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INTRODUCTION

Improving of hydrogen storage characteristics
of magnesium and magnesium-based alloys may
be achieved by decreasing alloy particle size and
modification of their surface with catalytic
additives. In this study, the effects of the addition
of the inorganic salts NaF, NaCl, MgF, or CrCl; on
the hydriding and dehydriding behaviour of
magnesium mechanical alloys (MA) were
investigated. It has been found that some inorganic
salts, being mechanically alloyed with magnesium
or magnesium alloys, not only promote metal
powdering but also modify the metal surface. This
leads to an acceleration of the hydriding and
dehydriding reactions of these materials and to
quite high hydrogen capacities (about 5.5-6 wt.%).
The investigated salts had a different influence on
the metal surface properties, which was reflected in
reaction kinetics, in particular at first hydriding.

RESULTS AND DISCUSSION

Mechanical alloying of magnesium with
addition of NaF, MgF,, NaCl or CrCl; inorganic
salts leads to comminution of magnesium particles
and to increase of specific surface of the sample.
The specific surface increases with the increasing
of salt content and time of mechanical alloying and
certainly depends on the nature of the salt used.

The decreasing of the magnesium particle size
of course affects the hydriding process, but cannot
explain sufficiently the improving of the hydrogen
absorption kinetics in the first cycle of hydriding of
MA Mg-salt (Fig.1) in comparison with the
conventional magnesium samples, which usually
exhibit low sigmoid kinetics with a long induction
period.

MgF, was less effective than other salts. Both
the impurity of Fe and the peeling off of the oxides
and hydroxides from the magnesium surface
during MA may explain the start of the hydriding
reaction at the maximum rate in this case, but the
hydrogen capacity is low.
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The highest initial reaction rate at first
hydriding was found in samples prepared with the
addition of CrCl;. In this case we suspect not only
the appearance of a magnesium metallic surface
due to the peeling off effect but also a catalytic
action of CrCl; or, more probably, reduction of
CrCl; by magnesium during MA with the
formation of Cr clusters which may be additional
sites for hydrogen chemisorption.
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Fig. 1. First hydriding at T=623 K, Py,=1.5 MPa
(1) Mg, prepared by cathode spraying [1], fraction
with particles size comparable to that of (2+5)
mechanical alloys prepared for 5 min. (2) MA Mg-
Swt.% MgF,; (3) MA Mg-5wt.% CrCl;; (4) MA
Mg-5wt.% NaF; (5) MA Mg-5wt.% NacCl,

There are no reasons to expect the catalytic
activity of NaF or NaCl in the hydrogen
chemisorption reaction. But these salts can affect
the reaction rate at first hydriding by the
destruction of the compact oxide layer on the
magnesium surface.

According to X-ray diffraction (XRD) analysis
the NaCl reflections became broadened after
mechanical alloying and then remained unchanged
after hydriding. It means that NaCl, more probably,
acts mechanically on the magnesium surface
during mechanical alloying and destroys
magnesium oxides, the oxide layer being thin or
defective but not removed completely. Like pure



magnesium [1] the kinetics of the first hydriding of
the Mg-NaCl mechanical alloy is determined by
the processes of formation of a metallic surface
and hydride nucleation on it. The oxide layer
seems not to be so compact on MA Mg-NaCl as on
pure magnesium. The nucleation of MgH, is easier
and an induction period is absent.

The broad reflections of NaF observed in the
XRD pattern after mechanical alloying disappear
and new reflections appear after hydriding in the
case of MA Mg-NaF. These new reflections may
be related to the NaMgF; phase.

During mechanical alloying, NaF seems to
form on the magnesium surface a fluorine-
contained layer. This layer may be transparent to
hydrogen due to destruction of surface oxide layer
as the result of the reaction of NaF with MgO or
Mg(OH),. This makes magnesium metal surface
accessible to hydrogen at first hydriding and
explains the acceleration of first hydriding of Mg-
NaF mechanical alloys.
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Fig.2. Hydriding kinetics (at T=623 K, Py=1.5
MPa) (a) and dehydriding kinetics (at T=623 K and
Pyy=0.1 MPa) (b) of activated samples. (1) Mg; (2)
MA Mg-5wt.% MgF,; (3) MA Mg-5wt.% CrCl;;
(4) MA Mg-5wt.% NaF; (5) MA Mg-5wt.% NaCl.

The second and subsequent hydriding-
dehydriding cycles of all the investigated Mg-salt
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mechanical alloys exhibited a similar and relatively
fast reaction rate at hydriding (Fig. 2) and (with the
exception of MA Mg-MgF,) a hydrogen capacity
at a level of 5.5-6 wt.%.

A comparison of the apparent energy of
activation (E,) for hydriding of pure magnesium
(ranging between 89 and 96 kJ/mol [2-3]) with
experimentally obtained E, for hydriding activated
Mg-salts mechanical alloys may provide additional
confirmation of our suggestion as to the catalytic
activity of CrCl;. E, for the hydriding of MA Mg-
Swt.%CrCl; was measured to be 70+2 kJ/mol. E,
for the hydriding of MA Mg-5wt.%NaF was found
to be higher (7912 kJ/mol). E, = 90+4 kJ/mol for
the hydriding of MA Mg-5%MgF, is almost the
same as for pure Mg. It is evident that MgF, does
not exhibit catalytic activity.

The decomposition of the hydrides formed as a
result of hydriding of MA Mg-salts also proceeded
faster than pure MgH, (Fig. 2b).

The preparation of more complex mechanical
alloys, for example, containing salt and metal-
catalyst, may lead to a further improvement of
hydrogen storage characteristics of the obtained
material.

CONCLUSIONS

The addition of some inorganic salts to
magnesium and magnesium-based alloys in the
course of mechanical alloying leads to powdering
of metal and simultaneous modification of metal
particle surface, which improve the hydrogen
storage characteristics of the material obtained.

The action of salts is different and depends on
their nature.

The search for optimal compositions of the
mechanical alloys with salt additions may greatly
improve the hydrogen storage characteristics of
magnesium-based alloys and other probable alloys
on the basis of hydrogen absorbing metals.
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I'MIPUPOBAHUE MEXAHNYECKHUX CIIJNTABOB MATHUSA C
HEOPTAHUYECKUMHA COJIAMUA
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Beenenne

YiydmeHne KUHETHYECKHMX W COPOIMOHHBIX
XapaKTepUCTUK MarHusi W €ero CIDIaBOB  TI0
OTHOIICHUIO K TIpolieccaM aKKyMyJIHUPOBaHUS
BOZOpPOZa MOXET OBITh JOCTHTHYTO ITyTeM
YMEHBIIEHHS Pa3MEePOB METALTMYECKUX YacTHI[ U
MOJIU(PUKAIIUY WX TIOBEPXHOCTU KAaTATUTHUCCKUMHU
nobGaBkamMu. B gaHHOUW paboTe mHcCiIemIOBaHO
BIUsIHUE T00AaBOK HEOPTaHWYECKHX COJIeH, TaKuMX
kak NaF, NaCl, MgF, u CrCl;, ©Ha mpormecchl
TUAPUPOBAHUS U JCTHIPUPOBAHHUS MEXaHUYESCKHUX
cwraoB (MC)  wmarmmsa.  [lokazano,  4TO
MEXaHWYeCKOe CIUIABICHWE MarHus C pAIoM
HEOPTaHWYECKHX COJieil He TOJBKO CIIOCOOCTBYET
M3MEIBYCHUIO METajlla, HO U MOAM(HUIIUPYET ero
MMOBEPXHOCTh, YTO TPUBOAUT K YCKOPEHHIO
peakiuil TUAPUPOBAHUS U JACTHIPUPOBAHUS U
JIOBOJILHO BBICOKOMY COAEPXAHUIO BOAOPOJa B
obpasuax (mo 5,5-6 Bec.%). OOHapyXeHO, 4YTO
COIM  pa3IMYHBIM  00pa3oM  MOIUDHUITUPYIOT
MMOBEPXHOCTh METAJJIa, U 3TO HAXOJUT OTPAKCHUC
B XOJe KHHETHYECKHMX KPHUBBIX, OCOOCHHO B
[IEPBOM ITUKJIE THAPHUPOBAHHSL.

Pe3ynbTaTthl u 00Ccyx1eHue

MexaHndyeckoe — CIUIaBICHWE  MarHUsS ¢
Heopranmdyeckumu consimu NaF, MgF,, NaCl u
CrCl; npvBOAUT K HM3MEJILYCHUIO METALTHYCCKUX
YaCTUI[ W YBEJIWYCHHUIO YJICIBHOW MOBEPXHOCTHU
oOpas3roB. BenwunHa yaOenbHOW MOBEPXHOCTH
BO3pacTaeT C yBEIWYCHHEM COJIEp)KaHUS CONH B
oOpasile U BpeMEHU MEXaHH4YeCKoW 00pabOTKH, a
TaKKe 3aBUCUT OT TOTO, Kakas KOHKPETHO COIb
ObLTa NCTIOTIB30BaHA.

YMeHbIlIeHHE pPa3METOB  YacTHIl  MarHws,
KOHEYHO, CKa3bIBaeTC Ha mporecce
THAPUPOBAHMSI, HO BCE-TAaKH HE MOXKET OBITh
MPUYUHOW  CTOJh  3HAYMUTENBHOTO  YCKOPEHHS
peakuuu, ocodenHo B mepBoM nukie (Puc. 1), mo
CPaBHEHUIO C OOBIYHBIMHU OOpa3laMu MarHus, IS

KOTOPBIX XapaKTepeH CUTMOUTHBIH BUJ
KUHETHYECKUX KPHUBBIX u JUTMHHBIA
VHIYKIIMOHHBII MIEPHUO. npu MEepBOM
THAPUPOBAHUHL.
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N3 Bcex wuccinepgoBaHHbIX coned  MgF,
okazancs  HammeHee  dddexruBapM.  [lo-
BUIAMMOMY, €ro  JeiictBue  cBOAUTCI K
MEXaHHYECKOMY HapyUICHUIO [EIOCTHOCTH

MTOBEPXHOCTHON OKCHIHOW NMJIEHKH Ha MarHUH, 9TO
B COBOKYITHOCTH C IMPUMECBIO JKele3a, MPUBOIUT K
TOMY, YTO THIPUPOBAHUE  HAYMHAETCSI C
MakCHUMaJbHOM ckopoctd. Ho Takme o0Opa3ubl
MOTJIOIIAIOT HEOOBIIOE KOJIMYECTBO BOJOPOAA.
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Puc. 1. Kunernka rugprupoBaHus B TIEPBOM LIUKJIIE
npu T=623 K, Py,=1,5 MIla

(1) Mg, mony4eHHBIH KaTOAHBIM paclbUIEHUEM
[1], y3kas ¢pakmust ¢ pa3sMepoM YacTHII, OIU3KHM
K pasmepam uactunn MC (2+5), monmydyeHHBIX B
TEUCHHE 5 MUH. MEXaHHUYECKOTO CIUIaBICHHS; (2)
MC Mg-5 Bec.% MgF,; (3) MC Mg-5 Bec.%
CrCl3; (4) MC Mg-5 Bec.% NaF; (5) MC Mg-5
Bec.% NacCl,

Haubonbmast CKOpPOCTb THIPUPOBAHUS
HaOoqaNack A 00pasuos ¢ godasneHuem CrCls.
B sTOM cnywyae MOXHO mpenmnojaraTb HE TOJIBKO
paspyllieHHe OKCHUAHOM IUIEHKH Ha IOBEPXHOCTH
MarHus, HO ¥ KaTaJIWTHYEeCKOe JeHCTBHE CaMOro
CrCl;, HO Oonee BeposTHO BoccraHoBiieHue CrCl;
MarHueM B IPOIIECCE MEXaHHMYECKOI'O CILIABJICHUS
¢ oOpasoBanueM kiactepoB Cr, KOTOpble MOTYT
CITY>KUTb JOTIOJTHUTENBHBIMH LEHTpaMu
XeMocopOLuru BOAOpoaa.

Karanutudyeckas akTUBHOCTb B PEAKLMIX C
y4acTHEM BOJOpOJa HE XapaKTepHa Uil coJsied
tuna NaF u NaCl, Ho oHU Tak)Ke MOTYT HU3MEHATh
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COCTOSIHME TIOBEPXHOCTH YACTHI[ MAarHusi, BIHSSA
TEM CaMbIM Ha KHHETHKY THIPUPOBAHUSI.

[lo pmanHBIM  peHTreHo(}a30BOro  aHalu3a
pedbnexkcer  NaCl ymupsiorcss B pe3yibTaTe
MEXaHHYECKOTO CIUTABIICHHUS M 3aTEM COXPaHSIOTCS
HEM3MEHHBIMH TIOCiie TuapupoBanus. Ilo Bcei
BepoatHocTH, NaCl MexaHW4Yeckn Hapymiaet
OKCUIHBIA CJIOM Ha MOBEPXHOCTH MAarHusi, HO HE
ybupaer ero monHOcThi0. Kak m ans wumcroro
marHus [1] kuHeTuka nepBoro runpupoBanus MC
Mg-NaCl onpenensercst mporeccaMu 00pa30BaHUS
JIOKaJIbHBIX oOmacreit METaJUIMYECKON
MOBEPXHOCTH MarHus W 3apoAbIIeo0pa3oBaHusl Ha
HUX TUApUIA MarHus. 3apojslleo0pa3oBaHue Ipu
YaCTUYHO pa3pylICHHOM OKCHIHOM CJOE€ HIEeT
Jerde ¥ WHAYKIHUOHHBIA PO OTCYTCTBYET.

B cnmygae MA Mg-NaF ymmpenssie pediexcs
NaF, wnabmomaromuecss Ha audpakTorpaMmMax
nocie MC, wucye3aloT Mocie THUAPUPOBAHUS, a
BMECTO HUX BO3HHKAIOT HOBBIE, COOTBETCTBYIOIINE
thaze NaMgFs. OO6pazoBanue NaMgF;
MPOMCXOJUT, BHIMMO, 33 CUET B3aUMOJCHCTBUS
NaF ¢ MgO unu Mg(OH),. IIpu atom Hapyiiaercs
LETOCTHOCTh  OKCHJHOTO  CJIOSl, IOBEPXHOCTH
Marads CTaHOBUTCS JOCTYITHOH BOAOPOAY, YTO
OOBSACHSIET YCKOpEHHE peaklUH TUAPHUPOBAHUS B
[IEPBOM ITUKJIE.
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Puc. 2. Kunernka rumpupoBanus (mpu T=623 K,
Pyy=1,5 MIla) (a) u nerunpuposanus (mpu T=623
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K u Pgp=0,1 MIla) (0) axTUBHPOBAHHBIX
uKIpoBanueM obpasuos: (1) Mg; (2) MC Mg-5
Bec.% MgF,; (3) MC Mg-5 Bec.% CrCls; (4) MC
Mg-5 Bec.% NaF; (5) MC Mg-5 Bec.% NaClL

Bo BTOpoM H mocneayomux IUKIax Uit BCEX
uccnenoBanHelx MC  Mg-cons  HaOmogamuch
JIOBOJIBHO BBICOKHE CKOPOCTH THAPHUPOBAHHS U
neruppupoBanus (Puc. 2) w®m  mocTuramoch
coJiepKaHKe BOJIOpO/ia Ha ypoBHE 5,5+6 Bec.% (3a
uckimouenneM MC Mg-MgF,).

CpaBuenne  osHepruun  aktuBauuu  (E,)
rUApUpOBaHus yncToro Maraus (89+96 xJlx/Moib
[2-3]) ¢ DJKcmepuMEHTaIbHO  TOTYyYCHHBIMH
3HAYCHUSIMH E. T THIPUPOBAHHUS
aKTHBHPOBAHHBIX 00pasLos MEXaHMYECKHX
CIUIaBOB  IOATBEPXKIAECT  IPEANOJIOXKEHHE O
KaTaJuTH4IECKOM aKTUBHOCTH CrCl;. E.

ruapupoBanust MC Mg-5 %CrCl; coctasma 7012
k/>x/MoTb. 3nauenue E, rugpupoBanus MC
Mg-5%NaF oka3anocs Beiie (7942 k/[x/mMomb). U
[IOYTH OAMHAKOBOE C YUCTBHIM MarHHEeM 3Ha4YeHHE
E., = 90+4 x/Ix/monb ans ruppupoBanust MC Mg-
5%MgF, cBuaerenscTByeT O TOoM, 4uro MgF, He
IPOSIBJIIET KAaTaJUTHYECKOHl aKTHBHOCTU IIPH
TUAPUPOBAHUH MarHHUA.

Co3manne 0Oosee CIOXKHBIX MEXaHHMYECKHX
CILIaBOB, HAIIpUMEp, COACPIKAIIUX COJIb M METal-
KaTanu3aTtop, MNPUBOOUT K  JaJbHEHIIeMy
YJIY4LUIEHUIO WX CBOWCTB 1O OTHOIIGHUIO K
mpoleccaM aKKyMyJIMPOBaHHS BOIOPOJA.

BpiBoabI

MexaHuueckoe  CIUIABJIIEHHME  MarHust ¢
no0aBKaMU HEOPTaHMUYECKHX COJEH MPUBOAUT K
W3MENBbYCHUI0  MeTallla W OJHOBPEMEHHOU
MOAU(UKAIIUA €T0 TOBEPXHOCTH, YTO YIIydIlaeT
KAHETHYECKHE XapaKTEPUCTUKHI MIPOIIECCOB
TUAPUPOBAHUS

BinusiHue pasnuuHbIX CcOJie  pa3iM4yHO U
3aBHUCHUT OT UX IPUPOJIBL.

PazpaboTtka OTITHMAJTbHBIX COCTaBOB
MEXaHMYECKHX CIUIAaBOB C J00aBKaMu CoOJeH
MOXET TPHUBECTH K 3HAYUTEILHOMY YIYUIICHHIO
KUHETHYECKUX  XapaKTEePUCTUK  THUAPUPOBAHUS
CIJIAaBOB Ha OCHOBE MAarHMs, a TaKKe, BEPOSTHO, U
CIUIaBOB APYI'MX TUAPHI00PA3yIOIINX METAIIOB.
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