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FOREWORD 

This report summarizes the results by Drs. P. D. Goodell, 
G. D. Sandrock and E. h, Huston of the International Nickel Co., Inc. 
(INCO). It contains new data on the microstructure, pressure-
composition-temperature, and absorption/desorption kenetics of AB5 
metal hydrides. The most significant result to emerge from the 
investigation is that many of the AB5 metal hydrides, especially the 
LaNi5 Ĵ elated materials, show instantaneous absorption and desorption 
response in proportion to the amount of cooling or heating which is 
provided. The data are very timely because of current interest in 
using metal hydrides for energy conversion, energy storage, and for 
heating and air conditioning. The kinetic data are extremely valuable 
for use in the sizing of heat exchange equipment due to a scarcity of 
information of this sort. 

The work was performed under contract to Sandia Laboratories 
as a joint venture between Sandia and the International Nickel Co. 
with each sharing a portion of the cost. It was agreed at the start 
of the contract that the results of the work would be published as a 
Sandia document to provide a means of placing contractually private 
information in the public domain. 

Sandia initiated this contract as a result of early observa­
tions made in the development of a water pump which used solar energy 
as the power source. The use of metal hydrides as the energy converter 
seemed feasible because it was known that: (1) Metal hydrides have a 
large storage capacity for hydrogen; (2) many metal hydrides are 
stable at room temperature and at hydrogen overpressures ranging from 
subatmospheric to several atmospheres; (3) the pressure of hydrogen 
gas in equilibrium with the metal hydride increases exponentially with 
increasing temperature in a manner analogous to the change of vapor 
pressure of a liquid with increasing temperature; and (4) the pressure 
change with temperature for some metal hydrides was greater than the 
pressure change for liquid Freons in equilibrium with its saturated 
vapor, consequently, a modest temperature change of 60°C or so was 
capable of producing enough pressure change to perform the pumping 
work. 

Apparent obstacles to the successful development of the pump 
and the areas where we needed assistance weres (1) Kinetics of hydro­
gen absorption were slow; (2) the metal hydride was easily poisoneJ 
by contaminants; and (3) alloy life was possibly limited to a few 
cycles. 

It was learned through experimentation that the diffusion of 
water through a flexible membrane was poisonina the metal hydride and 
nearly stopping hydrogen absorption. The problem was resolved through 
Dr. C. J. M. Northrup, Jr. in consultation with INCO personnel. They 
recommended changing the metal hydride from CaNis to a LaNis based 
material that was less sensitive to poisoning and had a greater hydro­
gen capacity, changing the flexible membrane to a less permeable one, 
and inserting a water vapor trap in the connecting line. The change 
in the operational behavior of the pump was spectacular. 

The INCO study and pumping experiments agreed when it was 
reported that within the sensitivity of the measuring apparatus the 
absorption/desorption kinetics of LaNi5 metal hydride were limited 
only by the rate of heat transfer into or out of the sample. It was 
also empirically observed that a bed of LaNi4 ̂  .yAlg ̂  3 hydride survived 
several thousand cycles without apparent changes in absorption rate 



or hydrogen capacity. It was inductively reasoned that an extended 
lifetime of many thousands of cycles could be expected. The major 
obstacles to the use of metal hydrides were therefore overcome. 

The idea of using metal hydrides as the power conversion 
device in a heat engine is relatively new. The feasiblity of the 
concept has been demonstrated with the operation of the solar/hydride 
engine. A few minor problems may remain to be solved before com­
mercial development proceeds. However, if a need for the items 
exists, then hardware will surely follow. 

A. A. Heckes 
Technical Staff Member 
Sandia Laboratories 
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INTRODUCTION 

Work at Sandia-Albuquerque has resulted in t ne-
invention of a number of solar-powered water pumps using 
metal hydride beds as thermal compressors. As with a number 
of other concepts that use rechargeable metal hydrides, the 
following general properties are desired for the hydrides used 
in the water pumps: 

1. Good kinetics5 especially the kinetics of charging 
(or discharging) at low overpressure (or underpressure). 

2. High reversible capacity (ri/M). 

3. Resistance to poisoning, especially from air, water 
vapor^ and various foreign substances (e.g., oil) 
inherent with common low-cost construction materials. 

4. Ability to tailor the PTC (pressure-temperature-
composition) relationships to suit particular design 
requirements (i.e., available solar collector 
temperature, well depths and desired output pressure). 

5. Easy activation. 

6. Plat plateaus. 

7. Low hysteresis. 

8. Good stability (chemical and mechanical). 

9. Low cost. 

10. Good reproducibility (I.e., low sensitivity to 
common production variables). 

There must be trade-offs. The best of all properties probably 
cannot be achieved simultaneously. 

It Is the purpose of this brief experimental study 
to survey several new compositions that may be useful for the 
Sandia hydride water pump. The survey is directed particularly 
toward dynamic properties (e.g., kinetics), with support work 
in the area of static PTC properties (capacity^ plateau pressures, 
and hysteresis). In particular, we will attempt to correlate 
microstructural factors with hydrlding behavior. 

RESEARCH PROGRAM 

General Approach 

By mutual agreement, we have decided to concentrate 
initially on the ABs compounds. As a class, the ABjS seem to 
have a good combination of high kinetics and poisoning reslstanc?. 
Although a number of AB5 compounds have been studied for basic 
PTC behaviors there is a general lack of quantitative data on 
kinetics. In addition, most studies have been done on single 
phase alloys which may not have the best kinetics. 



Hydride reaction kinetics, as for any heterogeneous 
reaction, may be determined by a variety of mechanisms or 
combinations of steps. Detailed mechanistic analysis, however, 
is beyond the scope of the present effort. Yet, for practical 
purposes, the kinetics of hydrlding is likely to be most 
Influenced by three factorss (1) heat transfer, (2) surface 
reactions, and (3) diffusion through the hydride layer. Heat 
transfer is basically a matter of container engineering and 
will not be directly considered in this program. Our main 
efforts were directed toward surface reaction and diffusion 
behavior. Surface reactions include the adsorption of Ha 
molecules, the dissociation reaction Ha •*• 2Hs the migration of 
H atoms on the surface and finally the nucleation of the hydride 
phase. Once a metal particle has been encased by a growing 
hydride envelope, these same reactions must be involved with 
the additional factor of diffusion through the hydride layer. 
Each of these steps should be broadly sensitive to microstructure 
bulk chemistry, and surface chemistry. Thus the approach of 
this program was to study a series of ABB type alloys prepared 
with microstructural and chemical variations which might improve 
surface reactions or hydrogen diffusion. The immediate 
objectives were to (1) achieve more rapid reaction kinetics, 
and (2) to determine the effect of such variations on the basic 
static PTC properties most often used to characterize and 
select hydrlding alloys. 

Compositions Studied 

Thirty-two compositions were made which fell under 
nine general categories. The categories and aim compositions 
are shown in Table I. The reasons for selecting the composi­
tions are better discussed during the presentation of the results 
later. It should be realized, of course, that many of the 
compositions listed in Table I do not necessarily fit under a 
single category as shown. For example, many of the ternary 
elements that result in second phases (Category 3) also have 
some substitutional solubility in the main ABs phase and could 
also be included in Category 4. Similarly, as will be shown, 
the Mg, Sr, and Ba large diameter atom substitutions (Category 
6) result in substantial quantities of second phases and could 
also be placed in Category 3. The grouping we have used in 
Table I is meant to be a compromise between the intent of the 
experiments and the actual microstructural results obtained. 

All of the compositions shown in Table I were 
examined metallographically. Twenty-one samples (marked with 
an asterisk in Table I) were selected for hydrlding evaluations, 
both equilibrium (static) P-C and dynamic. 

Sample Preparation 

With the exception of the LaNi.,. sPdo.» sample, all 
materials were made by vacuum Induction melting in an AlgOs 
crucible. Heat sizes ranged from 6-20 kg. Although most of 



the melting was carried out under full vacuum (10-20 x 10"^ torr,, 
the volatile ternary additions (specifically S, Se, Sm, Mg, Ca, 
Sr, and Ba) were added under a 0.5 atmosphere pressure of 
argon Just before pouring. Melts were cast into 11 cm. diameter 
ingots using graphite molds. Because of the high cost of Pd, 
the LaNi^.sPdo.s sample was made in the form of a 50 g argon-
arc-melted button. All heats were chemically analyzed and 
the results are tabulated In Table II. 

Many of the samples were evaluated in the as-cast 
condition. Some were evaluated in a heat treated condition, 
as will be discussed in the appropriate context during the 
presentation of the data. Most samples were readily crushable. 
Prior to hydrlding small samples were crushed in air to about 
10 mesh. 

Attempts were made to Pd-plate 2 samples each of 
activated LaNis and LaNii,. 9AI0. i. One technique used was 
electroless deposition (1,2). A Fd solution was made from the 
trans-diammlnedichloro-palladium (II) salt dissolved in 
ammonium hydroxide and stabilized with the disodium salt of 
EDTA. The solu-̂ ion was diluted to achieve a theoretical 
thickness of 50A on the 0.2 m^/g sample surfaces (1.2 wt.% Pd). 
50 grams of activated sample (cycled 4 times and dehydrided) 
were transferred from the hydrlding reactor in an argon atmos­
phere and stirred into the solution at about 50°C. A solution 
of O.IM hydrazine dihydrochloride was slowly added which 
resulted in the reduction of the Pd and its spontaneous deposi­
tion directly on the surface of the metal powder. After plating 
the samples were thoroughly washed in distilled water followed 
by acetone, vacuum dried, and then exposed to the air. 

The second plating technique tried was mechanical 
alloying. Mechanical alloying is a high energy ball milling 
technique(3)• Our Intent was to physically smear ductile Pd 
on the surfaces of the powder sample. The following charge 
was loaded into a 3-8 cm. diameter x 5.7 cm. deep spex mill 
under argon. 

1. 12.0 g activated sample (cycled 4 times and dehydrided). 

2. 0.144 g of -325 mesh Pd powder. 

3. 120 g of 3.2 mm diameter 52100 steel balls. 

The charge was milled (vigorously shook) for 5 minutes and the 
sample removed in air. 

Metallography 

All compositions were examined metallographically. 
Samples were mounted in epoxy and polished in a conventional 
manner using kerosene or water based slurries of silicon 
carbide, diamond, and alumina. Merica's etch (50-50 nitric-
acetic) was used. Photographs were taken on a Leitz MMG raetal-
lograph. Selected samples were examined on an ARL electron 
microprobe analyzer for phase identification. Pd plated samples 
were examined on a Cambridge S-I80 scanning electron microscope. 



static Pressure Composition Isotherms 

Static 25°C absorption and desorption isotherms 
were obtained for most of those samples marked with an asterisk 
in Table I. These were obtained volumetrlcally on our Seiverts 
apparatus, a fairly conventional state of the art unit. In 
general, the pressure range of about 0.1-68 atmospheres was 
used. Linde ultra high purity hydrogen (99.999 + %) was used. 
The sample was activated and cycled a few times before running. 
Specimen temperature was maintained with a constant temperature 
water bath around the specimen holder, controlled at 25.0°C 
+ 0.1°C. Hydrogen was introduced or extracted on a discrete 
aliquot by aliquot basis (as opposed to the dynamic procedures 
outlined in the next section). Approximately 8 hours were used 
to develop each isotherm. Insuring thermal equilibrium at each 
point. The low pressure offset was obtained by heating the 
samples to 100°C and extracting hydrogen until the pressure was 
less than about 4:torr(0.005 atm). The static data gives 
information on plateau pressure, plateau slope, plateau width, 
hysteresis, and H-capacity. Definitions of these terms are 
shown in Figure 1. 

Dynamic Test Set-Up 

Dynamic pressure-composition isotherms and kinetic 
response were determined usine the IRDC, e_yclic-contaminatlon-
absorption-desorption (CCAD) test apparatus. ThFs equipment 
allows volumetric determination of hydrogen transfer between 
the sample in its reaction chamber, and gas supply or take-up 
chambers. The transfer conditions may be varied to provide: 
(1) controlled flow rate, or (2) constant reaction pressure. 
The unit may be cycled repetitively by time programming of 
automatic valves. The hydrogen transfer is monitored contin­
uously by measurement of the pressure in each of the three 
chambers which are of known volume and temperature. The pressures 
and sample temperatures are recorded on a four-pen strip chart 
recorder. Hydrogen mass transfer is determined from these 
records after corrections are made for gas nonideality and gas 
temperature transients, especially in the gas supply chamber. 

The sample reactor used for dynamic testing is 
shown in Figure 2 and several thermal parameters of the system 
are discussed in Appendix A. The reactor is based on a thin 
disc sample configuration (0.15 cm. thick x 4.3 cm. dia.) which 
is in contact with a copper plate (platinum plated to prevent 
oxygen pick-up). This design provides rapid heat transfer 
and relatively straightforward thermal modeling. It was 
selected to enhance detection of kinetic response related 
specifically to alloy characteristics. In other reactor 
designs, kinetics can be dominated by slow heat transfer of the 
system and thereby mask differences in alloy behavior. 



The temperature of the sample was measured using 
an ultra fast response thermocouple located at the mid-thickness 
of the powder bed. The thermocouple was a grounded junction, 
chromel-alumel type packed in MgO in a 0.0254 cm. (0.010 in.) 
diameter, stainless steel sheath. This unit has a response 
time factor of 0.3 seconds and appears to be the most rapid 
response device practical for inclusion within the powder 
sample bed. Tn= experimental results confirmed that this thermo­
couple is adequate for tracking the response at the reaction 
rates achieved in the thin disc sample holder (see Appendix A). 

Samples for dynamic testing were crushed to between 
30 and 80 mesh powder sizes and activated in the reactor. 
Samples of 8.0 g were used throughout. Activation was per­
formed using an automatic cyclic program on che CCAD apparatus. 
The charging phase of the cycle was at 20 atm. hydrogen pressure 
for 15 minutes; discharging was also for 15 minutes. By 
this procedure, samples could be activated overnight with 
between 20 to 30 absorption/desorption cycles accumulated prior 
to testing. This procedure was intended to provide optimum 
particle breakdown and a subsequently stable powder condition. 
Additionally, the number of cycles required i.o achieve at least 
90 percent of full charge capability was taken as a semi­
quantitative indication of activation ease of the alloy. 

Dynamic Pressure-Composition Isotherms 

Following activation, pressure-composition Isotherms 
were determined dynamically by using the controlled flow rate 
hydrogen transfer mode of operation of the CCAD apparatus. 
The flow rate employed for these tests was 0.002? g-atoms 
hydrogen per minute. For the typical 8.0 g sample, this allows 
characterization of the plateau region of the P-C isotherm in 
60 to 70 minutes. The reaction heating or cooling changes 
the initial sample temperature by 0.3 to 0.4°C and is constant 
over the plateau. The development of the dynamic P-C isotherms 
provides a comparison to the static test results and identifies 
specific pressures to be used in the kinetic tests. 

Kinetic Tests 

Kinetic tests were performed using the constant 
pressure hydrogen transfer mode of operation of the CCAD 
apparatus. Samples were stabilized at a predetermined starting 
pressure. The sample reactor was then opened to the supply 
(or take-up) reservoir through a pressure regulator preset at 
the desired test pressure. 

The initial condition for each heat was a pressure 
just below (or above) the absorption (or desorption) plateau. 
This minimizes effects due to solid solution reactions but 
allows reasonably rapid attainment of a stable and reproducible 



initial pressure and composition. In practice, the starting 
pressures and compositions corresponded closely to values defined 
by the average between the absorption and desorption plateau and 
are represented by Pi and Pa in Figure 1. For the final or 
test pressure, several levels were evaluated for each alloy. 
These included pressures corresponding to: (1) the midpoint of 
the plateau, (2) the end of the plateau, and (3) several 
increasingly greater (or lower) pressures past the plateau. 

As the reaction proceeds after the pressure change is 
made, the sample temperature changes due to reaction heating 
(or cooling) . The sample holder, even though of rapid heat 
transfer design, does not assure true isothermal conditions. 
The sample temperature, which can be tracked almost instan­
taneously by the fast response thermocouple, is a useful 
indicator of the reaction process. This is especially true 
when heat transfer does not completely dominate reaction 
kinetics. In this case, the temperature response of the samples 
should be a function of the reaction rate. The temoerature-
time profile should approximate the derivative of the reaction-
time profile and thus provide additional resolution of alloy 
differences. 

The mass transfer and thermal responses for each test 
run were recorded as a function of time. Corrections, as 
required, were made for nonideality and reservoir temperature 
changes. The resulting time response curves are included in 
the discussion of the individual alloys. From such curves 
several types of data were extracted for further correlations. 
These include time, rate and temperature parameters and are 
defined in the schematic Illustration given in Figure 3, 

The time and rate correlation parameters defined in 
Figure 2 were taken at reaction levels of 0.0 (rate only), 
0.055 and 0.08 g-mole hydrogen. For typical samples having 
H/M ratios near unity, these levels represent slightly less 
than 50 and 80 percent completion of the reaction. Of these, 
the time to 0.05 g-mole reacted was taken as the principle 
parameter to be used for comparison of alloy modifications. 

Thermal parameters include the time, t*, magnitude, 
T*, and reaction rate, n*, at the peak temperature deviation. 
The magnitude, T*, can be compared to Tyhs 'the Van't Hoff 
temperature characteristic of the test pressure, and to the 
nominal (bath) temperature, T^. For this purpose the ratio 
R=(T*-Tn)/(Tvh-Tn) is defined at P=2Pa. This provides an 
Indication of the relative degree of thermal control of the 
reaction. For true Isothermal conditions, R=0, and intrinsic 
sample kinetics are represented; if the Van't Hoff temperature 
is reached, the kinetics are thermally dominated and R-1. 
Additionally, the reaction rate and temperature data can be 
used to characterize the thermal properties of both the sample 
holder and the sample powder bed. This is presented in 
Appendix A. 



Comparisons of Kinetic Data 

Several types of comparisons of alloy hydrlding kinetic 
ean be developed from the experimental data. "Reduced" and 
"absolute" pressure correlations are of particular interest. 
The reduced pressure is taken as the ratio of the test pressure 
to the plateau pressure. To a rough approximation it can be 
used as the basi*--̂  for showing changes in in*:"''.-nic kinetics 
resulting from alloy modification. On the o'i;ner hand, corre­
lations based on the absolute test pressures reflect the combined 
effect of changes in Intrinsic kinetics and in the reaction 
plateau pressure. In fact, comparisons based on both types of 
correlations should be useful with respect to alloy design and 
alloy reflection for specific applications. To facilitate 
both types of comparisons, the kinetic data for each alloy is 
presented as a function of the absolute pressure on a logarithmic 
scale. Comparisons based on absolute pressure can be made 
directly from this format. Additionally, the superposition of 
absolute pressure correlations in such a manner that the plateau 
pressures are coincident, provides comparison based on reduced 
pressure. The plateau pressure used to define reduced 
pressure is taken throughout as the reaction pressure at 0.5 H/M. 

Another aspect of the kinetic data correlations 
involves use of a fixed mass of reactant (0,05 g-atoms) as the 
basis for comparing alloys, irrespective of differences in their 
total capacity. This procedure may shift the apparent kinetics 
in relation to treatments based on fraction of total reaction, 
(a basis which may in fact be more appropriate for mechanistic 
evaluations). However, the fixed mass approach was maintained 
throughout since for most applications, it is the kinetics 
relative to reaction mass not fraction which is important. 

Finally, it should be reiterated that the interpretatio 
of kinetic data must be considered in relation to the nature of 
the experiments. It may be difficult to separate the Influence 
on reaction kinetics of material and thermal characteristics. 
The nature of rate controlling mechanisms and the magnitude of 
the instantaneous driving force may be obscured by the non-
isothermal conditions. These are recurring problems in the 
study of practical kinetics of rapid heterogeneous reactions. 
Typical functional relations expressing time, pressure, and 
temperature dependencies which often suggests specific rate 
controlling steps, may not be appropriate for that purpose and 
the present conditions. They may nevertheless be instructive as 
to alloy differences though further experimental work and 
reaction modeling would be required to support any mechanistic 
inferences. It should also be recognized that the experiments 
do not simulate particular application operating conditions and 
should not be so interpreted. Rather, the kinetic experiments 
are intended to rank alloy behavior on a comparative basis and 
illustrate trends of kinetic behavior which could be generally 
useful in application considerations. 



Presentation of the Data 

The data will be presented on a section by section, 
alloy by alloy basis in the order shown in Table I. 
Nominal stoichiometries will be mostly used in the text 
and figures. Mlcrostructures will be described, followed 
by static and dynamic hydrlding data for each alloy, if 
obtained. Finally, alloy to alloy comparisons will be made near 
the end of the report. Figure numbers will carry the general 
designation i-J-k, where i is category number, J is the alloy 
number in that category, and k is the figure number within the 
series for that alloy. 

RESULTS AND DISCUSSION 

Category 0 - Reference Alloys 

The three reference compositions are (or have been) 
used in Sandia prototype pumps. Therefore, we were requested 
to obtain somewhat rather detailed data for these for possible 
design and performance correlation purposes. The equilibrium 
data for three reference alloys, nominally LaNi5, LaNi«.sAlo.1, 
and LaNisCog have been published and were selected to give three 
distinct plateau pressures. Dynamic tests of these three 
reference alloys were run in both absorption and desorption 
modes at each of three or four temperatures. These tests 
provide extensive characterization of reaction kinetics. They 
also provide a framework for comparison of the results from 
other alloys for which testing was necessarily more limited in 
scope. 

LaNis 

The heat prepared has nearly perfect analyzed chemistry. 
The microstructure, shown in Figure 0-1-1, is exceptionally 
clean. The few small second phase particles present are 
probably oxides. The static absorption/desorption isotherms. 
Figure 0-1-2, show all the characteristics of classic LaNis 
hydride: appropriate plateau pressures, moderate hysteresis, 
flat plateaus, and good capacity (H/Mjnax^D • 

The dynamic absorption and desorption isotherms for 
this heat are given in Figures 0-1-3 and-4 at four temperatures. 
Comparing these with Figure 0-1-2 shows that the absorption 
pressures are higher and the desorption pressures lower in the 
dynamic tests than in the static 1 the deviation is more pro­
nounced on the absorption side. As a result hysteresis,as defined 
lj^(Pa/Pd), Is 0.43 at 25°C in the dynamic test and only 0.19 in 
the static tests. Otherwise, the general features of the iso­
therms are similar. Also, the heat of reaction Indicated from 
the dynamic plateau pressures at 0.5 H/M is 7.6 kcal/g-mole 
(1.82 KJ/g-mole) which is comparable to values in the literature 
from static test data. 



Typical isobaric kinetic test results at 25°C are 
presented in Figures 0-1-5, -6, and -7. The values of various 
kinetic parameters derived from these tests are summarized in 
Figures 0-1-8 through 0-1-15 for each of the four test 
temperatures. Comparison of these figures shows that the 
reaction rate (or time) at any given pressure is a strong 
function of the nominal temperature. Moreover, the reaction 
appears to be quite rapid; at a nominal temperature of 25°C, 
nearly full charging (or discharging) can be accomplished in 
about 3 minutes at twice (half) the plateau pressure. 

It is also evident that the instantaneous temperature 
varies considerably from the nominal during the reaction. 
The peak temperature parameters (time and rate) closely track 
the other reaction parameters, suggesting similar types of 
relations between all the reacting parameters and the experi­
mental variables. Moreover, In each case, the peak temperature 
corresponds to the Van't Hoff temperature for the pressure of 
the test. This is the temperature limit for the reaction and 
reaction rate, therefore, is determined primarily by the rate 
of heat transfer of the system (i.e., R=l). 

Comparisons of kinetics on a "reduced" pressure 
basis, i.e., relative to the plateau pressures are shown in 
Figures 0-1-16 and -17 (only the 0.05 g-mole reacted parameters 
are shown). These comparisons Indicate little or no real 
dependence of kinetics on the independently varied experimental 
parameters of temperature or pressure ratio (driving force). 
This follows directly from the fact that the reaction is so 
rapid that the system thermal response dominates the kinetics. 

These kinetic data, therefore, do not represent the 
intrinsic kinetics of LaNis. However, since the system is of 
high heat transfer design, the results probably represent 
close to the maximum practically attainable kinetics. 

LaNi„,9Alp.1 

The actual composition of this heat was very close 
to the nominal. In order to produce as flat a plateau as 
possible, this alloy was annealed for 4 hours at 1125°C (in 
argon). The microstructure, shown in Figure 0-2-1, is pre­
dominantly the ABs phase La(Ni5Al)s with a small amount of a 
second phase. This phase was not specifically identified, 
but in analogy with the mischmetal-nickel-aluminum system(4), 
it is most likely NiAl. The 25°C static isotherms are shown 
in Figure 0-2-2. The plateau pressures are somewhat below 
those of LaNis9 consistent with the literature on Al 
substitution(5,6). As in the M-Ni system (4), Al-substitution 
seems to significantly reduce hysteresis In the La-Ni system. 
The capacity of LaNi«.gAlo.i is comparable to that of LaNis. 



Dynamic absorption and desorption isotherms for this 
heat are given in Figures 0-2-3 and -4 for three temperatures. 
•These isotherms indicate slightly greater hysteresis in the 
dynamic test mode than in the static tests. Additionally, the 
absorption Isotherms show a slight over-pressure requirement 
at the onset of hydrlding. The origin of this "onset-overpressure" 
is not clear, however, it may be speculated as being related to 
either of two types of phenomenon. One possibility is that it 
represents a surface barrier such as an oxide film which must 
be broken down. This would suggest the subtle early stages 
of poisoning even though UHP Hz was used throughout. 
Alternatively, and more likely, the onset-overpressure may be 
related to nucleation of the hydride phase. In this case, the 
solid solution phase supersaturates until interfacial and/or 
strain energy barriers to solid state phase transformation are 
overcome. For whatever reason, the magnitude of the over­
pressure appears dependent on temperature and reaction speed 
(also alloy composition) and warrants further study. 

Isobaric kinetic test results (25°C only) for the 
LaNii,. 9AI0. 1 alloy are presented in Figures 0-2-5, -6, and -7. 
These differ from those for LaNis in that an S-shape, or 
incubation type response is evident in absorption. This may be 
related to the onset-overpressure phenomenon observed in the 
absorption isotherms. 

The various kinetic parameters derived from the time-
response curves are summarized in Figures 0-2-8 through 0-2-13. 
The incubation type effect on absorption is seen in these figures 
in that the initial reaction rate, no, is less than the 
reaction rate later in the reaction (e.g., no.05)1 no such 
effect is observed on desorption. The reaction rates shown for 
the LaNi4.9Al0.1 alloy are slightly slower than those for LaNis, 
especially at the lower temperatures. Indeed, the reaction 
rates do not exceed completely the capacity of the system for 
reaction heat removal (or supply). This is indicated since the 
Van't Hoff temperatures are not reached (except for absorption 
at 45°C). The thermal contribution parameter, R, varies 
from 0.7 at 25°C to 1.0 at 45°C, Even greater deviation from 
thermal control are evident from the desorption datai this is 
because the heat transfer capability of the system is lower 
under some desorption conditions than it is for absorption 
(see Appendix A). 

Comparisons of the 0.05 g-atom reaction times and 
rate on a reduced pressure basis are presented in Figures 0-2-14 
and -15. These comparisons Indicate a more significant 
temperature effect for both the absorption and desorption 
reactions than was evident from the LaNis data. This is in 
part a consequence of the generally slower reaction rates of 
LaNi«.gAlo,i allowing material properties to be more evident. 
Nevertheless, the reaction kinetics represented by this data 
reflect combined and varying effects of system heat transfer 
and intrinsic material response. 



LaNi3 Co 2 

The analyzed composition of this final reference 
heat again was very close to the aim point. Metallographlc 
examination of an as-cast sample showed some segregation 
within the essentially single ABs phase, so a homogenization 
annealing treatment (24 hours at I175°C) was done to give as 
flat a p' >.i. ̂  \ '-ossible. The n'icros £ • ,. I annealed 
LaNisCoa is shovm in Figure 0-3-1. The aâ fc-'ial is virtually 
single phase with a trace {<!%) of a second pnase, probably 
oxide. The static absorption and desorption isotherms, 
shown in Figure 0-3-2, are very consistent with prior 
published data on the LaNis.xCox system(7). The plateau is 
limited to H/M = 0.6, above which there js a long sloping 
rise in the curves (in effect a substantial H-solubllity in 
the 3 hydride phase). Plateau pressures are almost an order 
of magnitude lower than LaNi5 and the plateaus are slightly 
sloping. Hysteresis is small. 

The dynamic absorption and desorption isotherms for 
this heat are given in Figures 0-3-3 and -4. The dynamic 
absorption isotherm pressures at 25"C are somewhat higher than 
for the static pressures} the desorption pressures are similar. 
Other characteristics are also similar for both the static 
and dynamic test modes. 

Isobaric kinetic absorption test results (at 25°C) 
are given in Figure 0-3-5 and -6. These results suggest an 
incubation type response, at least for the higher pressure 
differential tests. Only limited desorption testing was 
possible for this alloy due to the very low plateau pressures; 
one curve is presented in Figure 0-3-7. 

The kinetic absorption parameters are summarized in 
Figures 0-3-8, -9, and -10. By comparison with the LaNis and 
LaNi«.sAlo.i alloy data, the LaNisCoa results show very good 
absorption rates on an absolute pressure basis. This is 
primarily a consoquence of the low plateau pressure. In 
contrast, however, comparison on the basis of reduced pressures 
indicate that. In fact, the intrinsic absorption kinetics of 
LaNi3C02 are much slower than those of the other two reference 
alloys. It is not surprising, therefore, that the instantaneous 
excursions from the nominal temperature are not as great as for 
the other reference alloys. The thermal contribution parameter, 
R, varies from 0.6 at 45°C down to 0.3 at 25°C. Thus the 
LaNlsCoa data more closely (but not completely) represent the 
intrinsic dynamic response of the material than does the data 
for LaNis and LaNi«.9AI0.1. 

Kinetic desorption tests could be run at only one 
pressure at each temperature. The 0.05 g-atom reaction times 
and rates for these tests are shown in Figure 0-3-11. From 
these results and the plateau data, an attempt has been made to 



estimate the possible response at other pressures. This was 
done only to provide some basis for comparisons. It appears, 
however, that the desorption reaction can be characterized 
as slow in both absolute and relative terms. 

Despite the intrinsically slow response of the 
LaNisCoa.alloy5 it appears likely to be a general useful alloy. 
This is because on an absolute pressure basis, the absorption 
rates are comparatively fast at each of the temperatures tested. 

Category 1 - Ni Second Phase Particles 

It Is generally agreed that Ha dissociation 
(Hg ->- 2H) is a necessary reaction that must occur on the 
surface of a hydrogen storage compound before the H atoms 
enter the metal lattice to form a hydride. Ni is an 
excellent hydrogen dissociation catalyst. This may be the 
main reason only ABs compounds (e.g., LaNis) have such high 
kinetics. The following question is then suggested! Would 
some free Ni particles in the microstructure be even more 
effective than the Ni bound in the intermetallic (ABs) 
phase in catalyzing the dissociation reaction and thereby 
increasing kinetics? 

As shown by the La-Ni phase diagram(8). Figure 1-0-1, 
there are two obvious ways to create second phase Ni in a 
LaNis matrix. First, because the LaNis phase field has width 
at high temperature but none at low temperature, it should be 
possible to make a slightly Ni-rich sample (we tried 85.0 wt,^ 
Ni - LaNis.6?), solution treat it at some high temperature 
('\'1270°C), and then age it at a lower temperature (say 1000°C) 
to produce a Ni dispersion by precipitation from solid solution. 
The second way is to make even more Ni-rich melts to allow 
formation of eutectic LaNig+Ni directly on solidification. 
Aim compositions tried in the latter approach were LaNi? 
(87.5 wt.^ Ni), midway between LaNis and the eutectic point, 
and LaNlii.s (92 vt.% Ni), the eutectic composition. 

LaNi5.67 

This heat, designed for the solid state precipitation 
trials, is close to the aim composition. Mlcrostructures for 
the as-cast, solution-treated, and aged conditions are shown 
In Figure 1-1-1. Also shown are saturation magnetic moment 
measurements and calculated free nickel contents estimated 
from these measurements (using 54.4 emu/g as the accepted 
moment for pure Ni). The as-cast structure (Figure 1-1-la) 
is predominantly LaNis with a small amount of free Ni 
(3.6 vt.X by magnetic estimates). Solution treating at 
1260°C for 24 hours (Figure 1-1-lb) reduced the amount of 
free Ni to 0.8 vt.%. Finally, following this solution 
treatment by a 24 hour age at 1000°C (Figure 1-1-lc) results 
in substantial intergranular and intragranular Ni precipitation 
(to a level of 11.9 vt.%). In summary, the results are entirely 
consistent with the published La-Ni phase diagram (Figure 1-0-1). 



The solution-treated plus aged sample (Figure -1-lc' 
was selected for hydrlding evaluat'on. The static 25°C 
isotherms are shown in Figure 1-1-2. Plateaus are fairly flat 
and hysteresis Is comparable to single phase LaNis. Plateau 
pressures are slightly higher than LaNis. Because the free 
Ni does not hyd^^ide, the capacity of aged ^a^^^.^r is lower 
than singi i Nls. The 15? leduct \ r-city 
below that of LaNis is in reasonable agreement; filth the 12% 
free Ni estimated from the magnetic measurement. 

The dynamic 25°C absorption isotherms is shown in 
Figure 1-1-3. The plateau pressure is slightly higher than found 
in the static test and the dynamic results exhibit an "onset-
overpressure" characteristic. Several isobaric kinetic test 
response curves are shown in Figure 1-1-4. Tnese show an incu­
bation type response. The kinetic data are summarized in 
Figure 1-1-5. The results are slower than those of LaNis, based 
on both absolute and reduced pressure comparisons. This is also 
suggested by thermal contribution parameter, R, which is about 
0.4. It appears, therefore, that the free nickel particles did 
not have the desired effect of increasing tho Ha dissoclatloi-
speed. Rather, the effect is to decrease the kinetics. 

LaNi 7 

The La-Ni phase diagram (Figure 1-0-1) predicts 
about a 50-50 mixture of primary LaNis and eutectic LaNi+Nl. 
The microstructure of as-cast LaNir, Figure 1-2-1, corresponds 
qualitatively to this prediction. 

No hydrlding tests were performed on this alloy. 

LaNi11.3 

According to the phase diagram (Figure 1-0-1), 
this is the eutectic composition. The as-cast microstructure, 
Figure 1-3-1, is virtually 100? eutectic. The structure 
consists of fine, irregular lammelae of alternating LaNis 
and Ni. Because of the ductile Ni-network, this composition 
was relatively difficult to crush. 

The 25°C absorption and desorption isotherms are 
shown in Figure 1-3-2. Because of the approximately 50^-free 
Ni content, the capacity is only half that of single phase 
LaNis. The hysteresis is large. The relative shapes of the 
isotherms are somewhat unusual; the desorption curve 
shows a very sloping plateau while the absorption curve 
shows a relatively flat plateau. Because of the supporting 
network of ductile Ni, LaNiji.to did not decrepitate much 
during hydrlding. 



The dynamic 25°C absorption and desorption isotherrrs 
are presented in Figure 1-3-3. They appear very similar to the 
static isotherms except for slightly higher absorption pressures 
Isobaric absorption data are given in Figure 1-3-4 and 
summarized in Figure 1-3-5. Because of the limited capacity, 
the 0.05 g-atom H reacted parameters necessarily show poor 
response. 

Category 2 - Eutectoid Microstructure 

SmCos 

The Sm-Co phase diagram is shown in Figure 2-0-1. 
This ABs compound is unusual in that it is said to decompose 
below about 780°C according to the diffusion controlled 
eutectoid reaction SmCos -»• SmaCor + SmaCOir, Attempts were made 
to create the three-phase microstructure (SmCo5-SmaCo7-Sm2Coi7) 
by heat treating to achieve a partial eutectoid reaction. 

The sample prepared was close to the aim composition, 
slightly Sm-rich. The mlcrostructures of as-cast, solution 
annealed, and aged SmCos are shown in Figure 2-1-1. The as-
cast microstructure (Figure 2-1-la) shows predominantly SmCos 
with a few percent of a second phase, probably SmaCor because 
of the slightly Sm-rich composition. Solution annealing at 
1225°C (Figure 2-1-lb) dissolves some, but not all of the 
SmaCor phase. Also subtle rows of etch pits became apparent. 
Aging for 24 hours at 700°C (i.e., below the eutectoid 
decomposition temperature) did not change the microstructure 
much (Figure 2-1-lc). The rows of etch pitting are somewhat 
more evident but there is little evidence of a typical eutec­
toid microstructure. Another sample was aged for 168 hours 
at 700°C with no significant change in the microstructure. 
Thus, the 780°C eutectoid temperature shown in Figure 2-0-1 
must be Incorrect or the diffusion rates for this reaction 
are extremely slow at 700°C. 

A limited amount of static hydrlding data was 
obtained. The 25°C desorption curve for solution treated 
SmCOs is shown In Figure 2-1-2. Also shown are absorption 
and desorption curves for solution treated plus 24 hour 700°C 
aged material. There is lower capacity in the aged sample. 
This is believed to be a result of partial oxidation of the 
sample because of inadequate atmosphere control during the 
age (note the oxidized cracks in Figure 2-1-lc) and not a 
manifestation of any partial eutectoid reaction. The plateaus 
are extremely flat and the hysteresis is very small. The 
maximum H/M is only 0.5. In summary, the data is consistent 
with that previously published for annealed SmC05(9) and 
does not show any evidence of the expected eutectoid reaction. 

In view of the above negative results, no dynamic 
hydrlding tests were run. 



Category 3 - Other Second Phases 

The object of this category of melts was to examine 
the potential role of various second phases. It might he 
argued that the heterogeneities associated v/lth second phase 
particles (especially on the surface of activated powder) 
might set'"' - 'T-̂ I <de nucleation sites c'rcult 
H-diffusion pai-n̂ ., thus aiding kine4"ics. 

LaNi3.sFei.2 

The composition of this heat was very close to the 
aim. It was examined only in the as-cast conrlltion. The 
as-cast microstructure is shown in Figure 3-1-la. In addition 
to the La(Ni,Fe)5 matrix there are substantial amounts of 
two second phases. Although we did not specifically identify 
tbese phases, they appear to be identical to those we have 
identified earlier In the M~Ni-Fe syst;em(4). By analogy to 
that system we can be reasonably sure the identification of 
the second phases in LaNia.ePei.a (Figure 3-1-la) are as 
follows; The occasional white islands and th" fine eutectic 
particles are a Fe~rich Fe-Nl solid solution and the large 
'twinned' areas are approximately Las(Ni,Pe)io. 

The ductile Fe-Ni phase appears to give substantial 
resistance to decrepitation (particle size breakdown on 
cycling). After cycling four times the sample used for the 
static hydrlding curves almost completely retained its 10 
mesh particle size, although each particle was highly cracked 
internally, of course (Figure 3-1-lb). This suggests the 
ductile eutectic Fe-Ni forms a 3-dimensional tree-like 'network, 
not unusual for a eutectic. We have noticed this phenomenon 
before in ABs compounds containing a ductile second phase(lO). 
Thus it is possible, with careful design of the microstructure, 
to produce a decrepitation resistant ABs hydride. The static 
25°C absorption and desorption curves for as-cast LaNla.eFei.a 
are shown in Figure 3-1-2. The plateaus are slightly sloped 
and significantly lower than LaNis, an expected effect of 
partial Fe substitution into the ABs structure(4). Hysteresis 
is reasonably low. Because the Fe-Ni and La3(Ni,Fe)io phases 
are not useful for reversible 25°C hydrogen storage, the usuable 
capacity is significantly lower than LaNis. 

The dynamic 25°C absorption isotherm is shown in 
Figure 3-1-3- The absorption pressures are slightly higher than 
in the static test but otherwise the isotherms are similar. 
The usable hydrogen capacity of this alloy is less than 0.6 H V'. 
However, the Isotherms should, in fact, be shifted to higher H/M 
levels. This is because during activation, the alloy was found 
to absorb about 0.3 H/M which was not reversible under normal 
test conditions. 



Isobaric kinetic data is shown in Figure 3-1-4 and 
summarized in Figure 3-1-5. Due to the low plateau and solid 
solution reaction (giving unstable initial test conditions) the 
kinetic data is very limited. The estimates shown in Figure 
3-1-5 indicate moderate absolute and slow reduced pressure 
reaction rates. This is supported by a low indicated thermal 
contribution, R=0.3. 

LaNis.sCri.g 

This material, representing an arbitrary partial 
substitution of 1.5 atoms of Cr for Ni, resulted in the as-
cast microstructure shown in Figure 3-2-1. It is multiphase 
and extremely complex. The ingot was tough and very diffi­
cult to crush, suggesting a significant amount of a ductile 
solid solution present. No attempt was made to identify the 
phases or obtain any hydrlding data. 

LaNl^Cr 

After seeing the excessively high second phase 
content of the preceeding material, another heat was made 
with only one atom of Cr substitution. The microstructure 
is shown in Figure 3-3-1. Although the second phase content 
was slightly reduced below that of LaNla.sCri.ss LaNi«Cr 
still showed a complex microstructure consisting of at least 
50% non-ABs phases. Because of this no attempt was made to 
obtain any hydrlding data. 

LaNl^Si 

A Si-substituted heat, nominally LaNii,Si, was made. 
The analyzed La content was on the low side but not seriously 
so (actual Lao.9oNi%.ouSio.ss)• The as-cast microstructure, 
shown in Figure 3-4-1, consisted of roughly equal amounts of 
two phases. The chemistries of these phases were determined 
by electron microprobe analysis. The dark, cored (segregated) 
phase is ABs with a microprobe analysis close to the nominal 
formula Lai.oNi«.oSii.o. The light phase had an approximately 
AaBis formula, actually Laa.oNls.aSis.B . 

This composition was not chosen for hydrlding tests. 

LaNiuSn 

The as-cast microstructure of LaNi^Sn is shown in 
Figure 3-5-1. It consists of two phases: (a) a light 
phase consisting of both large Islands and fine eutectic 
particles, and (b) a darker etching matrix. Microprobe 
analysis showed the light phase to be the ABs composition 
Lai.o3Ni«.ssSno.»5. The darker phase was found to be a higher 
Sn + La phase of the approximate stoichioraetry LaNla.gSni.6. 



Attempts were made to obtain 25°C static isotherms. 
It became soon evident that Sn substitution had drastically 
lowered the plateau pressure. The plateau was not flat and 
in the rough vicinity of 0.01 atm at 25°C. Because our Severts 
apparatus is not very precise in this pressure range, we do 
not include the data obtained, nor did w? r"n dynamic tests. 
We did r- -̂ .-2 '̂ wer Sn alloy, nomin . . ̂ ..-rSncs, which 
we will discuss later in Category 4 (SuDscitution Elements). 

MNi^Sn 

A Sn-substituted ABs compound was made using; lower 
cost mischmetal M, rather than La. Based on the potent 
effect of Sn in lowering the plateau pressure, it was reasoned 
that Sn substitution might be yet another useful way of 
lowering the excessively nigh plateau pressure and hysteresis 
of MNi5(4). 

The microstructure of as-cast MNi«Sn is shown in 
Figure 3-6-1. It is similar to the Lai.osNis.99Sni.o i 
composition discussed above (Figure 3-5-1), except it is 
somewhat coarser. The primary white phase (assumed to be 
about MNii,. sSnc . s) has a more prismatic morphology. The 
dark eutectic phase is present. In addition, a small amount 
of another white phase (perhaps Ni solid solution) is present 
in the mischmetal version. 

No hydrlding data was obtained. 

MNiisAloi 

Al substitution is an effective and economic way 
of reducing the plateau pressure and hysteresis of MNi5(4). 
The procedure usually results in some NiAl second phase 
particles in the microstructure. We examine here the effect 
of these particles (and matrix Al~substltution effects) on 
hydrlding behavior. 

The analyzed composition of the heat was very close 
to the aim. In order to flatten the plateau(4) the sample 
was homogenized for 16 hours at 1125°C. The resultant micro-
structure is shown in Figure 3-7-1. The matrix is M(Ni,Al)5 
and the second phase particles are Ni-rich NiAl. 

The static 25°C curves are shown in Figure 3-7-2. 
Plateau pressure is about 0.6 atm (this value can be varied 
to any desired level by varying Al content(4)). Hysteresis 
is small. Capacity is lower than LaNis because of the non-
hydriding NiAl present. 



The dynamic 25°C absorption isotherm is shown in 
Figure 3-7-3. The plateau pressure appears slightly higher 
and there is a slight onset-overpressure. Isobaric absorption 
response is illustrated in Figure 3-7-4 and the kinetic parameters 
are summarized in Figure 3-7-5. The absorption reaction is quite 
rapid when compared to other alloys on an absolute pressure basis. 
This is due in part to the low plateau pressure. Additionally, 
the reduced pressure reaction rate is also comparatively rapid. 
Indeed, the reaction rates are sufficiently rapid that the thermal 
contribution to the observed response is quite significant 
(R=0.7). On the basis of relatively good reaction rate response 
and lower raw materials cost, this alloy appears to be an 
interesting candidate for further evaluation. 

Category 4 - Substitutional Elements 

In this section we consider a series of ternary 
modified A(B,y)5 compounds where the ternary addition Y 
largely substitutes into the ABs structure. 

LaNi^Cu 

Because the prototype crystal structure for the ABs 
hydrogen storage compounds is the so-called CaCus structure 
it would logically be expected that Cu would completely 
substitute for Ni in LaNls.yCUy. As shown by the microstructure 
of LaNi«CUs Figure 4-1-1, this speculation is confirmed. The 
heat is almost single phased. A few dark particles, probably 
oxides, and a few oval white particles, probably free Ni-Cu, 
are present but in almost insignificant quantity. Around some 
of the white particles there was some fine etch pitting. It 
is not clear if this is an etching artifact or evidence of 
a fine precipitate that started to form during cooling of the 
ingot, 

LaNiuCu was not selected for hydrlding studies. 
An equilibrium isotherm is given for this alloy in Reference 11. 

LaNlu.5Pd 

Pd, well known for its catalytic activity, was 
substituted into a LaNis heat. Because of the high cost 
of Pd, only a small 50 g arc melted button was made. 
Chemical analysis of the melted sample showed it was 
exactly on composition. However, the microstructure of the 
button. Figure 4-2-1, showed a slight Inhomogeneity from top 
to bottom, not unusual for arc melted buttons. A small 
amount of a dark etching second phase was present, sometimes 
in grain boundaries and sometimes present as discrete 
particles within a grain. Microprobe analysis of this phase 
showed that it was a Pd-rich intermetallic compound (or solid 
solution) of the approximate composition Pdi,.iNia«Lai.o. The 



matrix analysis was Lai,o«Nifc55Pda«5, i.e. an ABs scoicnlometry. 
Thus it appears that the substitutional solubility of Pd In 
LaNis is limited to about 0.5 atom. 

The static 25°C isotherms are shown in Figure i.-2-2. 
The curve shapes are unusual for an ABs compound. They are 
qualitatively like PeTi. There is a flat lower- plateau, 
comparable \r rre-^rre to LaNis and a sJ ' ..' -,.ei' plateau. 
Hysteresis is iuii*iy small. Capacity reachJJ i./K = 1 at 
high pressure; however, the working range of che lower plateau 
is limited to only about AH/M = 0.46. 

The dynamic absorption and desorption isotherms at 
25°C are shown in Figure 4-2-3. The abso-"ptlon pressures are 
significantly higher than for the static tests, and a major 
onset-overpressure is observed. Examples of Isobaric kinetic 
tests are given in Figure 4-2-4 and these show an extended incu­
bation type of behavior. Kinetic parameters ?re summarized in 
Figure 4-2-5. The thermal contribution to the kinetic response 
may be characterized as R==0.5j which suggests a considerable 
decrease in intrinsic kinetic response from LaNis. This may be 
due in large part to the loss in effective capacity at small 
pressure increments over the plateau. Taken together, the 
kinetic response suggests no obviously beneficial effect of the 
palladium modifications. 

LaNi .,.7 Sn 0.3 

This heat was made after obtaining the results on 
the LaNiiiSn sample discussed earlier and represents an attempt 
to substitute a lower level of Sn. As shown by the as-c£'<̂ t 
microstructure. Figure 4~3-l> 0,3 atom of Sn is below the 
solubility limit. The microstructure is virtually single 
phase. However, the modulated etching effect implies 
substantial coring (segregation) during solidification from 
the melt. 

The static 25°C isotherms are shown in Figure 4-3-2. 
They are consistent with what might be expected from the 
microstructure. Capacity is good (to max. H/M = 1), consistent 
with the single phase ABs nature of the composition. The 
plateau is very sloping, consistent with the severe segregation. 
As with other cases of cored AB5's(4) the plateau can probably 
be flattened substantially by homogenization annealing. 
Finally^ as-cast LaNi».7Sno.3 shows unusually small hysteresis. 

Dynamic absorption and desorption isotherms at 25°C 
are shown in Figure 4-3-3. These indicate a small, very low 
pressure plateau, followed by an extended variable pressure 
reaction. Figure 4-3-4 illustrates an isobaric absorption test 
response curve for this alloy. Kinetic parameters are summarized 
in Figure 4-3-5. The absolute pressure comparison of reaction 
rates to that of other alloys indicate good kinetics. The 
intrinsic kinetics, however, appear to be relatively poor. Any 
further examination of the kinetics response due to Sn modiflcatlo 
should probably be done on homogenized material. 



•LaNi 4,8 ̂  0,2 

The as-cast mlcrostructure Is shown in Figure k-H-1. 
It is predominantly the AB5 phase with a small amount of an 
unidentified, dark etching, second phase, perhaps graphite. 
Because both La and Nl are not strong carbide formers it is 
likely some of the C remains in solid solution in the ABs 
phase. 

The static isotherms. Figure 4-4-2, show behavior 
similar to LaNlss except that the hysteresis is significantly 
greater. Plateaus are flat and the material has good 
capacity. 

The dynamic absorption and desorption isotherms 
at 25°C are shown in Figure 4-4-2. For this alloy, the 
dynamic absorption pressures are greatly above those found 
in the static test mode; the desorption pressures are 
slightly lower. This results in a dynamic hysteresis which 
Is greater than that of any other alloys studied in this 
program. 

Examples of isostatlc kinetic test response are 
shown in Figure 4-4-4 and -5- These also exhibit a rather 
unusual behavior. This is most obvious in the higher speed 
test results (4-4-5) and suggests an initial very rapid, 
exothermic reaction which is different from the bulk hydrlding 
reactions. This unusual effect results In a thermal contri­
bution which appears to be greater than the Van't Hoff relation 
(R = 1.3). The kinetic parameters are summarized in Figure 
4-4-6. The intrinsic absorption kinetics of the alloy appear 
to be very rapid when normalized to the plateau pressure. 
However, the plateau pressure is so high that the kinetic 
response on an absolute pressure basis is not outstanding. 

MNl4.3Mno.7 

Mn substitution Is an effective way of lowering 
the plateau pressure of MNi5(12). It also increases the 
air pyrophoriclty of activated powder, suggesting it 
somehow modifies the surface properties. Because of this 
a sample was evaluated in this study. 

The analyzed composition was close to the aim. In 
order to flatten the plateaus, a sample was annealed for 
16 hours at 1150°C. The resultant mlcrostructure is shown in 
Figure 4-5-1. The sample is nearly single phase with "ghosts" 
remaining of an as-cast phase that was largely dissolved 
during the homogenlzatlon anneal. 

The static Isotherms are shown in Figure 4-5-2. 
They show two atypical characterlstlcss (a) a substantial 
H-solubility in the a (metal) phase and (b) a large hysteresis 
in the plateau (a+g) region. Total capacity is good 
(H/M=l) but workable plateau width is rather small 
(AH/M ^ 0.5). 



Dynamic absorption and desorption isotherms at 25°C 
are shown in Figure 4-5-3. Considerable hydrogen solubility in 
the alloy is evident. Isobarlc absorption response is shown in 
Figure 4-5-4. The extensive solid solution reaction gives a 
temperature response above the Van't Hoff relation. This is 
evident in the kinetic parameter summary given in Figure 4-5-5. 

Category 5 - Surface Active Elements 

In this category, we tried small additions of 
B, S, and Se, elements that are often considered "surface 
active" because of their tendency to segregate to surfaces 
such as grain boundaries. 

LaN1̂ .8Bo.2 

The as-cast mlcrostructure of this heat is shown 
in Figure 5-1-1. It consists of three phases which we have 
quantified by mlcroprobe analysisi (a) the matrix which is 
LaNis and contains little, if any, B; (b) the massive inter-
dendrltic white phase, which is also AB5, specifically 
LaNitt̂ ttBo.sJ and the fine, interdendrlt;lc eutectic phase 
NlBo.sLao.1 (i.e. a La containing NIB). In the case of phases 
(a) and (b), it is not at all obvious why the B segregates 
so thoroughly to one of two AB5 phases present. Presumably 
the LaNl4.itBo.s phase does not have the usual AB5 crystal 
structure (CaCus). 

No hydrlding data was obtained on this sample. 
In retrospect, this is unfortunate. It might be especially 
interesting to prepare single phase LaNi«.«Bo.6 and examine 
hydrlding behavior. 

LaNl«.9So.i 

This was an attempt to make a LaNi4,9So.i composition. 
The actual composition that resulted was Lao.91jNitt.998So.002, 
much lower In S. It Is now obvious that the solubility of 
S in LaNls Is much lower than 0.1 atom, probably because of 
the strong sulfide forming tendency of La, The low La level 
Is believed to be a result of La sulfide slag formation during 
melting. The small sulfur level that was retained in the 
melt, however, resulted in the dramatic mlcrostructure shown 
in Figure 5-2-1. A very fine precipitate (probably a La-
rlch sulfide) is profusely distributed throughout the micro-
structure. 

Hydrlding tests were not performied on this sample 
because of fear that H2S would form and lead to contamination 
of our apparatus. If the particles are very stable La-
sulfides, H2S probably would not form. If, on the other hand, 
HgS does form it probably would result in self-poisoning of 
the specimen. 

http://Lao.91jNitt.998So.002


LaNlifsSeo.! 

The solubility of Se In molten LaNlg Is also 
much less than 0.1 atom, but it is significantly higher 
than S. The analyzed composition of this heat was 
Lao.99Nlu.97Seo.03. The microstructure. Figure 5-3-ls Is 
qualitatively similar to the S-doped LaNl discussed above. 

This composition also was not subjected to 
hydrlding tests for fear of HaSe formation and apparatus 
contamination. 

Category 6 - Large Diameter Atom Substitutions 

In this series we attempted the partial substi­
tution (for La) of the Group IIA elements Mg, Ca, Sr, and 
Ba. If successful we hoped to see the effect of varying 
the size of the substitution atom and any effect that might 
have on hydrlding prope:pties. The CN 12 metallic radii for 
these elements are (in A); Mg = I.60, Ca ^ 1-97 5 Sr = 2.15, 
and Ba = 2,22, 

MgojLao.9Nl5 

The analyzed Mg-content of the heat (Mgo,i sLao.s iNi?) 
was high because we overcompensated for the Mg evaporation 
during melting. The mlcrostructure, Figure 6-1-1, shows a 
fairly fine second phase. Mlcroprobe analysis shows the 
second phase to have the approximate formula LaMgî esNig.ae • 
Disappointingly the mlcroprobe shows the matrix to be essentially 
free of Mg (i.e. simply LaNlg). Thus Mg does not appear to 
substitute into LaNls. 

The static absorption and desorption curves, 
Figure 6-1-2, are similar to LaNls• They differ slightly In 
that the plateaus are slightly higher, more sloping than 
LaNls and have a slightly smaller hysteresis. Capacity is 
below that of LaNls because of the second phase present. 

The dynamic absorption isotherm at 25*C is shown 
in Figure 6-1-3. The absorption pressures are higher than 
observed in the static isotherm, and there is an onset-
overpressure. Except for the reduced capacity caused by 
second phases, the isotherm is very similar to that for 
nlckel-rlch, LaNls (e.g. Figure 1-1-3). 

Isobarlc absorption kinetic test results are 
Illustrated in Figure 6-1-4 and the kinetic parameters are 
summarized In Figure 6-1-5. These results, also, are very 
similar to those for nickel-rich LaNls (e.g. Figure 1-1-5). 
The absolute reaction is slower than for LaNls in both absolute 
and relative comparison. 

http://Lao.99Nlu.97Seo.03


Cao^Lao^slls 

The as-cast microstructure of this composition. 
Figure 6-2-1, is virtually single phase, confirming our 
previous observations of complete Ca solubility in the 
ABs rare earth-nickel compounds(4,10). 

The static 25°C curves are shown in Figure 6-2-2. 
Hysteresis is low and the plateaus are slightly sloping 
consistent with the usual coring seen in as-cast Ca-
substituted AB5(4). Pressures are, over most of the plateau, 
slightly below LaNls. Capacity is slightly higher than 
LaNls, reaching 1.1 H/M max. Interestingly this slightly 
higher H-capacity at the 0.2 atom Ca level was seen before 
in the CaxMi.xNlj-yCuy quaternary system(13). 

The dynamic absorption Isotherm at 25°C is shown 
in Figure 6-2-3- The absorption pressures are somewhat higher 
than for the static isotherm and the high capacity is also 
evident. Several isobarlc absorption kinetic test curves are 
shown in Figure 6-2-4 and the kinetic parameters are summar­
ized in Figure 6-2-5. Compared to single phase LaNls 
absorption, the Ca0.2La0.BNls alloy reacts considerably more 
slowly. This is evident from absolute and reduced pressure 
comparisons as well as from the thermal contribution parameter 
(R = 0.3), The reduced intrinsic kinetics of this alloy are 
of considerable interest since the calcium has clearly diss­
olved in the matrix. 

Sro.2Lao.8Nis 

The mlcrostructure of the Sr-substituted compo­
sition Is shown in Figure 6-3-1. Mlcroprobe analysis of 
the matrix indicated that little, if any, Sr had substituted 
into the ABs phase. The Interdendritic phase was predomi­
nantly a Ni-2 wt.^ Sr solid solution. Associated with this 
phase were regions leached out during polishing and etching. 
This is probably indicative of the presence of a higher Sr 
(water soluble) phase. The main point, somewhat disappointing, 
is that the ABs phase seems to have no significant substitu­
tional solubility for Sr. 

As expected from the above mlcrostructural obser­
vations, the static 25°C isotherms of Sro.2Lao.8Nl5, Figure 
6-3-2, are very similar to LaNls- The only noticeable 
differences are a slight rounding of the left knee of the 
curves and a generally smaller hysteresis. 

http://Ca0.2La0.BNls
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The dynamic absorption isotherm at 25®C is shown 
in Figure 6-3-3. Absorption pressures are slightly higher 
than in the static isotherm. The metal phase hydrogen sol­
ubility appears to be increased over that of LaNls. Isobarlc 
absorption kinetic test results are illustrated'In Figure 6-3-
These curves show a high initial reaction rate and temperature 
increase, a response which appears typical of the metal solid 
solution reaction. Kinetic parameters are summarized in 
Figure 6-3-5. 

Bao.2Lao.8Nl5 

This heat behaved differently from all the other 
heats during melting. As soon as the Ba was added to the 
melt vigorous crucible attack occurred with substantial 
slag formation. As a result the Ba content Is somewhat 
below the aim level and there is a larger Al residual 
(Table II). 

The as-cast microstructure. Figure 6-4-1, is 
similar to the Sr-substituted composition discussed above. 
Again mlcroprobe analysis showed the AB5 matrix to be 
virtually Ba-free. The eutectic phase is a Nl solid-solution 
containing 3-4 wt.fp Ba. Voids in the polished and etched 
microstructure are again believed to be the remnants of a 
leached out Ba-rlch phase. Thus, as for Mg and Sr, Ba also 
appears to have negligible substitutional solid solubility 
in LaNls. 

The static isotherms. Figure 6-4-2, are, as 
expected, similar to LaNls. They show slightly higher 
plateau pressures and slopes. 

Dynamic absorption and desorption isotherms at 25°C 
are shown in Figure 6-4-3. They indicate rather greater 
hysteresis than does the static data and, show a similarly 
high slope reduced capacity. Isobarlc kinetic test results 
are shown in Figure 6-4-4 and the kinetic parameters are 
summarized in Figure 6-4-5. The kinetic parameters indicate 
similar intrinsic reaction speed to that of other alloys in 
the group IIA addition series. However, the thermal contrib­
ution to kinetic control appears larger ( R = 0.8). This 
difference may be due to the more sloping character of the 
plateau. 

http://Bao.2Lao.8Nl5


Category 7 - Other Compositions 

LaNl 3 

This composition was not part of the overall study. 
We were asked to prepare about 20 kg of LaNla for undisclosed 
Sandla evaluation. As we will show, this is not easily done 
and represents an excellent example of an exercise in 
"metallurgical patience". 

Referring to the La-Nl phase diagram (Figure 1-0-1) 
we see that the solidification is non-congruent as with LaNls 
and most other ABg's. Rather LaNls solidifies by a series 
of peretectic reactions. The first phase to precipitate from 
the melt is LaNls which causes the remaining liquid to become 
more and more La-rich. At 995°C some LazNl? forms peretectically 
followed by some LaNls (also peretectically at 955°C). By 
this time the remaining liquid is very rich in La and must cool 
to 795°C where LaNi2 forms by yet another peretectic. Thus, 
even though the melt we made has almost perfect overall compo­
sition, the resultant as-cast mlcrostructure, Figure 7-1-la, 
was a complex non-equilibrium mixture of at least these four 
phases. 

To achieve single phase LaNls the alloy must be 
annealed for long times at temperatures below the LaNls 
peretectic temperature (955°C). We first tried annealing 
(in argon) at 927°C for two weeks. Even at this temperature 
there was some remelting of La-rich regions, a small part of 
which drained to the bottom of the furnace and was lost- The 
microstructure of the remaining solid material after 2 weeks 
at 927°C is shown in Figure 7-1-lb. The structure was about 
75-80?5 LaNls. Increasing the annealing time to 4 weeks. Figure 
7-1-lc, resulted In about 90% LaNls. This is an improvement, 
but we are clearly reaching a point of diminishing returns. 
As per x-ray diffraction analysis, the remaining two second 
phases are LaaNlr and LaNia. 

This illustrates a typical problem with many of the 
non-ABs, rare earth-transition metal phases which commonly form 
by relatively low temperature peretectlcs. Because of the low 
temperatures involved, solid state, homogenlzatlon annealing 
(diffusion controlled) is slow. In retrospect, a better 
procedure would have been to solidify rapidly in -a thin Cu 
chill mold to achieve a very fine microstructure, thus reducing 
diffusion distances. This would not completely solve the 
problem, however. The main problem is one of nature which has 
dictated a La-Ni phase diagram with a series of troublesome 
peretectic reactions accompanied by a rapidly decreasing 
llquldus temperature with increasing La content. 



Category 8 - Pd Plating 

Electroless Plated Samples 

Scanning electron micrographs of electroless Pd-
plated LaNls and LaNli,.9Alo.i are shown in Figure 8-1/2-1. 
Qualitative EDAX spectra were used to locate the position of 
Pd on the surface. Some of the Pd seems to have deposited as 
small islands on the surface, represented by the small particles 
that are bright in the secondary electron Images. However, 
EDAX spectra taken on the general particle surfaces show a 
weak Pd peak indicating there was also some general deposition 
of Pd in addition to the Islands. 

Static 25°C isotherms were taken only for the Pd-
plated LaNls specimen. These, shown in Figure 8-1-2, were 
very similar to unplated LaNls (Figure 0-1-2). 

Numerous- dynamic testing and cycling was done with 
the Pd-plated sample. However, the results were not encour­
aging and reduction of the test data was carried only to the 
point of making some limited comparisons. These are presented 
in Table III. These data are based on the time to absorb 
0.05 g-atom of H at 1,2 times the plateau pressure. The long 
air exposure data was taken after the activated sample had 
been Pd-treated and then left open to air for about 7 days. 
Clearly the Pd-plating provided some initial advantage, but 
good kinetics were achieved after about 5 additional cycles 
irrespective of the Pd-treatment. The samples were then 
further exposed to air for 16 hours, and the Pd-treatment 
did not appear significant. 

These results suggest that Pd may provide some 
protection prior to testing, but that cycling renders It 
ineffective. Either it spalls off or is bypassed by cracking. 

Mechanically Alloyed Specimens 

First attempts to smear Pd on activated LaNls and 
LaNl«.9Alo.i surfaces were not successful. Scanning electron 
micrographs are shown in Figure 8-1/2-3. The ball milling 
has resulted in a much finer particle size. EDAX analysis 
did not detect any Pd on the particle surface. Apparently, 
the ductile Pd formed clumps and was not smeared on the ABs 
surfaces. 

Pd coating of LaNls by mechanical alloying (M.A.) 
was tested for dynamic response and the results included in 
Table III with those for electro-deposited (E.D.) Pd. These 
results suggest simply that the finer particle size is more 
sensitive to damage in airi no effect of Pd is evident. 



COMPARISONS AND CONCLUSIONS 

Thus far, we have presented the mlcrostructure and 
hydrlding results on an alloy by alloy basis. In this section 
we will attempt to make comparisons among alloys. Such com­
parisons must, of necessity, be somewhat arbitrary because tne 
comparisons can *ic Tiade in a number of w • ,-•• Z^f- optimum 
comparison depenOo un the details of the dy ..cttion Intended. 
In making the comparisons discussed below we tried to keep in 
mind the basic operational Intent of the Sandla water pump 
and thus will concentrate on basic PTC properties (such as 
plateau pressures, hysteresis and workable capacity) and 
especially charging kinetics at low overpressures. In addition 
to these engineering properties we have tried to make com­
parisons such that insights into fundamental material trends 
can be derived for potential use In further alloy development 
for this or any other hydride application. 

Static absorption and desorption curves are well 
known to those in the field and tabular comparisons of resultant 
data are quite straightforward. In Table IV v/e compare all the 
alloys tested in terms of static 25°C plateau pressures, plateau 
slopes, hysteresis, and workable A H/M. 

Dynamic data, of the type we have generated here, 
are virtually absent in the ABs literature; thus we present 
our comparisons in ways not generally seen before by those In 
the field. Alloy-to-alloy comparisons of selected dynamic 
data are presented in Tables V and VI for the reference alloys 
and all the tested experimental alloys, respectively. These 
data are selected from the curves presented earlier and 
consist of (a) dynam.lc plateau pressures, (b) reaction times, 
and (c) a thermal contribution factor R. 

The dynamic plateau pressures are those determined 
from the 60-70 minute continuous tests and can be easily 
visualized and compared to the static tests. 

The reaction time data are the key kinetic com.parisons. 
They are presented on both "absolute" and "reduced" bases. On 
a reduced basis the applied pressure during charging (or 
backpressure during discharging) is effectively constant at 
some multiple (or fraction) of the appropriate plateau pressure. 
The "absolute" pressure comparisons are useful for comparing 
predicted alloy behavior in an actual device which must operate 
in "absolute" pressures. The "reduced" comparisons are more 
useful for alloy-to-alloy comparison of mechanistic behavior 
(e.g., surface reactions, H-dlffuslon, etc.), because the 
applied pressure ratio (or backpressure) represents a constant 
effective overpressure (or underpressure) for each particular 
alloy. 



The thermal contribution parameter R Is a new term 
that can be used as a semiquantitative measure of intrinsic 
kinetics. R is defined in Table V. In brief, it is derived 
from the maximum temperature charge monitored by the thermo­
couple during charging. If the temperature of the bed quickly 
reached the expected Van't Hoff temperature for the applied 
pressure (R=1.0) then the reaction rate is intrinsically so 
fast that it cannot be quantitatively isolated from the heat 
transfer properties of the thin specimen holder. The lower 
the measured value of R, the more the data represents intrinsic 
kinetics and not heat transfer of the specimen holder. 

Before comparing materials, it is well to discuss 
some general comparisons between the static and dynamic P-C 
curves. As might be expected, static and dynamic tests give 
similar capacities and roughly similar isotherm shapes. 
Invariably, however, the hysteresis Is significantly larger 
for the dynamic P-C curves. The absorption pressures are 
higher and the desorption pressures lower in the dynamic 
tests, although the effort tends to be more pronounced on the 
absorption side. Because the temperature excursions for these 
slow (60-70 minute) tests were typically less than 0.3°C, this 
phenomenon is quite real and seems to be absent in the 
literature on AB5 hydrides. Prom a practical device point of 
view, (i.e., a dynamic situation), it is more important to 
determine the dynamic P-C curves| in fact, the classic static 
curves widely published in the literature may be very mis­
leading from a design point of view. All the kinetic experiments 
and parameters compared in Tables V and VI are based on dynamic, 
not static, P-C curves. 

Category 0 - Reference Alloys 

The most detailed comparisons were made on the three 
reference alloys LaNls, LaNl»,. 9AI0 .15 and LaNlsCog. All three 
alloys are nearly single phase. Plateau pressures decrease in 
the order LaNls, LaNi«.9AI0.i9 LaNlsCoa as expected from the 
previous literature on these materials. Usable capacities for 
LaNls and LaNli,. gAlo. 1 are similar and significantly higher 
than LaNlsCog. On an absolute pressure basis, the absorption 
and desorption rates generally Increase in the order LaNls, 
LaNi«.9AI0.19 LaNisCOg (Table V). [The infinite rates listed 
In Table V, of course, represent situations where the temperature 
is too high (or low) for charging (or discharging) at the 
applied pressure (or backpressure).] This is an expected 
result of the decrease In plateau pressures associated with 
alloy order. On a reduced pressure basis, however, the trend 
Is quite opposite. LaNls is extremely fast; in fact R-values 
were 1.0 for all the LaNls tests, signifying that even for 
this specimen holder we are not able to isolate the true reaction 
kinetics of LaNis- LaNitt.sAlo.x was intrinsically slower than 
LaNis and LaNl3Co2 was even slower. The marked differences in 
the intrinsic kinetics of these three reference alloys are 
better shown In the time vs. reduced pressure curves of Figure 4, 



Tne reduced R-values measured for LaNlu-gAlo-i and LaNiaCos, 
accompanied by an increased test temperature dependence for 
these two materials (Table V), further confirms .the conclasjj! 
of decreased intrinsic kinetics. 

Some speculation should be provided on the possible 
reasons for the unmistakeable decrease :' I".' "inslc kinetics 
with the 1 . ^ LaNiu. 9AI0. 15 LaNis. . -̂ he case cf 
LaNlsCoa, it can be suggested thab Co is not as effective an 
Ha ->• 2H dissociation catalyst as Ni and thab removing a 
significant fraction of the Nl reduces the rate of this 
critical step. The role of the small Al-addition in 
LaNiu.9AI0- 1 is less obvious. Perhaps the light Al atoms tend 
to segregate to the first few monolayers on the surface, 
effectively reducing the Nl concentration on the surface and 
inhibiting the H2-2H reaction slightly. Because Al tends to 
form oxide films in the presence of oxygen, we may even be 
seeing the subtle early stages of surface poisoning even 
through we used UHP H2 (5 ppm maximum Oz content). Longer 
cycling tests would help to confirm these speculations. In 
any event these new kinetic observations seem to open a whole 
new field of speculation and experimentation. In a practical 
sense all three reference alloys seem to have fast enougn 
kinetics, relative to heat exchanger design considerations, to 
be of practical use in the water pump. 

Categories 1 to 6 - Experimental Compositions 

Comparison of reaction kinetics of 15 AB5 alloy 
modifications is shown in Table VI. These results are more 
limited than those for the three reference alloys, including 
only absorption data at 25°C. Obviously, in any cyclic applica­
tion, desorption kinetics must be considered also. However, 
absorption kinetics appeared to be limiting in several pump 
designs and were therefore selected for alloy comparisons. In 
this connection, inclusion of the reduced pressure comparison, 
by normalizing the effect of changing plateau pressure on 
kinetics, should help Identify the manner in which the alloy 
modifications affect the reaction kinetics. 

As shown by Tables IV and VI the experimental alloys 
show a wide variety of hydrlding properties. With one or two 
possible exceptions, to be discussed, the practical properties 
(especially dynamic) are inferior to LaNls. There are enough 
Interesting differences, however, to warrant a brief discussion 
relative to our original objectives of using chemical and 
mlcrostructural variations to modify the behavior of AB5 compounds. 

In Category 1 the inclusion of free Ni particles in 
a LaNls matrix clearly does not increase kinetics as hoped; in 
fact, a significant decrease of kinetics was found. This 
strongly suggests that free metallic Ni is not as effective as 
a Ha -̂  2H dissociation catalyst as Nl bound in the LaNls 



intermetalllc compound. If the Ni Is in the form of a ductile 
eutectic network (LaNlii.s) kinetics are especially slow, the 
"sheets" of Ni probably acting as H-dlffusion barriers. 

In Category 3, Fe-substitution to produce second 
phases reduces kinetics as well as capacity. MNIU.SAIO-T 
shows reasonably good kinetics, but clearly below that of LaNls. 
Capacity Is reduced. However, because of the relative low 
cost of the mlschmetal, this alloy is probably a very promising 
one if it were normalized on a cost basis. The role of the 
NlAl particles in kinetics, relative to the change from La to M, 
has not been clearly established. 

The substitutional compositions show a variety of 
effects. Pd and Sn substitutions seem to show no overall 
advantages (although the Sn substituted sample is difficult 
to compare because of the highly sloped plateau). From a 
kinetic point of view, the mlschmetal container MNlu.3Mno.73 
like MNln.sAlo.s, appears to be an attractive low cost 
substitute for LaNls. Its main disadvantages are high hysteresis 
and low A H/M (Table IV). 

The C-substltuted LaNin.8Co.2 is one of the most 
interesting of the compositions studied. It was the only 
composition studied that seemed to have reduced kinetics at 
least as fast as LaNls. The measured R-factor was actually 
greater than 1.0. This does not necessarily mean this material 
violated the Van't Hoff plats rather, there appeared to be an 
abnormal exothermic burst in the early stage of charging. 
C atoms probably occupy Interstitial sites in the CaCus 
structure that are competitive with H-sites, a possible 
explanation for the higher hysteresis. It is not at all clear 
why C has such a beneficial effect on kinetics, whether it is 
a surface effect or a bulk diffusion effect. A number of 
secondary (covalent?) interactions between C and H atoms can be 
speculated. 

In the Category 6 series (Group IIA substitutions) 
only Ca substitute significantly into the LaNis structure. 
However, all the Category 6 compositions had somewhat lower 
intrinsic kinetics than LaNls (Table VI). Interestingly, 
Cao.aLao.8Ni5 (the only substitution that worked) had 
significantly lower kinetics than Mgo.1Lao.9Ni5, Sro.2Lao.8Ni5, 
and Bao.2Lao.8Nl5. This poses interesting questions. Is this 
a catalytic effect (i.e.. La is more effective than Ca for Ha 
dissociation) or can the effect be attributed to lattice strain 
resulting from Ca substitution? Why does Ca increase the 
usable A H/M over that of LaNis? Again the kinetics of this 
alloy, although slower than that of LaNls, are probably 
sufficient for water pump applications. 

http://MNlu.3Mno.73
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CONCLUDING REMARKS 

As far as we know, this is the first study that 
has attempted to systematically relate intrinsic ABs as 
hydrlding kinetics to chemical and macrostructural factors. 
In fact, we believe it is the first effort that has begun to 
isolate the true kinetics of these remarkable materials. It 
has resuj'.ed r̂; •,:••"? questions than it ..-'::- c. ,j.'.'ered and, 
indeed, we would have expected no more from such a brief study. 
It has told us at least four main fundamental things; 

1. It is possible to measure, at least semiquantltatively, 
the intrinsic kinetics of many ABs compounds. 

2. There are chemical and microstructure effects that 
significantly influence intrinsic kinetics. We 
certainly do not always know why. 

3. LaNls, historically one of the first ABs hydrides, 
has extraordinarily fast kinetics and may in fact 
represent the "ultimate", at least for practical 
purposes (neglecting economics). 

4. There are a number of modified AB5S that seem to 
have adequate kinetics for rapid cycle devices 
(i.e., have kinetics faster than any likely 
practical heat exchange situation). 
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TABLE I 

COMPOSITIONS STUDIED 

Category 
No. 

0 

1 

2 

3 

Category 

Reference 

Ni Second Phase Particles 

Eutectold Mlcrostructure SmCos 

Other Second Phases 

Substitutional Elements 

Surface Active Elements 

Large Diameter Atom 
Substitutions 

Other Compositions 

Pd Plating 

Aim Compositions 

LaNis* LaNlu.gAlo.1* LaNlsCoz* 

LaNis.srt LaNl75 LaNlii.s* 

l3.8Fei.2? LaNis.SCTI.5, LaNluCr 
i«Si, LaNluSn* MNl^Sn, MNlu.sAlo 

LaNis.8Fei.st LaNis.sC 
LaNl«Si, LaNluSn* MN1„ Al 0.7 

LaNluCu, LaNlu.sPdo-st LaNl«.7Sno.3,* 
LaNlu.8Co.2? MNl„.3Mno.7* 

LaNi4.BBo.2, LaNlu.aSo.i, LaNlu.gSeo.i 

Mgo.iLao.sNlst Cao.2Lao.8Nis,* 
Sro.2Lao.8Ni5? Bao-aLao.BNIS* 

LaNis 

Electroless: LaNlst LaNi«.BAIO• 1* 
Mechanical Alloyings LaNlst LaNlu.9AI0.1' 

M = Mlschmetal (nominally 48-50 Ce, 32-34 La, 13-14 Nd, 4-5 Pr, and 1.5 
other rare earths, in weight percent) 

* = Indicates those compositions evaluated for hydrlding behavior, 
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Cate­
gory 
No. 

0 
0 
0 

1 
1 
1 

2 

3 
3 
3 
3 
3 
3 
3 

4 
4 
4 
4 
4 

5 
5 
5 

6 
6 
6 
6 

Heat No. 

T-82108 
T-82118 
T-82895 

T-82885 
T-82886 
T-82887 

T-82863 

T-82890 
T-82893 
T-82920 
T-82891 
T-82892 
T-82922 
T-81785 

T-82894 
T-82896 
T-82921 
T-82919 
T-80854 

T-82897 
T-82898 
T.-82899 

T-82889 
T-82888 
T-82900 
T-82901 

Aim 
Composition 

LaNis 
LaNlu.9AI0.1 
LaNl3Co 2 

LaNis-6 7 
LaNl 7 
LaNl11.5 

SmCos 

LaNis-ePei.2 
LaNis-sCri.5 
LaNluCr 
LaNluSi 
LaNluSn 
MNluSn 
MNlu.3AI0-7 

LaNluCu 
LaNiu.sPdo.5 
LaNlu.7Sno.3 
LaNiu.aCo-2 
MNlu-sMno-7 

LaNlu.sBo-2 
LaNiu.9S0.1 
LaNiu-gSeo. 1 

Mgo•iLao-9NI5 
Cao•aLao.sNls 
Sro.2Lao•sNls 
Bao-zLao-BNIS 

TABLE II 

CHEMICAL ANALYSES 

Actual Composition 

Lai.00NI5 
La i.ooNlu.9iAlo.o9 
ijao.97rJl3.oi^Oi.99 

LaNis•S3 
LaNl7.05 
LaNl11.u 3 

Smi.02C05 

Lao•9 gNl3.8iPe1.19 
Lai-osNis-siCri-ug 
Lao.98Niu.oiCro-99 
La 0- 9oNlu« OuSlo - 9 6 
La1.02NI3.99 Sn1.01 
Mo.9 gNlu.oiSno.99 
Mo-9eNlu-30AI0.70 

La o-98Nlu.ouCUo-96 
Lai.ooNlu-SoPdo.50 
La0-9 gNi4-70Sn©- 3 0 
La 0.97Niu-78Co.22 
Mo - gsNiu . 3|Mno . 6 9 

LSo-gsNlu-ssBo-17 
La o.guNlu- 998^0. 002 
La0.99Niu•97Seo- 03 

Mgo.igLao.9iNis 
Cao.2iLa©•81NI5 
Sro-leLao.8 0NI5 
Bao- 1sLao.7 7NI5 

La 

31.95 
32.0 
31.5 

29.3 
24-9 
16-6 

-

31.9 
33.8 
32.2 
32.3 
28.55 

-
_ 

31.0 
30.3 
30.6 
32.2 
-

31.2 
: 29.9 
31.8 

29.6 
26.9 
26.3 
25.5 

M 

— 
-

^ 
_ 
-

-

~ 
-
-
_ 
_ 

28.4 
33.5 

«. 
_ 
_ 
_ 
32.1 

„ 

-
-

„ 

_ 
_ 
_ 

Ni 

67.7 
66.8 
41.2 

69-7 
74.2 
80.2 

-

52.0 
47.6 
55-6 
61-5 
47-0 
48.0 
61.4 

53.2 
57.75 
61.2 
67-1 
59.4 

66.7 
67.2 
67.8 

68.8 
70.55 
69.7 
70.0 

Analysis, Wt 
0 

0.025 
0.017 
0.021 

0.023 
0.032 
0.025 

0.041 

0.054 
0.066 
0.020 
0.030 
0.040 
0.020 
0.029 

0.026 
0.034 
0.016 
0.017 
0.14 

0,036 
0.018 
0.021 

0.014 
0.039 
0.051 
0.19 

N 

0.0038 
0.002 
0.003 

0.004 
0.004 
0.004 

0.006 

0.005 
0.008 
0.008 
0.004 
0.003 
0.009 
0.005 

0.005 
0.004 
0.005 
0.005 
0.022 

0.004 
0.004 
0.003 

0,003 
0,008 , 
0.010 
0.006 

.% 
C 

0,006 
0,004 
0.008 

0.006 
0.013 
0.022 

-

0.031 
0.010 
0.005 
0,011 
0.008 
0,031 
0.043 

0.006 
„ 

0.006 
0.63 
-

0.017 
0.009 
0.006 

0.004 
0.013 
0,009 
0.034 

Other 

„ 

0.54A1 
27.4Co,0.24Cu 

0.021A1 
O.OllAl 
0.008A1 

34.2Sm,65.9Co 

15-5Fe,0.009Al 
17.85Cr,0.l4Sn 
12.2Cr 
6,99Si,1.19Al 
24.0Sn,0.12Sl 
23.9Sn 
4.6Al,l.lFe 

13.9Cu,0.50Cr 
-

7-8Sn 
_ 

8.8Mn 

0-435B,0.027Al 
0.015S,0-012A1 
0.051Se,0.010Al 

1.08Mg 
1.91Ca,0.Ol8Al 
3.8Sr,0.021Al 
4.1Ba,0.22Al 

T-82918 LaNls LaNl2.99 44.1 55.7 0.066 0,001 0.027 



TABLE III 

EFFECT OF Pd TREATMENT 
ON ABSORPTION KINETICS* 

*Time in seconds to charge 
0.05 g-mole H at P %1.2Pa at 25°C 

ALLOY 

LaNl 5 

ORIGINAL 

67 

LONG 
AIR EXPOSURE 

;Fresh) (Cycled) 

1620 120 

SHORT 
AIR EXPOSURE 

(Fresh) (Cycled) 

250 153 

LaNis + Pd(E.D.) 600 141 280 13J 

LaNis + Pd(M.A.) >3000 510 >2000 330 

lj3,Ni4 o 9AX0 » 1 120 120 

LaNiu-9Al0.1 + Pd(E.D.) 351 102 216 13i 



TABLE IV 

COMPARATIVE STUDY OF STATIC HYDRIDING RESULTS 

25°C Static Isotherm Data** 
Composition 

LaNis 

LaNiu.9AI0.1 

LaNisCo2 

LaNls.6 7 

LaNli1.9 

SraCOs 

LaNls.sFei.2 

MNlu-3AI0.7 

LaNiu.sPdo.5 

LaNiu-7Sno.3 

LaNlu.BCO- 2 

MNli,. sMno . 7 

Mgo.iLao•gNis 

Cao.2Lao.8NI5 

Sro•2Lao.BNIS 

Bao.2Lao-eNls 

Condition* 

AC 

ST 

ST 

ST+A 

AC 

ST+A 

AC 

ST 

AC 

AC 

AC 

ST 

AC 

AC 

AC 

AC 

Pa 

2.0 

1.3 

0.27, 

2.9 

4.4 

4.7 

0.48 

O-67 

2.4 

0.62 

2.8 

2.85 

2.45 

1.8 

1.85 

3.4 

Pd 

1.65 

1.2 

0.23 

2.4 

1.7 

4.3 

0,42 

0.58 

2.1 

0.60 

1.95 

1.75 

2.25 

1.55 

1.65 

2.9 

(Slope)d 

0.09 

0.20 

0.77 

0.18 

2.15 

0.00 

1.34 

0.57 

0.12 

2.53 

0.39 

0.36 

0.70 

0.86 

0.37 

0.58 

Hysteresis 

0.19 

0.08 

0.16 

0.19 

0.95 

0.09 

0.13 

0.14 

0.13 

0.03 

0.36 

0.49 

0.09 

0.15 

0.11 

0.16 

Plateau AH/M 

0.84 

0.83 

0.52 

0.68 

0.30 

0.33 

0.38 

0.46 

0.46 

0.68 

0.80 

0.38 

0.72 

0.90 

0.68 

0.75 

As Cast; ST = Solution Treated (annealed"!; A = Aged 
Fig. 1 for definition of terms 



Composition 

LaNls 

LaNiu.9AI0.1 

LaNl3 Co 2 

Cond­
ition 

AC 

ST 

ST 

COMPARATIVE SUMMARY OP 

Nora. 
Test 
Temp. 
°C 

15 
25 
35 
45 

25 
35 
45 

25 
35 
45 

Dynamic 
Plateau 
Pressures 
Pa Pd 
atm atm 

1.66 
2.31 
3.33 
4-76 

1.63 
2.42 
3-54 

0.35 
0.56 
0.82 

0.88 
1.50 
2.38 
3-54 

1.09 
1.70 
2.72 

0.24 
0.39 
0.60 

TABLE V 

REFERENCE ALLOY DYNAMIC HYDRIDING RESULTS 

Time (sec. 

Abso 
2 atm 

45 
00 

00 

CO 

130 
00 

03 

23 
21 
21 

Absorpt 
lute 
5 atm 1 

4,4 
7-6 
16 
90 

11 
14 
24 

6.4 
6.2 
5.0 

) to 0, 
ion 

.05 g-atom H 

Reduced 
.2 Pa 2 Pa 

51 
65 
44 
40 

130 
90 
54 

1000 
800 
160 

12 
9.5 
7.8 
7.0 

25 
16 
10 

150 
63 
35 

reacted 
Deso 

Absolute 
1 atm 0.3 Atm 

00 

30 
17 
12 

900 
50 
23 

00 

00 

13 
9.6 
8.0 
7.0 

4.6 
26 
15 

(360) 
(130) 

(0.45 H/M) 
rption 

1 

Reduced 
I 0.8 Pd 0.5 Pd 

47 
43 
57 
44 

250 
110 
76 
(c) 

(600) 
(400) 
(300) 

19 
20 
19 
19 

72 
43 
29 

(300) 
(200) 
(130) 

Thermal 
Contri­
bution, 
R, at 
2 Pa(b) 

1.0 
1.0 
1.0 
1.0 

0.7 
0.8 
1.0 

0.3 
0,4 
0,6 

(a) AC = As-Cast 5 ST = Solution treated. 

(b) R = (Tmax-TN)/(TvH-Tj|) where Tjvj = Nominal Test Temperature, TvH - Van't Hoff Temperature, 
Values of R = 1 imply complete thermal control of reaction kinetics, R = 0 implies no thermal 
control. 

(c) Values in Parentheses are Estimates. 



Composition 

LaNli 

LaNiu•gAlo.1 

LaNl3Co2 

LaNis-6 7 

LaNl11.5 

LaNls.aPei.2 

MNlu.3AI0.7 

LaNlu.sPdo.s 

LaNiu.7Sno.3 

LaNiu.BCO.2 

MNlu.3Mno.7 

Mgo.iLao.9NI5 

Cao.zLao•aNls 

Sro.aLao-aNls 

Bao.zLao.sNis 

COMPARATIVE 

(b) 
Condi­
tion 

AC 

ST 

ST 

ST+A 

AC 

AC 

ST 

AC 

AC 

AC 

ST 

AC 

AC 

AC 

AC 

SUMMARY 

Cycles 
to 
Acti­
vate 

4 

9 

4 

10 

11 

1 

4 

5 

2 

24 

5 

16 

3 

2 

4 

TABLE VI 

OP DYNAMIC HYDRIDING RESULTS AT 

Dynamic 
Plateau 
Pressures 
Pa Pd 

(atm) (atm) 

2.31 1.50 

1.63 

0.35 

3.40 

(5.4) 

0.82 

0.95 

3.81 

0.61 

5.10 

3.61 

3.47 

2.18 

1.97 

4,08 

1,16 

0,24 

(d) 
(3.6) 

-

_ 

2.38 

0.41 

2.52 

1.50 

_ 

_ 

-

2,72 

Time(sec.) 
0.05 g-atom H 
Absolute 

2 atm 5 atm 

7.6 

130 

23 

00 

00 

350 

32 

c» 

(7) 

00 

00 

00 

00 

500 

OO 

11 

6.4 

47 

00 

80 

6 

45 

16 

90 

43 

52 

32 

19 

90 

25°C 

to Absc 
(0.45 
Redi 

1.2P^ 

65 

130 

1000 

111 

00 

(2000) 

150 

75 

(500) 

28 

100 

120 

170 

170 

120 

(a) 

3rb 
H/M) 
iced 

^±a 
9.5 

.'-5 

lo5 

22 

>1000 

510 

35 

105 

(1 •'•':•) 

• / 

y ,' 

24 

42 

32 

20 

Thermal 
Contri­
bution, 
R, at 
2 Pa(c) 

1.0 

0.7 

0.3 

0.4 

(0.3) 

0.7 

0.5 

(0,2) 

1,3 

0,7 

0.4 

0,3 

0.6 

0.8 

Nominal Test Temperature. 
AC = As Cast J ST = Solution Treated 
See Definition in Table ¥ 
Values in Parentheses are Estimates. 

(annealed); A = Aged 



In P 

(H/M) max 

HYDROGEN/METAL 

AH/M = Plateau Width (Usable Capacity) 

(H/M) max = Maximum Capacity 

Pjj = Desorption Pressure at Mid-Plateau, atm. 

Pa = Absorption Pressure at Mid-Plateau, atm. 

d In P{3 = Desorption Plateau Slope (at plateau midpoint) 
d(H/M) 

in ^ = Hysteresis (at plateau midpoint). 

Pd 

Pif Pa = Kinetic Test Starting Pressures 

Figure 1. Definitions of Hydrlding Properties 
(Especially Used in Table III) 



/ 

Figure 2. Photograph of the thin disc sample holder used 
for the dynamic hydrlding tests. The sample 
powder has been partially removed to show the 
position of the rapid response thermocouple 
(at arrow). 
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Figure 3. Schematic illustration of kinetic test reaction 
and temperature response curves showing the 
definitions of the derived parameters used to 
characterize the reaction. 
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Figure 4. Reduced pressure comparison of absorption 
kinetics for the three reference alloys 
at as^c. 
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PN 1-71132 200X 

Figure 0-1-1, As-Cast Mlcrostructure of LaNl. 
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HYDiOGfN/METAL 

Dynamic pressure-composition absorption isotherms 
for LaNis determined at a reaction rate of 0.002? 
g-atom H/min. (0.02i( H/M/min.). Actual temperatures 
are about 0.3°C higher than the indicated nominal. 
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Figure O-l-̂ l. Dynamic pressure-composition desorptlon isotherms 
for LaNis determined at a reaction rate of 0.0027 
g-atom/min. (0.02M H/M/mln.). Actual temperatures 
are about 0.3°C lower than the indicated nominal. 
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PN 1-72842 25OX PN 1-73671 25OX 

(a) As-Cast (b) S.T. 24 Hours at 1260°C 
as=1.98 emu/g as=0.46 emu/g 
(3.6 wt.^ free Nl) (0.8 wt.^ free Ni) 

Figure 1-1-1. Mlcrostructures and Magnetic Moments for LaNi5.67. 
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PN 1-73673 25OX 

(c) S.T. + Aged 24 Hrs.@ lOOC^C 
0g=6.45 emu/g 
(11.9 wt.^ free Ni) 
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determined at a reaction rate of 0.0027 g-atom H/min. 
The actual temperature is about 0,3°C higher than 
the indicated nominal. 
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Figure 1-3-1. As-Cast Mlcrostructure of LaNin. 
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PN 1-71964 

(a) As-Cast 

250X PN 1-72967 25OX 

(b) S.T. 4 Hours at 1225°C 

PN 1-72968 

(c) S.T. + Aged 24 Hrs, 

lOQX 

700°C 

Figure 2-1-1. Microstructures of SmCog. (Note the lower magnification for (c) 
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(d) As-Cast 

PN 1-73385 lOOX 

(b) Cycled 4 Tiroes 

Figure 3-i-l. Microstructures of LaNia.sFei.a. 
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Figure 3-1-2. Static 25°C Isotherms for As-Cast LaNis-sFei-a 
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The actual temperature is about 0,3°C higher than 
the indicated nominal. 
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PN 1-72789 25OX 

Figure 3-2-1. As-Cast Mlcrostructure of LaNls-sCri.s 

PN 1-73654 25OX 

Figure 3-3-1. As-Cast Mlcrostructure of LaNi«Cr. 



PN 1-72785 25OX 

Figure 3-4-1. As-Cast Mlcrostructure of LaNl^Si 
(Actual Composition Lao . soNit,. 0 i.Sio . 9 s ). 

11! 



PN 1-72787 25OX 

Figure 3-5-1. As-Cast Mlcrostructure of LaNi^Sij. 

PN 1-73658 25OX 

Figure 3-6-1. As-Cast Mlcrostructure of MNiuSn, 
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PN 1-72536 25OX 

Figure 3-7-1. Mlcrostructure of MNlw.3Alo.75 
Annealed I6 Hours at 1125°C. 
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Figure 3-7-2. Static 25°C Isotherms for MNi4.3Alo.7s 
Annealed I6 Hours at 1125°C. 
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PN 1-72791 25OX 

Figure 4-1-1. As-Cast Mlcrostructure of 
LaNiuCu. 
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PN 1-72800 25OX 

Figure 4-2-1. As-Cast Microstructures of 
LaNl it. 5 Fu. 0 . s » 
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PN 1-73656 25OX 

Figure 4-3-1. As-Cast Mlcrostructure of 
LaNl^.TSHO.3. 
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PN 1-73652 25OX 

Figure 4-4-1. As-Cast Mlcrostructure of 
LaNl It . sCo • 2 • 
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Figure 4-4-2. Static 25°C Isotherms for As-Cast LaNl^.sCo 
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PN 1-73035 25OX 

Figure 4-5-1. Mlcrostructure of MNiu.3Mno.75 
Annealed I6 Hours at 1150°C. 
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PN 1-72803 250X 

Figure 5-1-1. As-Cast Mlcrostructure of 
LaNi n•BBO•2. 
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Figure 6-1-1. As-Cast Mlcrostructure of 
Mgo.1Lao.9Nl5 (Actual 
Composition Mgo.1gLao.9iNis)• 
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Figure 6-1-3. Dynamic pressure-composition absorption isotherm 
determined at a reaction rate of 0.0027 g-atom H/min. 
The actual temperature is about 0.3° C higher than 
the indicated nominal. 
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Figure 6-2-1. As-Cast Mlcrostructure of 
CSo.2Lao.sNis. 
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Figure 6-3-1. As-Cast Mlcrostructure of 
Sro.zLao.sNis. 
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(a) As-Cast (b) Annealed 2 weeks at 927°C (c) Annealed 4 weeks at 927°C 

Figure 7-1-1. Microstructures of LaNls- (Note lower magnification of (c). 
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SEM 505-1-2 5000X 

(a) LaNi; 

SEM 505-2-4 3000X 

(b) LaNi^.sAlo 

Figure 8--l/2-̂ .l. Scanning Electron Micrographs of 
Samples Plated With Pd by Electro-
less Deposition. (Marker spacings 
are 3 prn)-

16 •, 
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Figure 8-1-2. Static 25°C Isotherms for LaNi5, 
Electroless Pd-Plated. 



SEM 505-4-8 200X 

(a) LaNis 

SEM 505-3-6 200X 

(b) LaNi^.gAlo 

Figure 8-1/2-3. Scanning Electron Micrographs of 
Samples Mechanically Alloyed with 
Pd. (Marker spacings are 10 ym). 
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APPENDIX A 

SYSTEM THERMAL EFFECTS 

Thermal characteristics of the test system have been 
found to significantly affect the kinetic test response of most 
of the alloys tested in this program. It is appropriate, therefore, 
to consider somewhat further several characteristics of the test 
system; temperature measurement, reactor thermal index, and 
sample conductivity. These comments are offered to provide 
additional perspective for the test results and hopefully, extend 
generality of the test results by Improving the basis for their 
comparison to other systems. 

The test sample consisted of powder tightly packed in a 
thin disc configuration in a high conductivity holder reactor. 
This reactor was designed to maximize heat transfer and to provide 
straightforward thermal modeling. Instantaneous reaction temperature 
was measured with an ultra fast response thermocouple (time factor = 
0.3 seconds) located in the sample powder bed. Both the thermo­
couple and reactor are described further in the report (pages 5 and 
6, and Figure 2). Thermal response characteristics of the system 
were evaluated using LaNlj, which of all alloys tested, exhibited 
the most rapid intrinsic reaction kinetics. 

Temperature Measurement 

The adequacy of reaction temperature measurement was 
Judged by both the magnitude and speed of the Indicated response 
temperature. In pressure change kinetic experiments, the magnitude 
of the indicated temperature change was precisely that predicted by 
the Van't Hoff relation. This is the maximum possible temperature 
change and it occurs in less than one second. This response is 
clearly rapid with respect to most of the 'events' used for data 
analysis and comparison. Also, it is obviously satisfactory with 
respect to the 'thermal contribution parameter', R, which is the 
ratio of indicated to maximum possible temperature change. 

Reactor Thermal Index 

Thermal indexing of a reactor is accomplished by specifi­
cation of a specific response parameter for a reaction so rapid that 
response is controlled by heat transfer of the system. This is 
suggested as a short range and practical technique to characterize 
a reactor and its influence on kinetic test results. Indexing of 
this type is not intended to take the place of detailed mass and 
heat transfer modeling. Rather it is to provide a semiquantitative 
basis for comparison and scaling between different test systems. 
The particular choice of index type depends on the information 
available and/or the intended application. 



Any of numerous test results which are system dependent 
could be used as a thermal index. One example is represented by 
the time for 75 percent completion of the reaction ('̂ 'to.os) s-t a 
pressure equal to double the plateau pressure and at 25°C. For 
the reactor used herein, this type of Index has a value of IOC 
seconds. This type of Index is useful where accurate temperature 
measurement is not possible. 

Another type of thermal index parameter is the 'steady 
state limit' for the systems the maximum reaction rate achievable 
at a constant reaction temperature. (For this purpose, 'constant' 
is taken to mean less than 1°C change per minute.) Estimating 
this parameter from the kinetic data in Figures 0-1-5 and 0-1-7 
gives a value of about 0.023 H/M/minute. The value can also be 
estimated from constant reaction rate experiments of the type shown 
in Figure A-1, These data show that the 0.027 H/M/mlnute rate is 
the fastest to occur at a nearly constant temperature. (This Is a 
heat flux of 1.68 cal/sec). 

A third type of system index is the thermal time constant. 
Values of this parameter can be determined from interrupted kinetic 
tests or from the thermal decay following experiments of the type 
shown in Figure A-1. From the latter, the thermal time constant for 
the test system was estimated to be about 10 seconds. 

Powder Thermal Conductivity 

Conductivity data for hydridlng powders is critical to 
any consideration of system heat transfer; this includes powder 
container design as well as analytical modeling of rapid reaction 
kinetics. Fortunately, conductivity data can be determined from 
several of the experimental results obtained in the thin-disc 
reactor used in this program. These results give an average 
thermal conductivity for activated LaNis powder of 0.0057 cal/sec. 
cm/K (2.38 J/sec/m/K). This value is constant over a range of 
temperature differences of about ±15°C and was determined for 
powder packing densities of 3.5 g/cc and greater. 

The determination of thermal conductivity assumed that 
the entire heat flux was through the copper base plate of the 
reactor^ the top side of the powder bed, held in place by the 
stainless steel porous filter disc was assumed to be non-conductive. 
The copper reactor section was assumed to be free of thermal 
gradients and to remain at the temperature of the water in the large 
circulating bath in which it was immersed. The heat of reaction 
was taken as 7-6 kcal/raole or 3.8 kcal/g-atom (15-9 KJ/g-atom). 

Based on the above assumptions, the thermal conductivity, 
K, of the powder can be approximated by the relation 

K = QD/A(Ts-Tr) « n/AT 

where Q is the heat flux which is determined from the reaction rate, 
Ts is the sample temperature, Tr is the reactor temperature, D is the 
Ued depth and A the area of the powder disc bed. This equation is 
valid when dTs/dt = 0, a requirement which in one case is satisfied 
under steady state conditions (see previous section). It is also 
satisfied at the instantaneous temperature peak in pressure change, 
kinetic experiments. 



Calculation of the thermal conductivity can be made from 
the four constant reaction rate test curves shown in Figure A-1 
which satisfy the steady state criteria (curves 52, 54, 55, 57). 
This gives an average conductivity of 0.0050 cal/sec/cm/K; similar 
tests In a desorption mode give an average value of 0.0059- Note, 
however, that these values are based on temperature differences 
which were less than about 4°C (a direct relation to the steady 
state limit of the system discussed previously). 

On the other hand, data from kinetic tests such as pre­
sented in Figure A-2, permit evaluation of the thermal conductivity 
over a wide range of test conditions. This figure shows the reaction 
rate at the time of peak temperature difference as a function of 
the peak temperature difference. Between temperature differences of 
about -15° and +15°C, the data can be approximated by a linear 
function having a slope of 0.0085 g-atom/min/°C. This value gives 
a thermal conductivity of O.OO6O cal/sec/cm/K and is very similar 
to the values determined from constant reaction rate, steady state 
tests. 

The data in Figure A-2shows further that the conductivity 
of the powder bed changes significantly for greater extremes of 
temperature difference. For rapid absorption, the high slope region 
above +15°C AT corresponds to an effective conductivity of 0,0178 
cal/sec/cm/Kj for rapid desorption, conductivity can drop to as low as 
0.0016 cal/sec/cm/K. Such differences might be expected if the 
charge fraction varied; different levels of powder volume expansion 
would then change the powder contact pressure (and area). However, 
for tne results shown, the charge fraction happens to be nearly 
equal for all data ('̂0.4 H/M). More likely, the decreased conduc­
tivity for rapid desorption may be due to local loss of particle 
contact due to gas evolution. The increase in apparent conductivity 
during rapid absorption may be related to convectlve heat transfer 
resulting from the increased gas turbulance at high flow rates. 

Powder packing density also appears to have some effect 
on conductivity during absorption at fast rates (high AT's). Figure 
A-2 includes results of more limited tests for which the packing 
density was decreased from 4.0 to 3-5 g/cc. The lower density results 
do not show the pronounced Increase in conductivity In the 15 to 25°C, 
AT range that is observed in the higher density samples. Significantly, 
it is the lower packing density which is probably more representative 
of practical powder beds which must be designed to avoid container 
swelling. Therefore, the high conductivity value may not be expected 
in practice. 

Combining the results from the steady state and kinetic 
tests, it is concluded that a single average value of 0.0057 cal/sec/ 
cm/K (O.0239 J/sec/cm/K) represents the most useful expression of 
thermal conductivity for LaNlsHa.s powder in the tl5°C,AT range. 
It should be recognized that both the extent of reaction (hydrogen 
stoichiometry) and fast reaction rates could affect the conductivity, 
as could the powder packing density if it differed greatly from 3.5 
to 4.0 g/cc. 
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for LaNis (T-82108) determined at various gas flow 
rates. The starting (and bath) temperature was 
25.0°C for each test curves the temperature profiles 
indicate the sample temperature during the test. 
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