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ABSTRACT 
 

Uranium Metal Powder Production, Particle Distribution Analysis, and Reaction Rate 
Studies of a Hydride-Dehydride Process. (April 2011) 

 

William James Sames V 
Department of Nuclear Engineering 

Texas A&M University 
 

Research Advisor: Dr. Sean McDeavitt 
Department of Nuclear Engineering 

 

Work was done to study a hydride-dehydride method for producing uranium metal 

powder.  Particle distribution analysis was conducted using digital microscopy and 

grayscale image analysis software.  The particle size was found to be predominantly in 

the 40 µm range, which agreed with previous work.  The effects of temperature, 

pressure, and time on the reaction fraction of powder were measured by taking 

experimental data.  The optimum hydride temperature for the system was found to be 

233.4°C.  Higher gas pressures resulted in higher reaction fractions, over the range 

studied.  For the sample parameters studied, a time of 371 minutes was calculated to 

achieve complete powderization.  System design parameters for commercialization are 

proposed. 
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α Reaction Fraction 
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CHAPTER I 

INTRODUCTION AND BACKGROUND 

 

Different forms of nuclear fuel are used in different reactor designs.  One fuel type, 

metal fuel, is of particular interest for fast reactor systems.  These fuels frequently 

involve varying compositions of Uranium, Plutonium, and Zirconium (U-Pu-Zr).    

Transuranic (TRU) wastes are produced during the use of nuclear fuel.  These waste 

products can be transmuted, or eliminated, by incorporation in fast reactor fuel in a 

Uranium-Transuranic-Zirconium (U-TRU-Zr) fuel.  Powder metallurgy and injection 

casting are current methods of manufacturing metal fuels.  Powder metallurgy requires 

metal powders that are pressed and sintered into fuel pellets.  Powder metallurgy of 

uranium metal is under investigation at Texas A&M University for its potential to solve 

problems of transuranic volatility in U-TRU-Zr fuel manufacture.  The production of 

uranium powder from larger pieces of uranium is necessary to make this process work.  

One method of powderizing uranium metal is to hydride the metal at elevated 

temperatures and then dehydride the hydride powder to produce uranium metal powder.  

This powder can then be blended with other metal or transuranic powders to create the 

desired composition for a fast reactor fuel pellet. 

_______________ 
This thesis follows the style of Journal of Nuclear Materials. 
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Description of hydride 

Uranium metal (U) forms uranium-hydride (UH3) when subjected to temperatures 

greater than 150°C and hydrogen gas (H2). [1] The temperature dependence of the 

reaction is shown in Figure 1 at constant pressure.  The peak H2 consumption 

corresponds to the peak reaction temperature at ~225°C.  [2] This reversible reaction 

proceeds according to Eq. 1. 

 

  
 

 
                                                                (1)  

 

The uranium metal usually has a thin oxide (UO2) layer present on the surface.  This 

oxide layer can be between 10-100 nm thick and still allow for the progression of the 

hydride reaction. [3] Thicker oxide layers can impede or prevent the reaction.  The H2 

diffuses through the oxide layer to react with the U surface. [4] The difference in the 

density of uranium (18.9 g/cc) and UH3 (10.3 g/cc) facilitates the formation of powder. 

[5] The corresponding increase in volume can lead to the precipitation of UH3 blisters as 

shown in Figure 2. [4, 5, 6] 
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Figure 1.  Temperature dependence of the hydride reaction. [2]   

 

The hydrogen reacts at nucleation sites that are located beneath a small oxide layer as 

shown in Figure 2.  Initial nucleation sites are small, on the order of a few nm. [3] 

Nucleation sites remain small, unless locate near a defect in the oxide layer.  The growth 

of the blister near the defect can lead to the fracture of the oxide layer, and the 

continuance of the hydride reaction [3] A site at which this fracture occurs is described 

as a Growth Center (GC).  [3] Approximately 77% of the nucleation sites were observed 

near grain or twin boundaries of the uranium metal by Bingert. [4] In the case of no 

oxide layer, nucleation occurs at the metal surface and continues unimpeded by an oxide 
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layer.  As volume swelling breaks down the lattice structure, powder forms on the 

surface of the slug.  Depending on the system, fluid or other motion can mechanically 

remove the powder layer, further exposing more uranium metal for reaction. It is also 

possible for continued hydrogen diffusion. If the powder layer sits on the uranium metal 

piece, the reaction rate will be impeded by the reduction in reactive surface area. 

 

 

Figure 2. Sketch showing formation of UH3 precipitate on a microscopic level. 

 

Bingert’s results show that hydrogen will diffuse through a layer of uranium dioxide 

(UO2) on uranium metal to react and form uranium-hydride (UH3). [4]  The formation 

results in the formation of a “blister” at the metal-oxide interface.  The blister formation 

is due to the change in volume associated with the formation of UH3.  An observation 
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made of this phenomenon is shown in Figure 3 (blister figure).  The thickness of the UO2 

layer is proposed to be important to the formation of UH3.   

 

 

Figure 3. UH3 blister formation at the oxide-metal interface. [4] 
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Description of dehydride 

Uranium-hydride (UH3) dissociates to uranium metal (U) and hydrogen gas (H2) when 

subjected to temperatures above 430°C at atmospheric pressure. [2] The dissociation 

occurs at lower temperatures, for lower pressures.  The relationship between temperature 

and pressure is exponential and is shown in Figure 4.  The dehydride reaction is the 

reverse of the hydride reaction and proceeds according to Eq. 1 as well. 

 

Starting with uranium-hydride powder, the reaction leaves behind uranium metal 

powder.  Work by Garnetti shown in Figure 5 shows a rise in the pressure of a reaction 

vessel system under vacuum from the dehydride process.  The rise in pressure is 

associated with the release of hydrogen gas from the UH3 powder.  This reaction was 

shown to usually complete within 20 minutes, but in one case took a little over 25 

minutes. [7] 
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Figure 4. Pressure vs. temperature of dissociation for the dehydride reaction. [2] 

 

 

 

Figure 5. The time scale of dehydride under varying vacuum pressures and the pressure 

increase associated with the release in hydrogen gas. [7] 
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Description of uranium powder 

The powder that is produced is of interest because its properties will affect the quality of 

the pellets that are produced from it.  Full powderization of uranium metal pieces is 

desired, and the size distribution of particles is of particular interest.  Previous work by 

Bloch and by Condon found particle sizes to be ~40 µm. [5,8] In the process of interest 

uranium powder is pressed using a hydraulic or extrusion.  Work by Helmreich has been 

performed that demonstrated these capabilities. [1] 

 

The powder that was produced in this experiment was analyzed in an Argon atmosphere 

so as to obtain distributions for the metal powder, and not an oxide powder.  In order to 

accomplish this, an Atmosphere Containment Vessel (ACV) was developed using 

fittings designed for glovebox use.  An o-ring and clamp system allowed for powder to 

be placed in sample trays and sealed in with an Argon environment.  The ACV is built 

on a 1.8 (0.75 in) cm tall, 6.35 cm (2.5 in) diameter nipple.  A quartz, optical viewing 

port was selected to allow for optimal transmission of the visible light spectrum (>93%).  

The ACV is shown is Figure 6.  The powder was analyzed a HIROX MX-5040SZ 

optical microscope.  The microscope used allowed for resolutions of up to 800x and is 

shown in Figure 7. 

 



  9 

 

Figure 6.  The ACV with an alternate nipple size for viewing larger samples. 

 

 

 

Figure 7. HIROX digital microscope used for powder imaging. 
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Description of process and facilities used  

Uranium metal slugs were obtained from the Y-12 plant at Oak Ridge National 

Laboratory (ORNL) for use in this project as a part of the Nuclear Energy Research 

Initiative (NERI), under the Advanced Fuel Cycle Initiative (AFCI).  These slugs are 

shown in Figure 8.  They are stored in air, and have an oxide layer present on the 

surface.  For the experiments performed in this work, these slugs were cutting using the 

diamond saw in Figure 9.  The resulting cut samples are shown in Figure 10.  After 

samples were cut, they were cleaned using an ultrasonic cleaner. 

 

 

 

Figure 8. Uranium metal slugs from Y-12 in at ORNL. [7] 
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Figure 9. Diamond saw used for cutting uranium metal slugs into smaller sample sizes. 

 

 

Figure 10. Cut uranium metal samples after being cut with the diamond saw and cleaned 

using an ultrasonic cleaner. 
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In order for the hydride reaction to proceed, the oxide layer must be removed from the 

uranium slugs.  This is done by using a nitric acid wash, which removes the oxide layer 

based on Eq. 2. [9] The nitric acid used is a 35% by volume solution with water.  The 

nitric acid process is conducted over ~10 minutes, and the uranium is removed once the 

oxide layer has been removed.  If the uranium metal is left too long in the nitric acid 

solution, the nitric acid will begin to react with the uranium metal itself.  This process is 

performed in an Argon atmosphere glovebag, shown in Figure 11.  The uranium metal 

slugs were rinsed with deionized water after the nitric acid wash, let dry, rinsed with 

ethanol, and then let dry a second time.  The ethanol rinse is to clean the surface and is 

conducted in a separate tray from the nitric acid as a safety precaution to prevent nitric 

acid-ethanol reaction. 

           
            

                                  (2) 
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Figure 11. Acid wash station located inside a glovebag under argon atmosphere to 

reduce sample oxidation. 

 

 

After the acid wash, the uranium slugs were transported to the glovebox in an argon 

filled container.  The slugs were then used to make hydride-dehydride powder 

production runs. 

 

The hydride-dehydride process used in this investigation was designed and developed by 

David J. Garnetti. [7] The reaction is contained within an aluminum-oxide crucible, held 

in a rig at the bottom of a furnace well as shown in Figure 12.  The outside of the furnace 

system and furnace controls are shown in Figure 13.  The whole system is held within an 
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Argon atmosphere glovebox, shown in operation in Figure 14.  Preliminary experiments 

by Helmreich found that the reaction vessel used is capable of producing ~50 grams of 

powder in a 24 hour period, with approximately 50% conversion efficiency.  The 

conversion efficiency of the reaction vessel has since been demonstrated to fully convert 

uranium metal to uranium metal powder. 

 

 

 

Figure 12. Aluminum oxide crucible located at the bottom of the hydride-dehydride rig. 
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Figure 13. Furnace and furnace controls used in hydride-dehydride process. 

 

 

Figure 14. Glovebox in operation, working at the hydride-dehydride station. 
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The aluminum-oxide reaction vessel is subjected to temperatures ~225°C and an argon-

5%-hydrogen gas mixture for the hydride reaction.  Gas flow to the furnace reaction 

chamber is cut off, a vacuum of 0.1 Pa (1E-3 Torr) is pulled on the chamber, and the 

furnace temperature is increased to temperatures around 325°C to dehydride the powder.  

For the reaction rate studies performed in this work, the mass of the sample was 

measured before the reaction and after completion.  The mass of the remaining uranium 

metal slug was measured, as was the mass of the remaining slug and powder.  This 

allowed for a determination if the powder was fully dehydrided.  For both the hydride 

and dehydride reactions, the dwell time on the furnace was set.  This means that the time 

of reaction was actually the measured time (dwell time) and the time required to heat up 

to the dwell temperature set (the temperature reported for each run). 

Powder production runs were made to study the distribution of particle sizes and the 

hydride reaction rate.  The hydride reaction rate was study with respect to temperature, 

gas pressure, and surface area.  The dehydride reaction rate was not studied, and the 

same times and temperatures of dehydride were used for all experimental runs.  This 

choice was made, as the dehydride reaction occurs over a much quicker timescale, and 

has little effect of the amount of powder produced.  The dehydride reaction parameter of 

interest is the timescale required to fully dehydride the uranium-hydride powder 

produced. 
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CHAPTER II 

PREVIOUS WORK AND MODELS 

Thermal properties 

The pressure dependent heats of formation of uranium hydride were calculated by 

Abraham and are given in Figure 15.  [10]  

 

Condon reported models for calculating the Gibbs’ free energy and the standard enthalpy 

of formation for uranium-hydride as shown in Figure 16.  Rate constant dependence on 

surface area, position on phase diagram, thermal history and other variables prevented 

Condon from fully characterizing these values.  [11] 

 

 

Figure 15.  Heats of formation of uranium hydride. [10] 
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Figure 16.  Models developed by Condon for the Gibbs’ free energy and the standard 

enthalpy of formation for uranium-hydride.  [11] 

 

Albrecht and Mallett 

The primary result of work by Albrecht was the formation of linear rate Eq. 3, 

 

            
 

    ( 
    

  
)                                           (3) 

 

where r is the linear rate in ml/cm2*sec, p is in mm Hg, R is the gas constant in 

cal/K*mol, and T is temperature in K.  Eq. 3 is valid for temperatures from 96-250°C.  

Albrecht also notes variations on Eq. 3 with temperature and pressure.  [12] 

Bloch 

Work by Bloch focused on the development of linear reaction rate constants for the 

uranium-hydride reaction.  [5] The linear kinetic constant, kL is defined as Eq. 4, 

   
  ( )

  
                                                               (4) 
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where  ( ) is the time dependent reaction and t is time. [5] The temperature and 

pressure dependence of the linear kinetic constant are addressed in Eq. 5, 

 

  (   )     ( ) (
 

  
  )

 

                                          (5) 

 

where P is the hydrogen pressure, P0 is the absorption equilibrium pressure, T is 

temperature, and kL0 is the pressure-independent linear rate constant.  Bloch quantified 

the temperature dependence of kL0(t) in Figure 17.  Bloch quantified the quadratic 

relationship between the rate constant and pressure in Figure 18. [5] This work by Bloch 

forms a strong basis for ideal, lab scale experiments.   

 

 

Figure 17. Temperature dependence of the pressure-independent linear rate constant. [5] 



  20 

 

 

Figure 18. Pressure dependence of the square root of the linear hydriding rate constant 

for (a) 294°C, (b) 313°C, (c) 332°C, (d) 352°C, and (e) 371 °C. [5] 

 

Condon 

Work by Condon was done to quantify the diffusion of hydrogen into a uranium sample.  

This work was based on the diffusion Eq. 6, 

 

 
   

   
 
  

  
  

  

  
                                                       (6) 
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where D is the diffusion coefficient, C is the atomic concentration (in mole fraction) of 

hydrogen, U is uranium content expressed as a mole fraction, t is time, and a is the 

stoichiometric ratio for the reaction (=3). [13] Further definition is given in Eq. 7, 

 

 
  

  
                                                            (7) 

 

where k1 is the rate constant. [13] The following values are defined as a function of 

Temperature: 

 

           (
    

 
)       (                  )                        (8) 
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)                                                (9) 

 

where D is in units of m2/sec and T is the temperature in K. [13] The initial atomic 

concentration is set as a boundary condition for the solution and is given by 

 

          
     ( 

   

 
) 

 

  (                  )                   (10) 

 

where P is pressure in Pa.  This model is then further explored, and the proposed 

inclusion of a constant for dehydriding is discussed.  This is a useful model for 

determining the depth of penetration and the reaction fraction as a function of depth. [13]  
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CHAPTER III 

RESULTS 

Powder characterization 

The powder produced in a preliminary run was analyzed using ImageJ (version 1.38x 

2007) image analysis software.  The software allowed for gray scale image analysis and 

the calculation of particle size distributions by determining the number of pixels in each 

particle, and relating that to the scale of the image taken.  Spherical particles were 

assumed, and reported values are given in terms of calculated diameter and spherical 

volume.  Particle boundaries were identified, and analysis was carried out on a 5895 

particle set.  The results of this run are shown in Figure 19 and an example of a 

characteristic powder image at 800x is shown in Figure 20. [14] The main contribution 

to the volume of the powder sample was of particles in the 25-78 µm range, with a peak 

~44 µm.  These results fit with previous experiments by Bloch and Condon which found 

the characteristic size ~40 µm. [5,8] 

 

Run #1 (as detailed in the Appendix) was conducted and shown to have particles within 

the same order of magnitude as the previous run.  An image of this run is shown in 

Figure 21.  After this, further particle distribution analysis was concluded. 
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Figure 19. Results from image analysis of a preliminary run.  [14] 

 

 

 

Figure 20. Image of powder from preliminary calculations at 800x. 
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Figure 21.  Image of powder from Run #1 at 800x. 

 

Reaction dependence studies 

The rate of reaction was determined by holding system pressure constant at 5 psig, 

hydride temperature constant at 250°C, and dehydride temperature at 325°C.  Other 

variables held constant are given in the Appendix A.  An S-curve shape appears, as 

expected based on previous work. [5] The S-curve shape of the data occurs due to an 

initial lag in reaction rate due to breakdown of the initial oxide layer and a relatively 

smooth initial reaction surface.  The reaction speeds up due to increases in reaction 

surface area, but eventually slows down as the amount of uranium metal to react 
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becomes smaller than the amount of powder produced.  The Avrami Equation can be 

used to model such a reaction.  The Avrami Equation is given by 

        (    )                                               (11) 

where   is the reaction fraction (powder yield), t is time in seconds, and k and n are 

constants.  When ln(ln(1/(1-  ))) is plotted versus ln(t), the slope is the constant n and 

the intercept is ln(k).  These values are plotted in Figure 22 for the uranium hydride 

reaction rate as calculated from the data in Appendix B.  The Avrami Equation constants 

were found to be k= 3.783E-6 and n=2.1294.  The experimental data from Appendix B 

and the fitted Avrami Equation are plotted in Figure 23.  

 

The Avrami Equation approaches complete powderization as time approaches infinity.  

To reach 99% powderization, a time of 562 minutes is required.  This value, an 

approximate time for most of the powder to react, should only be used for only small 

changes in system parameters, but as long as the same pressure and temperatures are 

used, it may be scalable (depending on the result of future surface area calculations).   

 

The reaction characteristics with respect to temperature were studied for runs at 5 psig, 

270 minute hydride, and 325°C dehydride.  The data was graphed and fit with an 

exponential curve as shown in Figure 24.  The fit resulted in Eq. 12, 

 

 ( )                                                       (12) 
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where   is the reaction fraction (powder yield) and T is temperature in Kelvin.  This 

parabolic relationship with temperature was demonstrated previously by Bloch. [5] Eq. 

12 should be only be used for temperatures close to the range of temperatures used to 

calculate it and care should be given to the extrapolation of this equation to other 

pressures.  The derivative of Eq. 12 was set equal to zero to determine the maximum.  

The maximum powder yield occurred at a temperature of 233°C. 

 

The reaction characteristics with respect to pressure were studied for runs at 270 minute 

hydride, 250°C hydride, and 325°C dehydride.  The data was graphed and fit with an 

exponential curve as shown in Figure 25.  The fit resulted in Eq. 13, 

 

 ( )                                                      (13) 

 

where   is the reaction fraction (powder yield) and P is pressure in psig.  This gauge 

pressure is the pressure resulting from the argon-5%-hydrogen gas flowing through the 

reaction chamber.  Previous work has supported the modeling of pressure dependence 

based on fractional exponents.  [10,12]  The quadratic relationship was used to fit the 

data due to its good fit and based on the presumption that at some point additional gas 

pressure could impede the reaction.  More data at higher pressures is needed to better 

determine the behavior of this pressure dependence. 
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Data was collected to determine the effect of surface area on the reaction.  The data is 

presented in Figure 26.  The surface area was calculated by adding the area of all but one 

side of the cut metal slug, which approximates a rectangle.  One of the bottom sides was 

not included, as the sample was set on this side in the aluminum oxide crucible.  This 

blocked the reaction area of that side.  The blocked side was always one of the largest 

surface area sides (dimension y by dimension z in the Appendix).  More data needs to be 

collected with respect to surface area to try and find a correlation.  The data presented 

here does not appear to show a correlation, but errors in measurement could account for 

this. 

 

The powder yield in each run was measured after a dehydride reaction was run on the 

hydride powder.  The dehydride reaction was run for 20 minutes of dwell time. 
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Figure 22. ln(ln(1/(1-  ))) vs. ln(t) for runs at 5 psig, 250°C hydride, 325°C dehydride 

used for calculation of the parameters k and n for the Avrami Equation. 

 

 

 

Figure 23. Powder yield vs. dwell time for runs at 5 psig, 250°C hydride, 325°C 

dehydride. 
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Figure 24. Powder yield vs. temperature for runs at 5 psig, 270 minutes, 325°C 

dehydride. 

 

 

 

Figure 25. Powder yield vs. pressure for runs at 270 minutes, 250°C hydride, 325°C 

dehydride. 
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Figure 26. Powder yield vs. surface area for runs at 60 minutes, 5psig, 250°C hydride, 

325°C dehydride. 

Sources of error 

Several practicalities of experiment operation may have introduced error or uncertainties 

into this analysis.  The time required to heat each sample up to the desired hydride 

temperature would vary between different temperatures and contribute to error in 

comparing temperature runs where time was meant to be held constant.  The process of 

separating the unreacted metal slug from the uranium powder produced may have led to 

small losses of powder before mass measurement.  Incomplete dehydriding of reacted 

powder may have added mass to some of the reported final masses.  Of the potential 

sources of error, accounting for the start-up heat transient could be accounted for with a 

different measurement of reaction time.  Incomplete dehydride of reacted powder could 

be accounted for by dehydriding at a higher temperature, increasing the time of 

dehydride, or a combination of both.  

0

0.05

0.1

0.15

0.2

0.25

0.3

0 50 100 150 200 250 300 350 400

P
o

w
d

er
 Y

ie
ld

 

Surface Area [mm^2] 



  31 

CHAPTER IV 

CONCLUSIONS 

Process optimization 

The reaction rate studies conducted of the hydride-dehydride process in use at Texas 

A&M in the FCML have produced the following recommendations for process 

optimization: 

 

 Maximize the reaction vessel pressure 

 Run the hydride process near 233 °C 

 Run the dehydride process at a minimum of 325 °C under a vacuum of 0.1 Pa for 

at least 25 minutes.  Higher temperatures can be used, but should remain below 

400 °C in order to reduce sample self-sintering. [7] 

 To ensure complete powderization, Eq. 11 or similarly derived equations should 

be used to determine the run time necessary.  For the parameters used in this 

experiment, 562 minutes was calculated to produce complete powderization. 

 

The laboratory scale process used in this work is not the most effective way of producing 

large amounts of uranium powder.  For process commercialization, a different system 

should be used.  In order to allow for process heating and maximization of reaction 

surface area a rotary kiln would be an efficient system for powder production. 
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A rotary kiln is a kiln that spins during operation.  The spinning action is desired to 

separate powder from the surface of uranium slugs, which allows for continued reaction 

of the uranium slug to form uranium-hydride powder.  A rotary kiln designed at ORNL 

for the powderization of uranium dioxide using voloxidation is shown in Figure 27.  

Voloxidation powderizes used nuclear fuel (UO2 + fission products) by reacting UO2 

with O2 at increased temperatures.  This rotary kiln was still considered laboratory scale, 

as it could handle a limit of 20 kg of processing per year.  The design allowed for single 

pass or recirculation of gas flow, rotational speeds up to 10 RPM, and an operational 

temperature range of 200-600°C. [15] 

 

 

Figure 27. Rotary kiln designed at ORNL for use in voloxidation. [15] 
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Optimal design characteristics for a commercial scale hydride process: 

 Gas recirculation  

 Ability to use same vessel for hydride and dehydride process 

 Inert operation environment 

 Furnace capabilities up to at least 400 °C 

 Ability to draw a vacuum on the system 

 Method for removal of powder layer from metal slugs (rotary kiln suggested) 

Future work 

Work still needs to be done to relate the microscopic models developed by previous 

work to macroscopic models published in this work.  The diffusion model of Condon, 

the linear kinetic constants of Bloch, and the work of others present a wealth of 

knowledge on this process, but appear to be limited to lab scale experiments.  While the 

work published here was done for small sample sizes, it represents progress towards 

macroscopic system quantification oriented at system optimization. 
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APPENDIX A 

 

 EXPERIMENTAL DATA 
 

 Run #

mass_start [g]

mass_slug_final [g]

mass_total_final [g]

Overall Mass Change [g]

mass_powder [g]

Yield of Powder [mass of 

powder/mass initial]

P [psi]

Flow Rate [scfh]

T_hydride [°C]

T_dehydride [°C]

t_hydride [min]

t_dehydride [min]

Dimension x [mm]

Dimension y [mm]

Dimension z [mm]

Surface Area [mm^2]

1
1.

53
84

1.
30

82
1.

51
3

-0
.0

25
4

0.
20

48
0.

13
31

25
33

5
3

25
0

32
5

18
0

20
1.

62
3.

57
15

.9
3

12
0.

05
01

2
1.

43
6

0.
19

73
1.

42
72

-0
.0

08
8

1.
22

99
0.

85
64

76
32

5.
4

3
25

0
32

5
36

0
20

1.
61

3.
57

15
.8

9
11

9.
38

85

3
1.

52
22

1.
47

67
1.

52
19

-0
.0

00
3

0.
04

52
0.

02
96

93
86

5.
2

3
25

0
32

5
60

20
1.

46
3.

6
16

.0
3

11
5.

02
76

4
1.

37
61

0
1.

36
29

-0
.0

13
2

1.
36

29
0.

99
04

07
67

5
3.

3
25

0
32

5
72

0
20

1.
32

3.
61

15
.8

2
10

8.
40

54

5
1.

27
57

1.
01

01
1.

32
14

0.
04

57
0.

31
13

0.
24

40
22

89
5

3
25

0
32

5
60

20
1.

11
3.

62
16

.2
2

10
2.

76
12

6
1.

40
17

1.
01

13
1.

46
64

0.
06

47
0.

45
51

0.
32

46
77

18
5

3
25

0
32

5
27

0
20

1.
34

3.
62

15
.9

5
11

0.
18

66

7
1.

38
02

0.
70

3
1.

46
59

0.
08

57
0.

76
29

0.
55

27
45

98
5

3
23

5
32

5
27

0
20

1.
33

3.
57

15
.8

7
10

8.
36

63

8
1.

37
85

0.
89

29
1.

44
85

0.
07

0.
55

56
0.

40
30

46
79

5
3

22
0

32
5

27
0

20
1.

35
3.

53
16

.0
8

10
9.

70
94

9
0.

04
06

2
0.

40
03

0.
41

03
0.

36
96

8
0.

01
0.

24
61

84
15

5
3

25
0

32
5

60
20

0.
86

3.
5

10
.3

4
59

.9
94

8

10
2.

47
85

2.
15

38
2.

52
59

0.
04

74
0.

37
21

0.
15

01
31

13
2

3
25

0
32

5
27

0
20

1.
99

3.
54

18
.8

2
15

5.
61

56

11
5.

43
44

5.
40

3
5.

44
54

0.
01

1
0.

04
24

0.
00

78
02

15
5

3.
1

25
0

32
5

60
20

3.
84

4.
24

20
.0

2
27

1.
20

16

12
1.

75
69

0.
94

1
1.

84
27

0.
08

58
0.

90
17

0.
51

32
33

54
5

3
23

0
32

5
27

0
20

1.
28

3.
78

19
.0

5
13

0.
45

38

13
1.

95
3

1.
14

14
2.

00
15

0.
04

85
0.

86
01

0.
44

03
99

39
10

3
25

0
32

5
27

0
20

1.
45

3.
78

19
.5

9
14

1.
82

32



  36 

APPENDIX B 

DATA FOR CALCULATION OF AVRAMI EQUATION 

CONSTANTS 

 
 

t [min] α ln(t) lnln(1/(1- α)) 

60 0.029694 4.094345 -3.50178 

180 0.133125 5.192957 -1.94588 

270 0.324677 5.598422 -0.93505 

360 0.856476 5.886104 0.663335 

720 0.990408 6.579251 1.536177 
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