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EXECUTIVE SUMMARY 
 
Hydridable metal alloys are used at the Savannah River Site to process tritium.  The goal of this work was to 
develop a mechanical alloying process as a low-cost option to produce these alloys on-site.  High-speed milling 
at elevated temperatures has the potential to significantly reduce the time and cost of the mechanical alloying 
process.   It was demonstrated that elemental metal powders can be alloyed in an attritor mill under argon.  In 
order to form LaNi4.25Al0.75 from elemental metals it was found that lanthanum and nickel must be alloyed prior 
to adding aluminum.  It was also demonstrated that metal powders could be alloyed in the high-speed attritor 
with the temperature in the mill equilibrating at ~220°C.  Optimization of the process parameters will require 
additional testing. 
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1.0 Introduction 
The objective of this task was to demonstrate that metal hydrides could be produced by mechanical alloying in 
the quantities needed to support the tritium production facilities at the Savannah River Site.  Based on a survey 
of the literature it appeared that the heat generated by mechanical alloying in a high-speed attritor mill would be 
very effective in accelerating the mechanical alloying process.  The initial objective for the first year of this task 
was to demonstrate the production of LaNi4.25Al0.75 by mechanical alloying.  The next objective of the process 
development was to determine if high-speed milling at elevated temperatures reduced the milling times required 
to form the alloys.  The final objective was to develop a heat treatment to improve the hydrogen storage 
capacity of the alloy. 
 

1.1 Attrition Milling 
The attritor, also referred to as a stirred ball mill,1 is a high speed mill used for rapid particle size reduction.  
Attritors have been developed for both wet and dry grinding applications, and are available in batch and 
continuous loading configurations.  The attritor uses a stationary vessel charged with grinding media and the 
material to be milled.  The mill charge is agitated by a motor driven shaft with horizontal arms (see Figure 1-1). 
 
 

 
Figure 1-1.  Schematic drawing of a high-speed attritor.2 

 
The shaft is rotated at a fairly high speed, which produces high tip velocities at the ends of the agitator arms.  
This imparts a large amount of energy directly to the milling media (see Figure 1-2). 
 
 

 
Figure 1-2.  Diagram of media collisions with agitator arm and milled particles.2 
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Size reduction is achieved by impact and shearing forces as the milling media collide with one another.  The 
motion of the agitator arms produces a region of high media turbulence that is at approximately two thirds of 
the radius from the central shaft.1  This results in little wear occurring on the vessels walls.  Contamination from 
the vessel walls is therefore reduced, and thinner walls can be used to promote heat transfer and improve 
temperature control during the milling operation.1 
 
The size and composition of the milling media used in an attritor has a major impact on its operation.1  Media 
used for attrition milling are typically spherical with a diameter of 3-4 mm.  Proper selection of media size 
depends on the size of the initial feed and the intended final particle size.  Larger media must be used to grind 
larger feed material, but smaller media are more effective at fine grinding.  The type of material used for the 
grinding media depends on several factors.  When contamination is a concern, materials that are compatible 
with the feed should be used for both the milling media and the milling vessel.  The media should be denser 
than the feed to prevent floating in the vessel, and harder than the feed to reduce wear.  Higher density milling 
media can greatly reduce milling times. 
 
Batch-type attritors are utilized for dry grinding, particularly when the feed powders must be milled under a 
protective atmosphere.  Material is charged directly into the top of the vessel, can be sampled at any point 
during the milling process, and additions can be made to the charge without stopping the mill.1  The vessel can 
be charged and sealed in an inert glove box prior to milling, or the entire attritor can be contained within a glove 
box. 
 
In addition to size reduction, the considerable amount of energy imparted to the feed material by an attritor can 
be used for mechanical alloying of metal particles.  The increase in milling energy is due primarily to an 
increase in the number of media collisions, as evidenced in experiments involving the stress-induced 
transformation of partially-stabilized zirconia powders.3 
 

1.2 Mechanical Alloying 
Mechanical alloying is the process of cold welding, fracturing and rewelding of powder particles in a high-
energy mill.4  This technique can be used to synthesize a variety of metal alloys, as well as metastable phases, 
currently of interest for use as catalysts and hydrogen storage materials.4  Mechanical alloying is uniquely 
suited for the production of metastable phases since, as it is a solid-state processing technique, the 
thermodynamic and kinetic limitations imposed on other processing methods do not necessarily apply. 
 
Several different types of mechanical mills can be used.  The choice of mill is dependent largely on the amount 
of material to be produced.  The components of the alloy are added to the mill vessel along with the milling 
media and, in most cases, a small amount of a lubricant such as stearic acid.  The mill is then operated at high-
speed for periods of minutes to hours.   

1.3 Mechanical Alloying of Metal Hydrides 
Several technical reports and patents concerning the science of mechanical alloying4, 5 and, more specifically, 
forming LaNi5-based alloys by mechanical alloying6-9 were reviewed prior to initiating this experimental 
program.  Most of the mechanical alloying development work to form compounds similar to LaNi4.25Al0.75 was 
performed in small-scale, high-energy mills.  The milling times required to form the desired compounds varied 
widely and were not directly applicable to the proposed tests since the batch sizes were much smaller and mill 
designs were different. The literature review indicated the following: 
 

• Ternary alloys such as LaNi4.25Al0.75 can be formed by mechanical alloying.10 
• Increasing the milling energy significantly shortens the required milling time for mechanical 

alloying.11 
• Milling at elevated temperatures could significantly reduce the milling time required for mechanical 

alloying due to accelerated diffusion rates.12 
• Post-heat treatment of the compounds formed by mechanical alloying increases the crystalline size as 

evidenced by X-ray diffraction analyses.  Heat treatment is often necessary to increase the hydrogen 
storage capacity of the alloy to the desired level.13, 14 
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An important aspect of this work was to develop a process that could be used to produce the quantities of 
materials necessary to satisfy the needs of the tritium facilities.  Attritor mills are commercially available with 
capacities hundreds of times larger than those used in the tests that are detailed in this report.  Therefore, the 
processes developed with these research attritors could be scaled-up by using larger mills.  Preferably, the 
milling vessel would be housed in an inert glove box with the shaft magnetically coupled to the drive 
mechanism through the wall of the glove box.  This would eliminate the need to load the vessel in the glove box 
and then transfer the vessel out to the mill. 
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2.0 Experimental Procedure 

2.1 Precursors 
Experiments were performed starting with two different types of materials.  The initial tests were performed in a 
planetary mill starting with a mix of intermetallic powders (LaNi5, LaNi eutectic, and Al).  Elemental metal 
powders of La, Al, and Ni were used as the precursor materials for the remaining tests in the planetary mill and 
all of the attritor mill tests.   
 

2.2 Mechanical Alloying 
Three different types of mills were evaluated for mechanical alloying and the critical milling parameters such as 
mill speed, grinding media, and temperature were varied.  Grinding aids were also evaluated in an attempt to 
prevent the powders from caking in the milling vessels.  Heat treatment of the milled materials was also 
performed to promote the formation of the desired crystalline phase. 
 

2.2.1 Planetary Mill Tests 
Small scale tests (batch size ~15 g) were performed in a planetary mill.  Powders were loaded and sealed into 
gas-tight stainless steel vessels (48 cm3 volume) in a helium glove box to prevent oxidation of the metal 
powders. A planetary mill was operated at 400 rpm with 3/16” diameter tungsten carbide grinding media.  
Milling times were varied from 15 to 40 hours.  The milling process generated heat and the vessels were not 
cooled.  Based on the surface temperature of the vessels it is estimated that the interior temperatures were less 
than 100°C.  Stearic acid, ethanol, hexane, and graphite were evaluated as grinding aids.  Milled material was 
heat treated for one hour at 700°C enclosed in an ampoule of argon to increase the size of the crystalline 
material.  Based on the literature, this also should have increased the hydrogen storage capacity of the 
compound. 
 

2.2.2 Research-Scale Attritor Mill Tests 
The process was scaled-up to a batch size of ~90 g in a research-scale attritor mill.  The milling vessel was lined 
with zirconia and had a volume of ~700 cm3.  The grinding vessel was loaded with the elemental powders and 
grinding media (5 mm zirconia, 250 ml) in a helium glove box and purged with argon as it was transferred to 
the mill and as it was milled.  All of the milling tests in the research-scale attritor were performed at 600 rpm 
with the vessel cooled by 20°C water.  The milling times were varied from 3 hours to 78.5 hours with samples 
removed periodically for analyses.  No grinding aids were used in the testing performed in the research-scale 
attritor. 
 

2.2.3 High-Speed Attritor Mill Tests 
The final scale-up test was performed in a high-speed attritor mill that had been modified so that the grinding 
process could be carried out in a gas-tight autoclave.  The stirring shaft in the autoclave was magnetically 
coupled to the drive shaft of the mill.  A pressure transducer and thermocouple were inserted through the lid of 
the autoclave to measure the pressure and temperature in the interior of the vessel.  Approximately 900 cm3 
(3800 g) of 5 mm zirconia grinding media was used for this test.  Elemental metal powders were loaded into the 
autoclave vessel in an argon glove box.  The vessel was sealed, pressurized to ~13 psig with argon, transferred 
out of the glove box, and coupled to the mill.  The batch size of the elemental metal powders was 360 g.  The 
mill was run at 1200 rpm with no cooling.  The interior temperature of the vessel increased rapidly during the 
milling process and eventually stabilized at ~225°C.  The pressure increased slightly during milling but 
remained below 14 psig.  The mill was operated only during the day shift and was therefore cycled between 
room temperature and 225°C a total of four times. The total milling time was 30 hours.   
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2.3 X-ray Diffraction Analysis 
X-ray diffraction (XRD) analysis was used to identify the crystalline phases present at various stages of the 
milling process.  Samples for XRD were stored in an inert atmosphere until just prior to analysis.  Initially, 
samples were mounted and sealed for XRD analysis to prevent oxidation.  It was later determined that there was 
no detectable oxidation of the milled powders at room temperature.  Therefore, standard practices in air were 
used to prepare the XRD samples.  Baseline XRD analyses were obtained for the starting materials and for the 
desired product (LaNi4.25Al0.75). 
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3.0 Results and Discussion 

3.1 Planetary Mill 
It was demonstrated that mechanical alloying could be performed in the planetary mill.  The desired 
LaNi4.25Al0.75 phase could be produced by starting with La-Ni intermetallic compounds and adding elemental 
aluminum powder.  It is unlikely that processing techniques that require binary alloys as starting materials 
would be economically viable methods for producing ternary alloys because of the high cost of the starting 
materials.  Therefore, the remaining development work focused on producing LaNi4.25Al0.75 by mechanical 
alloying of elemental metal powders. 
 
Caking in the bottom of the vessels used in the planetary mill was a major problem.  Since the powders packed 
into the bottom of the vessels, the mixing and milling operation was limited to material stuck on the balls, walls, 
and top surface of the caked material.  Grinding aids reduced, but did not eliminate the caking problem.  The 
reproducible contours of the caked material indicated that the problem was related to the grinding motion of the 
media in the planetary mills rather than the properties of the powders. 
 

3.2 Research-Scale Attritor Mill 
Tests with the research-scale attritor mill confirmed that the elemental powders could be milled without the use 
of a grinding aid.  The powders were analyzed periodically.  At some stages of milling most of the powder was 
either caked on the grinding media or on the walls of the vessel.  At other stages, including the later stages, most 
of the powder was free-flowing.   Apparently, caking was related to the properties of the intermetallic phases 
that were being formed over the course of the mechanical alloying process.  XRD analyses indicated that 
intermetallic phases of aluminum and nickel as well as aluminum and lanthanum were produced.  The powder 
was free-flowing after milling for 78.5 hours, but there was still no indication that the desired LaNi4.25Al0.75 
phase had even started to form. 
 

3.3 High-Speed Attritor Mill 
In an attempt to form the desired ternary alloy by increasing the milling energy and temperature, elemental 
powders were milled in the autoclave vessel using the high-speed attritor mill with no cooling.   The mill was 
operated at 1200 rpm for 30 hours and temperatures within the mill stabilized at >220°C.  Most of the material 
was caked on the balls after milling but there was sufficient free powder to obtain a sample for XRD analysis.  
There was visible wear on the arms of the mixing shaft and on the interior of the mill.  The lower bushing failed 
after 30 hours and had to be replaced.  The bushing failure was likely due to overheating and should be cooled 
in future tests.  The XRD analysis indicated that only binary compounds (AlNi3 and AlLa3) were formed.  
 

3.4 Two-Step Milling Procedure 
Despite long milling times, high milling speeds, and milling at elevated temperatures, there was no indication 
that LaNi4.25Al0.75 could be produced by mechanical alloying of elemental metal powders.  However, the initial 
test results indicated that LaNi4.25Al0.75 could be formed by mechanical alloying when LaNi alloys were milled 
with aluminum.   Apparently, the AlNi3 phase is very stable and additional energy input will not form ternary 
phases.  Therefore, a test was performed in the research-scale attritor in which lanthanum and nickel were 
mechanically alloyed by milling for 29 hours at 600 rpm in argon.  Aluminum powder was then added and 
milled for an additional 17 hours at 600 rpm in argon.  XRD analysis indicated that the desired ternary phase 
(LaNi4.25Al0.75) had formed.  The XRD peaks were relatively broad, indicating that the crystalline size was very 
small.  Much of the material in the mill was caked on the sidewalls of the mill and the grinding media after this 
test.  This may not be a problem in the high-speed mill since the inert atmosphere is much drier and the milling 
will be performed at elevated temperatures.  If necessary, grinding aids could be added. 
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4.0 Recommendations 
It has been demonstrated that LaNi4.25Al0.75 can be formed by mechanical alloying of elemental powders if the 
aluminum is added after the lanthanum and nickel have alloyed.  It is likely that high-speed / high-temperature 
milling will significantly reduce the milling time and make the mechanical alloying process an economically 
feasible process for forming these alloys.   
 
It is recommended that the process parameters be optimized using the high-speed attritor to form LaNi alloys 
followed by the addition of aluminum to form the ternary alloy.  This work will provide a basis for the 
development of similar processes to produce other alloys of interest for tritium processing, including ZrFe. 
 
Hydrogen absorption testing of the alloys is also needed.  Based on the literature, it is likely that a heat 
treatment may be required to increase the hydrogen absorption capacity of the alloy. 
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