4
=>

GOVP1199003889

—
120

- o -
FastEe ol8g FAATE M
Development of Hydrogen Storage Technology

Using Metal Hydrides

A7)
277144




=L
N
{1

A3rleN FE Ash

2 RIME "FEFLBTES o) F2ARIIE AL
=

Atde) | FRAMZE AESYct,

1990. 7

ST I = LS LY
A3 7P BIAANEN
Q3 YA o] A Q (B2 HYrEY nF)

@+ & = (k= 2% & 7 & ¥)

X

4 o ® (%2 & Q)
2 & 7 (=B Y] )
i & 4 (B2 e Q)
Ao+ 3 (B2 Y
4 A4 @ (B2 E Y
A3 29 o & & (F=2HY &Y

2 (@27 e

-
-






o
J?r
gl

) ) =
285408 o4 24437 MY

IX. A FZZHYYre] 5= a1l S8 g

BAe]  oluxKUEe] m@Hel ol  mak 19704 ol¥=
AFNIA & AFEIAL Saoluixe} ZE AAURE ol &steis
A7zt AMAHez  wEs) APl Kok aFu ol
AR E BE37) PiME EEHY U AF A +471eg
Wrstedof Frok.  oluizl AR, +3bHolE 27T Qo 2o

23tstm, MR, B ouxZe] HSo] & A TEIE Ao

\}

g 2 S shviz g3A Q.

il HEF W ErleEs aUTtae}l ARYE Y] saF o &3
A %Zste WHlel AE&8E Ucdl £4&F U HEHE TEA AEE
B ABHEZ E FAS AEE UET] HEiM s B 48] olviR]F}
Hasty 3 FHYH 25 fl¥dde] € & 7HAa Q).
2 2ol o)HT YHE BYd7] i FAaHH dFE ol 8 aAHA
A FEF7IEs ASEE w¥o| BWE] [P Fo| U},

TEAFUFE saet WNEIHA F2HREE BAAME IFSoh
dE= oo YAg20 wlE AHYG 1580 o], Z:Yrkx (150714
+H]) RHo} 11 8 ojie] 25 F24YsolA] HFe] rhesict. o]

o428 EHO R Qste faMPE WAEA FAAF Il F A7)
5

N

AAFTE THLE A= Yo HAZE 24T FIFE ol &3



prototype 2] FAAFHEIE A F 3= Ao o]E2F T},
g2la] & AFroAM = gholviR|e] HFF Tl FB7|go] g Fuel
AT E AT =2AFL] YAr|=s?) F2AHA R sl =42

MBS AT 5% 4L M AEE Y Anstaal Pt

ITIX. D FZH =] H-8§ = H 2

[ vl -l 4=

IV, S57=E537 3 3xde] A&

1. Z1&9] #2XB7|aS aYdss o]y, JAFL AHPH, §43HL
T2 Fol o, olgkE ¥ S2AAPFE o]&stH Ao}
A%-E ]8R] ¢ermz QtHEtam R EY MAWES) 7}

Hog BAxEl3 Q).

2. FeTi Al ¥F2 7tHo]l A Y3t olo] oyt A3yt &Ys] 313y
E| ot 400°C o]y el EAHEIE siolTt 4A BAAFA=2]7)
7hsslrt. ol3T S BHYEr] A Ir & HoIdoeEA 4
activation ©] EHULL} FAAFEFo] ZTAEE FAHZE AT
432 F 25 oluol HF-go)l &8¢} o} thermal cycling Fol:=
NS EE HAEAD = S2AFEHFE  cycle ol 2t FAFHE
Al ARCE



MgoNiAl g A28 F2MFYIFT2LEA BBUY] Lol 2o
saA B0 RHYSI) FeTiAlel nl@7lz2 slhol APste] QA7)
FyA REo i, EAAZ AHEl= 3000 ol 22E 875ty
cycle <ol @} WHEH =L oot HYTst 19 cyele ool =
dagE & 5 Adden FUAHe] F4F VEEEE FUISh UM
o] ZrlstHA] WIS & UAEHS ¢ + UL

ABsA] F{Z2 A294 40atm oJANAME 4]A activation ol
olFojFm WIEEHEEE w2} [Eoluo] ¥Igo] LREFUSH
hysteresis £} sloping ©] 2] ¢la X]%ol| chsiA] HFHI HE QLS
dct. =¥ cyeling Fol] AMAFEFS FAEHULY WUIHEE
L3y FUYE €+ AUk, adgy ol $aAFE $1T
L% AAE FIAINE EFsta ARl gol A A-&3elE
A" S 7R3 Q.

A S7tA] G ABy Al §gFFNA Zrg gTig oMnFe &ol 71 a3
23 W-EEHNE Zevia g8iA 9o hysteresis 7 g 2
GHE HAa Udnh.  mEla oledt AP E JMAdE] $%he
ME2E FINEe] "asHA =Holrk, & Aol N3t Zr - based
Laves Al 3FgF< activation ©] ©oj$ 4:1 | & o]Jujol] ®HF-go)
F2"HE ¥+ AU, IriTiyCri-yFej+y system 2] L
hysteresis ™  sloping °| AH& gla 4204 17|14 W2l
FEAY S AU, Zri,TiyMnFe system &) -+ hysteresis 7}
A3 sloping ©| A% AAE Vel Zri-xTixVp.sFep. s system
M= sloping AEE A3t hysteresis & g HEE S

AATE.



Zrg.8Tip.2 MnyCri-x)Fe system 2] 73§ Zrg 9Tig, |Cri-yFej+y &}
Ir1-xTixMnFe system 2] 537 AHX2] sloping ©lv}l hysteresis 7}
UTE & UNRCTE.

TetA bt ¥FF M Zrg 9Tig, (Cri-yFer+y THFS activation
o] g &3, 1 Fold] ¥Htge] = vl 3% hysteresis
% sloping S4S vehla o AErtsAdo]l &2 ABsAHl IR}
7173 oA FR|A] ¢t7] wfFol] AT ME2A g8 Fopol -§&
7VHeAde]l a2 g /UULH olg) olEFH cyelingd T EIFHEAF,

248 7lao) gl iyt A7st Ws) sWEojol & Rolr}.



Summary

I . Sub ject

Development of hydrogen storage technology using metal

hydrides.
II. Purposes and Significances

As the energy source used at present (i.e. fossil fuel,natural
gas) 1s depleted, many studies have been done on the low grade energy,
and alternative energy sources such as hydrogen energy. However, as
the researches are continued, 1t 1s reported that the storage and
transmissions of the energy must be solved preferably for an effective
use of such alternative energy source. It 1s reported that hydrogen
1s one of the most promising energy carrier due to an abundance,
cleanness and easy conversion to another form of energy.

The commercial storage method of hydrogen has been either 1n
cryogenic liquid or 1in high pressure hydrogen gas. Among the various
methods of the hydrogen storage, the hydrogen storage technology using
metal hydride i1s significant, since 1t’'s safer, more effective and
economical methods for hydrogen storage than that of other methods.

The close attention has been paid to investigate the metal hydride
and hydrogen storage technologies using metal hydrides 1n many
countries In this study, the state of the art about the hydrogen
storage and transmission technology were examined and also the
hydrogenation properties of metal hydride were investigated and the

new metal hydride was also developed.
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I11I. The Contents and Scope

.

The states of the art about hydrogen storage and transmission
technology are examined.

The hydrogenation properties (i.e. activation property,
thermodynamic characteristics, hydriding Kinetics) of exisiting
metal hydride are investigated.

The new metal hydrides with better hydrogenation properties are

developed.

I1V. Results and Recommendation

1.

The exisiting technology for hydrogen storage has been used as
the state of high pressure gas and cryogenic liquid. It has been
reported that the hydrogen storage using metal hydride was safer
and more efficient.

The FeTi based alloys were activated by the heat treatment above
300°C and in a pressure of 40atm H».

The activation properties of Feli alloy were improved by the
partial substitution Zr for the Ti, however the hydrogen storage
capacity were simultaneously decreased. The hydriding Kinetic
and capacity of FeTi decreases due to thermal cyclings. MgoNi
alloys can absorb much contents of hydrogen however, 1t 1s not
suitable for hydrogen storage material at room temperature
because of slow hydriding Kinectics and low equitibrium pressure.
The LaNig type alloys have good hydrogenation properties such as
easy activation, low hysteresis and fast hydriding Kinetics.

However, the manufacturing cost of this materials was very

expensive.
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/r-based lLaves phase alloys were easily activated at room
temperature and in a pressure of 40atm Hy, and were completely
hydrided in one minute. Zr-based Laves phase was depended upon
the content and substituted elements. For example Zri-yTiyMnFe
has been revealed an alloy which has P-C-T relations with large
hysteresis and severe sloping. The extent of hysteresis and
sloping was improved 1n the Zri-xliyx(ri-yFef+y alloys.
Especially, we developed the Zrg 9Tig {Cri-yFej+y alloys which
has extremely good hydrogenation properties such as easy
activation, fast Kinetics and low hysteresis and sloping
phenomena. Thus 1t 1s considered that the alloy was the best

metal hydrides for hydrogen storage.
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3. Degradation
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3-1 Extrinsic degradation
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Fig. II 3 £ 400ppm C0 & #¥73 42712 E cycle &F AAE cycele
ol wat FAHAS) H/M o] AAda Y3 degradation EHE AHFS
poisoning & Y& BHAFT Qrl. olFge] ZHINAM & F£ Qx|
FA7tAUo)] nlEg ¥ BTt FFE F=2AF I SA9A 5
U< S miAa ot
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Fig.112 Cyclic behaviors of LaNig, LaNig 7Alg 3

and MmNi4 sAlg 5 vs the number of cycles at 259C
and Po2 = 1000ppm.
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H2-400ppm CO @ : LaNis7Alo3
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Fig.1I3 Cyclic behavior of LaNig, LaNig 7Alp 3 and
MmnNig4 sAlg 5 at 30°C and Pco = 400ppm.



3-2. Intrinsic degradation

=2 ALZE mpure gas 7t Qe Favte g E5-UES HHEH

t

e} A F-EFo] A AV sloping ©] AR T FAFHFSFAO
o}3lx]x= dl ©]& intrinsic degradation °l2}  &ch. [11-10-11-14]
Intrinsic degradation 2] =& €& pseudobinary hydride phase 2]
metastable SAdoll Z]QdlE HAo=zZ[II-5]1 EHA Yo old) FHIF
A A 3), 4) 2 FR|Y 5 Ut}

RT, + 14X Hy — RTHx  (3)

RT, + %X H> <« RHx + nT (4)
o Z]A&] R hydride forming element ©¢]|31 T & transition metaleojt}.

23 HFgA] WAste Fo|Y oz Q% strain ot HISEHT LR
pseudobinary hydride phase 7} @H 32 E ] QtA T stable hydride £t
transition metal E EI|EHE Aoltt. IOFHEZ FF2]F stable
hydride 7} desorption A =45 WEHR] Qto} LA HEFo] TAE o
degradation ®tl= Zolrv} o}& 72| intrinsic degradation mechanism ©|
45 HEHZ A2 ohvitt. a7 wiEd] A IdF7HEC] intrinsic

degradation mechanism &2 A3t model & ZFAFSIE T},

3-2-1 Microphase seperation

Cohen [13-15] &< LaNig & thermal cycling ¥ ZA3} capacity
Hxet 1/Ty ( Th high temperature ) & ZFAZHQ JAAZ X
degradation ©] atomic diffusion = &AAQuiza AHE3tFHTE. =E3J+ 76%
degraded LaNis & Mossbauer spectroscopy & ZA}%F @3 LaHy &) EAE
#R13}lq LaNig 7} 4] 5) ¥F33 2 Laly (stable hydride) &F Ni 2
2| ¥tta dEsHErt.

LaNig + Hy — LaHy + SNi (5)



3} degraded LaNig & X-ray & 4% A LaHy 2F Ni 2] peak <&
LtelLbR] F31 LaNig ¢] peak intensity Z42} broandening =& AT

A3 ETt. ol A2 AAZE FE| Cohen <= X-ray 82 EHFT + ¢l

rlr

200 A =] o]3tE 4] 5) WEFI A phase seperation ¢ dojdrt

microphase seperation model & A|¢HstF L),

3-2-1 dite exchange model

Goodell [I1I-11] & LaNig & 85°C & ¥dA% XA pressure cycling
g+ A3 P-C-T curve 2] plateau 7} 0.5 H/M F2oA split Bl A=
¥ e] site exchange model= A|NSHHTE. Cycle =7} F71¥el o}l =243}
HF-gA] A= Hu] PR e R Q8] strain A dislocation 2] defects 7}
57}t unit cell We] La 3} Ni o] ME site & A3} La-rich
RET Ni-rich 282 IFHAHQ] LaNig & =4 HIE ¥e] structure
reordering ©] Yoiir} plateau & split ©] A7tz 3Tk,  o]HF
structure reordering = 1nterstitial site & environment & W%, =
bonding energy &1 3%}, hole size & W3 FSE H atom 2] occupation
site 2] T4}t capacity & ZaAlcka A 3R 2} Cohen o] T3HEH
stable hydride & E£XM&F AH3A| 3= % Goodell 2] model TrHe &

AAA Q) intrinsic degradation & HFE AHY 7} ¢ic}.

3-2-3 Coring mode!

Cohen 3 Goodell ©] A|t¥ = model 2 intrinsic degradation 2]
HEE 9A FLHLEYN ARWE + A7) wEd AIF [1I-12] <
intrinsic degradation mechanism &2 coring model & A3} ).

Coring model ©|¥ particle oA = Laly T3 &< stable hydride

¢} transition metal £ microphase seperation ©] ¥ojviar bulk o4
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structure reodering ©l 2|3} degradation ¥t} model ©|t}.

HHolA] microphase seperation ©] sl UojilE ol HHONA
HA @A [11-6] @0l metal atom & FEFul7} olo] o]|F o3 ¢l
ol Tt FEuE Z oA Buschow [II-17] &] AHAHE surface
o] 41 atomic mobility o] th3} activation energy 7} ZFo}3A metal atom &
g4kol Boldta =3I 43 wrgo| A oA FE JUWE|T7] mjFol
Hbg  Z27]d] Ru] syl HWrIFFeo]l HHYEO HFEHO WAL olFE
FXA 7|7 diFelal YR,

Coring model < Cohen ©]v} Goodell ©] A|Q8t model E©| atom
o]Fol 2]8 degradation El7| mjZol FAlo] F model & HEZ + UT
oz AzZtele] AQATT ZOC R o] model EHL] X}o]HE stable hydride
de] §Ad AR &3 Ar}t. Cohen F= particle Aol 1% stable
hydride 7} A=l F3A31¥ 51 Goodell < stable hydride £ &A% A]
Ot1 TrA] matrix atom E2] site exchange ol &3] =471 Eo] &
UE 1interstitial site & F§] YA} vigo] Wt HBE3AL AZF.

2SR [11-13] §2 Al8EH F3E| o] stable hydride 7} FAGEItis

Aolct.

= T
AY (Py,), W& TE(TH &Y H X (reacted fraction; F )E°] Uz

o|Fo) U Y2 F4¥ WsHEF veld £ Ur)

+a% WEEES} WLERY FAG 4% B A, F23 Wgo)

intermetallic compound 7} hydride & APHEE &= 7P o|2E nucleation
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and growth process 2} F$43} Hbgo] gas-solid reaction ©|E2=2

continuous moving boundary SHOlA 43} HISH A S A3},

4-1 Nuceation and growth process

nucleation and growth 2] %¥}& mechanism < nucleation site,
nucleation rate, growth rate £} 21 morphology ¢ &3] AXXc}t, olaj
Ut F X 4] Johnson-Mehl-Avrami equation [II-18] 22 HIJEHH A7) =
Llebd = QUTt.

[ = F = exp(-kt") (7)

7|4 K I n S 9ol n 2 nucleation and growth exponent ©]:l
HEg7| 5ol whay 2 grol AANc. vl J-M-A eq. & particle
W37} oju] solute 2] supersaturation ¥ AFejollAe] 8 AdAJ} AJF o
#3t process ¢|EE & system 3 o] IRE RHe| $47F [F]RUE
HFso] I¥WE= system < HEZ} AEirL S A] e =43} ¥hgo)
surface #E] ¥tgo| ZIZPE7] o] J-M-A eq. = HE3e A
YA ¢k, a8V g 27)ole 38 HE vleAdE AT +£=

MSE5} e =@ 39U Folc}.

I

ot 2 AeE Fa9)

4-) (ontinuous moving boundary model

UHtA o 2 A3 whg2 Fig.ll4 9 Zo) ) #H ¥FE (surface
reaction) 11) B-hydride & &% 22 #4F (bulk diffusion) 111)
/B 1nterface oA AHENZ LviEs$ Qla Z ¥E3o] VHHo=
2¥E)+= series reaction ©]T}.
Z} HF-gThA|oA] HES& XAl 2 continuous moving boundary model &

o} &3std wrEA [11-19] Fol s MNMARF}. NS HEAE FX37]

F1ehA] FUT =7]e] ¥R, quasi-steady state 2} o -phase Ol A
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Fig. 114 Hydriding Kinetic model for continuous moving boundary
1 dissociative chemisorption of Hy molecule onto the
surface (surface reaction)
2 diffusion of hydrogen atom through (3 phase
3 chemical reaction at the o« / B 1nterface



442] solubility 7} gl 714 8t Tt.

-1 B9 Hg (chemisorption)

2 A7 A1HE #H o] chmisorption ¥ w2l -S4 28) I}

i A7} chemisorption ¥ 4= %l active site ©]w

&2
2
x
m
rr
b

1S-H + chemisroption S AEfe]t}. active site EE]X Misch metal
oxide, Ni cluster B F&dol| ¢]& AIAGE = clean MaNig sAlg. 5 TLE
Y ZyE]of Tk,

A]7) o thEt E HHge) WS AEAE A)9) 2 AT}

(dF/dt)abs.= Ks.a./r | PH2 - Peq.) (9)

7|4 Ks.a. + s JTeUtsor HEH WHFe] apparent rate

constant ©]31 r & YAL] ¥lFFolc},

Hydride phase & ¥% =4 IT$+5 X spherical moving boundary

model [11-211 & o] &3l A& 4 Ut}

3D, (Ci -CB)
- ~ [(1-F)-1/3 -1]-1 (10)

(dF/dt) abs. =
r {CB - Cx )

A7]A Dy £ hydride & % 22 4 Aoy Ca 2 CB ©
o« FH Aol FBVE olFm A& do $£& FEely Ci & Py, ¢
¥ °lF31 A= hydride 42] surface oA 4 FEoltt.

REEEEo] PH2 &S &7 AsiME (Ci -CB) B2l Py, SEARE
qsjol Bt olo) I JAFA Ayl BBIHA A1) HHLEE

2] FET).



Ka

1S-H - [H)dissolve (11)
Kd
v PR,
Ci = Kt — (11)-a

v PH2 + v (1/Keq.)

v Peq.
Kt -

CB (11)-b

J:Peq. + v (1/Keq.)
7|4 Keq < Ka/Kd ola1 Kt & A 11) W&ol ch$t HE d5oirt.

aHEERE HAHL RISSEAHS 412) 2 vield 5 QAT

3Dy Kt v Py,

(dF/dt)abs. = — | - -
r 2(CB-Cx) + PH2 + v (1/Keq.)

v Peq.
— )[(1-F)-1/3 ~1]1-1 (12)
v Peq. + v (1/Keq.)

-2-3 «f/B AHAM 4
/B AHAA oA B2 AHE] yFgol e ¥H-g& 42 A]13)

3 Zo] viepd 4~ Qlrt.

3Kl.a.{(Ci -CB)
(dF/dt)abs.= ———— (1-F)2/3 (13)
r (CB8-Co)

A7) Kl.a. £ o/B ABolre] «olr & AHENF ojrt=
RtEe] JtgH(x Aolrk. A1), 1)-a & 413) o i)

3KI.a.Kt vV'PH,
( ———e e -

(dF/dt )abs. = -
r (CB-Cx) +~PH2 + v (1/Peq.)

v Peq.

v Peq. + v (1/Keq.)

) (1-F)2/3  (14)

Z} WrgxtAle] ¥NEEEH54)E reacted fraction (F) ol &3] jephd
el  Fig.II5s e°lx Fig.1l6 <+ 23 ¥§&x9o] ¥ oEAHE

viebui a1 Qlct,



9‘?&

0, 02 0.4 0O0Oe6 0.8 1.0
Reacted fraction (F)

Hydrogen absorption rate

Fig. 115 Schematic diagram of various types of hydriding and
dehydriding rate depending on reacted fraction, F
1 surface reaction (chemisorption or recombination)

2 diffusion {(through o or B phase)
3 nucleation and growth process (J-M-A eqation)
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Hydrogen absorption rate

Fig,

116 Schematic diagram of two types of hydriding rate depending

Peg
Hydrogen pressure (PH,, )

on the hydrogen pressure

A

B.

surface reaction
diffusion or chemical reaction



5. Alloy Design

FEAPAUFTE AA o8 F&Tokd AEIIIENAE Fr]
ool A 838 X FTAAE ZAFeojof Trh. O¥d A FTIIS
FFUAe] HIN ABF 2 alloy design &2 metal hydride 545 47
MStAl S Qs FHol Qo] I FHEEokIAM fFEHE SBE HE

g WY, A= FPLS v|aF dolsitt. sA&AHFE #18H metal
hydride 7} Zéa=ojof & 8] 312 vt Hrct.

1) B Yol A2 1 ZIY W]

11) hysteresis, sloping ©¢] A&

111) activation *|2|v} recovery 7} -§0j

wv) &% RESE7) wE

V) #&vhzel Oid AFAol ¥

Vi) ®IEHo2 AMEAC $2ABFAY (994 IHSEH5EEY) 9

A7} A g

Vii) &A% @I Axst

ol 8IS EF ZAT F2AHBUFTS o3 S JiusEe A YR
AL A3, MAEE dAlelnt. zFE7kx] dEl ¥R F2AF
UFo=Z& FeTi, MgoNi, LaNis, MmNig, Zr-based Laves phase #|7} U
ol = ulx, A, FH T Al 2 S IS fs 720k
AT e, oy} 8 AbelolA 252l A data & A A Q-85
BEARAS I AZWH, Az A7y g, 38594 ¢k,
SAYH S| w2t FFe] S4do] uls RAEA BHE7) diEgo) Hag
HELZ AFALS, 5T RFE2 REANEE Bio $s2AFS HE
d3NE =8start Tt

Table 11-1 ol =2AZYFF HEAHY FeTi, MgoNi, LaNig, MmNis,



/r-based Laves phase 2] ZtzZ}e] EAJE2] olu] A3yl FHokel AL

ng Apsleiol & HobE vehigc}.



Table 11-1. $=&A&A% TFEY AR

| Degradation
. 1—_-]]
Activation { Thermodynamic | Hydriding | ext | int | hydrid
Properties Kinetic -rin | -rin | —ing ey
-sic | -sic | rate
AB type |
(FeTi A]) X O (k) - O X
! A>B type
(MgoNi Al) * O | O ~ O O |
o — T e !
ABs type | | |
(LaNig A, O O X O | O | =
MmNig A ) : | i
. | | { I I
AB> type | r
(Zr-based X % ek K XK kK
Laves | ;
phase A L | L

O oju] Ex®l Fof (86,87,88 =X AH A])

* = HIOME HAR Fof

o gtoz dAgE|ojol Tgol




6. #49 HE7|gY BFEA

Fa0] MEA7|E&E 7IA, YA, TAYHE AFse Ple) oy
2bztol] wfdte gl A8 Rt

1) I%ao)-EH
F4AE ZIAAHE AMFIE PHLE AHFYUEE Eolvl st
YA AACe] wmFAS AR, mPe] zrksim =W
R Zz21E He23R] dov AFYUEZ wa udel2: Y¥sicie
- E  Alvlm Qlrt. A R EmMyom ALETm 9=

A7 golTt.

11) QA4 A

ZFAEHEE AZR pAhEF AHSYA] JEIE AFJE7] 15t SES
FEAL S 5o 94N F ddBAV T AFoz¥ AHLEIE
AT, ©RIRAY HMFUET} o) g2 AT v|FTHE 20.4K
2 e g3, FTUES 3,847 Ki/Kg 2EAM ZIAIFoA A F2] o
T FAY YAzl =d) HEdr el 16.037 KI/Kg A1 7tAaFoljA] 713
W olviz]E "HeE2 3. Brardx AIAFEr]  (-235°C) 7}
Yasle gt nwgo] 28%Y (ex ¥FLHF 0.08 f/dcal, YA+
342 ¥/ Keal) B2 7186 W22 AlF @AMl &S 718
Ab&slok g}, =EZr X7} Yo FAF Fola EE7] 4l3 Q3]
i TS 7HA 2 Q.

et Aq2HAl4er AFRHLE 2AE Q8F SS9 AEEa
Neom 4ol Q3 7 BAVIES Bt Ae IIE vlFE, AE,

v RYE AXFe  ERsict. A HY3srl= 35321 /b,



2HEVI2E 100,000 1 F AETo) AHEEI Ak, kel JNAEiE
A @5te WHo 2 o HAE MIFFR dFu|vle] THFoE
AH-&sted 200-1000 ~Zi)tel® w2 HsStollA] 400-700°C 2 ZE2  sHA
drijelrt FAAEE Zlgolrp. dmilop A AJo] djuiR|z} glo)
20| 4u]go] HA Bm AR o] AAHER £28 oA
Az P ALgAlol $T Jgoltt. 2} £4F 4§ 915
F71 58S T 74 WABSE ohFe 0, Ny) T8 E€7t2e #4=8

2eje] Ealv} olag thEe] et

111) AR F2PY

A 2ol BAE ©ao] 3R =25 FIAHA MAste igelrt.
G FEAY AFBUEZ 2Volvlk AHE/R] A2 (77K) 7} HAd @
Hj-§o] 8@ R dAxtt. JA7IR|E Kevliar & AT A 4
HolFHE 0] &3td Y AAX)7IE T |77 A FY Aol o7

AR F S VLR OFS AdEjeltt.

=
o] &3 a0 A, SPRAARHOZE AR T} o)|FA FAAF &7}
F2AFA-E AERAT Z FobolA BT A3 vide] M=
Neo, @A AFTHA Urt. F2AF/IFE 42 AMF,ET]E
& &7HssHAl st HAS chd3 Ao,
1) 243 Wxr) Ags) g},
2) ZUEZIVE A 2§ GE-E7I7 Hagict.

3) AR Saolre] FHEAF FL 2Alo] ¢l Wi HAIT



o] 7hisit).

23T Agere =5, F/YARY £F, F2AFX FWE HIEE
A ZAdn| ol 4838 ZHsAdel =y, gy =42 F4 WE cyeling
Al capacity 7} ZAEE  degradation ©| doviw, S$Lue] u]Fo
EE7IAel oid AMEAel Y, ZIEHYO) 8]8) cost EATol 37|
ool o]F REF™ £ e ¥F sige] dxElzm JArt. 2RHAT
E73tm el 37k AFHIe g Ao g o1§3A Jemz
VA, delFoid MPEZ 7M1 Fria BaEa Urt.

watA] FA7IR = 7t A& 24 YHoz dHA o
4% 3ol i A7 19683 olEE ulF, ME, dE, =Fx,
oj2ztq, T FolM WIlRA 2 Uy FIoEe JE, FTFFANA
US| BRI Uk, A vjF, dEF AXNIFAME =2AMBRITE
o] &3l FA2AMA AXE AFATA AAES AR Yo 1 VP

Table 11-2. o] EA}3}H}.



Table 11-2. sy =] AAFE BF
R ¥ AL (Z 7)) AT A&7 L A T5F
| Billings AH(ZF4) TifFe & Folud= 230 g 18.6 K;]
| (1) |
L _ | - R B i
MPD Tech.A}(m] =) LaNig 401, 2500 1 36.3 Kg
- S — . _ B
[ BrooKhaven N.L TiFe 2H|Q &~ 70 Nm3 400 Kg
(o] =) (HEA])
- -t — — S — S r_
[ UdEFU7IEY MmNig sMng 5 16 Nm3 106 Kg
(L&) (" )
{ T i - ) " ) T |
CRISEAN IR TiMny 5 LFuE 2.9 Nm3 7.7 Kg
,q
A I ) A
A7) FFd (L) MmNi-Al  ” 175 Nm> 1000 Kg |
| ' (HEA) | |

9ol M 4 7R FaAFPHe BT W =G Table 11-3. o

H A]8}91 o
Table 11-3. Performance of hydrogen storage systems
’ _ : —
2 %7] 2 Agdz | AdaE | 2 oA | v 3
| (FAuE) | (#FulE) |
i (kg Hz/totall (kg Hy/total |
wt) volume)
—— i, ]
2.1 3 A A HE
46.9 IUE AMFE | WE7IF
| i 8 (20K)
| ke
36.5 ke
FuE-
rlo]l =
21.1
16.5 273 =.7) &7

B2 (Kevlar) |

8 (77K)
das




Schwarz &°](11-22) = Z4H el

S4 3% AZER], A

AH|RAAFol| tisted Ha¥ FA3HE Table I1-4 ol EAISHAT}.

Table 11-4.  AZHo] @2 ofjuix] &u)elx}
A g R l )7 87 o] 44]91%)
agtrtan | g e q‘ g
AReay | @5 A 2t &1 )3}
A ISR [

I35 |Aeca s
+2ABYT | GBY) | QuPE AW aa ot
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[11. A & %

. A8 T

2 AH"HE A2 FeTi Al (AB type), MgoNi A (A>B type), LaNig A
(AB5), Zr-based Laves Phase A (ABy type) T = AI&3t¥ony FE2AZ 3
- 4g ©] EHEE ZAHE YErld water cooled copper crucible &
A}-&3ted argon £%17190A arc &SR TL. X)WL FAFE F7HA7)7]
$std 4-50 AHEE FHLBAM AHENE WYSIFE 2= 950-1000°C o) A
3-5UZF F HA2ldted homogeneity & NAAAl7A F=Ucrt. olof PR
AJEE) A X-ray HEAAHIAS T A AHY =RE  AJH] QlojA
Yol 245 Ul o] AHEE F7|F5oA EH3a sieving T ths

-100+200 mech 2] A|HE WEA HEES WIHTt.

. HE A A

2 Agol AH8® aYgE Sievert's ¥ FXE  Fig. Il o
vieliQitt.  System 2] holder ¥ reservior HiE< AR Hxeo ES
F2FHA] water bath FHoll F7]A dld 4 A 22 {FAAIR ).
Reactor © 3 ISEFHAA] AES #1351  water bath oA
velstd A AT 2 E {FA]AIZTE. Reactor & Al2J¥ T} system
34e 4%UA¥E A water bath FollAe] BAIE WA]dl7] 9604
stainless steel & A|Z3}9 28 reactor & AAEEZ £ Cu tube &

R %8k Tt



HAEF A)1He] 82 WAIst7] #1819 reactor Q30 FE|EEUE
278s%td TWE filter & AR filter YZFHol] glass wool &
YR et. Reactor WF2] x]HEe] 2EEF Ho}l AFsA F5H W
Z33%}7] 218t stainless sheath & ¥ K type thermocouple = reactor
W] Al gol] QRISIES sttt AP AHEX AW #AF+EH
& o] WHitE JE aYHe] HIHE strain gage type &l pressure
transducer ( YU+ KOYWA A} - 100 Kgf/cm?, ©]= OMEGA A} - 1000 Ibs/cm?

) B A}-23}d recorder o 71EZ3HA] ZAsIFEt. AP AHER FixE
%

ot
o

£5 99.999% o] AEE $4E 2E&Fdoen BEE gas 9

el
——

O

o
2

gdolrz] fI8HA =Wl £ ppm &l BTE gas & T T
AL-88tR k. AlHol HRUE reactor & EEXHE E THE water bath &
temperature controller & €3z} = FEF A 0.5°C 2LAH S

ol A QA §A AR

3. Activation

0.5-1g &) A]"M & reactor o Y31 system &] leak HH & FHQUZ tla
system &] WEE JIFAENE TS F A|HEFHF) w2t A2 or 2
SEE SYuE FAZISY =428 71etEA] A]8Ho 47 FEES
st¥ct. 4o Feubgo] dojulxE  dta yEYVIEe] Y £49

F+-4E cycle & WESIA cycle ol @& F=4Fs HEE GotRUTE.

1l

d, P-(-T curve 3%

UARA-ZZAAM P-C-T FAd= L7 s o3 Zo] AFSIrC).
Activation F°l reactor ¥i& = TE water bath Fol ©rbA A%t
252 FAAZ xg V2 & #F 231 system HEFE RFoe=z= 3. V3,

V4, V5 & T3 V2 & Fol ¥ste 4 +

b

& FUUt. ol dFH &



274 35}d Van der Waal s equation & 2XE] FE $=292) mole = (N1) &
7% 4 Q. otk V4§ dol NS A TS AT, FESE A1)
A F AHe] ¥ =ty oluie Qfg o g Ry Z|AYdElE EAd=
+22] mole = (N2) & & & Urt. (NI-N2) & 5435 4kl 2|3
AlHEol] MR golu] AHe] AFE S5 JLEZE 42 TAHAS 7

Uk, FA0) AL FA2UAFd FHEYASFY ratio, (/M) & ol A

It

g3t A S W83 P-C-T curve & F#3¥ct. Absorption ol i3t
Algel 2uvd Vs § @] 48 234 wjuisiaA e Hele] AHE
HZHA] P-C-T curve T 7t shie] AWzl i =2 30°C
ol 212] P-C-T data & 3o E3 reactor &) EEF WHA|H A

P oA P-C-T data & LRUT}.

5, Thermal Cycling Test

= A A&E $£2HF YIFE©l heat pump & HAS A
S&&okol] AtEE 5 AErtE dolRr] £13teq  thermal cycling =
BtErt. 4dAT AHo)A thermal cycling & $18] V3 & o3 system
AHE ZASA F2FpAd PEAY] system FFHFIL ¢F 0.5 atm ©]
EEF ST, AIAERIS dFA F#a2UFoAM I AH2(-309C) A=
FA2FS, A2 150-200°C oAM= F=A2HEE FIEA cycle time =

LA SA] dtd = cycle & P-C-T curve HEE ZA}SIE k.

6. Pressre Cycling Test
|3 2] degradation REIE LolB7] $I81A pressure cycling =
B35t H .  Pressure cycling Al Z181&E dY2 77 SEojA{e] plateau

pressure BTk ozt gAsed £x7 4 FeE o+ Y=E A
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WS A]oll& plateau pressure Bt} ¢F7F At $2F WEHEZE
3tRtt. Cycle time & pure Hy or mixed gas & ZFEW 99% ol4
HFgol AREAE we] Aoz AsYrt. Thermal cycling test 2}

utA7}2 2 =3 cycle F2] P-C-T curve W3 E A5 L.

1. hydriding Kinetics

>3] activation = A1ZIt}h-& Kinetic AEE T3Hcl. System
AAE ANFo=Z ¥ Fig.llI-1 2] V3, v4, Vs & oz V2 & EHof
Wit F2) 2§ FUTcl.  Reactor ol FIEAE  X7|YY L ZHzte
dead volume & €31 UL EBE V2, V4 ¢} V5 Alolol] Qe Aoz
Hel] & 5 k. V4 & EW volume change ol 2]38loqQta
Z7|AE7R] SRHo 2 FAE 0, ojmiRe AP fihFao 2%
UH 317} recorder ol ZI|FET., o3 WHoE  A|Tho| wE QFY <]

WIS 73t Hydriding Kinetics & ZFA}SIR ).
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Fig.II11 Sievert’'s type experimetal apparatus.



[v. A I}

| Feli A

FAAFTZFE FolM Feli A ¥FES activation Tell  400°C
olate] mEolM FAMEZt Way AT B FaAFFIEA v
activation A 2|7} 7ltt2 & Ao g AHA vy, O-olE E7stal FeTi
o] T Azt B APHYW ol fE stHo] AFst AE Aol

71 ooz d3HA A7) wiEolt}.

-1, Activation, P-C-T curve

URtH o 2 FeTi 2] activation A2l ZF =& L ER7]0A  <F
400°C o]de] m2ola @A2l (heat treatment) & 3dta A=
J2tsled HIEZHOoR $AEF FH/AT A7 FHLE EHA Q).
U*A1 Schlapbach, Sohober, Matsumoto, Sandrock & T< V77| FeTi
¢} activation mechanism = FHSET xHo] QL) o}ZF] FHAF]
237 el okt

Fig. IVl & FeTi & #28%F /42 cycle 0] e} 4254 FAE
BelFEam ok, z7lele $£4557F A =2 ¢ 2nd cycle FH
F2aEFeEE gl F7Ma 3rd dle WS F7tete S ez
UTH. EA e Fo| oo =471 FEE AF
ol 30 &3t HAEIT FeTi 3 metal powder (Cu,Ni,Al,Si,Mg.Mn) B =
mixing 3dfed 7|0 $AI7F FFEE OAHAEE AT aE 409

SFLeE Fig.Iv2 o el Fig.IV2 oA Ni, Cu powder 2} 7
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(atm)
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34
2nd cycle
Srd cycle
10 20  time(min)

Fig. 1Vl Hydrogen Absorption Curve of FeTi with Abs. - Des. Cycles.
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100

Equilibrium  Pressure (atm)

Q.1

7=303 K O

Desorption

0.5
Composion{H/M)

Fig.IV4 P-C-T curves of Desorption at 303k for FeTi|-xZry.
where X=0, 0.01, 0.1 and 0.2
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4R) sample <& FAA|Zre] Ryt FoxE FaA7F F4ERA] et Al, Si 9

mixing & A]TVE activation A}Z]edl HAF  A|Zre] FEojE:
FAFFEEE S8t Mg, Mn &) ASe 2 FURAe] © AHA
activation ¢} T % -§o|3AE vieldit}., o] metal powder 2] oxide
stability &F A, &, Fe & 7IFL2E Cu & Ni £ oxide stability

7} § Yo} Feoll oxide & AA)7|a v} YA EL Fe cluster & metal
oxide & ¥AA)Zlc}. 222 contamination HA|¢< Fe cluster +
activation & ¥ )|tz YA £ Urt. Fe WHEE $£A47F 431
Fol &= particleE°l crack ©lv} fracture 7} Yo} fresh FeTi surfaced
EAA o] B8 e T 47 SNt 8 4 Q).

Fig.IV3 & FeTij-yIry & A7) o E a2 F5AHFE HAFD
UTH. Ir 2] o] FIel met A7 F4E7] A|FSE A)13o]
WolA =R & tt. F alloy design ol &JSHAM X FeTi & FA|Q)
activation & #°]3A] & 4 ul. 2 Ir ¥ AH FoHA)A
A= ol Fig.Ivd 2] Zr ol + PCT curve dA & = Q50|

T2AY SFo] AaEIT 7] "o},

2. P-C-T curve

Fig.IVS o] AB type 243 A2 A] cHHEAHQ FeTi T2 250C
P-C-T curve & ‘ielUiTt. H/M = 0.5 - 0.6 2o4] 2HHA] plateau
pressure 7} LIELEE two plateau M FS Ho|w FeTiHl 2] B hydride £}
FeTiHp 2] r hydride 7} B¥AEHEES & 4 UAtt. B hydride 2 A
FEFGNAM 2EFF BBUYHELS oF 8atm, WEYHE o datm o=
hysteresis 7} 8§ & % Au. ojAE $£4A4F BALS plateau
pressure 7} Fol FA2AMEE 21T oA Wojddr}, 3B E plateau
pressure & 1 7|14 W2 Y37 93 PIULE XPsld 2 238
T3t ct.
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Fig.IV5s P-C-T curve for FeTi at 25°C.
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Fig.IV6 P-C-T curve for Feg gsMng 15Ti at 25°9C.
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Fig.IV7 P-C-T curve for Feg oNig (Ti at 30°C.
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Fig.IV6e, IV7 & Z+Z} Fep gsMng 15Ti @ Feg oNig 1Ti rEES 25°C,
309C P-C-T curve & ‘IEl=dl XE hydride stability & %715l
hysteresis & =7j& Z4AsHTE. Z12|v} r phase VA F7go| Aol
7]1Q13te] AAAHQ 2 ZA-&Fo] ZA38tal Feg gsMng 15Ti 4FL HS
B phase ¥l 2 A FEFGYGolA sloping TAe] Y SE & = Urt.
ol #AAHY AES HAA 7l Wlo] ¥t}

3. 4% HS4E
Fig.IV8 < FeTi &2 activation X2]¥F R7|2] AT $AUY
stol| A A)Zbol] & SAFSLIAHAE HAF Qrt. 28 oludl reacted
fraction ¢} 0.4 - 0.6 22 B hydride 84d°] He LEHE & += UL},
o233 A2 Fg AHFZ Fig.IV9 ola{el o]l HM 2l&EAH 22 tir] plot
T BFEe] &&5%tA| s WHE37] chemisorption contrelled
process A1 nucleation and growth 218]31 hydride layer ¥ &%

diffusion 222 mixed controlled reaction 4 & = Qlt}.

-4, Thermal cycle 0| A%} BHe5E 9| B3

FeTi &] WHE&5 X2} cycle ¥2] properties 2] ¥H3lol] o3 o]nj
HAFZ7} o] UL} [1V-1] degradation Foll A3} ¥ o] H 3o
oS A2 HoUR] okdrd. Fig.IVi0 & cycle H¥F2] PCT curve 2
HBEF HoFI1 rt. Thermal cycle ¥ (2000, S000 &) oll&= capacity
7t Z¥zZF 19, 25%, 23.6% AAEFYI r phase &) region ©) Ab2ta Wl
ohv)g} okzke] sloping VA7IA] A7l AE & 4 Urh.

Fig.IVil © 40°C oA activation ¥, 2000 cycles ¥, 5000 cycles
2] H/M o & 43 YHEEEE viellla ot A EFRALA] 2]

Fig. 115 ¢} 8]28] XY activation ¥ol] 42 F+E= H/M & F7lo
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Fig

303 K
P =30 atm
P= 26 atm
/ P,= 22 atm
P,= 20 atm
60 120

TIME , sec

[V8 Various Constant-Pressure Hydriding Kinetics of FeTi at 303K
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ol ©02 035 04 05 0o
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Fig.IV9 Hydriding Rate vs. H/M for FeTi at 25°C
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o After Activation
s After 2000 cycle

e o After 5000 cycle

O 02 04 06 0.8 1.O
H/M

Fig.IV10 Pressure-Composion-Isotherm curve for FeTi at 30 " C
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Fig.IVil-a) Hydriding rate vs. H/M, 40°C.
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Fig.IVli1-b) Hydriding rate vs. H/M, 40°C.
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u}2} chemisorption ©9lA] diffusion control =& $£43% Hkgo] ZifPxlx
AES & 5+ Ak, =3FF 2000, 5000 cycles FolX FeTi & $£43 ¥Hg
mechanism & | EHZ] 4FSE R F3: 9ok, a2t ceyeling ©l
2158l g} =43 NIFSEE FaxEE ARLE eRve d os
surface ©° A% stable hydride (catalysis §8& =3lT oxide =
3HA) wEolzl AR}, a3 2R Feli < cycle 2 U3 F2AF

EAdRu ojv)e} 4% YA X HA| degradation Hlv& RE & = UCt.
). Moi A

MgoNi Al FAARAYFTES AESE F2AFPITLE HA| F=2AMFHES
el RAHF] SAHE ZFa ot FTFAEIIFHel AYIA AW
FAE7 O B4 3T A7 FEYA dx=ES St

MgoNi £ 300°C ©]4}, 40atm olAolA x7] $43 ¥-&& o).
3L, AP 7] 423 9SS WIE  olFE Oxide film & F471
w2 A 7ol FAdtd  FaAFRFH fHEEe £AE FAHoR I
Oxide film & cracking & F'43t7] $#I&AMolc}. Fig.IVI2 & 11.4 atm
oA $23 WMEHFE RAFH HM S 524 atom t metal 2] atomic
ratio ¥ 2Ju|dt H/M & 57} metal hydride 2] F71E &ju|dict.
Cycle o} W& F£A2FF HAES cycle $7 57180l ulel F71sh 19
cycle BEIT F7FEA] @3 Saturation E+= AE BRoFa ok, o]&
=43 ¥H-gA] fine pacticle 8 XIHMEE pulverization ©] © ol4
A el 2] oF7] o Folat & 4 uk.  Fig.IVI3 2 MgoNi 2] 250°0C oll A
H/M o] @8 F2FL AFSE vela ot FUIGHel 48 543

MEEEE T3 Qlevt H/M o] 718t A ¥rE& 5+ 9F | order
A 4TS & 4+ Ut
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Fig IV12 The change of Hydriding Reaction of MgoNi by the
Abs -Des cycles
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Fig.IV13 Hydrogen Absorption Rate vs. Reacted Fraction of
MgoNi at 250°C.
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3. ABs type (Lalis, MaNis A)

3-1. Activation, P-C-T curve

ABs type 2] $FAAFTUFTE Y-20A 40atm o]l AFelA 4
activation Et}. Fig.IVl4 £ LaNig &] F=4&F5 HETLE 20 cycles &
343} US4 7} saturation B RS e}, Fig.Ivis o] dHEA]I

=¢! LaNig ©] &%t P-C-T curve & ‘vIeElUAT}E., F2AHFEFS H/M =

ot

1.0 &2 u]® 3O hysteresis 7} Y3l sloping ¢ A& ¢ vi$
T 9% HAES ZE AE Y + Uk =R Ni tiilod] &Fe] Al

2 X33 LaNig 7Alg 3 ©3 Fig.Ivie o} vlepd uvjelzdo] capacity
o] & Z4¢gle] hydride stability 7} =ZA| F718te ASE & = Ut}
w2}l ABs type LaNig T ZFAGNA = Al & XBFE 243 HFr|Zol
o}2}A] plateau pressure & XY & UASS &u|dct.  gro] u}%t La
th4lol rare earth element 2] Y& Mm (Misch metal) & A}&3%)
MuNig sAlg. 5 2F MaNig ysFeg g5 ¥a2el €49 5S4 Fig.Ivl7,18 ¢
vielyl uletzro] capacity 7F X ZASHA] hysteresis 2F sloping ©]
T= ¢ & Urt. =3 Fe Ert} Al X]¥ 2]l hydride stability 7} &

& 5 ATt

3-2. Kinetics

Fig.IV19 = LaNig &} H/M ol & sAESsSxe] WHIE RAFa

Ak, HbgZR7]o] W-gQr¥o] S5 QatEH A 2] chemisorption ©],

rl.l".'.

+U8o] &5 chemisorption 4] nucleation and growth process
7} E5IAZE B REEFI)oA = Nl @A Igle] hydride layer &
T Fao Hilol E5UAY HE B33 . Fig. 1v20 3 Fig. 21

ol LaNig 7Alg.3, MmNig sAlg s ZZe] ¥{IFEol JAT Fxo] F=
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Fig.1V14 The change of Hydrogen Absorption Behavior of
LaNig with the Cycles.
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T=303 K
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Fig.IVIS P-C-T curve for LaNig at 303K.
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Fig.IV17 P-C-T curve for MmNig sAlg 5 at 25°C.
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Fig.IV18 P-C-T curve for MmNi4_ jsFep g5 at 0°C and 30°C.
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Fig.IV19 Variations of Hydriding Rate of LaNig with the
Reacted Fraction at 30°C.
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Fig.1vV20 Variations of Hydriding Rate of LaNig 7Alg 3 with
the Reacted Fraction at 30°C.
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Fig.1V2! Hydriding rate vs. Fraction 0°C.
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A& vl R =dl  LaNig 8] 73%9 T2 hydriding Kinetic mechanism

22 27 FFEU.

3. Degradaton

ABs type 2] $=4AFFo| it cycle o] @} extrinsic, intrinsic
degradation o] &%t A3 olu] £REUCE. [IV-1] 2 HAolA| ABs
Ao FFEAe] XFo]  2]5] degradation ol ThE AP HAd+
Qow 53] Al o] XFHEIAV 53 ALE LIElYT

Fig.IV22 &= 30-210°C & 550081 cycles §F A2t cyele e PCT

Iy
Y

& viellla ok, 2 FEFS oF 257 AAET 9F7He] sloping
HAro] vielyttt.  Fig.[V23 = -220C ollA cycle 2 ¥ 2] reacted fraction
0 F2Fe S5 F B33 i, #2438 ¥b3  mechanism < F 2]
Z7}ol] mla}l surface reaction, nucleation and growth, diffusion control
2 W33t ct. o]&  ¥F-8 pechanism 2 5500 cycles JFolx= =37}
Roert Sojantst AlAZ 4% WFEHEIL cycle FEHRr)l 2-3 v
71§t Ao|ct. o]+ cycling =50 A|HFEHA| FAE Ni cluster 2
catalystic effect (Hy -> 2H) o 2J& ~|QI%t Fozg Azix[oZict.
MoNig sAlg.s & F2XARFY ABF, cycling ol w2 H|F
FAMFEFS AL SHFATNE SAINE SxE 0 233 g7t

7 ot¥Tt. ol FeTi & AAet+ Hithe] B¥E vielular Urt.
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Fig.1V22 Pressure-Composition isotherm curve for
MmNigq sAlg s at 259C.



After Activation O BA®
After 5500 Cycle 0040

P“Z (th)
Ce |
O® 0.8
A Q.6

-~ M\:‘_\

0.8

Hydrogen Absorption Rate (H/M)/sec 10°

Fig.IV23 Hydriding rate vs. Fraction -22°9C.
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A. Tr-based Laves phase A 32

Laves Phase #l &2 ABrtype 2l AAFENE 7HA=  1intermetalic
compound A1 FA2e] XIBFHoe] T A YA (eq » Zr, Ti) oF XZ}Ho]
Z+2 B (eq » Mn, Fe, Co) ¥4 FHE ZAYEHUSE B¢+ F2AZE
ME2A ol8d™ 5 Uk, FA2AFE MEZA Laves Phase & FHS

=5 5 72 aokE 4 Ut}

4

(1) F2=AH5Ho| ufp A},

(2) 23 WEHES) o) whac),

(3) activation ©] oi-§ &]c}.

(4) Laves Phase structure & A& = UE ZAATUBH0)

JEIRS1SY

(5) LaNig ol uls) 7}zjo] ajc}.

Laves Phase & =4A %582 t}E alloy system 3} 8| o ol &
S Aoz AdHA Qiry. dF EW IrVoHg, ZrMnpHy4, ZrCropHy &b O]
FaAF ol H"AMIEAM | < WM < 2 HelY w2 AHFEXNE
vleltlo] 4] LaNigHg, FeTiHi-7, MgoNiHgq & ©hE metal hydride system 2}
Bl2d o S$ALFXFFHol R|F7IA] &3 7] Pseudo-binary hydride
AMEFNAM 21 Flod F2AFIAHAE Ze A& & = Uvh.  wEbA
Zr-based Laves Phase A ¥FZ T2AZF-E AME2AM AE7lsAde] &7

o} Eoll olo] chE A7t Wws) As ojob HAMT}.

1. Aetivation (4% Hg)

U] LFF AAY FeTi & 7FSF 400°C o)A 40atm Hy ©)/gdolA]



activation *2]& &ofTt £33} HrZo] oS & = AA2T MgHNi
£ 300°C °j 40atm Hy 1o & &&olgt =43} HlFo) 2RPHS & +
AR, o]F &Fol H8|s] Zr-based Laves Phase Al TFES LaNig A
dZFEFL 9IFRE A260A  40atm Hy °lAFe] FFAlME &)
activation ©] Elo] $£A3} WkZo]l (& o|uo] 90% ol T AT,
w2t FeTi ©]ut MgoNi 7 8| F HA|Ad= F538lvl activation A 2|7}
IAd2E 837355 7t E-Fd 8l8] Zr-based Laves Phase A UZTEFS
activation A 2|7} 48] -Fo|dty 45 HSHEEE vl wE EHS

LEpUl 3 QU
-2, BY9YH A4 Y P01 curve o 3

4-2-1. Zrl-xTixCrl-yFe[+y - | System

Fig.1V24 = 3 ®¥A| IrCri-yFej+y FFEN U4 Cr o] i Fe 2

AoiA Rl XNJEFE F7FA- wE (y = 0.2, 0.3, 0.5) 30°C ofjA]el
FA2FF W WE P-C-T curve HIEEFE B3T3 Q. Fe Yol FF3H
24 FEFYQ] plateau pressure 7} $=AFAJo] FU1E ol ozl FAMZ oz
578t sloping BelE EHoF3 Qo Fe Fe] F7lo e} A£FS
3 WE"EUE (Pf, Pd) 7} Al Folste e & 5 Ark. =3
hysteresis =7|+& Fe T2t o7 F7H4 F71T S & 4= Uck. o]&H3E
A M Ba® ZIr(Cri-yFey)>-Hr» system ©| i  Northwood
[Iv-2,1V-3] 2] F3et & 2|t Ut}

Fig.IV25 < 4%7A Zrg 9sTig.gs5Cri-yFeq+y HFEA P-C-T curve
HMIE Fe AFFel y = 0, 0.2, 0.4 2 F71go] de} Jep Qo).
Fig.Iv24 off u|sltd ZHAHQ sloping plateau &) Z|&717} T
H23AE ¥ MAHY BYS IrCri-yFej+y ALt wie v

AL & 4+ et



H/AB,

Flg 1V24 P-C-T curves for the ZI'CI'L,,FE:H_y - H2 system at 30 °C
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Fig.IV25 P-C-T curves for the Zrg o5Tig o5Cry Fe, ., - H system at 30 °C.
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Fig.IV26 < Zr ®iAlel]l 10% <& Ti & R3S 4974
Zrg.9Tig, 1Cri-yFej+y HFECN UAA Fe 2FHo] 0 ( y ¢ 0.4
HelolA4e] 30°C P-C-T curve WH3E HSEF1 Qrk. Fig.1v24 & Ti 7}
A= IrCry—yFej+y TFAIE €2l sloping BE7F vl$ H2  well -

defined plateau 7} TAH] XA3HE (y)oll ZAHA B},

o] ¥FEL S HMFEFS 30 atm & FA2&LYYH PO 9F
3.0 H/ABy °oj y = 0.3 22 F718m] 712 He dATSs & = Urh.
Fe X|&2e] S7F=  Fig.IV25 ojAe}t w7l x]2 P-C-T curve 2] shape ©J
B A2 hydirde stability & ZA9} FAlol hysteresis 271 &
°F T7HxIXct. FAFE FAEFeAle] BHEPLAUE Sy Zrel 0, 0.1,
0.2, 0.3, 0.4 2 ZF7I¥ol =2t ZFz+ 0.27, 0.5, 0.97, 1.9, 3.8
712 A y e HES WHEAIRA oJsiM F=2HFEFe] & FAgle]
CItaA St BHSLAUYEHS AE well-defined plateau 2] metal
hydride 8 & AXT 4= Qe AL 2u]dicy,

Table IV-1. = Iry-xTixCri-yFej+y alloys ol iy F3AAHY
hydrogen storage data & HoF3 QEd] oA Zrg 9Tig, {Cri-yFej+y
A= RF7HA] Ra¥ EE  Laves phase EAONA Z1A 2431
hysteresis % sloping S4S vl o cycle EAAE &
F8tq olF ¥YFES heat pump & TS o F-EFofoll A& o
LaNig ol »|3leq zlZHo] A @3] FFA Aol system & A& W SHZ
57HA1E 5 S Zojet A",

22} Figs.I1V27,1V28 ofjrle} Zo] Ti RABVFSE 15 - 204 2 ¢F
7kA1ZI" . P-C-T curve 7} =A deEldckes AE o F Qo).
Figs.IV24-1V26 ollrets ©2] Zrg gTip, 2Cri-yFej+y HEFES plateau
pressure 2| 7| &7|7} ZA F7}3t] AP plateau F3to] &

"amorphous-like” P-C-T AH&F & B}, =3 F2AFEFE  Fig. V26
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LrosTio LT yFe,,

H/AB.,

Fig.1V26 P-C-T curves for the ZrygTiy,Cr, Fe,,, - H; system at 30 °C.
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Fig.IV27 P-C-T curves for the ZrygTiy 15Cr, Fe . - H system at 30 °C.
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30 °C ZroelioCrFe .y

l 2 S
H/AB.

Fig. V28 P-C-T curves for the Zrg¢Tig ,Cr;  Fey,, - H, system at 30 °C.
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Table [V-1 Crystallographic and hydrogen storage data of I{r., Ti Cr_, Fe . alloys.

alloy
composition

A
0

OH A5
Kcal/moi Hz cal/mol HZ K

1/2RT In(P./P )
cal/mol H
at 30 °c

Lattice
parameters

a(A) c(A)

abs.(des. ) abs.{des.)

125

138
176
202

221.5 (23.7)

-22.11(27.0)

135

169
172

0.2 . -21.9 (24.3)
0.4

-22.2 (25.1)
-22.0 (25.1}
-22.3 {24.9)
-21.0 (25.4)
-22.0 (24.9}

0.1

0.15
-22.3 (23.6) 2.85 93

2.54 116

2.2 -7.04 (7.41) | -21.95 (22.3}) 2.9 63

-6.29 (7.33) | -22.6 (24.4) 2.71 /8
2.42 122

* The: lattice parameters could not be calculated because there existed smal)

amount of second phases.

** The hydrogen storage capacity is [H}/[Razl at P, = 30 atm and 30°¢.
2
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ol 2] FrgAet vy off oF7F A4St o]|HEF P-C-T HE= FexX|FO]
HIY = hysteresis =7|7} FZF F71sta2 A AHQ) hydride stability
o A ¥ sloping AFNE A3 TS FA A=

whetr] Figs.1V24-1V28 2] P-C-T AHE2F ¥ Ir|TixCri-yFej+y =
Alol] QoA Zr chAlol] X ¥E Tie] F¥2 plateau #37He] sloping B EE
ZAA s Cr ol i3t Fe AB A I+ hysteresis &F hydride stability

FYg vAcke A & 5 Uk

{-2-1. Iri-xlixlinfe - i Systen

Fig.IV29 < Zry—TiyxMnFe &3 &°l oAl Zr o] chigk Ti x| ol

i

F7hgoll @& (x =0, 0.1, 0.2, 0.3) 30°C oMol 2T - B
P-C-T curve B¥E HAF Art. Ir|—TixCri-yFej+y HAFACNM2t=
g2l 2E 2AAHNM s2EFs BEYF (Pf) I FE™IYE (Pd) o
21o)l & vIelUl+ hysteresis 7} =31 IrMnFe 3 A ¥ Fe] RAFHQ
plateau slope ©] "¢ A% HAFPE BHArt. o]&HFT HFS  Suzuki
T [1V-4] ©] Zr (Mnj-xFeyx)> system £] desorption plateau 7} 413}t sloping
HES BQ Al & dXE: e} ZrMnFe &2 hysteresis A=+
ETHE AEE d3HA  JARJUTt. Zrg 9Tig (MnFe E2l d$ol+ ZrMnFe
off v]3led HAHAQ hydride stability & tA YolAjL} sloping B X 2]
MAo] o= W TR AuidS & += e Fig.Iv3i0 o iepd
vpetzro] Ti X|F ol 20% E8H Zrg gTig oMnFe Aol A sloping
2xE7 7t #AS P-C-T AHE= vielda Uok. o3 x = 0.2
ZAgo|Ae] P-C-T A2 oldoll WHX Suda 8] F7AAAE I A5
UTt.  Irg gTig oMnFe ¥ g0l cidt A3 o]Holx  Wallace[lV-5].
Suda[1V-6] ol 2]8tq o]Fo4R u} Qo R|FntA]e]l Zr-based Laves

phase YFFolA 71" 5T =43 NIELAS ZAT UT2LEAM

—_g9_



0 | 2
H/ AB,

Fig.IV29 P-C-T curves for the Zr, Ti MnFe-H, system at 30 °C.
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O Ol 02 0.3
Zr,_ Ti, MnFe

Fig.IV30 The changes of sloping degree for the Zr, Ti MnFe system.



Table IV-2 Crystallographic and Hydrogen Storage Data of
Zri-xTixMnFe Alloys

—— T [ [ ] e

lattice parameter 5.012 5.002 4,977 4,974

(A) 8.211 8.180 8.134 8.140

Unit Cell Volume (ia) 178.6 177 .2 174 . 4

JH | abs. -5.59 -5.45 -5.17 -5.21

(Kcal/mol Hz) des. 8.17 7.74 7.08 6.69

4s abs. -19.7 -20.2 -21.0 -21.4

(cal/mol Hz K) des. 24.7 24.6 24 . 2 23.9

Hysteresis,1/2RT1n(Pr /Pa) 521 475 340
(cal/mol H)

Sloping Degree, 0.75
d In(Per)/d (H/M)



HaElolxlzz Qry. gl Zrg gTig oMnFe 33 & dFoA LB
Irg.9Tig, 1Crj—yFej+y TUFES 8IS Mn o] X =52 hysteresis
energy 7} 340-521 cal/mol H &} HHZE of-F & XojHo] EXNRTS &
UTH.

Ti 24°] ©% F718td x = 0.3 QA Zrg 7Tig 3MnFe T FolA=
FAAFEHol H/M = 1.98 2 JFAB] Yokr|w x =0.2 A
well-defined plateau 7} AF2tA151 FHEsloping plateau VEHE Ho|F1
Ak, @B} Zry-yTigMnFe system S XE  Zrj—TiyCrFe oA{e} o] Ti
AF a2l FFL FAAHQ  hydride stability B F2AFFHE
ZAAaA)1Z]HA P-C-T F42] sloping VElE AT AS € = Urt.
IrCro-based TEFAYNAME x= 0.1 ZAoNA sloping BEZF A3
well-defined plateau & XHol& ¥YWHH 7Zri-,TiyMnFe system ©llA]2]
JAZAES x = 0.2 2 Ti 2AHA AolHe] U&= & + Art. TEA
Table 1V-2. ol Zri—4TiyMnFe &=l it FEAHQ hydrigen storage
data & BAFIZ Aed olAIANERE FHEel Iri(TiMnFe TFolre
hysteresis 7} =231 sloping @4°] oi$ A3HA viehvla & &

AR T}

03, Tri-Tiyd0.SFel 5H Systen

Fig.IV31 & ZrV>-based Laves phase IZFAE 7]|2og It
Ir1-xTixVg sFey1.s 3= UAM Ti 2AHE x= 0, 0.1, 0.3 22
7kl & S0°C P-C-T curve & WHHE HAF 32 Qlvy. Ti 4]
7ol mal Table 1V-3. o vield wielgro] =424 % §F= H/M -
3.1 (x=0) oA 2.56 (x=0.3) o8 A&HEHOoZ FAE AU YA 4HT
ZrMny % ZrCrp based Laves phase o= €] 2T ZAAGHolA

hysteresis energy 7} 17 - 30 cal/mol H & ¢ ZF2ZHE ZHA]HA
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Fig. V31 P-C-T curves for the Zr, Ti V, Fe, s - H, system at 50 °C.



Table I1V-3 Crystallographic and Hydrogen Storage Data of
Zri1-xTixVo.sFei1.s Alloys

———— [ o [ [ s [ ex
(A) C 8.248 8.216 8.184 8. 168
R N R R N

Hysteresis,1/2RTIn(Pr /Pd4) 17 30 23 26
(cal/mol H)

Sloping Degree, 0.81 1.15 0.95 0.83

d In(Pr)/d (H/M) |
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HE R Ti 2ANME sloping BEL H4doe]l FHSIA elhvir] o2
SAds HoAFa At ZrVy based ¥FAE ZrMny, ZrCry  based
A A= G2l V oF Fe o] F40E 1:3 22 3l V ohdlol] @22 Fe
& A3 A ST 7332 50°C P-C-T FollA] vield FyPFAQHo] |
71Qt oluje] #EXE Holy HAL Cr olv} Mn I ©E] V o] YAINIFo]
A o Wi XFFHe] uje w2 AR FE Z|x FHolg}

SELRLY

A-2-4. Tr(.8Ti0.2MnyCr{-x)Fe - H Systen

ZrMny-based &FAolA] vlellE P-C-T Z4e] plateau SAdoilA]
sloping AEE A3 =HJXIT  hysteresis 7} ZA  FEASE
Zrg gTig oMnFe 33 ZrCry-based #FAONA] hysteresis & &2}
H| AT Fe] P-C-T 543 F43%  AF sloping AFTE ‘ields
Zro gTig oCrFe T30l YoM Ti W Fe ZAulE AAsA §21T F Cr
I Mn o] AuiAFHR]D ZAulE Y2t Zrg gTig 2 (MnygCri-x)Fe T E Aol
thsh A P-C-T &48E& A8, o] AP L] 52X Zr-based Laves phase
g 2AHsE tHBEHQ ZrMny, ZrCry 52 294 F3Fo0A Mn 3 Cr Y22
P-C-T curve o] oJm3%t JEFE& FE=71F dolr>] $1¥olo =3 Flanagan
FIIV-71 o 2l3}H  sloping #&E3# hysteresis 54 1 2F-H0]
TEHoE 2] e 4dFAr ¢oa e o elgAd S Td
HHH Algtol] ojsix FHIP 2 FFAFel] elsis Frtx] ga7)
=7 HB}3= Laves phase system oA 2 ElAE AEAH SR AdnE =
R = hysteresis 2F sloping & <3& ol=dl Aoy F83 2uo|&E

zte=ola Ay st



Fig.1V32 & Zrg.gTig.2(MnyCri—y)Fe 2] A&eRollA] x = 0, 0.25,
0.5, 0.75, 0.85, 1.0 22 W3AYo] m}E 300C $2F54S p-C-T
curve WH3E iepd  Zojn  ZZe]  A|Hulrp 2 EH 3o =
FA2F+-HE P-C-T curve HIE Figs.1V33-1V38 o] L}e}iQict.
AAZGHY (x) o DA F2AFEFS A2 AT A g
gefe] P-C-T HE 7l EATS & 5 k. VA Fig.IV36 ol vielugixo]

b!.

= 0.5 ZA42ZE Cr & Mn ol ZtZF 50 % M7HE Zrg 8Tig . 2Crg.sMng sFe
dFY P-C-T curve & FEJZ} H/ABy = 1.0 7R Zrg gTig oMnFe
A oA LlelvlE= slopingel #A-3% pleateau pressure 7} VHERRTHZ)
H/ABy =1.0 e°)&2] A FHolrE= Zrg gTig 2CrFe &} P-C-T curve £
B8 sloping A< Hola Qo™ hystereis 27|+ Mn ¢} Cr 227

FAAE A2l hysteresis HF2l FIHEHNE vielz QUSE E =+

ATk, oldF{A x = 0.5 2ANA x = 1.0 &) RA (Zrg gTig oMnFe) 2.2
Mn 2] AeiAQ x|fgFo] Fotgel et A& A]e] P-C-T curve & A
AT WE ATl FHFLAYo] MAFH LR F718t hysteresis
z7iet &M pleateau pressure 7} 7] &&= sloping AF 2 =77} T4
S g4 Ark. =3 x = 0.5 ZAA Zrg gTig oCrFe & A (x =0)22
Cr o] Al XFFo] Fotgol mae}l 24 FEFYNA AT plateau
pressure & AMe}R|3 Zrg gTip oCrFe & P-C-T HAAE LIehREA
hysieresis =77} A4S HAF3 Urt.

Fig.1V39 o] Mn 3 Cr & A& 2 (x) H3¥ ol & 30°C P-C-T
curve A2 el 3} hysteresis energy 2t sloping degree & HI} &
Vel x -
57}l ule}

_'l_?-'_
S840l A st Aok, ol AFES  hysteresis 7t F O FF/

S5 E TH2LE Mn ol EFHZ Cr & oA Fol

-

{4 AHdHo2 Zrg gTig oMnFe, Zrg gTig oCrFe &
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30 °C
Zrog Tig o{Mn,Cr,_, )Fe

10

By, (atm)

0.l

Fig.IV32 P-C-T curves for the Zr; gTig ,(Mn,Cr, )Fe-H, system at 30 °C.
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’l‘ﬁ-

4

or Zry (1ig sCrFe - H, systemn at several temperatures.

i
f !

3 P-C-T curves

Fig.IV3

—102—



- /AB,

30 °C
20 °C

Fig. [V34 P-C-T curves for Zr, ;Tig ;MnFe - H, system at several temperatures.
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Zro ol 16.2Cr0 76MNg o5F €

O8 l 2 3
H/AB,

Fig. IV35 P-C-T curves for Zfo*srlo_z(:fo_-ysmo_stﬂ'Hz system at several
temperatures.
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Zro o Tig,ClosMn, Fe

O"IO | 2 3

H/AB;

Fig.1V36 P-C-T curves for ZrygTi;,Cry Mng Fe-H, system at several
temperatures.
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Zr, Ti, Cr, ,.Mn,_ Fe

Q.8 0.2 0.28

Ol
H/AB,

Fig.IV37 P-C-T curves for ZrygTiy,Cry2sMng 5sFe-H, system at several
temperatures.
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Zr, J1, ,Cry Mn_  Fe

0.8 0.2 0.5

i —e— 50T
—— 40T
—— 30T
—e— 20T
08 | > 3
H/AB,

F lg . IV38 P-C-T curves for zru_aTlo‘zcroilsM%_ach'Hz systﬁm at several
tem[xmtum.
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d(InR)/d(H/M)

I/2RTIn(R/R), cal/mol H
N
Q
O

100 2
O
O 02 04 06 08 10

Zr, Ti, {Mn Cr_ )Fe

Fig.IV39 The changes of hysteresis factor and sloping degree in the Zr, gTig 5
(MnxCr I-I)FC-HZ system.

—108—



)

O

H

N

N
<D

Plateau Pressure ( atm )

O 02 04 06 08 1.O

Zry o io o{Mn.Cr  )Fe

Fig.1V40 The changes of equilibrium pressure for hydride formation and
decomposition at H/AB, = 1.0 in the ZrygTiy,(Mn, Cr, )Fe - H,
system.
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Table IV-4 Crystallographic and Hydrogen Storage [lata of
Zro.eTio.2(MnxCri-x)Fe Alloys

Lattice parameter 5.00 4,999 4.998 | 4.986 | 4,988 4.977
(A) 8.184 | 8.199 ]| 8.175 8.1569} 8.177 8.134

AH abs. | -7.04| 7. -6.31] -5.58| -5.69 -—5.17
(Kcal/mol Hz) des. 7.41 7.83 7.34 7.98 7.53 7.08
48 abs. | -22.0| -23.0| -22.3| -20.7| -21.6| -21.0
(cal/mol Hz X) des. 22.3 ] 24.82 24 .84 26.7 23.4 24.2

Hysteresis, l/2RT1n(Pr /Pa ) 63 113 136 2491
(cal/mol H) '

Sloping Degree, 1.02 0.77 0.56 0.44
d In{(Pr) / d (H/M)
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sloping A X+ ZolA| HItE sloping A X7} & 5 hysteresis=3 7] &
Zrolz & FAdol Crt Mn &) ZAE3A]o] & viehuta &S g &),
w2l A Zrg gTig 2(MnCri-y)Fe T FHAONAM e} FF A I P-C-T
A2 Fe| sloping I hysteresis & A@FARAZE AT AMAS &
= Qlou o] AHFE vield= ¥HEe] QU2 Fig.Iv40 oAl o]
Cr/Mn 2] Al A HZ o we} A4S FEAY(Pd) Bl =425
B3EAY (Pf) o HHrE o A7) wiEeltl.  Table 1V-4. 9
Zrg 8Tig 2 (MnyCr(-y)Fe %E°l th¥ hydrogen storage data & B F11
Qe=d 2t Zrg gTig 2 (MnyCri-y)Fe ¥FA A viell= P-C-T AT
Mn ©] B&3 hysteresis factor & T % sloping AEE Z2o, Cr

o] B&% sloping AE+ £ YA hysteresis factor & Fa& &

UATL.

Zr-based Laves Phase A ¥ FE< FA1 AT AAHE =LA H5Hol
=51, activation ©] "i§ 1 FAZ WISSES MESES € F AN
o] TFE FolA  Irg 9Tig, (Cri-yFej+y FFAE AI7HA  Rax
X Laves Phase 3JFAIONA 7} 43t hysteresis B sloping
E4S velm Yol £AaAMFA MEEA A3 Fopoll FEIIFAHE
A+)8tz Art. Bt =20 Fa-Eo o E  degradation ¥ AT
ETE7&e] @Bl disiMes ofF7iz] By vt ok, b
Irg.9Tig, {Cri-yFej+y IFAILE o] FE7bsAdel w2 Azl i3y
cycling o] @& degradation ¥4, E¢E 7l22] TP At A7}

"3 $¥=ojo} & Aot}
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Z|&L] F2AF JIEER2RE 2SS o', YAH$s A FHH,
ZHo7g 2jFPA]
Utk ™ol k. o AAFH FIFE olEdE Ao}
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g2 Foz HIsT Yol VAMRE 42T IS olEs:e

Rol 714 AEHQ Whos gaA Qi

FeTi Al ¥FS AF E&= F2EL7]0A 400°C ol o=
okt BAF A7) Zhesttt. ol3® ©HEE HEET] A
Ire J7}8ted activation ©] &A o]F o FHo} FAAHFEFo
ZdaEE FA7F AUt activation AHB|F 2& ool RWEFo]
He gUApTE. =Z
thermal cycling Foll $A&XF§Fol i Al AUt

MgoNi ] 3L uef SaARPIToE HEFYIYol Yol AN

1
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