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Abstract 

Development of hydrogen storage in metal hydrides requests efficient, simple and safe 

processes such as room temperature forging. Samples elaborated in this way from Mg and 

Ni powders result in bulk pellets whose only identified phases are Mg and Ni. Deuterium 

absorption occurs from 250°C in these samples due to the co-existence of basal fiber texture 

and structural defects, both induced by forging. In situ neutrons diffraction analysis shows 

the progressive formation of the Mg2NiD0.3 / Mg2NiD4 phases upon deuterium cycling and 

allows to identify the multi-step absorption and desorption mechanisms at temperatures as 

low as 270°C. The growth of the Mg2NiD0.3 / Mg2NiD4 phases occurs in a short time during 

the second step of the deuterium absorption – as Mg2NiD0.3 transformed into Mg2NiD4 – 

and progresses from the periphery of the initial Ni particles towards their center. The 

mechanism is controlled simultaneously by deuterium diffusion and migration of Mg atoms 

through the already formed Mg2NiD4 deuteride. The reaction between Mg and Ni is not 

observed in the absence of deuterium, even after annealing at 285°C for 48 hours, thus we 

evidence a deuterium-induced mobility of the metal atoms.  

Keywords: Hydrogen absorbing materials; Magnesium; Nickel; Forging; Kinetics; Neutron 

diffraction. 
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1. Introduction 

Magnesium and its alloys have attracted significant interest in the field of hydrogen storage 

owing to their high hydrogen-storage capacity, low-cost and abundance in Earth’s crust. 

However, the high thermodynamic stability of Mg-H bond as well as sluggish sorption kinetics 

limit their practical applications [1-3]. Many efforts have been devoted to modify the sorption 

properties of Mg-based materials [4]. High Energy Ball Milling (HEBM) of MgH2 powders 

with the addition of 3d-transition metal or oxides – which play the role of catalysts in the 

sorption reactions – is widely used [5-8]. Among the commonly used 3d transition metals, 

nickel (Ni) acts as an efficient promoter of hydrogen sorption kinetics [8]. Mechanical alloying 

was also successfully applied starting from a mixture of Mg and Mg2Ni powders to improve 

the hydrogenation/dehydrogenation rate of Mg/MgH2. It is established that the presence of the 

Mg2Ni phase can play a catalytic role on the formation of MgH2 [9]. Moreover, a remarkable 

synergetic effect has been evidenced in a composite material in which the desorption 

temperature of MgH2 can be lowered by about 100 K thanks to the presence of Mg2NiH4 [10]. 

This effect certainly results from the lower thermodynamic stability of Mg2NiH4 as compare to 

MgH2. Nevertheless, when large-scale production is desired, the HEBM processes are 

prohibitive as they are time- and energy-consuming, and require substantial manpower. In 

addition, the handling of these pyrophoric powders poses serious safety problems. 

Several processes such as melt-spinning [11,12] and Severe Plastic Deformation (SPD) [13] 

were then carried out to improve the hydrogenation/dehydrogenation rates in Mg-based 

materials in order to induce microstructure refinement, texture and/or specific grain boundaries 

in "bulk" nano-materials, while avoiding the problem associated with surface reactivity [14-15]. 

Among these studies, SPD processes have been widely applied to Mg-Ni alloys, including 

Equal Chanel Angular Pressing (ECAP) [16-18], High Pressure Torsion (HPT) [19-24] and 

Cold Rolling [25, 26].  
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Forging, the ancestral metalwork technique, was also carried out at room temperature starting 

from MgH2 powders [27,28]. In a previous study [29], the authors have investigated how 

forging can induce high sorption performance while offering a safe and efficient route to 

manufacture Mg-based materials at large-scale. The samples were prepared from a precursor 

made of compacted powders of Mg and Ni mixed in proportions close to those of the Mg-rich 

eutectic (Tm = 506°C). More recently, different forging conditions were used to consolidate Mg 

+ Ni powders in order to improve the hydrogen storage properties through microstructure 

optimization [30]. A strong impact of the applied forging conditions was observed. Samples 

forged at elevated temperature, close to the melting point, displayed the fastest desorption -  

which was ascribed to the formation of Mg2Ni upon forging - but their absorption kinetics 

remained rather slow. In contrast, powder samples cold forged at room temperature exhibited 

rather fast absorption kinetics promoted by a strong fiber texture [30] and internal strains 

induced in the brittle state of Mg, but slow desorption kinetics because no Mg2Ni had formed 

at room temperature. Eventually, samples submitted to a previous annealing followed by cold 

forging exhibited the best compromise for absorption, including a fast activation (first 

absorption), as well as an improved desorption. The sorption properties of these annealed and 

forged samples were the subject of an in-depth study performed in situ by neutron diffraction 

that will be discussed elsewhere [31]. Nevertheless, the direct forging of compacted powders at 

room temperature offers a clear advantage in large-scale production, because it allows to avoid 

a previous annealing under protective atmosphere. Moreover, while samples forged directly at 

room temperature contain only the Mg and Ni phases after forging, we have shown that Ni 

reacts with magnesium during hydrogen cycling at 310°C to form a Mg2Ni related phase, 

leading to a progressive improvement of the sorption kinetics [29]. This recombination was not 

expected at such a low temperature, where metal atoms mobility is very slow.  
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The purpose of the present contribution is to analyze results of in situ neutron diffraction 

experiments performed under deuterium atmosphere from a Mg + Ni composite consolidated 

by cold forging in order to identify which sorption conditions are beneficial to the growth of 

the Mg2Ni and/or Mg2NiH4 phases at such a relatively low temperature. Electron microscopy 

of the partially deuterated sample was also used to elucidate the formation mechanisms of these 

phases at a microstructural scale. 

2. Experimental 

2.1 Sample preparation 

Atomized Mg powder having a 30 - 40 µm spherical particle shape, produced by the SFM 

Company, Switzerland (99.8 wt % purity) and nickel powder of about 5 - 10 µm produced by 

Neyco, France (99.5 wt % purity) were used as starting materials. Prior to forging at room 

temperature, samples were prepared using the following procedures. Firstly, batches of Mg-22 

wt % Ni powders were mixed by manual grinding in a glove box under argon atmosphere. 

Subsequently, this mixture was compacted in a die applying a pressure of about 100 MPa. These 

compacted powders in the form of pellets are referred to as starting materials in the present 

work. Finally, forging was done on 3 pellets (13 mm in diameter) that were inserted into a thin 

cylindrical stainless-steel sheath (22 mm height and 0.5 mm wall thickness) to avoid a burst 

effect at shock [29]. The cold forging was carried out at room temperature in an open die, using 

a 150 kg hammer dropped from a height of 1.5 m at a rate of 4.7 m/s with a device initially 

designed for hard magnets elaboration [32]. A single pass was applied, and the height of the 

specimen was reduced from 22 to 5.5 mm, which corresponds to a reduction rate of 75%. 

2.2 Deuterium sorption and phases characterization 

For in situ neutron diffraction, the sample (2.00 g) was broken into small parts and poured into 

the 8 mm diameter molybdenum sample holder. The Mo airtight sample holder was equipped 
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with a valve and a stainless-steel capillary tube that was connected to a Sievert apparatus from 

Hiden-Isochema allowing sorption measurements in the course of the neutron diffraction 

experiment. Deuterium (D2) was used in place of hydrogen to dispense from its high incoherent 

scattering. The sample temperature was monitored by the use of an external thermocouple 

placed above the sample-holder, the all being inserted into a vanadium furnace. Neutron powder 

diffraction was performed at the CRG-D1b diffractometer at the Institute Laue Langevin (ILL) 

neutron source in Grenoble (France) with λ = 2.52 Å. In situ diffraction patterns were recorded 

during the heating step under dynamic vacuum up to a set point of 250°C and during several 

successive deuterium absorption-desorption sequences. The description of deuterium charging-

discharging procedures is given in Table 1. Because the amount of deuterium absorbed by the 

sample was high comparatively to the internal volume of the Sievert apparatus, the internal 

pressure recorded on desorption increased progressively close to the equilibrium pressure 

before the full desorption of the sample. It was then necessary to manually reduce the deuterium 

pressure 2 or 3 times upon desorption, so that the pressure evolved from 0.15 bars to about 1.5 

bars. Diffraction patterns were collected every 2 min and analyzed according to the Rietveld 

method using the FullProf Suite [33].  

Table 1 Description of deuterium charging-discharging procedures. 

 Charging/Absorption Discharging/Desorption 

1st cycle  T= 250 °C, P(D2) = 20 bars,  

lasting for 400 minutes 

T = 270 °C, 0.15 < P(D2) < 1.5 bar 

lasting for 90 minutes 

2nd cycle T= 270 °C, P(D2) = 20 bars, 

lasting for 270 minutes 

T = 270 °C, 0.5 < P(D2) < 1.5 bar, 

P(D2) decreased at 55 min. and at 115 min. 

T increased to 285°C at 115 min. lasting for 180 min 

Dynamic vacuum lasting for 240 min. 
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3rd cycle T= 285 °C, P(D2) = 20 bars, 

lasting for 120 minutes 

T = 285 °C, 0.15 < P(D2) < 1.5 bar 

P(D2) decreased at 40 min.  

lasting for 100 minutes 

4th abs. T= 285 °C, P(D2) = 20 bars, 

lasting for 60 minutes 

  

 

The phase composition and microstructure investigations before and after deuterium charging 

were carried out by using a combination of X-Ray Diffraction (XRD) analysis and scanning 

electron microscopy (SEM) observations coupled with electron backscatter diffraction (EBSD) 

mapping. The samples were mechanical polished using SiC papers with grits from 1000 to 4000 

followed by electrolytic polishing in an electrolyte of 62% phosphoric acid and 38% ethanol at 

2 V for 3 min, at −15 °C. To collect high-quality Kikuchi patterns, the samples were Ar ion 

polished with a PECS-II GATAN using 3.0 keV beam energy under dual beam condition, with 

gun angle of 2° and for about 2 h. Then EBSD characterization was performed at a step size of 

100 nm using a field emission JEOL-6500F SEM equipped with the AZtec acquisition software 

package.  

3. Results 

3.1 Phase and texture analysis before deuterium charging 

The XRD patterns recorded on the surface of the compacted powders and after forging on a 

surface perpendicular to the forging direction are shown in Fig. 1a. Only the initial phases Mg 

and Ni and a very low amount of MgO were detected before and after forging, indicating that 

no phase transformation occurs under the impact loading at room temperature. It is interesting 

to notice however that the relative intensity of the Mg peaks was modified with the (0002) peak 

becoming more intense after the cold deformation. As already reported in [30], where the 

texture analysis was presented, since plastic deformation is dominated by magnesium for the 
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powder mixture, the forged sample is characterized by a majority of Mg grains having <0001> 

direction approximately parallel to the forging direction (Fig. 1b). The formation of this {0001} 

basal fiber texture is related to the slip systems {0001}< 112"0 > operating on the basal planes 

[34].  

 

Fig. 1:  XRD patterns of Mg-22wt% Ni powder before and after cold forging (a) and pole 
figure of Mg-phase after cold forging meaured by XRD (b) [17]. 
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3.2 Deuterium sorption kinetics and phases evolution investigated by in situ neutron 

diffraction 

3.2.1 Deuterium absorption  

Fig. 2 shows the kinetics curves of deuterium uptake (Fig. 2a) and the in-situ neutron diffraction 

patterns recorded after 60 min of charging (Fig. 2b) during each absorption process. As describe 

in Table 1, absorptions were performed under a pressure of 20 bars, and deuterium was released 

from the sample prior to each loading. 

Forging the Mg-Ni powder sample at room temperature allows the first deuterium absorption 

(Abs1) to occur at a temperature as low as 250°C, which is 100°C lower than for the “standard” 

micrometric Mg powders [35, 36]. Since the deuterium uptake kinetics was rather slow at 

T = 250°C, only approximately 4.0 wt % of deuterium was absorbed after 300 minutes of 

deuterium charging. It should be mentioned that due to a technical problem, it was not possible 

to record the hydrogen up-take at the beginning of this first stage of absorption. As the charging 

temperatures for the second absorption (Abs2) and third absorption (Abs3) were increased to 

T = 270°C and T = 285°C respectively, the deuterium uptake kinetics were largely improved.  

The in situ neutron diffraction patterns collected after 60 min of deuterium charging for each 

cycle (Fig. 2b), shows two peaks positioned at 2θ = 70° and 105° which arise from the 

molybdenum sample holder. The diffraction pattern recorded at 250°C under vacuum (i.e., 

without charging) is also given for comparison. After heating under vacuum for 60 min, only 

the initial phases Mg and Ni were detected, indicating that no Mg2Ni phase was formed because 

the temperature of 250°C was insufficient to promote interdiffusion of Mg and Ni. Submitting 

the sample to a pressure of 20 bars at 250°C (Abs1) induces magnesium deuteration, as can be 

seen from the additional peaks corresponding to MgD2 in the neutron diffraction pattern. As the 

charging temperature for Abs2 and Abs3 increased to T = 270 °C and T = 285 °C, the diffraction 

peaks corresponding to Mg2NiD4 phase became clearly visible, whereas they were not 
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detectable after 60 minutes at 250°C. With the increase of temperature, the relative intensities 

of the diffraction peaks corresponding to the MgD2 and Mg2NiD4 phases became more intense 

in comparison with the Mg ones. 

 

Fig. 2: Kinetic curves of deuterium uptake recorded during each absorption (a) and neutron 
diffraction patterns collected after 60 min of deuteration for each cycle (b). 
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The structural analyses were performed using Rietveld refinement of the neutron diffraction 

patterns. Fig. 3 shows the refined patterns collected at the end of each absorption. The colorful 

dots and black lines correspond to the measured and calculated profiles respectively, and the 

blue lines are their corresponding difference. The very limited difference between the observed 

and the calculated patterns allowed to gain reliable data for each phase constituent. The binary 

MgD2 deuteride has a tetragonal body centered (P42/mnm) crystal structure. Its lattice 

parameters were determined to be a = 4.5091 Å and c = 3.0193 Å. The Mg2NiD4 phase has a 

face-centered cubic structure (Fm-3m) with lattice parameter of a = 6.5128 Å. Table 2 gives the 

weight fractions of phase constituent calculated from the Rietveld. These data confirmed that 

only a very limited amount of Mg2NiD4 was formed during the absorption at 250°C, while 

increasing amounts of Mg2NiD4 were detected as the temperature and the sorption cycle 

increased.  

    

Fig. 3: Rietveld refinements of the neutron diffraction patterns collected at the end of Abs1 
(a) and Abs2 (b), Abs3 (c) and Abs4 (d), respectively. 
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Table 2 Weight fractions of phase constituents calculated from Rietveld refinements of neutron 
diffraction patterns during deuterium absorption. 
  

Mg, 
 wt % 

Ni, 
 wt % 

Mg2NiD0.3, 
wt % 

MgD2, 
 wt % 

Mg2NiD4, 
 wt % 

Abs1@250 °C      
t = 0 min 
t = 60 min 
t = 120 min 
t = 400 min 

74.29 ± 0.56 
60.63 ± 0.48 
56.56 ± 0.46 
49.73 ± 0.42 

25.02 ± 0.24 
25.30 ± 0.23 
25.22 ± 0.22 
24.66 ± 0.22 

0 
0 
0 

0.06 ± 0.02 

0.65 ± 0.07 
14.00 ± 0.13 
18.05 ± 0.15 
24.97 ± 0.17 

0 
0.03 ± 0.001 
0.07 ± 0.01 
0.56 ± 0.002 

Abs2@270°C      
t = 0 

t = 60 min 
t = 120 min 
t = 270 min 

73.74 ± 1.13 
40.85 ± 0.95 
31.83 ± 0.92 
22.64 ± 0.95 

22.97 ± 0.28 
21.34 ± 0.27 
21.28 ± 0.28 
20.86 ± 0.30 

0.50 ± 0.18 
0.57 ± 0.23 
0.57 ± 0.25 
0.63 ± 0.27 

1.05 ± 0.06 
33.23 ± 0.35 
42.01 ± 0.43 
51.13 ± 0.55 

0.16 ± 0.07 
2.21 ± 0.11 
2.48 ± 0.12 
2.87 ± 0.14 

Abs3@285°C      
t =0 min 
t = 60 min 
t = 120 min 

71.69 ± 1.25 
34.31 ± 1.08 
29.36 ± 1.08 

17.67 ± 0.27 
15.00 ± 0.25 
14.90 ± 0.27 

5.64 ± 0.61 
0.37 ± 0.33 
0.44 ± 0.40 

2.48 ± 0.08 
37.19 ± 0.45 
42.08 ± 0.53 

0.27 ± 0.08 
10.61 ± 0.23 
10.83 ± 0.25 

Abs4@285°C      
t = 0 min 
t = 60 min 

69.72 ± 2.23 
39.62 ± 0.92 

12.88 ± 0.42 
11.96 ± 0.23 

11.25 ± 0.59 
1.30 ± 0.30 

0.85 ± 0.15 
35.66 ± 0.41 

0 ± 0.16 
15.21± 0.23 

 

In order to correlate the phase constituent dependence with absorption kinetics, the deuterium 

uptake curve and the changes in phase content are superimposed on the same plot in Fig. 4. 

Note that, because the kinetics of phase transformations increased with temperature and 

numbers of cycles, the time scales of the different figures are different. For the first deuterium 

absorption at T = 250°C (Fig. 4a), only one-third of Mg transformed into MgD2 after 400 min 

of deuterium charging, due to the sluggish diffusion activity of deuterium atoms at low 

temperature. As the charging temperature for the second absorption increased to T = 270°C (Fig. 

4b), and because the sample was partially activated after the first sorption cycle, the formation 

of MgD2 was largely accelerated. As indicated in Fig. 4b, two-third of Mg transformed into 

MgD2 within 270 minutes of deuterium charging. The sample took up about 8.01 wt % of 

deuterium upon this second absorption, which is twice the amount of deuterium achieved during 

the first absorption. During the second absorption, the formation of a low amount of Mg2NiD4 
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(about 2.87 wt %) is also observed. This formation is accompanied by a reduction in the 

proportion of Ni and takes place mainly during the first 10 minutes of the deuterium absorption. 

Increasing the deuterium charging temperature to 285°C for the third absorption led to a further 

acceleration of the absorption kinetics (Fig. 4c). As observed, a three-stage deuterium uptake 

took place. A change in slope is observed after 10 min while the kinetics became much slower 

after about 17 minutes. The first rapid stage of absorption is directly related to the formation of 

the MgD2 phase in the presence of the Mg2NiD0.3 solid solution resulting from the desorption, 

since no formation of Mg2NiD4 was observed at this stage. The formation of additional MgD2 

phase became more sluggish after about 10 minutes, a time at which the deuterium uptake was 

also completed via the Mg2NiD0.3 → Mg2NiD4 transformation (stage II). This is visible in the 

2D plot representing the neutron diffraction scans in Fig. 4e. For a clearer visualization, only a 

part of the collected diffraction data is shown with 2θ value ranging from 30 to 65°. It is 

interesting to notice that the Mg2NiD0.3 → Mg2NiD4 transformation, which occurred between 

10 and 17 minutes, was accompanied by an additional formation of Mg2NiD4 and a slight 

decrease in the Ni content within the sample. After 17 min, once the formation of Mg2NiD4 was 

completed, the amount of Ni remained rather constant on charging. After these 17 min of 

charging, the deuterium uptake was only associated with the formation of additional MgD2 with 

a slow kinetics (stage III). The comparison of Fig. 4c and Fig. 4d reveals that the three-stage 

deuterium uptake behavior - associated with (i) the rapid formation of MgD2 followed by (ii) 

both MgD2 and Mg2NiD4 formation and then (iii) the completion of the absorption by MgD2 

solely - was even more obvious during the fourth deuterium absorption as the amount of 

Mg2NiD0.3 initially present at the beginning of the absorption had increased. Also, it is clear 

from the data gathered in Table 2 that an additional amount of Mg2NiD4 was formed after each 

absorption while the amount of Ni gradually decreased.  
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Fig. 4: Deuterium absorption kinetics coupled with phase evolution during each deuterium 
charging under a deuterium pressure of 20 bars: (a) Abs1 at T = 250 °C, (b) Abs2 at T = 270 °C, 
(c) Abs3 at T = 285 °C, and (d) Abs4 at T = 285 °C; (e) and (f) correspond to the 2D plots of 
neutron diffraction patterns recorded during Abs3 and Abs4, respectively. For a clear 
visualization we show only a part of the diffraction data (2θ range 30─65°). 

 

3.2.2 Deuterium desorption 

The deuterium release kinetics and the corresponding phase evolutions are depicted in Fig. 5 

for each desorption. The first desorption (Des1) was performed at a temperature of 270°C, 

starting from a deuterium pressure of 0.15 bars. However, due to the relatively high amount of 

sample in comparison to the experimental volume, the pressure increased progressively to reach 

1.47 bars at the end of Des1. On the second (Des2) and the third (Des3) desorptions, since 

relatively larger amounts of deuterium were absorbed by the sample during the absorption 

process (Fig. 4b and Fig. 4c), the desorption pressure had to be lowered several times from 

about 1.5 bar to 0.15 bar to proceed with the desorption process. This was made necessary 
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because the driving force for the desorption reaction is strongly reduced when the hydrogen 

pressure tends to reach the equilibrium pressure between the metal and its hydride. Thus, 

deuterium was released from the sample through a discontinuous process for Des2 and Des3, 

as previously seen in Table 1. For Des2, the 2 first steps of deuterium desorption were carried 

out at T = 270 °C.  Since there was still about 2.3 wt % of deuterium stored in the sample after 

115 min of desorption, the desorption temperature was increased to T = 285°C for 65 minutes 

in order to desorb the remaining deuterium in a reasonable time, then followed by a final step 

under dynamic vacuum which is not reported since it was not anymore possible to record the 

deuterium released. For Des3, the deuterium discharging was carried out at 285 °C in 2 steps. 

Table 3 gives the weight fractions of phase constituents calculated from the Rietveld 

refinements of neutron diffraction patterns during each desorption. For the first desorption, most 

of the deuterium was released from the MgD2 phase after 90 min of discharging within one 

single step, as shown in Fig. 5a. However, approximately 0.68 wt % of deuterium remained in 

the sample in the form of MgD2. In addition, a slight amount (about 0.23 wt %) of the Mg2NiD0.3 

solid solution had formed upon the deuterium desorption, with a hexagonal crystal structure 

(P 62 2 2, a = 5.2269 Å and c = 13.3092 Å). It could be assumed that this Mg2NiD0.3 phase 

results from the desorption of the Mg2NiD4 phase formed during the first absorption at 250°C, 

even if this amount is too low to be detected at the beginning of Des1. 

Fig. 5b shows the deuterium release kinetics with respect to phase evolution during the second 

deuterium desorption. The Mg2NiD4 phase formed during the Abs2 completely decomposed 

into Mg2NiD0.3 and deuterium within 6 min. Comparatively, the MgD2 → Mg + D2 reaction 

proceeded rather slowly and about 2.3 wt % of deuterium was still present in the sample in the 

form of MgD2 and Mg2NiD0.3 after 115 min. at 270°C. As the desorption temperature was 

increased to T = 285°C for further desorption, the sample was almost completely desorbed 

except for the residual deuterium present in the form of Mg2NiD0.3 solid solution and few 
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amount of MgD2 after another 60 min. At the end of this desorption step about 3.51 wt % of 

Mg2NiD0.3 was formed, which is slightly higher than the amount of Mg2NiD4 present in the 

sample at the beginning of this desorption (2.95 wt %). This confirms that the solid solution 

mainly results from the decomposition of the already formed Mg2NiD4, although a small 

proportion of additional solid solution may also have formed during desorption, as suggested 

by the decrease in the amount of nickel. Moreover, as a further step of desorption under dynamic 

vacuum was applied at the end of Des2 (between 180 and 240 min., as indicated in Table 1), an 

additional amount of Mg2NiD0.3 (up to 5.14 wt %), appears simultaneously with the decrease 

of Ni (down to 17.56 wt %) indicating an enhance reaction under vacuum. 

 

Table 3 Weight fractions of phase constituents calculated from Rietveld refinements of neutron 
diffraction patterns during deuterium desorption. 
  

Mg, 
 wt % 

Ni, 
 wt % 

Mg2NiD0.3, 
wt % 

MgD2, 
 wt % 

Mg2NiD4, 
 wt % 

Des1@270 °C      
t = 0 min 
t = 90 min  

49.61 ± 0.46 
70.80 ± 0.55  

24.60 ± 0.24 
24.65 ± 0.23  

0.089±0.34 
0.23±0.30  

24.55 ± 0.19 
2.82 ± 0.07  

0 
0  

Des2@270°C      
t = 0 

t = 55 min 
t = 115 min 

 
Des2@285°C 
t = 180 min 

 
Des2@285°C  
t = 240 min 

22.24 ± 1.23 
35.20 ± 0.96 
54.06 ± 1.03 

 
72.56 ± 1.18 

 
 
dynamic vac.  

73.18 ± 1.22 

22.16 ± 0.47 
21.26 ± 0.35 
20.81 ± 0.30 

 
19.91 ± 0.28 

 
 
 

17.56 ± 0.26 

0.25 ± 0.57 
2.18 ± 0.47 
2.39 ± 0.56 

 
3.51 ± 0.57 

 
 
 

5.14 ± 0.48 

53.50 ± 0.81 
39.35 ± 0.48 
20.83 ± 0.23 

 
2.16 ± 0.06 

 
 
 

0.14 ± 0.06 

2.95 ± 0.14 
0 
0 
 
0 
 
 
 
0 

Des3@285°C      
t =0 min 
t = 44 min 
t = 104 min 

28.42 ± 1.06 
49.64 ± 1.41 
69.50 ± 1.89 

15.40 ± 0.31 
14.96 ± 0.38 
14.10 ± 0.40 

2.85 ± 0.55 
11.09 ± 0.56 
12.69 ± 0.53 

42.64 ± 0.55 
23.98 ± 0.38 
3.08 ± 0.12 

7.41 ± 0.22 
0 
0 
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Fig. 5c shows the deuterium release kinetics and related phase evolution during the third 

deuterium desorption, performed at T = 285 °C. As for the second desorption, the reaction 

proceeded in a reverse order to the deuterating process observed on the third absorption (Fig. 

4d and 4e). First, the Mg2NiD4 transformed into the Mg2NiD0.3 solid solution and deuterium in 

a very short period of time (less than 3 minutes). Subsequently, the MgD2 transformed into Mg 

and deuterium. This second stage was again a rather slow process, as confirmed in Fig. 5d by 

the 2D plot representing neutron diffraction patterns. After about 100 min. of desorption, there 

was still about 0.90 wt % of deuterium remaining in the sample in the form of Mg2NiD0.3 

(~12.69 wt %) and MgD2 (~3.08 wt %). The proportion of solid solution observed at the end of 

desorption corresponds essentially to the desorption of the Mg2NiD4 phase initially present at 

the end of absorption 3, to which is added, however, the direct formation of Mg2NiD0.3 as 

indicated by the decrease in the quantity of nickel during the reaction (from 15.4 to 14.1 wt %). 
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Fig. 5: Deuterium release kinetics coupled with phases evolution during each discharging 
process. (a) Des1 at T = 270°C and a progressive increase of the deuterium pressure from 
0.15 to 1.5 bars, (b) Des2-Part1 and Part2 at T = 270 °C, Des2-Part 3 at T = 285 °C (c) Des3 at 
T = 285 °C. Note that the second desorption was divided into three parts and the third one into 
two parts, the vertical dashed lines corresponding to the deuterium pressure reductions 
respectively at 55 and 115 minutes for Des 2, and at 40 minutes for Des 3. (d) 2D plot of neutron 
diffraction patterns for Des3-Part 1. 

 

3.3 Microstructural analysis after deuterium charging 

Fig. 6 presents the microstructure of the partially deuterated sample after the 4th charging. A 

SEM micrograph taken from the cross section of the partially charged sample is shown in Fig. 
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6a. The large domains elongated along the horizontal axis are due to the flattening, on forging, 

of the initial larger Mg powder particles. The finer and more equiaxed domains surrounding 

them witness the presence of the fine and hard Ni powder particles. The progressive deuterium 

charging has induced internal stress and partial fragmentation of some particles. A closer 

analysis of the selected area shown in (Fig. 6a) is given in the following images. Fig. 6b and 6d 

are two SEM micrographs imaged under secondary (SEI) and back scattered (BSE) electron 

conditions, respectively. Fig. 6c shows the corresponding EBSD phase map, superimposed with 

band contrast, in which the phases Mg, Ni, MgD2 and Mg2NiD4 are colored in red, yellow, 

green and blue, respectively. The initially compressed and elongated Mg particles are 

surrounded by the newly formed MgD2 grains. A kind of sandwich-like structure MgD2-Mg-

MgD2 was formed by MgD2 nucleated at the periphery of the Mg powder particles and growing 

toward their center. A detailed analysis of the Mg grains mapped in the IPF maps in Fig. 6e and 

the MgD2 domains in Fig. 6f did not reveal any preferential orientation relationship between 

the two phases. Although this sample is in a partially hydrided state, it was rare to encounter 

grains with both the deuteride (MgD2) and the metal (Mg) phases coexisting. As indicated by 

the blue and yellow color in Fig. 6c, the ternary magnesium nickel deuteride Mg2NiD4 grains 

were formed at the periphery of the initial sites of the Ni powder particles. The presence of 

remaining Ni phase indicates that Ni was only partially alloyed with Mg through the 

interdiffusion of Mg and Ni upon the successive deuterium charging/discharging cycles. 

Approximately 45 ± 1.0 % wt % of Ni was consumed progressively to form 

Mg2NiD0.3/Mg2NiD4 during the different deuterium sorption cycles (Table 2 and Table 3).  
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Fig. 6: Microstructure of the partially deuterated sample. (a) SEM-SEI image taken from the 
cross section, (b) and (d) close observation of the selected area in (a) using SEI and BSE, 
respectively; (c) EBSD phase map superimposed with band contrast, in which the phases Mg, 
Ni, MgD2 and Mg2NiD4 are indicated in red, yellow, green and blue, respectively; IPF maps of 
Mg (e), and MgD2 (f), respectively (the porosities are in black). 
 

4. Discussion 

This study demonstrates that deuterium absorption can occur at temperatures as low as 250 °C 

by forging at room temperature a compact made of a mixture of Ni and Mg powders. Although 
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the uptake kinetics is rather slow, this result is remarkable as the sample initially contains Ni 

and pure Mg particles only. There is therefore no synergistic effect as observed when the Mg2Ni 

phase is present [9-10], although the hydrogenation of micro-sized Mg powders normally 

occurs at temperatures above at least 300 °C [35, 36]. The direct effect of cold-forging on the 

hydrogen uptakes has been shown in our previous work [30] for the Mg-Ni powder by 

comparing the behavior of the initially compacted powder mixture with the cold-forged one. 

The basal fiber texture as well as the structural defects induced upon cold-forging are likely to 

facilitate hydrogen diffusion through the sample volume leading to faster absorption rates than 

the one observed for the simply initially compacted powders. Indeed, Jorge Jr et al. [37] have 

shown that the presence of a basal fiber texture is the best orientation for hydrogen absorption 

while structural defects have been shown to enhance absorption kinetics [34, 35, 37-39] and 

lower the temperature of absorption.  

The Mg2NiD4 forms essentially during the second absorption, performed at 270°C. Even if the 

formation kinetics of this phase is rather low (less than 3 wt % in a few hours), it must be 

recalled that it involves here the mobility of the metal atoms of Mg and/or Ni at a temperature 

close to about 0.5 Tm, well below the melting point of the eutectic composition (Tm = 506°C). 

In order to follow the global reaction of Mg and Ni, the sum of the mole fractions of the 

Mg2NiD4 phase and the solid solution Mg2NiD0.3 recorded at the beginning and at the end of 

each absorption and each desorption are plotted in Fig. 7. This figure shows that Mg and Ni are 

more likely to react and form Mg2NiD4 during the absorption process than the desorption one. 

The formation reaction is obviously more pronounced at 285°C, which is still a modest 

temperature compared to the melting temperature of the eutectic composition. The Mg2NiD0.3 

solid solution that forms during the desorption is mostly inherited from the Mg2NiD4 already 

formed in the previous absorption stage. A slight reaction of Mg and Ni to form Mg2NiD0.3 is 

however observed when desorption takes place in low deuterium pressure regime (second part 
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of Des3). This recombination is even more pronounced under a dynamic vacuum regime (last 

step of Des2). 

 

Fig. 7: Weight fraction of Mg2NiD0.3 + Mg2NiD4 at the beginning and at the end of each 
absorption and each desorption. Note that the 3rd point reported for Des2 corresponds to the 
amount achieved after desorption under dynamic vacuum. 

 

As already mentioned, the progressive formation of Mg2NiD4 upon cycling is accompanied by 

the evolution of the absorption reaction into a multi-step process. This is most probably the 

result of thermodynamic considerations, the Mg2NiD4 hydride being less stable than MgH2. A 

similar behavior was observed on samples forged in different experimental conditions, and will 

be discussed in a distinct paper [31]. A careful observation of Fig. 4c and Fig. 4d shows that it 

is mainly during stage II of the absorption, corresponding to the hydriding of the solid solution 

Mg2NiD0.3, that an additional amount of Mg2NiD4 appears and that the quantity of Ni decreases 

concomitantly. Thus, the Mg2NiD4 phase appears to form directly without passing through the 

intermediate formation of the Mg2Ni intermetallic compound. This transformation occurs 

within a short period of time, during the step II of absorption. Indeed, for Abs4 (Fig. 4d) for 
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example, an increase of about + 6 wt % of the amount of the sum ∑ Mg2NiD0.3 + Mg2NiD4 is 

obtained within 12 minutes only. 

The microstructure observations in Fig. 6 show that the Mg-Ni compounds are formed from the 

periphery of the Ni particles towards their core. This requires a fast propagation of the reaction 

front at the interfaces between the Mg2NiD0.3 or Mg2NiD4 phases and Ni one, using a process 

controlled simultaneously by the deuterium diffusion and the migration of Mg atoms through 

the already formed Mg2NiD4. For two reasons at least, such a mechanism was not obvious. 

Firstly, it is well established that the hydrogen diffusion in the Mg2NiD4 hydride is much slower 

than in the Mg2NiD0.3 solid solution [40]. Secondly, the mobility of metal atoms is expected to 

be rather slow at the (rather low) temperatures used here. To verify this last point, a sample 

forged at room temperature was heat treated for 48 hours in dynamic vacuum at 285°C. The X-

ray diffraction pattern recorded after annealing revealed only Mg and Ni crystallized phases. 

This confirms that the temperature itself cannot explain solely any reaction between Mg and Ni 

even with the specific microstructure induced by cold forging. Here, the facilitated formation 

of Mg2Ni-based compounds is therefore correlated to the presence of deuterium. Experimental 

evidence of hydrogen-induced mobility of metal atoms - under conditions in which such 

mobility does not occur in the absence of hydrogen - were already reported. For example, such 

H-lattice mobility has been observed by T. Flanagan et al., in the ordering of disordered Pd3Mn 

under 50 bars of hydrogen pressure, at a temperature where ordering is too slow to be observed 

in the absence of hydrogen [41]. Using Pd-Rh alloys, the same group has also shown hydrogen-

induced micro-segregation resulting from an enhancement of the metal atoms mobility in 

presence of hydrogen [42]. The mechanism of the H-induced metal mobility is not well 

understood. It could be of thermodynamic origin with the creation of an additional free energy 

contribution in the presence of hydrogen. It is also very likely that the expansion of the lattice 

and/or the strain accompanying the hydrogen absorption can assist the metal atoms mobility.  



23 

 

5. Conclusions 

The aim of the present work was to determine the formation conditions of the Mg2Ni and 

Mg2NiH4 phases at low temperature. To this end, in situ neutron diffraction during charging / 

discharging of deuterium and post-mortem EBSD observations have been carried out on a cold-

forged Mg + Ni powder mixture. The main conclusions can be summarized as follows: 

1) Forging compacted powders at room temperature is a simple way to develop hydrogen 

sorption properties in Mg-Ni compounds, making the process safe and economical for large-

scale production.  

2) Although the as-forged sample contains only Mg and Ni phases, the first deuterium 

absorption has occurred at a temperature as low as 250 °C due to the co-existence of basal fiber 

texture and structural defects induced by the forging process. This temperature is at least 100 °C 

lower than the typical temperature required for Mg and absorption could be achieved without 

the use of activation by ball-milling to refine the microstructure.  

3) The recombination of Mg and Ni into Mg2NiD0.3 and/or Mg2NiD4 is observed from 270 °C. 

The Mg-Ni compounds nucleate at the periphery of the Ni particles and grow towards their core. 

The fast propagation of the reaction front at the interface with the Ni phase is controlled 

simultaneously by deuterium diffusion and migration of Mg atoms through the already formed 

Mg2NiD4. This phenomenon occurs at a particularly low temperature and is most likely 

promoted by an H-induced mobility of the metal atoms.  

4) The MgD2 phase initially nucleated at Mg/Mg2NiD0.3 interphase boundaries then grew into 

the center of Mg domains. This underlines the role of interphase boundaries in hydride 

formation. The amount of Mg2NiD0.3 had a drastic effect on the sequences of phase 

transformation as well as their kinetics: 
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- Without Mg2NiD0.3, the kinetics of absorption were controlled by the Mg → MgD2 phase 

transformation resulting in a rather slow deuterium uptake.  

- In the presence of Mg2NiD0.3, this phase catalyzed the Mg → MgD2 phase transformation 

which occurred rapidly. In a second step, the kinetics of Mg → MgD2 transformation became 

slower, but was compensated by the rapid Mg2NiD0.3→Mg2NiD4 transformation. Finally, after 

the completion of the Mg2NiD4 formation, the deuterium uptake occurred only via the Mg → 

MgD2 transformation with a slower kinetics.  

5) The deuterium desorption always proceeded in a reverse order to the deuterating process. 

Without Mg2NiD4, the deuterium desorption was controlled by the MgD2 → Mg + D2 reaction 

and lasted for a long time, whereas in the presence of Mg2NiD4, the release of deuterium started 

by its rapid decomposition followed by a slower MgD2 decomposition process. 
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