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FÎg. 1. SCdllrll n g cl ectr on mlC rosco pt!' ( SEM) m lc r ogu ph s. or MgHl' dS rc œl 'o'ed on t op . (CId rolle d ln t he mi d.d le and ba il miH ed on bouo m. Magni f'iorf on ' Idl (rn umn 50 >< , 

ri ghl (olLlnl n 1000 ... 

process MgH2 by cold rolling the powder W ,lS fi rst .ealed in a S5 
tube and then roUed (221. Such a set up has the advantage of not 
<xposing the powdrr to the air but it rcduce. the deformation expe­
rienced by the powder because the 55 tube will take a good put of 
the deformation. Al so. the numbers orrolls thdt could be performed 
before ru p tu re orthe tube js limit ed. Moreov er. this method makes 
the preparation lengthy. expensive. and practically impossible to 
scale up. 

As commercial magnesium hydrlde is quitc stable and hdS 
a slow kinetÎC reaction. exposure to the air does not usually 
lead ro violent oxidation. Evidently this phenomenon depends 
on the exact nature of the MgHl: nanocrystaUine MgHl Is more 
red ct ive ànd Illd y react in olir .lt room tempcfature. Still. we 
dedded ta use this low re..tclivÎ ly of MgH2 to .:tir tu �i�n �v �e�s�~� 

tigate the posslbil ity of (old rolling magneslum hydrlde in 
ai r. 

ln thls paper wc report the effect of cold roUing MgH2 in 
air. As • mean of comparison. we also processed MgH l in a 
high energy bail mill under argon atmosphere. The cffons on 
the morphology. crystal structure and hydrogen srarage prop-

crtles of cold rolling in air and baU mill ing ln argon were 
Investigated. 

2. Experimental details 

The cold-rollingapparatlls uscd in this sludywasa Durston DRM 
100 modlfied by the company to have the sam pie go in verticall y. 
This set-up gre.tiy facllitaies the roIli ng of powdel's because the 
powder could be edSily collected in a pan under the rolls. The rolling 
cylinders are made out of stainless steel and are 13 cm long wl th a 
dl. mcter of 6.5 cm. They are drlven by a 1.1 kW Rossi Motoridut­
tari DC eleetric motOf. Wc proccsscd 300 mesh MgH, powder (96% 
pUl' ity). provided by Alfa MSdr. between two #316 stainless steel 
plates. ( old roUing magnesium hydrlde agglomerates the powder 
Inra plateswith thicknessesvdlylng from 0..3 la 0.8 mm. The mate­
rial Is then coUected in plate fo rm and rolled aga in. The time fo r 
one rolling pas5 15 one or 2 s. Therefore. fo r a sample rolled 5 times. 
the total time the powder was subjected to roUing is estlmated to 

be lO s. 
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Fig. 2. X-ray dIffra ct ion p aucrns of MgHl: as rC( Clvcd ( borrom ), cold roll cd hv(! 
t lm es (m Îd dl~) dnd m t ChaOl call y mllltd for 30min (top ) 

Bali mi lled samples were processcd in a SPEX high -energy 
mil! fo r 30 min. As- received 300 mesh MgH2 powder was inserted 
inta a stainless s teel cru cible ln a n argon glove box. Srain­
less steel balls were added to have a bail to powder weight 
rat io of 10: 1. Afrer rnilling. rhe samp les w ere stored in a glove 
box. 

Absorption and desorptio n (U rves were made at 623 K. 2 Mpa 
an d 0.06 Mpa. respecrively. us ing a ho me-made PC[ apparatus. The 
crysral strucru re was investiga ted by x-ray powd er d iffrac rion on a 
Bruker D8Focus apparatus with ( u-K", 1 radiation. (Iystallire s ize 
and ",icrostra in we re evaluated fro m Paw ley merhod 1231 11s ing 
Topas sofn"are [24 1. Ele ctron microscopy was made w it h a jeo l 
jSM-S500 SEM. The samples were metalized with a POLA RON S( 

7620 sputte r coatu. A gold de posit of 37 l1m was spll tte red on the 
sampIes to imp rove conductiv iry. 

3. Resuhs dnd discussion 

Morphology of as rece ived. co ld rolled and ba il m illed MgH2 
is s how n in Fig. t. As sce n on these m lcrographs. the .}s rece ived 
MgH2 hasa longworrnlike sha pe.lthas a width ofabollt 10-20 I,m 
and a lengel! of the arde r of 100 j.l. m. (old ro ll ing the sample for 
five t imes agglome ra te the powder in to plates of approximately 
300 j.l.1n th ick. The rcfore. despite the fa ct thdt m agnesi um hydride 
is a bri ttle mate ria!. cold ro lling is see n to be a good me ihod for 
agglom era tio n. The morpho logy of bail mi lled sa m ples is drasri­
cally di fferent tha n the cold rolled one. Bali mil ling had the cffectof 
brea king up the big p.uticles seen in the aS- l"eceived sJ mp les inra 
much smaller sphere-Iik e sha pe partieles of sizes ra nging fro m 1 
to abo ut 15 1J.m. Sorne pcl. rticles are also agglomeration of sl1ldller 
ones. 

Crystal structure was inves t igatrd by X-ray powd er d iffraction. 
X-ray patterns of as-received. cold rolled and bail milled samp les 
are presented in fig. 2.111 the case of the cold rolled alld ballmilled 
sa mples. the broad peaks indicate a nanocrys ta ll ine structure. Crys­
tallite sizes and microstrains ded uced fro m Paw ley met hod are 
shawn in Table 1. As expected. the as-received sample shows re l­
at ive ly big crystallite size and small strain. Bali mill ing reduced 
the crystallite size and inereased the stra in in th e f3-MgH l phase. 
As fo r cold ro lling. it cou ld be seen that it also reducod rhe crys­
tall ite size bu t no r as much as ba il mi lli ng. However. the strain 
indllced in the co ld ro lled sa mple is h 'gher rhan in the bail milled 

Table 1 
Crystolil itc s ile and strain for p -MgH:; III th c as recclVcd , (old rolled and ba il millc d 

MgH. samplc Crysul/lte SIle ( nm) SU.II1% 

I\s recclvl:'d 187:t:" 4 0 .263 ct: 0004 

BM30m 13,7 ;- 02 0.61 ;t" 005 

CR5 X lJ.) + 04 0,84::: 002 

samp le. It may be because co ld ro lhng WIll act mo re in a 'shear' 
mode tha n ball m ill ing. In .Iny case. it is clear thal co ld ro lling is as 
effective as bail m lll ing ta produce a nanostructure a nd ta induce 
mÎcrostrain. 

Another remark. ble feature is the absence ofmagnes ium oxide 
or hydroxide peaks in the di ffra er.io n pa ttern o f the cold rolled sam­
pie. There fore. even if ro lling was perfo rmed in air the am oll nt of 
ox id. s and hydroxides is smaller than the de tect lon level ofX-ray 
powder di ffractio n (a few w t.%). A ca m Ill on result of high energy 
mi lling is the for lllation of metas table s tates. In the prese nt case 
of Sorne P-MgH2 was tra nsformed ta r.he high-te mperature high­
pressure 'Y-MgH, phase du ring bail 01 illing. As seen in the insert of 
Fig. 2 the X-ray patte rn of cold rolled samp le also shows incip ient 
peak belonging ta the 'Y-MgH2. Thc reforc. even if cold rolling w as 
pe rformed for less than lO s compa red to 30 m in for bail mill ing. 
the process was e nergetic enough to start the conversion of sorne 
P- MgH2 to 'Y-M gH2· 

The hydrogen absorption kinetics are shawn in f ig. 3. For ber­
ter comparison . the hydrogen con tent is g iven with respect ta the 
theo re t iccl j max im um capacity of magnesillm (7.6wt.%). It is clea r 
that the as- received MgH2 has a very slow kinetic and tha t ba il 
milling for 30 min drasrically en hanccd hydroge na tion kine tic. The 
be neficial effect of ba il milling on hydroge n sarp t ian kinetics of 
magnesiu m hydride is a we il es tablished lact a nd is not surpris ing. 
Tlié rem,,'kable facr is th.H tli !' sample i'olled 5 rimes show s ki iléf­
ics almost as fasr as the sam pIe bail mi lled fo r 30 min. It should be 
pointed out thar the ro ll ing was pe rform.d in air white bail milling 
was do ne un der drgon~ Aiso. tot.ti rolling time was of the order of 
lOs w hile milling was performed fo r 30 min. 

Deso rption kinetics are s hawn in Fig. 4 . Desorption kinetic of 
as-received magnesiu m hydride is very s low . As in the case of 
absorption. co ld rolling is almosr as e ffective as ba il milling to 
improve ki ne t ics. Moreover. curves of bail milled and cold rolled 
sa mp les have the saine general sha pe. This m e dll S that the rdte 
limiting step is probab ly the same for bath. The main di fference 
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Fig. 4. Narmall1.ed k!ncu( dc sorptlon dt 623 K and un du 0 06 MP. hydrogen pres­
sure of MgH, in u-recclv cd. cold rollcd five limes, .tnd mcchanicdlly m illed sU ies 

bet\~een these lw o curves is incubation tim e . ln the case of bail 
mi lled sa m pie rhe reacrion a nser is about 290 s w hile for the cold 
ro lled sam pie the incubation time is 780 s. How ever. o nce the redC­
tion srarted rhe s la pes are similar. 

Therefore. we co uld see that cald ra Uing is exrre rnely effective 
fo r imp roving hydrogenario n kinetics of meta l hydrides. Its effecr 
on magnesiu m hydride is the Solm e as ba ll m ill ing w irh the enOf­
mo us advantage of being perforrned in air and w ith a processing 
time rcduced by two ordc rs of magn itudes. 

ln th e sam e w ay as fo rbali m il ied sam ples. the 111crease in hyd ro­
gen so rption kine tics show n in ou r co ld ro lled sam ples cou ld be 
att rib uted ta its na naClystalJi ne structure and fo rmation afdefects. 
As cohl rolli ng see ms ta be ma .. " e fli cien l than bdU mill ing to 
produce na" ocrys talline structu re. w e investigated the effect of 
number ofrolls on the hydrogen so rptio n properties of lll c1 gnesiuffi 
hyd ride. Magnesium hydride pawder was rold rollcd in air fa r 25. 
50. and 100 times. In Fig. 5 wc present t he hydroge natio n kiner­
ics of these sa mples. It is clear rhat w ith rhe numbe rs of ro lls. the 
reaction kinetics gel slower and the capacity decreases. 
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Fig. 6. Normali zed desorptl on al 623 K an d 0.1 MPa of hydrogen pressure for (old 
(oll ed MgHl 

Deso rption curves are shaw n in Fig. 6. As for absorp tion. rhe 
kine tic get slower w ith the numb. r of ra ils . However. the incu­
ba tion time (o nset) decreases w it h numbe r of ra ils. This is an 
ind ication thar the number of defect inereases w ith number of rails 
even if the tota l capacity is gctting smdller. The reasa n for t he dras­
tic red ucrion of capa ci ty is the presence afax ides as seen in the 
diffracrio n patterns show n in Fig. 7 . 

From the d iffraction pattern ta ken after 25 roUings. we co n­
c1ude that the crystal struct ure docs not chdnge m uch except rhat 
rhe MgO peak grows. As this peak Is very broad. ir .ndicaies tha t 
the crys t. lli te size of the oxide is very small (d fcw n n» . The rela­
tive in tensity ofrh e oxide pcaks gaes up w irh ra Hi ng num be r. This 
co nfi rms that the reductia n of hydroge n capacity is d uc ta the fo r­
mdrion of oxide as expectcd. Wc saw tha t rolling is very efficient 
(0 increases redct ivity in mdgnesÎum hydride. But. becd use aH ha n­
dling w as done in a ir. as thf rC'act iv ity increclses the redctio n w ith 
dir w ill dlso incrcdses lhus Jedding to forma tion o f ox ide. This mf'iWS 

rha t roUing has ra be perfa rmed in dn incrt atmosphere whe n the 
nll mber of roUi ng passes is high. 
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4. Conclusions 

ln this inves tigation we show ed thatcold rolling i5. good w ay ta 
produce na nocrystclllin e structl1 re ln In clgneslU ffi hyctnde. In te rm 
of procesSi ng rime a nd energy s pend it is mu ch more effi c ient thd n 
bd ll m illing. Moreove r. it could be pe rformed in air If the number 
of ro ll ing is lim lted. After on ly 5 ra Ils. we measured dll im pOf(dn t 
e nhdllceme nl of hydroge n sorption prope rtics. corn poHable to bail 
m ltting for 30 m in and w itho ut los, of ca p. city. Th IS proœs.mg 
technique co uld ed,i ly be appli ed at the tndus tria l leve l. 
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Conclusion 

Lors de ce projet de maitrise, nous avons mis en évidence l'effet des techniques de 

déformation plastique sévères sur les propriétés de sorption d'hydrogène par le 

magnésium. Nous avons comparé les effets du laminage avec ceux du broyage 

mécanique pendant 30 minutes. Le laminage étant un procédé beaucoup moins 

énergétique que le broyage mécanique, le remplacement du broyage mécanique par le 

laminage a le potentiel de réduire significativement les coûts liés au traitement des 

hydrures métalliques. 

Nous avons comparé les effets sur la morphologie, la cristallographie ainsi que sur les 

propriétés de sorption d'hydrogène. Les images de microscopie électronique nous ont 

montré que le laminage compacte la poudre en plaque, contrairement au broyage 

mécanique qui réduit les grains de la poudre de MgH2 en petites sphères. Les mesures de 

diffraction de rayons X nous indiquent que cinq laminages sont suffisants pour produire 

un effet similaire au broyage mécanique en ce qui a trait à la taille des cristallites et la 

microdéformation du matériau. Les effets sur les propriétés de sorption d'hydrogène sont 

aussi équivalents pour ces deux méthodes. 

Des études sur la réaction de sorption ont aussi été produites pour les échantillons 

laminés. En déterminant l'étape limitative des réactions de sorption d'hydrogène, nous 

avons constaté que l'étape limitative de la réaction d'absorption de nos échantillons 

laminés est la même que celle annoncée par Barkhordarian et al. pour des échantillons 

préparés par broyage mécanique. De même, pour la désorption les étapes limitatives sont 

similaires à celles observées par Barkhordarian et al. Nous avons montré que, dû au fait 

que le laminage a été effectué dans l'air, plusieurs laminages réduisent la capacité 

d'absorption d'hydrogène des échantillons à cause de l'oxydation progressive avec le 

nombre de laminages. Ces résultats nous mènent à conclure que le laminage pourrait 

potentiellement remplacer le broyage mécanique dans la préparation des hydrures 

métalliques, réduisant ainsi réduire les dépenses énergétiques et les coûts reliés à leurs 

préparations. Cependant. le nombre de laminages doit être limité s'il s'effectue dans J'air. 

Si l'on veut poursuivre le laminage un grand nombre de fois, il faut que celui-ci se fasse 

sous atmosphère inerte afin de limiter l'oxydation. 
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Appendice A : Le principe de fonctionnement d'une pile à combustible[22] 
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Appendice B : Indices de Miller pour une structure cubique 
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Appendice C : La loi de Bragg 

Loi de Bragg "" "" 
IlÀ=2d sine "" "" \ 

• • 

37 

e 
) 



Appendice D : Les 14 réseaux de Bravais 

Cubique 

Vohune "" a -' [J. CC) ~. 
a a a a a a-

H e"X"agonal a>'c 

Volun\e .", 

Te tragpoal a ;t. C a;tC 

Voh une "" a 2c 

"'.I3,y'" 90' 

Vohune "" fEj 
a 

OrthorhombitlUC' 

Volume '" abc 

CL ;t 90 ' CL ;t 90· 
M flho {'tiniQ.ue 

Volume = ahc siu ft ~' 9:j (fj 
triclinique 

Volu.m,e '" 
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