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This paper describes the application of thermal analysis in research and development of sodium-cooled fast
reactor (SFR). In a SFR, the sodium-concrete reaction (SCR) should be considered when a hypothetical accidental
condition such as the steel liner failure by leakage of liquid sodium (Na) was assumed. The major consequences of
SCR are hydrogen release, energy release and concrete ablation. Thus, it is important to understand the
phenomenology and kinetic behavior of SCR. As model reactions of SCR, reactions of sodium and sodium compounds
with silica were studied using thermal analysis. Differential scanning calorimetry (DSC) equipped with a videoscope
for in-situ observations of the reacting samples was successfully used for revealing the phenomenological features of
the model reactions. Further, the kinetic features of the reactions were analyzed from DSC curves using the
conventional kinetic calculation method, known as Kissinger method. Subsequently, the significance of the calculated
kinetic parameters obtained for each model reaction was evaluated through the kinetic deconvolution analysis for the
overlapping multi-step processes. The practical meanings of the kinetic parameters determined using the conventional
kinetic analysis were discussed for utilizing these for the relative estimation of the reactivity and for the simulation of
the overall behavior under real conditions.
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WEEHHT b EEND, YROZLERBG, FiE
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Fig.1 The principle of fuel breeding in fast breeder reactor.
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Fig.2 Outline of fast reactor plant.
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—ENZT U A (Si0,) HER & LIzt A2 N RUOEH
ERALIEMEEa 7 ) — M SN TS, sl
FHRUE TH A Lw] (Fig2) T, SiO, 2#) 70 wi%ll L&
e R a7 ) — FREEREMO#EEa 7 ) —

FeLTHWHERTWS, ZDkd, ar 7V —koE
43T H0a-Si0, & Na & DIGPEIZ DV T DI HT B 23 44
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Na— =227 U — Mg, BEERBROMA ¢ 23k3<
L, REL 2ODKIGEMEIZ T o b, © BRI
W, EIED Na Bikic kv ooz ) — basingvEn, =
Y7 U= FFOABAKDS L IATFEEKROBIASGIZ L D £
RUTZAKRR 27 U — NREICIAR L, Na @ik & SOs9 5
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%2 BRIz B VTR, ) ~GITRT X ST, Na lahn
Z TN B S TA Y, L 72 NaOH %2 Na,O 72 & D Na b & &
a7 Y—bMEHRSTHD Si0, & DRIENBE ST
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(AH;73¢ = —85 kI mol™) (3)
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(AH73x = =133 kI mol ™) @)
S102 + NazO —>NaZSi03

(AHy73 = —235 kJ mol ™) )

L2»L, ZNETOMETIE, —HEDONa—=a2 7 U— |
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DFFERCHRIEI RS OMEIIZIZE > T, 207
®, Na— a7V — NS ET 2 ENEOLFE G
DOEEFHRRBEH SN L, TokBHHEZ@EETEN
FNDOLUSEBBEZ BT 2 MBI SR 2E 8 & & RSB 0%
WHZEENEHEET D Z L mMRDO 5N D,

4. BOMICK D RISEFDRE

A TERY LT 5D Na—= 7 U — ISR, B OTRY
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LI, BEAEBEE T DN ERE LT b
20, ALFEEOEERFEE~OT T a—F L LT, &
TIEERCS —HE Y a8 BRSO B LR EICL D
HERH R R EHI 2N T DT WD, P 2 S OB I
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4.1 BIEEH

Na & 2\ & Na LB & Si0, DEGIZxd % DSC #IE
IR TIX, Na b BT Na (bEWRFERHSKERCEE SR
ERWRISTEZ R T2, BB K ONAIE O — @ OEAEIC
BOTHRARKMAENK S & ORIGE BT 20BN H 5,
D=, RELOFAR L E) D DSC HIE O —HEOBIET,
KIRR L BFRIRE & ppm A — X —LIF & LizT7 L3 (Ar)
AR L a—T Ry 7 AR TITo7z, £z, NabdH W
¥ Na kA9 & DSC HIEDRE AR & OSNGHERE T 5
ERHY, Na (T DMICHEDCB R NG AT A
(SUS304L) HofEMaElEA (W5 mm, X 76 mm,
ESBRN%) &4 L7= (Table 1), DSC HI%E 121X, SETARAM
FEH DSC-111 Ve, Z 0#E TiE, Figld [T 489
IZ DSC DR A BURHA R IT L 0 3B L & [REEE S
NTWHD, JEFORMPLHREBO_A W EIZLD
LB DOERIED /NS0,

-
—

Table 1 Sampling and measurement conditions for the DSC
measurements

NaOH/SiO, mass (sample) [mg]  32.0/24.0
Na/ SiO, mass (sample) [mg] 18.4/36.0
Na,O/ SiO, mass (sample) [mg] 62.0/60.0
Al,O3 mass (reference) [mg] 100.8

Cylindrical, SUS304L
(ID: 5 mm, Depth: 76 mm)

3,5,7 and10

DSC crucible

Heating rate [K/min]

Temperature range [K] Room temp.—1073

Fiber cable

SUSI0IT ()

Crucible

N
Reference
side

Fig.3 Schematic illustration of the experimental setup for DSC
measurements.
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BT 5728, Nad DI Na kAW aE B ARD FiEic
n, ZOEIZa-Sio, #FETHHETH T T %TTO
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4.2 FIEHR
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LTSNS, ZHizEkE LT, NaOH OFRE %I,
NaOH g & o-SiO, DEHRISIZ L2 b D & b5 2l
R —7 (@) BHBLT 5, Na-SiO, i7" % DSC
MR BV TS, 372 K12 Na OFfiE (O) (2fE 95 e —
7 WNBI S 1%, B X F 700 K AT £ TEAOHA Y 138
Bl SN0, T OH%IZ 700 K 75 850 K FLE O RV EH
FCHEH SN2 BERRBEE—2 (V) 1T, Na @ik & a-Sio,
DEESISICE DD EEbis, BE#RO Na-Si0, f= >
V= MNIEDF 7T v 7THRERTIE, 803 K B3 ISIRE
LLTRENRTED, O DSC thiickiT 52— 0
RGP & —80d 5, Na,0-SiO, K2 xt4 % DSC #hfg <
%, STOK AR bR —2s (k) MBIAA L, Na-Sio,

Heat Flow exo. —=

- 9

500 600
T/K

T I T
300 400 700

Fig.4 Comparison of DSC curves recorded at =5 K min™":
(a) NaOH(32.0 mg)-Si0,(24.0 mg), (b) Na(18.4 mg)-Si0,(36.0
mg), and (c) Na,0(62.0 mg)-SiO,(60.0 mg).
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B OFEHFEIRE 850 K & [RIZE DR F TOJAVEEFEFHIZ
Dl A —7 N’BHIN D, ZiuE, NaOH O Na
Ea-Si0, DS, BRI S T D DIZxt LT, Na,0-
SiO, BB BRI SIZ L W HEITT 5720 ThDH EE RS
na,

Fig.5 |2, NaOH, Na, K& U'Na,0 & SiO, DI x 9 5
DSC HIfC BN T, ZNENDLIRT DR — 27 D
FRRABA T T OREL OB T %7797, NaOH-SiO, XKJ& Thk
NaOH O RE % OB — 7 IS LT, REOR
WD OEHABIEEND (Figsa), Ziux, KGICX
0 AR B AKRELR DRI A~DRENABMITEZ 5 Z Lk
52H0EE b5, Na-SiO, MIGIZBWTiX, Na OFhfiE &
FIMRZ, TREIZY 7Y 7 Lz Na OREAFE LE T
BESND L9125, LR - T, Na-SiO, K&, a-Sio,
DRITF-7S Na B TICE LI-REETIEZ 5 2 & AHER &
5, 700 K {43225 Na fitig & a-Si0, DISIZ £ 25 & B
NDREE — 7 DBIRIS RS 5 &, BB LEICARDE
REBONIBEERIBALND L2725 (Figsb))., 3
AME— R THIDITMEAT S &, B EEmpFasr 27
X912 D, 7o ABIEMITIERBOWE TH D Z LR
MHNTEY, BHEOHMA LY, NaBilcki 2 Cr OF
HUREE 236 843~973 K 19 L & TWnWBZ &ns, 2T
VUAREIESRDO 7 v AR —E Na @iRIZiEH L TnWD 2
ENREEDbIND, b, %ikd 5 XRD 2L 100
DFERDE & HAF T BTz, Na,0-Sio, i 19 Ti, 570
K 13275 DSC i THE L — 7 BBUA S kD 5723,
OrERE LHOBREICKE REMITBE Iy

(Fig.5(c)) . Z UL, Na,0-Si0, DERFEISERAS, FREizH
VT LT Na,O & EEICY > 7Y v 7 Liza-Sio, O
P NN L s R RN A LR N DRY Y oV (I

-
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585K (peak1) 585K (peak2)

(b)

?

Boundary between
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733K(onset)
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Boundary between
crucible wall and sample

298K

Boundary between
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873K

Boundary between
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Fig.5 Comparison of videoscopic views of the top surfaces of
samples during the DSC exothermic peak of the reactions: (a)
NaOH-Si0,, (b) Na-SiO,, and (c) Na,0-SiO,.

DSC HIEDFEF 5, NaOH & 5\ T Na,O & a-Si0, D

BOGE, Wb L% 600 K LLTF TRl 2208, KK
i & AR SS DEWZ L, NaOH-Si0, Btz B TH

M2 POSHE RV FBI N BII SN D Z & b b, £,
NaOH-Si0, ST & 2 B KA D FE AT K0 T35
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I FIREME DRI & D, —TF, Na-SiO, It DX
JBARAIEEEIX, NaOH & 5\ M Na,0 & a-Si0, DS b
AT 100 K LA EEWEE 2R3, Na OFMED & UGB bh
F TIZ Na fliKIZa-SiO, W ET 5 Z LI 5728, Kk
BREEHE, HRHRAYEC) e s B FR BN L 0 S AT TS
L0 & Bbivsd, DSC Hh#R TN S L7z KIS OFRHEN &,
Na—Si0, & U Na,0-Si0, BT DU T 13 B i BT A3 7]
EThdLEZLND,

5. RISERMDRETE

Fig.6 |, Na-SiO, & O} Na,0-Si0, Z 3kt & U T F-iRs
5K min 123V T 1073 K £ THIEA L T DSC HIE 21T - 7=
%, PBMEZRE VU L ERERD D XRD R4 — %
7T, 1219 Na-Si0, KIS DERMIE, Na,SiO; & FEL5y &
L, Na,Si,0s DRIERM & Eie Z & 30> 72 (Fig.6(a)) .
oY, ERIGIEFER@DICEIDb0THY, ERLE
Na,SiO; & Si0, DEIWRAIKIGIZ £V Na,Si,0s AR T 5 b
DEEZEZHZENTE D, ZOM, 7 vt (CrO,)
RIS AR E — U BNEREN, Bk L7z AR =2
— 7% H 7= DSC JIEH OB D E OBIEL) HHER S

NTCRBEEZR T O Cr iy O 2 BT DR 2R Lz,

BRR L7 X 912, Na BEIZEIT 5 Cr ORHIEE I 843
~973 K ThDHEENTEY ™ Na-Si0, DR
(700~850 K) LV @R TOHETHLEEZExOND, —
JiC, Na,0-SiO, GO ERARMIL, AV T A
U (NaSiOy) XS T 2 mEFT/ & — %R LTz
(Fig.6(b)) , Z 1L, BEH DO RGNS I & 13872
WRICE DS ERETHHDTH S,

SIOZ + 2N8.20 i Na4SiO4

(AHz73¢ = =323 kJ mol™") (6)
F72, REIGDa-Si0, DEHT /2 — Bl S hi-Z &
5, Nay0-SiO, e BNEFRMRIGTHHZ LIk, &
B B F i TS D SR b & BT Na,O i@ Fl oo 544
THRIGHAEIT L TWA Z LR TFHlES iz,

(a) 1 :

_ A Na,510;

= O Na,51,0,
"'E\ AA * CI’D2

o a
2 . 1 1
= * A F

o o, ‘_JO. Ve MV A MY e nn) ]
T T T |
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26/ deg
(b)

=

o]
=y
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g

T 1 J ‘
20 40 60 80 100
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Fig.6 Comparison of the XRD patterns of the solid products
collected after samples were heated to 1073 K in DSC: (a) Na—
S102 and (b) NazofsiOQ .
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IR OFEROZ YA FMT D70, BI)FPMEE
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KO Si DIREW O TR E v, FEERER & haxtisd
5, —FHT, NaO-SiO, ISR LT, ¥I=21b—v=
VTP RIEI D NaySiO; DA & 1T B B HERER L 72>
TWb, LL72A 5, NaySiO; HAH O ALK 5 MUt iz
2 L T Na,O 18R O FEIEIZ Na,ySiO, & Na,SiO; DIRSFEAME
L, EEOKIETERE—RIZEIT B MIGHA Nay,0 i
FIORIEIZHD T2 THE—ET D,
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o9 0 Q
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1600 | & ";.-. B
zz Zz 3
« 1400} 5
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2 i
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800 F é
N Si0, (= ) HagSiy(3510z) T Na, 5i, O3 14510, (51 5i(s)
600 L Nl HHaSIOLsE(s)
N a,Si0451+Na S0 (sH 51 ——
400
0.0 0.2 04 06 0.8 1.0
MNa Mole fraction Si0,
(b)
1800 —
e 4 g o
@ o R 2
1600 a & N -
z = 3 &
1400 e i
! ~— . / = ~ \\\ - H )
o N = % yd
21200 ) 2] 2
E I
a = =
£1000 = =
£ i o
= Experimental S| 4 .
condition G g [NES0E
800 5 = +
= | 2| NaS,040)
N g Q5]+ a,510,05)
600 | M2, Bl 05(5)+510, (5]
NagSi 0,(s)
+MNa,5i04(s)
400
0.0 0.2 04 0.6 08 1_‘0
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Fig.7 Phase diagrams drawn by using FactSage software: (a)
Na—Si0, and (b) Na,0O-SiO,.

6. RISEBERAMNIC & HIRET

Na-Si0; & (" Na,0-Si0, S Iis % 1 FE s B0 B9~ 5
729z, kil L7z DSC JIEEREDOT 7Y v 7 L s
TR DOLMICBN T, FEEELEEIL I EEIT-
72. 219 Fig8 12, THENOMKIGITH LT DSC #ift5
IFERTX T2 AT OIS T aZ AW TERR L7
B OEERIT —F (daddt vs. T) ZTFT, WTFRORIGIC
LTH, HERMOMRITEH L2 REL 2DIoN T
FEENCEEMNC S 7 b L TR Y, AR A BT A3 A RE 7R
T—=HThHEEZLND, —J7 T, HERNERITE D
FHE LT~ 2o - ZEBSAR O E 2T 5,

Na— 2> 7 U — b %l EEFR B8R 2> O 3R L 72 F 58
RSN TWABN, —fFilE LT, KEY T ¢ 7 ESLHFFEAT
WICBWTHKESRT Y U — FOFHD 72 $H1Z Na-CaCOs3
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Fig.9 Kissinger plots for Na—SiO, and Na,O-SiO, reactions.

Table 2 Kinetic parameters determined using Kissinger method.

Reaction E,/kImol™"  In(/s™) y®
Na-a-Si0,'? 231+22 296+35  —0.9997
Na,O-a-Si0,'® 106 + 12 152+25  —0.9930
Na—CaCO;'® 251 L. S—

# Correlation coefficient of the linear regression analysis.

RO FE TR GRA T A —H L, SRR EE R A
B DT R D UG A — /L TOZEE & AMFRIC T 5
LT“L:}(, Z DI A TR T 5 72 60 D FERERERIZZ LW R

NI OB TH B, FEFED Na-SiO, K Na,0-Si0, ki
DSC #h##=° Fig.8 12/~ L 7= B imp iR DR 5, %’Eé@ﬁw
(LSRR TR & 2\ I B SAT 10 SOS B AR A3 40 I
BLTHEITT DO L BbN5, _ODOt I IR AR EED A
= AL EHRERORRE AT H7-0I101E, EHICEZEN KL
ORAA 72 BRI T 7 m—%kmr“éeéﬁsamﬁﬂﬁ v, %
FOG BB O ER BN & 2 5 O ERBREH 520§
BT EBMETHE, P fﬁﬁﬁfbi DX D IR E
FETRRRAT OFFNL, R DOARB—EE WIS L CTRRD TR
LN ISFRMIZB N TORRE N TWD, —F T, K%
— AR U CHL L 72l B i O & 9 A %
BRI TIENT, £ OfERE OBt OB 22 B FH i &
OFHIEIZIA NS TERY, AEE L éhfwé{ﬂ%/}\fx
K720, 2D X D 2 RBRI 20 AR OARAT O T 2RSS
WL, 2 O R OBG RN EREZWRICT 5 2 k
X D ’ %@fu?ﬁﬁ%ﬁ’ﬁﬁjﬂﬂﬂﬁ’f“’é’f%é )

Fig.10 |2, H—ilFE 2 {KE LMo OERRIETH D
Friedman iﬁ 24>(ﬁ(11)) LV RHEY o7, ISOEITICHES
EEDZE b E R, 219

m(d ]_1 [ ()] L= (1)

RT

Netsu Sokutei 43 (1) 2016



T U A AEEE OWF5E

Na-SiO, & Tl BOGHTY-CXH al-a3 T/R L7-§ifH T
E, BB/ S WA TER SN D, KL DOB IR
ClX, Friedman 71 v MIEREGRE RS, HBRK
BRARE 2RI H D, T, AREOKRISIZE Y B4
SEND RIS EDRISEMER, JEFELTERRED LI
AT B ARt & R LT\ 5, Na,0-Si0, KUt Tl, SRR
th (b1) OFEED E MEARD L7-OH ERE (b2) T
—EEZTT, 62, RIGKEE (b3) £ T E, HERRIER
WCEFT5, Wb, KISEERR—ED E EE8R5 &
THDHE @RISR L THE SN D EE L TR D, 52
v — 7 4y BT &2 F\V T DSC BRRO IR ST 21T o728 &
%, Na-Si0, & U Na,0-SiO, S % LC, Zh e 5 B
KON 3 BB N EBE L RSB OFEN TR S
7. 12,16)

TRERI) 72 EERRFRAT & 132 B 0%, ENE N O KISBERER
FHAERZEGET S &, RIEIGHE Y, RAORER O
ETEERS, P

da 2 E .
— =) cAexp| ——= |f.(a. with
= 2;1 , p( RTJﬁ(,)
Zci =1 and Zciaf =a (12)
i=1 i=1
500 150
_ O (a)Na-Sio, -
S 4004 o (b)Na,0-SiO,| -
g i =
v - H 100 ff
S T —~
e o
S 200- 7
7 I
CLS ‘((k“ 50 ON
< 100 o
| e
0 T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0

Fractional reaction &

Fig.10 Apparent E, values at different o determined using
Friedman method for (a) Na—SiO, and (b) Na,0-SiO, reactions.

ZIT, n KW clF, ENENISEROEEZNEhO
FOGBERE | OREDRISITRT 2 HGHTH 5, Al L7z%
TAbERIE ¥ ORERIESS DSC Hi#R ORI v — 7 S5y
R EOFEEFE LT, XKADFOTRTH/RT A —Z D]
B E L CRY R MEE2RET 5, ek, ERER/INE

FIEDOT VA Y XL &0 EBRIICAE TRt 7 ¢
T EED L, Figdl \RT X 5 ISR RIIC 2 BRI

ISEBET D 2 ERTTE D, HERRI T BERAT OREE, Na-
Si0, I D SUGEE DKL, 4 3 B E OISOk &
—HFTHZERNbND, —J, NaO-SiO, S TiE, #fEK
T D SIS EE ORBRAS, 55 1 BERE & 85 2 BERE O IS O EEIC
FVEMEINTNDZ EnbnD,

Table 3 12, HEFRIIBEMNTIC LV Kl U 7o G BRUG
OBKIZE G T2 MKIGERICHT 2T L= AT A —4
Rt 1219 WIERSITIS U DR R R & S BB & %
B PRI &7z K 91T, Na=SiO, BUGIZ 8B T, Kissinger
HBICE VRO EfEIE, 3 BEORIGED EfE L LV ktis
Z7RT, Kissinger IEIC L W RDZ 4 HICHOWTIE, &3 B
BED SRS — R & Be7p DR R L7720, S 51
WENLERMETHD, LNLERG, & 1 BENLE 3
EEOIEDEN TN DOFERIE, AUEFETIRIE—ED
iz R U722 &5, Kissinger I & DITRERZ2, &b

Netsu Sokutei 43 (1) 2016

17

BHFIZ 351 2 B3 AT OFI A

BB LOSEE 2RI 3 B O KIS OB E R TRl O 7=
OO L L THWABEERE 2 b5, —FH T, Na,0-
Si0, ST, Kissinger ¥EIZ K 0 R 7= E B, & 1 BpS
LB 2 RO RIRIZ T D EEOROMEEZ R L, #BIEIS
OERBR 2 Z A5 OSUREFEOEHEIC LV kR ST
L2 ETHIET D, EDIC, FNEEORFERIT, ATk
LTI M FHE R LT, TRHDZ LD, fif
MICEVEET V=g RRT A=W, il &t 7
B St O RIS T O B E R P % ) 2 SMERIC TR S
T, fEfEETH 5 Kissinger 51T LV kb 7z Na,0-Si0, X
JEDT L= ZNT A — 2%, F ORI S A RS
RILIZZ LD ENT ORI T A—Z ThDH EEZR
JHuEie b, 51, FEMOFSROE(X, ThE
NS EBEPE DM AEARFEN KREWZ L 2R L TEY, X
(2T FD < TR BEFENTICHB VT H S HITHRF %
BEThbEEZLND,

25
5 o ] reaction stage (a) Na-SiO,
T 1st
1-5 7 2nd
1.0l 3rd
205t --
|2 0.0 +— r : i t %
~ 500 600 700 800 900 1000
g 1.5 -
% |{(b)Na,0-SiO,
= 1.0 :
] reaction stage
1st
05 2nd
3rd
0.0 1 —
500 900 1000

Fig.11 Typical results of kinetic deconvolution analysis for Na—
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Table 3 Optimized kinetic parameters of selected reaction stages.

Reaction i E,;/k] mol'  4;/s!

Na-a-Si0,"? 2 1593 (6.1£2.1) x 108
3 25310 (7.0 +7.0) x 10™

Na,0-0-Si0,'® 1 12942 9.1+£1.2)x 10®
2 83+2 2.6+1.7)x 10*
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Nomenclature

A: pre-exponential factor [s]

¢: contribution of reaction step [-]

E,: apparent activation energy [J mol]
A ): derivative kinetic model function [-]
2(): integral kinetic model function [-]
R: gas constant [J mol'K™]

T: temperature [K]

Greek Letters

o fractional reaction [-]

/3: heating rate [K min™']

Subscript

i: reaction step

p: peak top
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