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Figure 2: Isobaric curves at different temperatures 

 
 

 
Figure 3: Isothermal curves at different pressures 

 
All these curves are sigmoidal with an inflection point at 
t=0.5 and will overlap in a same affinity relative to time 
reduced t /t0.5(fig.4). This suggests that the processes 
controlling the kinetics of hydride formation reactions is the 
same. The affine sigmoid curve of Figure 4 can be divided 
into three domains each translate a mechanism. First domain 
very narrow whose concavity is oriented upward 
corresponding to the appearance of first germs on potential 
sites. 

 
Figure 4: Affinity of the isothermal curves as a function of 

the reduced time 
 
 (●:0.7MPa), (▲: 1MPa), (○:1.5MPa), ( □: 2MPa), (∆: 
3MPa) 
Second domain very large range of almost linear shape 
corresponding to both germination and growth. In the third 
domain germs become large enough and collide with each 
other, which leads to a slowing of the rate of reaction and 
limits the diffusion of hydrogen in the mass of the solid. On 
the other hand isotherms and isobaric experimental curves 
are suitably linearizing in the equation of Johnson and Mehl 
[21] for values of x ranging from 0.15 to 0.85 as shown in 
figure5. [− ln(1 − 𝜉𝜉) ]1/2 = 𝐾𝐾𝑖𝑖

𝑎𝑎𝑖𝑖
t . Such an equation reflects a 

mechanism witch controlled by nucleation and growth (𝐾𝐾𝑖𝑖  is 
the interfacial velocity and  𝑎𝑎𝑖𝑖  the average radius of the 
grains) 

 
Figure 5: Linearization of sigmoidal curves into the 

equation of Johnson and Mehl [21] 
 
3.2.3. Exploitation results of kinetic curves 
the variations of the instantaneous speed V0.5 depending on 
the deviation from the equilibrium pressure (fig.6) are linear 
and can be expressed in the following form: 
V0.5 =  𝐾𝐾𝑖𝑖

𝑎𝑎𝑖𝑖
(𝑃𝑃𝐻𝐻2 − 𝑃𝑃𝑒𝑒) the speed interfacial 𝐾𝐾𝑖𝑖  is function of 

the parameters sample such as: the period, the frequency of 
cycles, the size ....etc.  
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Figure 6: Variation of the instantaneous speed as a function 

of the deviation from the equilibrium pressure 
 
Pe designates the equilibrium pressure for which the speed is 
zero, if the term 𝐾𝐾𝑖𝑖  follows the law of the Arrhenius the rate 

equation V0.5 becomes: V0.5 = 𝐾𝐾0
𝑎𝑎𝑖𝑖
𝑒𝑒−

𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅 (𝑃𝑃𝐻𝐻2 − 𝑃𝑃𝑒𝑒),  Ea is the 

apparent activation energy for the conversion of TiFe0,5Co0,5 

into hydride, it can be deduced from the graph 𝑙𝑙𝐿𝐿 𝐾𝐾𝑖𝑖
𝑎𝑎𝑖𝑖

=

f �1
T
�  represented in figure.7 

 
Figure 7: Determination of activation energy 

 
Note that the values 𝐾𝐾𝑖𝑖

𝑎𝑎𝑖𝑖
 are the slopes of the straight lines of 

Johnson and Mehl [21] the activation energy obtained is 
Ea=30.2 KJ/mol.H2 
 
4. Conclusion 
 
The kinetic study of hydrogen absorption by the TiFe 
compound has allowed us to draw some important results. 
• Sample activation is easy, two cycles are sufficient to 

attain repeatability of experimental curves. 
• The hydrogenation reactions are fast  
• The curves of the hydride formation reactions are 

sigmoidal form and can be transformed into straight 
according to the johnson and mehl equation which reflects 
a mechanism controlled by the nucleation and growth. 

• A logical continuation of this work is to study the 
evolution of the grain size with the number of cycles and 

also the mechanical stress caused by the loading of the 
alloy by hydrogen  
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	the sequence of the elementary steps which occur during the absorption of hydrogen by the metal compounds can be schematized as follows:
	,1-2.H2(gas) → ,1-2.H2(surface) → ,1-2.H2(activated) →H(sites) → H(surface) → H(ads) → H(volume) → H( hydride)
	,1-2.H2(gas) → ,1-2.H2(surface) → ,1-2.H2(activated) →H(sites) → H(surface) → H(ads) → H(volume) → H( hydride)
	1-mass transport: it is possible that this step is the slowest on condition that the particles to be smaller and/or porous and that the rate of the reaction is fast[13]
	2- chemisorptions of the hydrogen molecule: the number of molecules of the gaseous phase which shock the unit surface per second is equal to P/( 2mRTK)1/2 in wich m represents the mass of a molecule, P the pressure in the pore neighborhood and K the ...
	3-dissociation of the hydrogen molecule : if this step is regulative and the previous step is in equilibrium in this case the rate of collection at the pressure Po is given by the adsorption law Langmir : θ = K1Po /K2+K1Po ; K1 and K2 are the constan...
	4-diffusion of hydrogen sites to the metal surface : the diffusion of hydrogen on the surface is more complicated when must be considered the remaining Jx fux previous steps and hydrogen diffusion flux to the surface in the steady state[14]:
	∂Jx/∂x + Jx = 0
	5-transformation of the chemisorbed state to absorbed state: H( chemisorbed) → H(absorbed) in this step the flux is given by: J= K1Co –K2C in wich C is the concentration of hydrogen in the hydride phase, at the equilibrium pressure Co = Ceq
	6-diffusion through the hydride phase : step in which we assume a uniform attack leading to almost instantaneous formation of a protective layer [15] the progress of the reaction result of the synchronization of the following three phenomena:
	interfacial reaction external at the interface gas-solid B
	internal interfacial reaction at the interface solid A-solid B
	the diffusion between the two interfaces of the thickness of the product B
	7-transformation phase : in this case the absorption and diffusion rates are larger than that corresponding to the precipitation of the new phase, of which the composition can only be considered a function of the initial pressure imposed. The equati...
	V= K(PH2- PH2eq) with (H)dissolved = APH2
	3.2. Some numerical data generally used in the equations of solid reactions
	A large number of reactions in the solid state may be represented by type equations F() = Kt, where a is the fraction of the material which has reacted at time t. These equations can also be expressed in the form F() = A (t/ t0.5) where t0.5 is the ...
	3.2.1.Reactions controlled by diffusion which starts at the outside radius r of particles
	This type of reactions is characterized by the Valensi [17 ] equation:
	,D-4.,∝.=,1−,2-3.∝.−,(1−∝)-2/3.=,,𝐾-,𝑟-2...t ,1.
	3.2.2. Reactions controlled by diffusion
	For a one-dimensional diffusion with a constant diffusion coefficient, the reactions are governed by the parabolic law equation:
	,𝐷-1.(∝)= ,∝-2 .=,,𝐾-2𝑋..t ,4.
	2x is the thickness of the reactive layer. This equation can also put in the form:
	,D-1.,∝.=0.25,,𝑡-,𝑡-0.5... ,4.
	the reactions controlled by a two-dimensional diffusion in a cylinder of radius r obey to the equation of J.B.Holt[ 18]
	, 𝐷-2.,∝.=,1−∝.𝐿𝑛,1−∝.+∝=(,𝐾-,𝑟-2..)𝑡=0.1534,,𝑡-,𝑡-0.5... ,5.
	Most analyzes data given by Valensi [17] reduce to the equation ,5. when the volume of the obtained product is the same as the original matéraiu. The equation given by Jander [] on a diffusion controlled by symmetry shérique takes the following form:
	,D-3.,∝.=,,1−,(1−∝)-1/3..-2.=(,𝐾-,𝑟-2..)𝑡 =0.0426(,𝑡-,𝑡-0.5..) ,6.
	3.2.3. Reactions controlled by diffusion in the gain boundaries
	If the reaction is controlled by the movement of a constant velocity  to interface. The equation that relates  to t may then be derived from a simple geometric form. Example for a circular disc or a cylinder we obtained
	,R-2.,∝.=,1−,(1−∝)-1/2..=,,𝜇-𝑟..𝑡 = 0.2929(,𝑡-,𝑡-0.5..) ,7. for a sphere of radius reacting from the surface:
	,R-3.,∝.=,1−,(1−∝)-1/3..=,,𝜇-𝑟..𝑡 = 0.2063(,𝑡-,𝑡-0.5..) ,8.
	3.2.4. kinetic equations based on the concept of reaction order
	Analytically it is most convenient to use an equation:
	, d∝-dt.=,,1−∝.-n. ,9.
	which also applied in the case of reactions in the solid state for some values of n. The integration of the equation ,9. led to some equations already explained. When n = 1/2 the integrated equation ,9. gives equation ,7. as well as n = 2/3 we obtain...
	Sometimes some reactions in the solid state follow a first-order kinetic law n=1. The integrated form of the equation ,9. is
	F,∝.=,ln-,1−∝..= −Kt+C=,0.693-,t-0.5.. ,10.
	for other values of n other than 1; 2/3; 1/2 the obtained equations have no physical signification
	3.2.5. Reactions controlled by nucleation in the gain boundaries
	The mechanism controlling the reaction in the grain boundary assumed that the germination starts only when the surface of each particle is covered with a product layer. However the process of germination can occur at random and cannot be followed by a...
	,A-2.,∝.=,,−,ln-,1−∝...-,1-2..=Kt=0.8326,t-,t-0.5.. ,11.
	,A-3.,∝.=,,−,ln-,1−∝...-,1-3..=Kt=0.8850,t-,t-0.5.. ,12.
	3.3 Experimental Measurements
	3.3.1.First hydriding kinetic
	The compound TiFe0,5Co0,5 absorbs hydrogen at 25 C under a pressure of 4MPa, the first absorption kinetic begins slowly after an induction period of 5 hours and results in the final composition hydride TiFe0,5Co0,5 H1,5 after 48 hours of reaction (Fig.1)
	/
	In a previous study [3] we showed that a preliminary treatment of the sample (10-5Pa vacuum at 200 C) leads to the disappearance of the latency period and an acceleration of the rate of sorption hydrogen. The sample is called activated when after seve...
	3.3.2. Isothermal and isobaric kinetic curves
	After activation of the sample a series recorded curve translated in rate of progress ( = f (t)) were performed at temperatures ranging from 65 to 115 C and at pressures ranging from 0,7 to 3 MPa the rate of progress of the reaction is defined as fol...
	/
	Figure 2: Isobaric curves at different temperatures
	/
	Figure 3: Isothermal curves at different pressures
	All these curves are sigmoidal with an inflection point at t=0.5 and will overlap in a same affinity relative to time reduced t /t0.5(fig.4). This suggests that the processes controlling the kinetics of hydride formation reactions is the same. The aff...
	/
	Figure 4: Affinity of the isothermal curves as a function of the reduced time
	(●:0.7MPa), (▲: 1MPa), (○:1.5MPa), ( □: 2MPa), (∆: 3MPa)
	Second domain very large range of almost linear shape corresponding to both germination and growth. In the third domain germs become large enough and collide with each other, which leads to a slowing of the rate of reaction and limits the diffusion of...
	/
	Figure 5: Linearization of sigmoidal curves into the equation of Johnson and Mehl [21]
	3.2.3. Exploitation results of kinetic curves
	the variations of the instantaneous speed V0.5 depending on the deviation from the equilibrium pressure (fig.6) are linear and can be expressed in the following form:
	,V-0.5.= ,,𝐾-𝑖.-,𝑎-𝑖..(,𝑃-𝐻2.−,𝑃-𝑒.) the speed interfacial ,𝐾-𝑖. is function of the parameters sample such as: the period, the frequency of cycles, the size ....etc.
	,V-0.5.= ,,𝐾-𝑖.-,𝑎-𝑖..(,𝑃-𝐻2.−,𝑃-𝑒.) the speed interfacial ,𝐾-𝑖. is function of the parameters sample such as: the period, the frequency of cycles, the size ....etc.
	/
	Figure 6: Variation of the instantaneous speed as a function of the deviation from the equilibrium pressure
	Pe designates the equilibrium pressure for which the speed is zero, if the term ,𝐾-𝑖. follows the law of the Arrhenius the rate equation ,V-0.5. becomes: ,V-0.5.=,,𝐾-0.-,𝑎-𝑖..,𝑒-−,𝐸𝑎-𝑅𝑇..,,𝑃-𝐻2.−,𝑃-𝑒.., Ea is the apparent activation ener...
	/
	Figure 7: Determination of activation energy
	Note that the values ,,𝐾-𝑖.-,𝑎-𝑖.. are the slopes of the straight lines of Johnson and Mehl [21] the activation energy obtained is Ea=30.2 KJ/mol.H2
	The kinetic study of hydrogen absorption by the TiFe compound has allowed us to draw some important results.
	Sample activation is easy, two cycles are sufficient to attain repeatability of experimental curves.
	The hydrogenation reactions are fast
	The curves of the hydride formation reactions are sigmoidal form and can be transformed into straight according to the johnson and mehl equation which reflects a mechanism controlled by the nucleation and growth.
	A logical continuation of this work is to study the evolution of the grain size with the number of cycles and also the mechanical stress caused by the loading of the alloy by hydrogen
	References
	J.Suzuki M.Abe, J. Less. Common. Met., 131(1987)301-309
	Gabrie Valensi, kinetics of oxidation of metallic spherules and powder , Compt. Rend., 202 (4) (1936) 309-12
	J.B.Holt, I.B.Culter and Wadswotth., rate of termal dehydratation ok kaolinite in vaccum J. Am.Ceram.Soc.45 (3) (1962) 133-36
	M.Avrami, kinetics of phase change., J.Chem.Phys., 7 (12) 1939) 1103-12
	B.V.Erofe’ev ., generalized equation of chemical kinetics and its application in reaction involving solids Compt.rend.Acad.Sci.URSS., 52(1946) 511-14
	W.A.Johnson, R.F.Mehl., Trans. Am.Inst.Min.Eng.135 (1939) 451



