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ABSTRACT 
 
Zirconium alloys are good options for the metal matrix in dispersion fuels for power reactors due to their low 
thermal neutron absorption cross-section, good corrosion resistance, good mechanical strength and high thermal 
conductivity. A necessary step for obtaining such fuels is producing Zr alloy powder for the metal matrix 
composite material. This article presents results from the Zircaloy-4 hydrogenation tests with the purpose to 
embrittle the alloy as a first step for comminuting. Several hydrogenation tests were performed and studied 
through thermogravimetric analysis. They included H2 pressures of 25 and 50 kPa and temperatures ranging 
between from 20 to 670 ºC. X-ray diffraction analysis showed in the hydrogenated samples the predominant 
presence of ZrH2 and some ZrO2. Some kinetics parameters for the Zircaloy-4 hydrogenation reaction were 
obtained: the time required to reach the equilibrium state at the dwell temperature was about 100 minutes; the 
hydrogenation rate during the heating process from 20 to 670 ºC was about 21 mg/h, and at constant temperature 
of 670 ºC, the hydride rate was about 1.15 mg/h. The hydrogenation rate is largest during the heating process 
and most of it occurs during this period. After hydrogenated, the samples could easily be comminuted indicating 
that this is a possible technology to obtain Zircaloy powder. The results show that only few minutes of 
hydrogenation are necessary to reach the hydride levels required for comminuting the Zircaloy. The final 
hydride stoichiometry was between 2.7 and 2.8 H for each Zr atom in the sample.  
 
 

1. INTRODUCTION 
 
Fourth generation fuels for nuclear reactors shall meet requirements for improving economic 
performance and safety, and for reducing radioactive waste generation and nuclear 
proliferation [1,2,3]. One possible fuel technology that can meet these criteria is the 
dispersion of a uranium compound in a metal matrix [4,5,6]. Dispersion fuels have been 
widely used in research reactors, and with a correct choice of materials, may be used for 
small and large power reactors [5,6,7]. Zirconium alloys are candidates for the matrix 
material for their good corrosion resistance, mechanical strength, high melting temperature 
and low neutron absorption cross-section. One necessary step for fabricating such fuels is the 
powder metallurgy work in which the fissile material is dispersed in the Zirconium metal 
matrix. The Zirconium is known to be a ductile material and, thus, difficult to comminute. 
The Zirconium embrittlement through hydrogen absorption (hydriding process) reduces its 
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ductility and facilitates the comminuting process. In this research we present the preliminary 
studies for obtaining  Zircaloy-4 powder through hydrogen absorption. 
 
Most studies on Zircaloy hydriding is related to fuel cladding damage during reactor 
operation or severe accidents [8,9,10]. In the first case, the studies occur at temperatures 
around 400 °C and in the second, above 1000 °C. In both cases, the hydrogen absorption 
reaction occurs simultaneously with the oxidation reaction due to the presence of water. 
Steinbruck, using thermogravimetric (TG) analysis, presents data on the hydrogenation 
kinetics and Hydrogen equilibrium concentrations for Zircaloy-4 at temperatures above 1000 
°C [11]. For the purpose of producing Zircaloy powder, we should study this reaction at low 
temperature and low H2 pressure, without presence of water, in order to decrease fabrication 
costs.  
 
The hydrogenation process is a reversible reaction, which is proportional to the H2 partial 
pressure, pH, in the environment surrounding the sample. The process follows the Sieverts 
law [9,11], and usually requires elevated temperatures to dissolve the oxide layer present on 
the metal surface. The temperature strongly affects the hydrogenation process. If the H2 
partial pressure is decreased a dehydrogenation process takes place and H atoms are released 
from the sample.  
 

2. MATERIALS AND METHODS 
 

The Zircaloy-4 chips used in this work were provided by INB (Indústrias Nucleares do 
Brasil). The chips had an approximate rectangle cross-section shape with about 60 mm2, and 
were cut into lengths of approximately 2 mm.  The samples compositions were characterized 
with a Fluorescence X-ray EDS (HS EDX-800 Shimadzu). All had a chemical composition 
within the acceptable value for the Zircaloy-4 alloy, except for Fe with content 0.03% higher 
than in the literature. The hydrogen content was obtained with a LECO analyzer (EF-400). X-
ray diffraction were performed on a Shimadzu difractometer (XRD 6000) with a 1°/min 
speed and Cu Kα radiation (λ = 1.5406 Å). The technique used in this work to accomplish the 
hydrogenation process was the TG analysis. 
 
After hydrogenated, and the TG system has cooled down to 25 °C, the samples were taken 
out, comminuted and characterized. The grinding tests were done using a mortar, and 
provided an indication about how easy the grinding could be performed. The masses were 
measured using an analytical scale with ± 0.01 mg accuracy. The mass scale used in the TG 
system had also a similar accuracy. Table 1 shows the parameters used in the several TG tests, 
and Figure 1 shows the typical temperature profiles the samples undertook during the tests. 
The discontinuity shown in the figure for the Test 9 is due to problems occurred during the 
data acquisition procedures. 
 
 

3. ZIRCALOY-4 HYDRIDING RESULTS 
 
The experiments performed with the TG system provided information about the Zircaloy 
hydriding kinetics, and hydriding rates during temperature elevation and at constant 
temperature.  
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3.1. Kinetics of the Zircaloy-4 Hydriding Reaction   
 
The mass gain profiles obtained in the TG system provide the amount of H absorbed by the 
Zircaloy-4 samples. Figure 2 presents the mass gain or Hydrogen mass profiles obtained in 
tests 5 and 9.  In parts of the of the measurements, they were noisy because of sudden 
movements of the weight scale and were discarded. The noise was caused by pressure 
adjustments performed during the measurements with the highly sensitive scale. A small 
variation in the internal pressure was sufficient to swing it and to introduce noise in the mass 
gain signal. The discontinuity for the Test 9 result is due to data loss during the acquisition 
procedures. It is observed in these tests a strong mass gain during the heating process (the 
first 30 minutes). The mass gain decreases at the dwell temperature. This behavior was also 
observed in the other tests.  
 
 
 

Table 1.  Conditions during the hydrogenation experiments in the TG system 
 

Sample 
Dwell 

Temperature  
(ºC) 

H2 Pressure 
(KPa) 

Heating rate 
(°C/min) 

Zry-4 Initial mass 
(mg) 

Test 2 600  50 20 24.61 ± 0.014 
Test 3 560 50 20 69.40 ± 0.014 
Test 4 560 50 20 38.12 ± 0.014 
Test 5 570 25 20 40.70 ± 0.014 
Test 7 670 50 20 30.38 ± 0.014 
Test 8 670 25 20 41.31 ± 0.014 
Test 9 670 25 20 47.03 ± 0.014 
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Figure 1.  Typical temperature profile used during the TG analysis tests 

(min means minutes) 
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At the dwell temperature of 570 °C, the mass gain in Test 5 appears to stabilize after about 80 
min. This behavior can be observed more clearly in Test 9, in which the mass gain appears to 
stabilize after 120 minutes at the dwell temperature. This behavior is similar to that described 
in the literature [11] which showed similar times of stabilization for Zircaloy hydrogenation 
processes at much higher temperatures (900 to 1100 °C).  
 
Average rates of isothermal hydrogenation and during temperature elevation were obtained 
from Figure 2 and are presented in Table 2. These rates provide information about the kinetics 
of the reaction. The bulk of the hydrogenation occurs in the first 30 minutes during the 
heating period. After this period of time, about 80 % of the equilibrium H concentration in the 
sample has been reached. The remaining 20 % hydrogenation takes place isothermally during 
the next 100 minutes.  

 
Figure 2.  Mass gain as a function of time. The mass gain represents the H mass 

absorbed by the Zircaloy during the hydrogenation process. 
 
 
The hydrogenation rate during the temperature elevation period was about 20 times larger 
than that during the isothermal period.   This result is in agreement with the expected Sieverts 
constant behavior for this process, related to the kinetics constants of the reaction, that states 
that the equilibrium H concentration increases with decreasing temperature [11].   
 

 
Table 2.  Kinetics data for the Zircaloy-4 hydrogenation reaction at H2 pressure  

of 25 kPa and different temperatures 
 

Hydrogenation rate during the heating process (20 to 500 °C) 20.64 mg/h 
Isothermal hydrogenation rate (dwell temperature of 570 or 670 °C) 1.15 mg/h 
Time to stabilize the mass gain at constant temperature (570 or 670 °C) ~ 100 minutes 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

3.2. Characterization of the hydrogenated samples 
 
The absorption of H causes the material embrittement and facilitates its comminuting. The 
hydride samples were manually comminuted for about 3 minutes after removal from the TG 
system. Figure 3 shows the general aspect of the obtained hydrided Zircaloy powder. In the 
scanning electron microscopy image, shown in Figure 4, we observe the particles size and 
morphology. The powder obtained through this procedure has particles ranging from 2 to 250 
μm. A systematic milling process may produce powder with more regular sizes. 
 
 

 
 

Figure 3.  General aspect of the hydrogenated Zircaloy powder 
 

 
An X-ray spectra for the Zircaloy-4 hydrides is shown in Figure 5. The diffraction peaks 
show the predominant presence of ZrH2 and also indicates the presence of ZrO2. A small shift 
in peak locations was observed due to the different sample stoichiometry (about ZrH2.8) 
compared to the reference ZrH2. It was not observed peaks of pure Zr metal meaning that the 
whole material has been hydrogenated and became Zr hydride. The results indicate that the 
metal samples became a hydride and could be easily comminuted. 
 
 

 
 

Figure 4.  Test 9 SEM image of hydrogenated Zircaloy powder 
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The results show that the hydrogenation process with H partial pressure of 25 or 50 KPa can 
be very intense at low temperatures, and that it is required only few minutes to reach 
important hydrogenation levels.  The higher the Hydrogen level in the hydride, the more 
difficult is to obtain the original material in a dehydrogenation process. For the purpose of 
comminuting the Zircaloy, it is necessary only few minutes of hydrogenation under the above 
conditions.   
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Figure 5.  X-ray spectra for Zircaloy hydride samples from tests 5 and 9  

 
 

4. CONCLUSIONS 
 
Fourth generation nuclear fuels are intended to meet requirements posed by society to the 
nuclear industry such as good safety and economic performance, and reduction of radioactive 
waste and proliferation threats. One possible alternative for such nuclear fuels is that based 
on composite materials such as dispersion of uranium compounds in metal matrices.  
 
Zirconium alloys are good options for the metal matrix in dispersion fuels for power reactors. 
A necessary step for obtaining such fuels is producing Zr alloy powder for the metal matrix 
composite material.  
 
This article presented preliminary results from Zircaloy-4 hydrogenation tests with the 
purpose to embrittle the alloy as a first step for comminuting. Several tests were performed 
and studied through thermogravimetric analysis, and included H2 pressures of 25 and 50 kPa 
and temperatures ranging from 20 to 670 ºC. X-ray diffraction analysis showed the 
predominant presence of ZrH2 in the hydrided samples and some ZrO2. No presence of Zr 
metal was found indicating that the material was completely hydrogenated and became a 
hydride.  
 
Some kinetics parameters for the Zircaloy-4 hydrogenation reaction were obtained: the time 
required to reach the equilibrium state at the dwell temperature was about 100 minutes; the 
hydrogenation rate during the heating process was about 21 mg/h, and at a constant 
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temperature of 670 ºC, it was about 1.15 mg/h. The tests showed that the hydride rate is 
largest during the heating process and most of it takes place during this period. The final 
hydride stoichiometry, at room conditions, was found to lie between 2.7 and 2.8 H for each 
Zr atom in the sample. After hydrogenated, the samples could be easily comminuted. These 
results show that to embrittle the material aiming at comminuting it, only few minutes of 
hydrogenation is necessary under the conditions studied.  
 
For future work, we intend to obtain the Sieverts constant in the temperature range between 
500 and 200 ºC, to study the dehydrogenation process with detail, and to perform tests with 
larger pieces of Zircaloy-4 in tubular furnaces in order to better simulate the actual 
production process of Zircaloy powder.  
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