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Abstract

High pressure hydrides of V(995Co00s Were thermally cycled between 3,- and y-phases hydrides for potential use in cryocoolers/heat pumps
for space applications. The effect of addition of carbon to vanadium, on the plateau enthalpies of the high pressure 3, +y region is minimal.
This is in contrast to the calculated plateau enthalpies for low pressure (o + 3;) mixed phases which showed a noticeable lowering of the values.
Thermal cycling between [3,-and y-phase hydrides increased the absorption pressures but desorption pressure did not change significantly and the
free energy loss due to hysteresis also increased. Hydriding of the alloy with prior cold-work increased the pressure hysteresis significantly and
lowered the hydrogen capacity. In contrast to the alloy without any prior straining (as-cast), desorption pressure of the alloy with prior cold-work
also decreased significantly. Microstrains, (¢2)"", in the B,-phase lattice of the thermally cycled hydrides decreased after 778 cycles and the
domain sizes increased. However, in the y-phase, both the microstrains and the domain sizes decreased after thermal cycling indicating no particle
size effect. The dehydrogenated a-phase after 778 thermal cycles also showed residual microstrains in the lattice, similar to those observed in
intermetallic hydrides. The effect of thermal cycling (up to 4000 cycles between [3,- and y-phases) and cold working on absorption/desorption
pressures, hydrogen storage capacity, microstrains, long-range strains, and domain sizes of (3,- and vy-phase hydrides of V995Cq 005 alloys are

presented.
Published by Elsevier B.V.
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1. Introduction

Metal hydrides have been extensively investigated as thermal
energy storage media, potentially offering a reversible chemi-
cal means of storing and supplying hydrogen for both mobile
and stationary systems [1,2]. Hydrides can store more hydro-
gen per unit volume than liquid or solid hydrogen [3] and
have potential applications for heat management systems such
as cryocoolers and heat pumps [4-7] besides numerous other
applications. By using a suitably matched pair of hydrides with
high and low equilibrium pressures, the system can be made
to operate continuously to make up the working cycle of a
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metal hydride heat pump (MHHP). This concept was applied
[7] in portable life support systems for space suits in ‘Extrave-
hicular Mobility Units’ (EMUs), which use such heat pumps.
Many applications require constant hydrogen capacity and sta-
bility of pressure—temperature properties over a large number of
absorption/desorption cycles.

Hydrides of pure vanadium and vanadium alloys are consid-
ered to be potential candidates for use in MHHP’s [7], hydrogen
compressors [8—10], and closed-cycle cryogenic refrigerators
[11]. It should be noted that VH; has one of the highest
volumetric hydrogen density of 160kgHy/m?® although the
gravimetric hydrogen density is only ~2 wt%. More recently,
Paglieri et al. [12] have investigated vanadium based alloys
(Vo.95Tip.0s and VoggCup 12) coated with palladium for use
in hydrogen selective permeable membranes that operate at
high temperatures (350-400 °C). For extended use in hydrogen
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separation processes, it is necessary that the membranes posses
long-term thermal stability and show minimal decrepitation.
The alloys and operating conditions are chosen such that 31,
B2 or vy hydride phases are not formed, i.e., the membranes
operates in single phase region allowing maximum hydrogen
flux through. For such applications, it is necessary to obtain
pressure—composition—temperature (p—c—7T) data at very low
pressures, without any heat activation cycles to determine the
stability regions of the single phase regions. In a recent study,
Chandra et al. [13], the low pressure hydriding of V(.995Co.005
alloy in the o — (] region was evaluated for development
of hydrogen selective membranes at Los Alamos National
Laboratory. The low pressure p—c—T data V(.995Cpo0s—H
system (338-523 K) suggests that at temperatures beyond
450K, a stable single a-phase exists that may be suitable for
membrane applications.

For pure vanadium, there are two plateaus in the pressure-
composition isotherms (PCIs) that correspond to the following
reactions:

o + B plateau (~ 0.1 Paat298K) :
2V(a) + 0.5H2 = VoH(@B1) 1)

B2 + vy plateau (~ 280, 000 Pa at 298 K) :
VHi(B2) = VHa(y) @)

The high-pressure (37 +v plateau is suitable for use in the
space related applications being developed by NASA. It is noted
that the monohydride (V,H) and dihydride (VH3) given in Egs.
(1) and (2) are only nominal compositions (not stoichiomet-
ric) and hydrogen content (represented as atomic ratio, r=H/V
or atom fraction, Ng =r/(1 + r)) varies depending upon the sol-
ubility at various temperatures. The a-V is BCC and forms
monoclinic B1-V2H (0.45 <r<0.7, ~293 to ~443K) and as
hydrogen content is increased, BCT ,-VH; (0.45 <r<0.8,
~293 to ~443 K) and FCC y-VH; (r~ 2, ~298 to ~373 K) are
formed. Further details on the crystallographic studies of these
phases can be found in Fagerstroem et al. [14].

The thermodynamic properties of V-H system have been the
subject of many studies, some of which are briefly mentioned
here. In 1959, Kofstad and Wallace [15] reported equilibrium
vapor pressure data of V-H system from Ny =0.005-0.33
(r=0.005-0.5) and 438-729 K. In 1969, Veleckis and Edwards
[16] reported p—c-T data in the range Ny=0.01-0.33
(r=0.01-0.5), 518.6-827K, 130 to ~10° Pa, and also reported
the relative partial molar enthalpy (A Hy) and entropy (ASg)
of hydrogen as a function of Ny. In 1972, Griffiths et al. [17]
reported p—c—T data from Ng=0.01 to 0.45 (r=0.01-0.85),
260-460K, 10~° to ~103 Pa, and also calculated A Hy and
ASH. The last significant p—c—T study in the low pressure
region was by Fujita et al. [18] in 1979, who reported data from
Ng =0.003 to 0.4 (r=0.003-0.67), 353-773 K, 0.1 to ~10* Pa,
and calculated partial molar quantities, as well. In the high
pressure, higher hydrogen concentration region, there have
been fewer studies. In 1970, Reilly and Wiswall [19] reported
PCI data from Ng=0.45 to 0.67 (r=0.83-2), 313-373K,
~10* to ~10° Pa. Other reported studies include Rummel [20]

and Meuffels [21] have also reported p—c—T data in the high
and low concentration regimes respectively. Reviews of the
V-H systems can be found in Schober [22], and Esayed and
Northwood [23], and more references can also be found in the
recent thermodynamic assessment of this system [14].

Hysteresis is an important issue in metal hydride applications
as it decreases the system wide efficiency. For pure vanadium, it
has been found that pressure hysteresis (hydride formation pres-
sure, pr, is greater than decomposition pressure, pq) is virtually
nonexistent in the low pressure a + 31 plateau region [15,16]. In
this high pressure (3, — vy region, Lynch et al. [24] and Flanagan
et al. [25] have showed the presence of pressure hysteresis. In
the presence of pressure hysteresis, the ratio (pg/pq) is greater
than 1 and this ratio typically increases as the hydride undergoes
absorption/desorption cycles. The cause of hysteresis has been
attributed [26] to irreversible plastic deformation during hydride
formation only and therefore assumed that decomposition pres-
sure represented the true equilibrium. However, following the
work of Birnbaum et al. [27] to describe solvus hysteresis (ter-
minal hydrogen solubility during absorption, d’, is greater than
during desorption, a”), Flanagan et al. [28,29] proposed that
pressure hysteresis is also due to dislocations creation due to
plastic deformation during both hydride formation and decom-
position. However, recently this explanation of hysteresis has
also been called into question by Schwarz and Khachaturyan
[30]. A review of various models of hysteresis can be found
in the extensive work of Flanagan et al. [31-33] and Schwarz
and Khachaturyan [30]. Regardless of the differences in the pro-
posed theories, hysteresis is generally associated with the plastic
deformation and microstrain development in these hydrides due
to large changes in the volume.

During use in a MHHP, the vanadium hydride bed is sub-
jected to numerous thermal cycles between (3;- and y-phases
and therefore, the effect of long term thermal cycling on pressure
hysteresis and hydriding characteristics is of great interest. Our
previous thermal cycling studies on La—Ni based metal hydrides
[34-37] have shown intrinsic chemical disproportionation in
these hydrides however this is not a concern in VH, hydrides
[38,39]. As we have observed in our earlier studies, thermal
cycling (up to 1000 cycles) of VH, hydrides [38,39] resulted in
plastic deformation and sometimes even ruptures of the reactors.
For example, a stainless steel reactor containing hydrides of pure
vanadium deformed and ruptured after only 200 cycles, although
there was little decrepitation of vanadium samples [38]. The
absorption hydrogen storage capacity also decreased by 20%
and the hysteresis ratio (pg/pq) increased from 1.8 to 2.7 after
1000 cycles. It is noted that the increase in hysteresis ratio was
primarily due to the increase in absorption pressures while the
desorption pressure was relatively unaffected by cycling [38].
Flanagan et al. [25] also studied the effect of cold working
on hysteresis in pure vanadium and found that cold working
reduced the hydrogen storage capacity of vanadium to »r=1.65
from r=1.8 in well annealed sample. In 1995, the thermody-
namics of hysteresis in pure vanadium hydrides was reviewed
by Kumar and Balasubramaniam [40].

To overcome this problem of microstrain development dur-
ing y-phase formation and to determine if the loss in absorption
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hydrogen storage capacity can be reduced, it was proposed to
add a small amount of carbon (V-0.5at.% C, V(.995Cp005) as
an alloying element [41,42]. There have been reports on the sta-
bilization of y-VH, phase to facilitate hydrogen desorption and
absorption reactions (reversal of y <> 3,) by addition of alloying
elements [43-45]. Yukawa et al. [46,47] conducted systematic
studies on stabilizing both the 3- and y-phases by addition of
alloying elements (V-1 mol%M and V-3 mol%M where M is
a 3d-, 4d-, or 5d-transition metal) and demonstrated increased
stability of y-phase. Alloying vanadium with carbon may have
the potential to minimize the plastic deformation or premature
fracture of V-hydride vessels due to large volume changes during
B2 <>y transformations [41].

The focus of this study is to evaluate the effect of thermal
cycling on the long-term stability of vanadium hydrides oper-
ating in the 3o — y region. A detailed analysis of the effects of
carbon addition on the thermodynamics (plateau pressures and
enthalpies of o — 31 and 3, — vy plateau regions, and relative
partial molar quantities of hydrogen) of low pressure (from data
reported by Chandra et al. [13]) and high pressure Vg.995Co 005
hydrides (this study) were established. The effects of thermal
cycling and cold-work on the hydriding pressure, hydrogen
capacity, hysteresis, and micro-strain distribution in the crystal
lattice of V-0.5 at.%C alloy and associated hydride phases were
determined. It was found that the addition of carbon to vana-
dium prevented the failure of the reactor due to deformation of
the container even after hundreds of cycles.

2. Experimental

The experimental work was carried out at University of Nevada, Reno (UNR)
and HCI (Littleton, CO). Alloys were arc-melted to form buttons of 1.5cm
diameter. Since powders are difficult to produce from the arc-melted vanadium
alloy buttons, finely machined chips of approximately 2 mm in length were
obtained by milling and used for hydriding experiments. Vanadium from the
U.S. Bureau of Mines, Reno (Lot #11, 99.90% purity) and Teledyne Wah Chang
(99.7% purity, plate form) were used for the experimental work. Heat treatment
of alloys was performed by wrapping the specimens in tantalum foil, placing the
wrapped specimens in a stainless steel envelope sealed in a reduced pressure of
argon (below one atmosphere), and heating in a resistance furnace under argon.
Pressure—composition isotherm data were obtained with a conventional all metal
Sieverts’” apparatus. Details of the low pressure experiments are described by
Chandra et al. [13] and high pressure experiments are described by Sharma [41].
Hydrogen mass changes were calculated from an empirical equation of state
based on National Bureau of Standards Technical Note 617. The vanadium and
vanadium alloy samples were placed in a stainless steel reactor on the Sieverts’
apparatus where a stainless steel sintered frit filter (nominally 2 wm pore size)
protected the vacuum system from fine particle contamination.

The vanadium hydrides were subject to thermal hydriding/dehydriding
cycles in an apparatus similar to those described in Lambert et al. [34] except
that the reactor was heated using a high intensity quartz lamp and cooled using
an air blower. The stainless steel reactor tube was heated to 398 K and cooled
to room temperature (298 K) on a 2h schedule during which a single, com-
plete absorption—desorption cycle (i.e. y <> B2 transformation) would take place.
Once a desired number of cycles were attained, the sample holder was transferred
to the Sieverts’ apparatus to make isotherm measurements. The low-pressure
o — B isotherms of V-0.5 at.% C hydrides were obtained from 338 to 523 K.
The high pressure 3, — vy isotherms were obtained only at three temperatures
(298, 323, and 348 K), however, only plateau pressures [41] are available for
thermodynamic analysis.

The hydride samples for X-ray diffraction (XRD) experiments were prepared
in a special small glove box with a hydrogen atmosphere. The glove box was

evacuated to ~ 1073 Torr and back-filled with UHP hydrogen three times prior to
opening the VH, reactor. Powdered samples were loaded into quartz capillaries
and sealed by placing the capillaries in a refrigerated aluminum block, main-
tained at —18 °C inside the hydrogen glove box. The VH, phases are expected
to remain partially charged with hydrogen at this temperature.

A Philips APD 1740 system equipped with a graphite crystal monochro-
mator was used for the X-ray analyses. Copper Ka radiation was used for all
experiments. All hydrided samples were sealed into capillaries mixed with a
small amount of NBS Si 640b standard combined with quick-setting epoxy.
Philips software was used to obtain the d-spacings; indexing of the Bragg peaks
was performed manually. The lattice parameters were obtained by using a least
square refinement method. Although the XRD experiments on hydrides were ini-
tially conducted using samples in quartz capillaries, it was found that hydrides
exposed to air for several days showed no change in the position or of the relative
intensities of the Bragg peaks, suggesting no detectable change in the hydride
composition. Before exposing the hydride samples to air, XRD patterns were
obtained from samples sealed in capillaries in the hydrogen glove box; the peak
positions and relative intensities were the same as those of the samples exposed
to air. However, according to the V-H phase diagram [14], VH; () phase should
decompose to VHp g (B2) and V,H (o) phase at atmospheric pressure and room
temperature. One possible explanation is that when the samples are exposed
to air at low temperature a thin oxide layer may form, retarding or stopping
the decomposition [48—50]. Reilly and Wiswall [19] have reported very slow
decomposition of such hydrides in air, but we did not observe any change in
the X-ray powder diffraction patterns even after 2 months, which gave us ade-
quate time to conduct the XRD experiments. Many X-ray diffraction patterns of
vanadium hydrides were obtained, shortly after being exposed to air. The main
reason to remove the sample from the capillary was to reduce the data collection
time and to increase the signal to noise ratio due to scattering from the quartz
capillary.

The micro-strain analyses were performed using the Philips line profile pro-
gram [51]. Measurements of strain and domain size (D) in the lattice were
performed by first selecting appropriate sets of two peaks collected over a 20
range, such as (110), (220). The reference peaks for Stokes corrections from
the standard were obtained by appropriate pattern treatment, i.e., background
subtraction and correction of peak position errors via internal NBS Si standard.
Then, cosine coefficients for both reflections were obtained in order to perform
line profile analyses. By applying the Stokes correction, the true broadening
of the peak and the sine and cosine coefficients of the true broadened function
were obtained. The root-mean-squares microstrain, (82>1/2, and domain sizes
were calculated using Fourier analysis methods such as the Warren—Averbach
method [34,52]. The peak positions of the Bragg reflections of these hydrides
did not match the annealed vanadium standard but platinum and indium peaks
matched the peak positions of selected VHo g (82) and VH; () phases, respec-
tively; that were used in this study for instrumental broadening. The peak profile
analyses of the y-phase were performed by using Voigt functions [53] because
pairs of the peaks were not available due to overlap with 3,-phase peaks.

The dehydrogenation experiments were performed in a Perkin-Elmer four
differential thermal analyzer (DTA) because simple evacuation did not suc-
cessfully remove the hydrogen from the cycled vanadium hydrides to form
a-phase.

3. Results and discussion
3.1. Effect of carbon addition on hydride thermodynamics

3.1.1. Plateau pressures (a + B and B2 + y regions)
Pressure—composition absorption isotherms of V-0.5 at.%C
alloy (V0.995Co.005) taken at several temperatures (338, 398,
423, 448, 473, and 523 K) from Chandra et al. [13] are super-
imposed with a compilation of p—c isotherms from the previous
studies on pure V in Fig. 1. A preliminary analysis of the p—c-T
data of Vg995Cpop5 in Fig. 1 shows that B; hydride phase
may not form beyond ~450K. Tentative phase boundaries
determined for V.995Cq.005Hy, from the low pressure data have
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Fig. 1. Pressure—composition isotherms of V-0.5 at.%C taken at several temperatures showing variation of o« — (31 plateau pressures from Chandra et al. [13] (darker
lines) and comparison with Veleckis and Edwards [16], Griffiths et al. [17], Fujita et al. [18], Yukawa et al. [46] data of pure V. The plateau pressures of V-0.5 at.%C

are slightly higher than that of pure V.

been discussed by Chandra et al. [13]. It is noted that more data
is desired to conclusively establish the changes in solidus lines
due to alloying. It is pointed out that only selected temperatures
(<573 K) are shown in order to avoid overloading the figure
with symbols. The data from Kofstad and Wallace [15] are
not shown here for the sake of clarity as the isotherms crossed
with other data. It can be seen that the absorption pressures for
V0.095Co.005 alloy are higher than that for pure V. However, the
pressures for 338 K for V( 995Co 005 alloy from Chandra et al.
[13] seem unusually higher and the reason for this is not clear.
At higher temperatures (for e.g. 563 K), the pressures reported
by Veleckis and Edwards [16], are higher than that reported by
Fujita et al. [18]. Otherwise, there is a good correspondence
among the pure vanadium data of Griffiths et al. [17], Fujita et
al. [18], and the data for V.995Co 005 alloy. Although, Chandra
et al. [13] did obtain any desorption data for V( 995Cp oosHy, it
has been shown previously that there is virtually no hysteresis
in the low pressure o — 31 region for pure vanadium [15,16].
In Fig. 2, the high pressure isotherm of are V(.995Co 005 alloy
at 298 K from this study, is superimposed with the high pressure
isotherms of vanadium hydrides from Reilly and Wiswall [19]
and Yukawa et al. [46]. Desorption isotherms were measured
at 298, 323, and 348 K on a sample of V(.995Cp 005 alloy that
was annealed at 1200 °C for 24 h but only the mid-plateau pres-
sures 258 kPa (298 K), 912 kPa (323 K) and 2710kPa (348 K)
are available [41]. The plateau pressure (at 343 K) reported by
Yukawa et al. [46] for B2+ mixed phase region is slightly
higher than that of Reilly and Wiswall [19]. The high pressure
data of Luo et al. [54] does agree in terms of the plateau pres-
sure, but the maximum H/M ~1.62 is lower than that of Reilly
and Wiswall [19] (H/M = ~2). The solubility limit in the higher

concentration for V(995Coo05 alloy is H/M ~1.95 at 298 K.
The reason for this discrepancy was explained as partial acti-
vation of the sample [54]. However, the calorimetric data from
Luo et al. [54] is considered accurate for plateau enthalpies.
We also had similar experiences when hydriding highly strained
V-0.5 at.%C alloy; i.e., the maximum H/M is low [41]. It has
also been previously shown by Reilly and Wiswall [19] that
the plateau pressures are affected significantly by the purity of
vanadium.

r=HIV
0.67 1.0 2.0

—e— This Work (Vg go5Cq gos)-DES
—e— This Work (Vg 995C0.005)-ABS

3.6

3.4 | —— Reilly and Wiswall [19]

—e Yukawa et al. [47] fuey 373

0.4 0.45 0.5 0.55 06 0.65 0.7
NH

Fig. 2. High pressure isotherm of V-0.5at.%C at 298 K along with the high
pressure isotherms of pure V from literature to show the 3, — <y plateau region.
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Fig. 3. Low- and high-pressure isotherms of pure vanadium from this work,
along with high pressure isotherm of V-0.5at.%C at 298 K to show the a-,
a+B1-, B1 +B2-, and By + y-phase regions.

In Fig. 3, a combination of the isotherms of low pressure and
high pressure hydride of V(.995Co 005 alloy are shown. Although,
a similar plot was in shown in Chandra et al. [13], we find it illus-
trative to redraw such a composite plot to show the two plateau
regions for V(.995Co.00s—H system. The plateau pressures for the
o — B1-and B> — y-phases 0.1 Paand 280,000 Pa at 298 K show-
ing a AP~ 107 Pa. The isotherms for the high-pressure hydride
were obtained at 298 K after 10 activation cycles [41], whereas
the isotherms for the low-pressure hydride were taken at 338 K
are from Chandra et al. [13], without any temperature activation.
The oo — 31 plateau region occurs only up to H/M (r) = 0.5 until
the formation of VoH [1-phase is complete, after which there
is a B — B2 solid solution region [14]. Low-pressure data were
not obtained at 298 K for this alloy; therefore, the pure vanadium
low-pressure data (oo — 31 region) at 298 and 343 K from Grif-
fiths et al. [17] along the high pressure data (3, — y region) from
Reilly and Wiswall [19] (313 and 340 K) to show the progress-
ing trend of hydrogenation of pure vanadium from low to high
pressures. Data was not collected between 100 and 31,600 Pa, so
adotted line is drawn to suggest the continuity of the isotherm to
the higher pressure region data. The plateau region 35 — vy exists
from r=~0.8t0 2.0, and the dissociation plateau pressures in the
B2 — vy plateau region are 200 and 280kPa for pure vanadium
and V(.995Co.005 alloy, respectively. This 40% increase in the
plateau pressure for V(.995Co.005 alloy is reasonable compared
with the results of Cantrell and Bowman [42] and also reported
by Yukawa et al. [46,47] for V-based alloys.

3.1.2. Thermodynamic properties

The low pressure data from Griffiths et al. [17] and Fujita et
al. [18], the high pressure data from Reilly and Wiswall [19], and
the enthalpy data from Luo et al. [54] are considered reliable and
most comparisons of the calculated thermodynamic properties
from the present study will be made with these earlier studies.

The equilibrium van’t Hoff plot and the plateau enthalpy and
entropy for the o — 31 region were presented by Chandra et al.
[13]. In this section, a detailed thermodynamic analysis of both
o — 31 and B — v regions The van’t Hoff plots obtained from
the plateau pressures for o — 31 and 32 — y mixed phase regions
are shown in Fig. 4. These equilibrium equations along with
the calculated AHpjae and ASpiye are listed in Table 1 and com-
pared with the values for pure vanadium reported in literature.
As mentioned earlier, the plateau pressures for the isotherm at
338 K are unusually higher and it can be seen that including the
plateau pressure from this temperature would result in smaller
slope, AHplat, and ASpye (magnitude will be affected more as
it depends on the plateau pressure). At this time, the reason
for this higher pressure is not clear and further experiments are
desired in this temperature range (323—373 K). Therefore, only
plateau pressures from 398, 423, to 448 K were used for deter-
mining AHpjy, and ASp1ae. The change in entropy for both high
and low pressure plateaus are referred to 101,325 Pa (1 atm).
It is pointed out that for calculation of the AHpa, and ASpjy
for a — 31 region, we used the interpolated pressure values at
Ny =0.2 (r=0.25), and for By —y region, we used the pres-
sures at Ng=0.6 (r=1.5). The interpolated values at Ny =0.2
(r=0.25) for 473, 498, and 523 K are also shown in the van’t
Hoff plot. Although, at these temperatures, V.995Cop 005 Hyx may

In (P/Pa)
%] =

—— InP(Pa)=24.42-8767.4/T [ V g95Cg gogH. «+By] e, o
0L © VogesCoposH lwo phase uspy] N
OV ggsCy gosH Isingle phase u] M,
5 - == - InP(Pa)=26.9-9980/T [Fagerstroem et al. [14] V-H] ..
4 . . \ . 1 ) L
1.5 1.7 1.9 2.1 23 25 27 29 3.1
(a) 1000 K/IT

16

—_
&
= 14
a
c Vo.995C0.005H [This work]
In P(Pa)=28.7-4815/T
o V-H [R and W [19)], Pure V]
In P(Pa)=28.43-4843.2/T
V-H [R and W [19], Commercial V]
In P{Pa)=28.6-4590.8/T
- = = - In P(Pa)=28.4-4840/T [Fagerstroem et al. [14] V-H] B
12
2.5 3 35
(b) 1000 KIT

Fig. 4. (a) Van’t Hoff plots of the o + 31 plateau region for V-0.5 at.%C-H [13]
compared with the plot for V-H. The decrease in slope and the intercept resulted
in a decrease in the enthalpy and entropy. The pressure measurement at 338 K
was not used to determine the fitted equation. (b) Van’t Hoff plots of the B2 +y
plateau region for V-0.5 at.%C-H (this work) compared with the plots for V-H
from other references.
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Table 1
Compilation of van’t Hoff equations for (o + 31) and (B2 +y) plateau regions of hydrogen in pure vanadium and V-0.5 at.%C
System Plateau van’t Hoff equation —AHpig (KJ (mol Hp)™1) —ASpiae FK™T (mol Hy)™!) Trange (K)
V(}_;;gsC().()()sl'Ix‘(l o+ Bl InP (Pa) =24.42 — 8767.4/T 729 107.2 398448
V-HP a+B® InP (Pa)=26.9 — 9980/T 83 127.8 283-313
V-H°¢ o+ - 77.2 114.6 353-373
V-H¢ a+B - 81.2+0.5 122.6 323K
Ba+y 382£0.3 140

V0.995Co.00sHx? B2+vy In P (Pa)=28.7 — 4815/T 40 1424 298-348
V-H? B+ In P (Pa)=28.43 — 4843.2/T'® 40.3 140.6 312-373

In P (Pa)=28.6 — 4590.8/1%¢ 38.2 142 310-344

@ This work (in bold).

b The van’t Hoff equation is from Fagerstroem et al. [14] who used data from Griffiths et al. [17].

¢ Fujita et al. [18].

d The reaction calorimetry data from Luo et al. [54]. —AS;j was calculated using plateau pressure from Griffiths et al. [17].
¢ Reilly and Wiswall [19] have reported three van’t Hoff plots for pure (1), commercial (2).

be single a-phase, it is interesting to see these pressures fall on
the van’t Hoff slope. It can also be seen from Table 1 that in
the higher pressure 3, + vy region, addition of 0.5 at.% carbon to
vanadium produced only a 0.24 kJ (mol Hz)’] change in AHp1y,
whereas commercial vanadium with a larger impurity content
reduced AHpy by 2.2kJ (mol Hy)~!. The alloying effect of car-
bonis more pronounced atlow pressure a + 31 regions, as A Hpjyt
isreduced from 81.2 (83 [17]) kJ/mol H; to 72.9 kJ/mol H,. Cor-
respondingly, the relative changes in ASpy are also higher in
the a + 31 region due to addition of carbon than in 3, + vy region.

The relative partial molar Gibbs energy (chemical potential),
enthalpy, and entropy of hydrogen relative to gaseous diatomic
hydrogen at 101,325 Pa (1 atm), at a given atom fraction (con-
densed phase) are defined as follows:

N
AGH = GH - EGH2 = ER In PI—I2 (3)
o 1 (a(n P
AHy = Hy — ~H5, = L[ 200 Pia) @)
27 TN Taaym )y,
. AHy-AG
Ay = = §)

Further details of derivation of Egs. (3)—(5) can also be found
in Fujita et al. [18]. Here, the partial molar enthalpy of hydro-
gen (Hy) is related to the chemical potential (uy = Gn) by the
Gibbs—Helmbholtz equation:

: ( Gu/T) )
Ho=|—-7
a1/T) )y, P,
Using Egs. (3)-(5), we obtain the following simple relation
between Py,, A Hy, and ASy:

2AHy 2ASy
RT R
Therefore, by plotting In Py, versus 1/T for a fixed com-
position Ny, we can obtain relative partial molar enthalpy and
entropy of hydrogen in the solid phase. These quantities are

important interpret phase stabilities of the various phases as well
as to identify second order transitions [17,54]. The increasing

(6)

In PH2 =

N

values of A Hy can also be simply correlated to increasing vapor
pressure of hydrogen [15]. The integral quantities such as AHg
can also be determined by using the Gibbs—Duhem equation
[15,16] however we do not go into the details of such a calcula-
tion due to lack of data in the infinite dilution region. The A Ay
and ASy for V-0.5 at.%C alloy is shown in comparison with
the literature data for pure vanadium in Fig. 5a and b. The phase
boundary limiting lines are taken from Luo et al. [54]. It can
be seen that the reaction calorimetry data shows a nice horizon-
tal trend in the mixed phase region however the enthalpy values
from the p—c—T type data show a sloping increase in the enthalpy
values. The values for A Hy and ASy for V-0.5 at.%C alloy are
slightly lower than the values for pure vanadium. As expected,
beyond the solidus of o+ [31/B1, there is significant drop in the
A Hy values and this trend can be seen for both pure vanadium
(Luo et al. [54]) and V.995Co.005 alloy. In the high pressure
region, we have calculated A Hy and A Sy values using the data
from Reilly and Wiswall [19]. The only data for V.995Cp 005 Hx
from this study are the plateau values from [3; +y region. For
pure vanadium, extrapolation of AHy and ASy to infinite
dilution [17] gives Al:lﬁ = —(33.8£0.4) kJ (mol H)_1 and
AS‘I?[ = —(26.5 £ 0.3) kJ (mol H)~!. Similar values have been
reported by Luo et al. [54], and others. Furthermore, a straight
line extrapolation assuming the validity of Sievert’s law is con-
sidered valid from Ny =0.01 or lower and since, we did not
obtain pressure values below Ny =0.08 (0.06 for some temper-
atures) to perform such an extrapolation.

In summary, the effect of addition of small amount of car-
bon has relatively more effect in the low pressure o + 31 region
than in the high pressure 3, + y region. There are higher absorp-
tion pressures and further lowering of AHpjye and ASpy in the
o+ 31 region than in the high pressure 35 +y region. It is well
known that a lower AHpy, implies lower thermochemical sta-
bility, higher dissociation pressure, and lower decomposition
temperature. Therefore, addition of small amount of carbon is
somewhat beneficial to the low pressure hydriding thermody-
namics. Due to the relatively unchanged values of AHpjy in
the high pressure (3, + vy region, there is relatively little effect of
addition of carbon on the thermodynamics. However, the carbon
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Fig. 5. (a) Relative partial molar enthalpy and (b) relative partial molar entropy
of hydrogen as a function of atom fraction of hydrogen in the condensed phase.

is used for pinning the dislocation as this alloy is susceptible to
plastic deformation, and this small amount of carbon may be very
effective in pinning dislocations. As discussed by Chandra et al.
[13], the XRD characterization of the low pressure V-0.5 at.%C
sample before and after the hydriding up to 10,000 Torr showed
very little change in either the peak width or the Bragg angle,
indicating that there is nearly complete reversal of the 3;- or
B2-phases to a V-0.5 at.%C alloy. The SEM micrographs [13]
of the V-0.5 at.%C alloy after experiments for 8 months showed
that there is no decrepitation of the alloy except for some fissure
formation.

3.2. Effect of thermal cycling

3.2.1. Plateau pressures and microstrains

It is of great interest to know the effect of long term ther-
mal cycling of the metal hydrides (while in use as membranes
and in MHHP) on the hydrogen absorption and desorption pres-

sures as well as the hydrogen storage capacities. In this study,
we have determined the effect of thermal cycling on the high
pressure hydriding behavior of V-0.5at.%C alloy. We focus
on the high pressure mixed phase region (2 —+y) as the high
pressure hydride has the greater potential for applications such
as cryocoolers, membranes, etc. Furthermore, the pressure hys-
teresis effect is minimal in low pressure oo — 31 region of pure
vanadium. The V-0.5 at.%C hydride was subjected to prolonged
thermal cycling between 3, and vy in the range of 298-397 K up
to 4000 cycles. Isotherms obtained at 298 K after 1, 778, 1345,
1633, and 4000 thermal cycles are shown in Fig. 6. Absorption
plateau pressures increased noticeably as a function of cycles
however, desorption pressures did not change significantly, even
after 1633 cycles. The hysteresis and slope of the absorption
plateaus are very pronounced for all of the thermally cycled
samples. Further discussion on the effect of thermal cycling on
the pressure hysteresis is given later.

To perform phase composition analyses on the V-0.5 at.%C
hydrides, the cycled hydrides in the sealed sample holders were
taken to the glove box under high hydrogen pressure (upper
limit of the y-phase). The pressure was released slowly inside
the hydrogen glove box and the powder samples were loaded in
capillaries and sealed at ambient pressure. It is expected that
the cycled samples at higher pressures may revert along the
isotherm back to the 3>-phase. XRD patterns in Fig. 7 of the
hydrides cycled 1 and 778 times reveal that both [3,- and y-phase
Bragg peaks were observed in the patterns. Qualitative analy-
ses showed that the amount of y-phase, v/(32 +), decreased
from 0.9 to 0.1, based on changes in Bragg peak intensities
and internal standards. Reilly and Wiswall [19] have previously
suggested that impurities influence the decomposition rate of
the y-phase because these impurities can cause disorder in the
hydrogen sub-lattice of the vanadium dihydride phase. Enhanced
hydrogen diffusion could account for the reduced concentration
of the y-phase in the thermally cycled samples. X-ray diffrac-
tion patterns of VHg g (32) BCT phase in the mixture of 3, +1y,
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Fig. 6. Isotherms showing the effect of thermal cycling on the plateau absorption
and desorption pressures measured at 298 K. Absorption data for 778 cycles is
not available.
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Fig. 7. X-ray diffraction patterns of V-0.5 at.%C hydrides cycled 1 and 778 times.

after 1 and 778 cycles, showed broadened Bragg peaks as com-
pared to the instrumental broadening. However, the relative peak
broadening decreased after thermal cycling because of an effect
resembling annealing. Line profile analyses performed using
the Warren—Averbach model on these materials showed that
the microstrains of the VHgg phase decreased slightly from
3.5 (£0.10) x 1073 at 1 cycle to 2.2 (£0.14) x 1073 after 778
cycles; a 35% decrease. There was a corresponding increase in
domain sizes from 10.5 to 21 nm in the principal [1 0 1] direc-
tion. The analyses for the B,-phase of thermally cycled samples
are presented in Fig. 8(a) and (b). The line broadening anal-
yses of the VH; (7y) (cubic fluorite) phase in the mixture of
B2 + v product also showed a microstrain, (82) 12 decrease from
3.317 x 1073 to 1.422 x 1073; a 57% decrease in the principal
[11 1] direction.

The microstrains described above are in addition to the
long-range tensile or compressive strains present in the lattice
of the hydrides after thermal cycling. The lattice parame-
ters for V-0.5at.%C alloy and pure vanadium are given in
Table 2. The net change in the lattice parameters in Table 2
after thermal cycling between +y- and [;-phases reflect the
long-range residual strains (¢) in the hydride phases. Highly
anisotropic long-range strains are observed in the [3;-phase
after cycling. Long-range compressive strains are devel-
oped in the c-direction; €g,[0 0 1] or (Ac/c)Br=—14 x 1073
but tensile strains &g,[1 0 0] or (Aa/a)By=+0.19 x 1073 are
developed in the a-direction. The related eg,1 01 or
(Ad/d)B2=—6.1 x 1073, Compressive strains are also devel-
oped in the cubic y-phase after cycling. In the cubic y-phase,
residual compressive strain, gy[101]=—2.13 x 1073, and a ten-
sile strain, &y[111] =+0.19 x 10~3, were observed. The structural
properties of a-phase obtained from the V-0.5 at.%C hydride
after 1 and 778 cycles (exposed to air containing y and 3, binary
phases) show that y — 3, — a-phase decomposition requires
heating of the sample and cannot be attained by simple evacua-
tion methods as used on LaNis and other intermetallics [55,56].

3.2.2. Differential thermal analyses

Dehydrogenation should be attained without recrystal-
lization at temperatures below 673 K, judging by the high
melting point of vanadium (2173 K). It is likely that some
recovery (annealing) processes might take place during the
dehydrogenation. Complete dehydrogenation of the (>- and
v-phases was attained by heating the sample in a differential

thermal analyzer (DTA). Heating the once cycled 3, — -y binary
phases in DTA showed one endotherm of the y — [3; transition
with an onset temperature of ~473 K and is given in Fig. 9(a),
trace A. The other endotherm at ~593 K was that of the (3,
and 31 — « transition. The V-H phase diagram shows that the
v — B2 transition occurs at 375 K and B, — a at 470 K [14]; the
increases in phase transition temperature were attributed to the
addition of carbon to vanadium. Indeed, other investigators have
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B-phase hydrides of V-0.5 at.%C after 1 and 778 cycles.
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Table 2
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Lattice parameters of vanadium and V0.5 at.%C a-phases and their 8 and y-phase hydrides in thermally cycled and cold-worked conditions

Hydrides a-Phase (bee) a(A) Thermally cycled B-Phase (BCT) v-Phase (FCC)
and cold-worked N P o o o
a(A) c(A) cla V(A a(A) V(A3
Pure vanadium?®  3.0279 £ 0.0013
V-0.5 at.%C* 3.0229 £ 0.0013 V-0.5at.%C (1 cycle) 3.0241 £ 0.0019  3.4360 &+ 0.0020 1.1362 31.42 4.2685 + 0.0005  77.77
V-0.5 at.%CP 3.0270 £ 0.0016 V-0.5at.%C (778 cycles) 3.0247 £ 0.0009  3.3876 &+ 0.0014  1.1199  30.99 4.2594 + 0.0001  77.28
V-0.5 at.%C*¢ 3.0311 £ 0.0025 V-0.5at.%C (cold-worked)  3.0337 £ 0.0050  3.4062 £ 0.0056 1.1222 31.35 4.2760 £+ 0.0018  78.18

4 Before hydriding.
b Dehydrogenated after one hydriding cycle.
¢ Dehydrogenated after 778 hydriding cycles.

observed variations in decomposition temperature (e.g. from
~273 to 473 K) [10]. Essentially, complete dehydrogenation of
the 778-cycled hydride has also been attained; the DTA trace B
in Fig. 9(b) shows an endotherm of the vy — 3, — « transition
with an onset temperature of 593 K, but the endotherm for the
v — B2 decomposition is not observed in this DTA trace. This
may be attributed to the rather very small concentration of
the residual y-phase in the hydride samples cycled 778 times,
based on the XRD pattern in Fig. 7. By reheating the sample
in the DTA, complete dehydrogenation was confirmed since no
endotherms were observed as shown in Fig. 9(c).

X-ray diffraction analyses of the dehydrogenated alloy
obtained after heating the samples in the DTA confirmed forma-
tion of terminal a-phase from the 1 and 778 cycled 3, — y-phase
hydrides. However, the Bragg peaks of the terminal a-phase
were broadened due to residual microstrains and domain size
effects despite heating to 400 °C. As given in Fig. 10(a), the
domain size of the dehydrogenated a-phase decreased from
195A in the sample thermally cycled once to 115A in the
sample cycled 778 times, amounting to a 40% decrease in the
domain size along the [1 1 0] direction. The corresponding resid-
ual microstrains given in Fig. 10(b) in the a-phase increased
from 2.05 (£0.10) x 1073 in the sample cycled once to 2.2
(£0.10) x 1073 after 778 cycles, both measured at L= 100 Ain
the [1 1 0] direction. This small increase in the microstrain in the
cycled hydride is associated with decreased hydrogen capacity
similar to that observed for intermetallic hydrides such as LaNis
[55,56]. A comparative listing of the microstrains developed in

Table 3

the a-, B- and +y-phases, before and after, thermal cycling and
cold working are given in Table 3. In the dehydrided a-phases,
the increases in microstrains after 1 cycle were not significantly
greater than for hydride cycled 778 times. These results clearly
show that the significant amount of microstrain developed in the
lattice during the initial activation cycles may actually be relaxed
by subsequent cycling. Also, these results are similar to those
observed in the thermally cycled ABs hydrides by Lambert et
al. [34], Uchida et al. [57], Nomura et al. [58], and Josephy et al.
[59]. For example, Lambert et al. [34] showed that the majority
of the microstrains in the a-phase of Lag 9Gdp 1 Ni5 were devel-
oped during the initial activation. Small increases in microstrain
may be attributed to the intrinsic nature of plastic behavior in
metals and alloys. However, it should be noted that the thermal
cycling in vanadium alloys was performed between the (3 and y
hydrides rather than cycling between the 3 and o hydride phases
as in the case of LaNis and its substituted alloys.

3.2.3. Hysteresis in thermally cycled hydrides

Thermal cycling effects on pressure hysteresis are summa-
rized in Fig. 11(a) which shows changes in the hysteresis ratio
(pi/pg) and the effective hydrogen storage capacity (H/M) of
the hydride phases as a function of the number of cycles. The
curves are hand drawn to illustrate the trends in the changes in
hysteresis ratio and H/M. The hysteresis ratio increased from
1.4 t0 2.9 (4000 cycles). The value after 1000 cycles is ~2.7. It
is interesting to note that for VH, [38] also the ratio was also 2.7
(increasing from 1.8) after 1000 cycles. The effective hydrogen

Summary of domain size and microstrain in a-, 8-, and y-phases of the V-0.5 at.%C alloy in thermally cycled and cold worked condition

Material Phase Direction Domain size (D) (A) Microstrain (2)12 x 103
a? (1 cycle) [110] 195% 2.05
o? (778 cycles) 115 22
Thermal cycling B (1 cycle) [101] 105 3.5
B (778 cycles) 210 2.2
v (1 cycle) [111] 452 3.3
v (778 cycles) 292.7 1.4
Cold working ab [110] 210 2.0
B [101] 200 2.2
b [111] 438 24

2 After dehydrogenation.
b Alloy before dehydriding.
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Fig. 9. DTA traces before hydrogenation showing the phase transitions occur-
ring during heating. (a) V-0.5at.%C hydride cycled once showing y— 3
transition with an onset temperature of 473K and B — o transition with an
onset temperature of 583 K. (b) Hydride cycled 778 times showing 3 — a tran-
sition with an onset temperature of 583 K. (c) Hydride cycled 778 times after
dehydrogenation, confirming complete transformation to the a-phase.

storage capacity decreased from 2 to 1.83 (1633 cycles) before
increasing to 1.96 (4000 cycles); perhaps this may under
experimental uncertainty. It is noted that the effective hydrogen
storage capacity loss after 1000 cycles in VH, is about 20%
(from 2 to 1.6) while in V¢ 995Cp oosH, it reduced by only 5%
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Fig. 10. (a) Effective domain size, D, along [1 10] and (b) microstrain in the
terminal solid solution a-phase of V-0.5 at.%C after 1 and 778 cycles.

(to 1.9) after 1000 cycles. The two phase B, +v region also
shows a slightly sloping plateau which showed an increase in the
sloping factor (d In p/d[H/M] with increasing number of cycles.
Similar sloping behavior has been reported for many hydrides
such as Zr(Fe,Cri_y)> [55]. The increases in the plateau slope
associated with the decrease in hydrogen capacity after extended
thermal cycling has also been observed in LaNis and related
intermetallics [34,55] but the hysteresis developed in these
intermetallics is insignificant as compared to that observed with
the V-0.5 at.%C alloy. An important thermodynamic quantity
related to hysteresis is the free energy dissipation due to changes
in the absorption and desorption pressures. It has been shown
by Flanagan et al. [28] that this free energy loss due to pressure
and solvus hysteresis is mathematically related as given below:

. /
AGioss = RT In (pt> — RT In (5//) 8)

pd

The free energy loss due to the pressure hysteresis developed
due to thermal cycling, AGoss (J (mol H)™!) as a function of
number of cycles is given in Fig. 11(b). The AGjqgs increases
from 0.4J (mol H)~! for 20 cycles to ~1.35J(molH)~! for
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Fig. 11. (a) Hysteresis ratio and maximum absorption hydrogen capacity (H/M)
as a function of the number of thermal cycles in V-0.5 at.%C hydride. (b) Free
Energy loss due to thermal cycling as a function of number of cycles.

4000 cycles suggesting that there is an increased resistance
to the hydrogen absorption in the cycled hydride. However, it
is noted that this loss is associated only with the increase in
absorption pressure as the dissociated pressure remains rela-
tively unchanged for thermally cycled hydride (Fig. 9). This
behavior is similar to that of VH, [38]. The underlying causes
of hysteresis are discussed later along with the hysteresis due to
cold-work.

3.3. Effect of cold-working

3.3.1. Plateau pressures and microstrains

Cold-working V-0.5 at.%C alloy was found to have a large
impact on the 2 — < high-pressure isotherms. As shown in
Fig. 12, the absorption plateau pressure at 298 K, increased
from 396 to 600 kPa and more noticeably, the desorption plateau
pressure also decreased from 280 to 153 kPa. This is in sig-
nificant contrast to desorption behavior after thermal cycling.
As discussed earlier, even after extensive thermal cycling, the
desorption plateau pressures did not change appreciably. The
hysteresis factor and the loss of hydrogen storage capacity also
showed significant changes compared to thermal cycling and
these are discussed in the following section.

Crystal structure analyses of the cold worked hydrides of
V-0.5 at.%C sample, after hydrogen desorption to (32-phase,
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Fig. 12. Comparison of the isotherms obtained from the pre-strained and as-cast
V-0.5 at.%C hydrides.

showed the presence of nearly 85% +y-phase. The domain size,
D, along the [101] direction of the cold-worked 3-phase is
215+5.3 A compared to 105+2.8 A for the as-cast B-phase
hydride as shown in Fig. 13(a). This doubling of the domain
size in the B-phase along [10 1] is a result of plastic deforma-
tion of the alloy prior to hydriding. The microstrain distributions
in the B-phase hydrides are shown in Fig. 13(b). The associated
microstrain along the [1 0 1] direction in the lattice of the as-cast
B hydride was 3.5 (£0.10) x 1073, but the same B-phase hydride
along [10 1] with prior cold-work had a microstrain of 2.2
(£0.08) x 1073 at the respective half of the domain sizes. In the
case of the y-phase hydrides, the domain size was 438 A as com-
pared to the as-cast value of 452 A along the [1 1 1] direction;
showing little difference in domain size. The microstrain in the
~y-phase of the as-cast alloy was 3.317 x 1073, which is greater
than 2.369 x 103 for the cold-worked y-phase. Dehydrogena-
tion of the cold-worked binary y — [3-phases (not reported here)
compared to the cold worked V-0.5 at.%C alloy before hydrid-
ing, showed an expected increase in the line width of the profile
as compared to those of the as-cast samples. The domain size
of the cold-worked a-phase V-0.5 at.%C alloy before hydriding
was measured as 210 & 5.7 A which is comparable to the results
of Aqua and Wagner [60] who reported an effective D value of
200 A for pure vanadium a-phase. The associated microstrain
distribution was 40% less than that of the pure vanadium and in
the case of pure a-phase was 3.3 x 1073 [60] while the value for
the a-phase V-0.5 at.%C was 2.0 (£0.11) x 1073 along [1 1 0].

3.3.2. Hysteresis in cold-worked hydrides

The hysteresis of the cold-worked/pre-strained samples
increased significantly, and the H/M ratios decreased signifi-
cantly, as compared to the non-strained sample as shown in
Fig. 12. In this case, the alloy was subjected to only initial
activation cycles and not cycled. The effective hydrogen absorp-
tion capacity reduced to about 1.6 for cold worked V.995Co 005
alloy from 2 and the hysteresis ratio increased from 1.4 (as cast)
to about 3.9. This significant increase is due to the cumulative
effect of increase in absorption plateau pressure to 600 kPa and
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Fig. 13. (a) Effective domain size, D, along [101] and (b) microstrain in the
cold-worked 3-V-0.5 at.%C hydride after 1 cycle.

decrease in desorption plateau pressure to 153 kPa. Flanagan
et al. [25] have observed similar effects in cold worked pure
vanadium. The plastic deformation processes were apparently
responsible for the increased hysteresis [25]. It is also suggested
that dislocation motion during hydriding may contribute this
considering that there is large volume change during cycling
between By — . It is quite likely that increased hysteresis was
related to the plastic deformation introduced in the lattice by
either cold work or thermal cycles. Therefore, a similarity in
the microstrain distribution between the cold-worked and ther-
mally cycled hydrides was observed that applies to both the
B- and y-phases. Birnbaum et al. [27], Flanagan et al. [28,29]
and other researchers [61-67] proposed that metals and alloys
undergo plastic deformations and dislocation creation both dur-
ing hydride formation and decomposition. During the hydrogen
absorption cycle, the B-phase is in a state of increasing com-
pressive strain due to incipient formation of the y-phase [65].
During hydrogen removal, both the B- and y-phase matrices
are increasingly relieved of compressive strain; i.e. desorption
pressure remains the same. Thus, the higher pressure absorption
isotherm is in a metastable condition and the absorption and des-

orption processes appear to incorporate a strain term. Thus, there
was an increase in the domain size and decrease in microstrain
due to prior cold work in the y-phase hydrides. More recently,
Schwarz and Khachaturyan [30] proposed a theory suggesting
that hysteresis is an intrinsic thermodynamic phenomenon due
to the coherent strains developed during hydride formation and
decomposition. However, the applicability of this new theory
to the pressure hysteresis developed due to thermal cycling in
V0.995Co.005H, has not been explored at this time.

4. Conclusions

The present investigation represents an attempt to correlate
the various macroscopic phenomenon of changes in hydriding
characteristics (absorption/desorption pressures, hysteresis fac-
tor, sloping factor and reversible H/M capacity due to alloying,
thermal cycling and cold-work) to the microscopic effects of
changes in microstrains (82>1/2, effective domain sizes, and lat-
tice parameters in V-0.5 at.%C alloy. The addition of 0.5 at.%C
to pure vanadium increased the desorption plateau pressure
by 40% for the y — B transformations, indicating that carbon
addition decreased the stability of the y-phase, but apparently
increased stability in the low pressure phase as indicated by
a decrease in the plateau enthalpy. The plateau enthalpy and
entropy values of the low pressure o — 31 region of V.995Co 005
alloy showed a marked decrease compared to pure vanadium
however the effect of carbon addition is minimal in the high pres-
sure B, — v region. The relative partial molar enthalpy (A Hy)
and entropy (A Sy) values as a function of hydrogen content in
the condensed phase (Ny) in the V.995Cp.005—H system show a
trend similar to that of pure vanadium.

Thermal cycling results clearly showed an increase in hys-
teresis due to increasing absorption pressures but virtually no
change in the desorption pressures of the isotherms. The calcu-
lated free energy losses also increased with number of cycles
suggesting an increasing resistance to hydrogen desorption. In
general, the activation energy for the 3 — <y transformation was
higher and became more pronounced after thermal cycling, yet
the microstrains in the hydride phases decreased after thermal
cycling (which was attributed to dynamic recovery processes
during plastic deformation). Since the microstrain decreased
and domain size increased in the B-hydride phases of both ther-
mally cycled and pre-strained alloy, it is proposed that thermal
cycling and cold-working have analogous behavior with respect
to hydriding characteristics, c/a ratios, microstrain, and domain
size effects in the 3-phase. However, the values of desorption
pressures and size-strain effects in the y-phases were anomalous.
The microstrains in the lattice of the dehydrogenated a-phases
of V-0.5 at.%C alloys were similar to those of the intermetallics.
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