferential nucleation of the deuteride phase
at regions of high dislocation density occurs. The onset of theQ−2 scattering behaviour
in the deformed sample was shifted to temperatures well below the solvus observed for
the Porod scattering, consistent with a smaller amount of deuterium available for deuteride
precipitation into the smaller platelets.
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In addition to SANS, metallographic and TEM analysis were performed on the deformed,
high concentration sample. The following conclusions are derived from this analysis:

(iv) Metallographic analysis of low temperature electropolished scrap material taken
from the deformed, high concentration sample was performed to characterize the orientation
of the large plate-like deuteride particles. Analysis of two polished surfaces showed the
presence of large line-like remnants that resulted from preferential etching of the deuteride
particles. The majority of these remnants on the surface coinciding with the measured
Q plane had orientations consistent with the anisotropic SANS response observed in the
Porod regime. The platelets responsible for theQ−2 scattering behaviour are thought to be
too small to observed with an optical microscope.

(v) TEM analysis of specimens taken from the deformed, high concentration scrap
material was also performed. A distinct cellular dislocation substructure was observed in
the deformed Nb matrix. It was not possible for the present work to establish a correlation
between the orientation of the dislocation cell walls the line-like remnants observed in the
electropolished samples.

These conclusions taken together indicate that deformation of single crystal Nb affects
the deuteride phase transformation in a fundamental way. We believe the large plate-like
particle morphology is the result of an interaction with the cellular dislocation substructure.
One possible explanation is that the deuterium-dislocation interaction, which initially
traps deuterium at individual dislocations, results in the cell walls acting as a nucleation
framework. Alternatively, an elastic stress field interaction acting over longer length scales
(compared with the more short-range interaction with individual dislocations) induces the
highly anisometric deuteride particle shape. This second explanation is somewhat analogous
to the formation, under equilibrium conditions, of the hydride phase in plates perpendicular
to the elastically soft [100] directions in the host Nb matrix. However, in the present case
precipitation of the plate-like deuteride particles is not controlled by the elastic properties
of the Nb fcc lattice, but by the elastic state within the dislocation cell structure.

The effect of deformation on the temperature hysteresis is consistent with the above
remarks. Preferential low-temperature hydride nucleation at regions of high dislocation
density has been observed in Nb with TEM [6]. The large degree of local lattice distortion
at these sites reduces or eliminates the need for additional dislocation generation at the
incoherent boundary. Thus, the same elastic interactions that alter the particle morphology
are also expected to reduce the observed temperature hysteresis, as was observed.
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