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Hardening Mechanism of Refractory Patching Materials with Phosphate Binder
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The hardening mechanism of refractory patching materials with a phosphate binder was investigated by means
of P static and magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. Ten refractory patch-
ing materials were made of refractory powders of SiO2 and fused alumina and five mixed solutions of phosphoric acid
and aluminum biphosphate as phosphate binders. *'P static and MAS NMR spectra were measured of five phosphate
binders and twenty soft and hard refractory patching materials, respectively, to reveal the local structure around P
atoms. The ®'P static and MAS NMR spectra revealed that POy tetrahedra in the phosphate binders have no P-O-P
linkage between POy tetrahedra and that as the patching materials become hard, the ratio of POy tetrahedra with
bridging oxygens increases, respectively. This result suggests that the hardening of the patching materials is caused
by the condensation of the phosphate binder. But the ratio of PO4 tetrahedra with bridging oxygens was not enough
to form the network by P-O-P linkage between POy tetrahedra. On the basis of these results, the hardening mecha-
nism of refractory patching materials with a phosphate binder is proposed.

Key words : Refractory patching material, Phosphate binder, SiOs, Fused alumina, *'P MAS NMR spec-

troscopy, Local structure, Hardening mechanism
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[T % 31P v ¥ » s falin (MAS) #4508 (NMR)
SHEERNT Sy F v IMOfEENE (rT8E) OIKT
FERE ORI % 3k A 7=

2 X B H &

2.1 NyFTHOER

) VEBSRRS AR A RN Sy F U 2Ol KD SR
12, BEITLIF, A4, NV MFA b, Bio—
A, NYTEERERD D, WIhd ERSE S0z &
AlLO3 (7IL3F) TH5D 9% ZTHRNXRER ZIFR
DFERTH 3 Si02 & AlO3 & L T SiOz ik (quartz)
BXOBEMT LI PR EZRERER & LT L.

INA VB =12 VER 75% KIBTREE ) ViIET LI =
Y 4 50% KIS DORATER #RAT. ZORAEIAZE)
V100, 75, 50, 25, Ovol% & L 7= 5 MM W & /3
A v a—L LA L.

Ny F VL, BERBRAR 3g IZKRAF G DA
VA —EMATRA, WHT2Z LIk ERLE. N
4 v & —OHHEIZ SI0; T 1.5ml, B@7IILIFTO05
ml Tho7e, 28y F Y IHMOLERENE (FIEEN) OIKT o
FHRELTQA) B, BMRIZHE K, v 32T,
TR ) B EORFIE DRI, (2) HKROHERIZ XL S
APEDZEAL, BEFENBD VY Lr L, KifETHW
72 SiO2 iRSEIEMIE 99.9%, W7 L I FiZAG T
G DT ORMPI O EIMHTE L E L7
Vo — BB ISy F U o MiE, mibdse
IZBOWMNZARFER DS BR N R EN7Z, ZOHENPS,
I8y F v TROILIZ S F Vv T BRI DTS B E
K EF 2, 110°COMZEME TR S8 728y 5
VIR 7.

2-2 3P #itH LU MAS NMR HIE

I8 F VTR O U ETEAO E TS & S A1
T B0, SO/ V& —30, TEEEH 12h #%
WU FIROZF 6 20 v Sy F ¥ 2 & 110°C DB
TNy F VM AT X & 72 B AIRIZ U 2250k
1220V, P ik KUY MAS NMR & 247 - 72,
TEREENZ Varian UNITY INOVA 300 MAS FT:-NMR Z X%
ot —4— (7.05T) % L7z, e S i s
$121.425MHz, MAS NMR Il D[Rl #58 % 13 5500 ~
6500Hz & L, FEUERRRE & LT NHHPO, &2, 2 9L 2
M5 2.0us, ¥ 0 B UHER 2.0s, 73 ¥ & =12 80 [al, 73
F 2 413 400 ~ 1000 BIOFEELEIE TRIE 24T - 7=.

F oD RO Sy F v 4%, MAS NMR 35
W, ML K BE0SID 720, B DK AL
EMdehbNZIREEIZ 5T, LA L, Se4iciziE L
b cidaL, BtofIiZAkG 0L 52k T0 5
RETH 7z, 72, ERERIZE TIEARVD, i+
ROFS e oT0 7z, Ko THMEE LNz ZRY
FviE, TEBNEHR O KD A EE RO IREER K L T
O TIEBROD, Ky EEHGAEZS PO 1IRD Sy
FVIMOREE ML TS E 0L 5.

I MR EEBE
31 ULE (HsPOy) BLUEUUVET7IVIZTA
(Al1(H2POy)3) F DU U EFOEXRIESE

Uk LUOEY) viRTIL Iy AhD ) VIFETIREE
FKIUFNLTH O, POLUIRIRD S > Tb, —fIIC
PO, MTHIARD FEARE IS ZEARGR R ORI & - THHHL,
BREHRA R n DIEAREE Qu L RKALT 5. U ViRbO
PO UIERIX, U VIET LA L4 DDREDH B 1D
D UEREAERE, RO 3O —EHHABRIE TEHITKE
LAEA L7 0=P(-0-H)s L WS #xE4 LTk, ZoM
AR A EE 12 & O -P-O-P-HLiE DR A HETH 5.
P-T, U VPO PO, MUHRDFEARE I ZGAGER R D
BIZE-5T, Qo, Qi, Q, QD 4FHIHIZHIHATE S,
Fig. 1 (a) IZZ DHAREE Qo ~ Qs &y, X BO i
2DV VT & B A L-P-O-P—HiiE % 11 5 JAGiE % C
b5, ff, NBO X 1{HD Y VFET L DOARES L-P-0-
PEf5IE & W JEQUEIR R AR LT\W5, DBO I3 &
WEAOMBRRKTH S, POLMEMARIZE S X v T — 7 EH
WREARHE L, FBRERDLZ NV Q, Q3 TH 5.

B VBTV I A8 D% PO TUTE A & AlOs U
TR & R FACTAR A THAS T 5 Z & T ETZR L,
Z O EHRMNE P-OH HER O KRGS THWITHE U 72
Wa LTS, ZORMITIERICBREER 20, K
KRB CTIIEEKEEFAZETHIET S, ft-TC, BY YV
7L =2 40D PO, MU AL, PO4MUEIRD 4 DD
FRFED S B 2 DHH 4 D AlOg J\IHIfA & TH S A L T8
AEZDIZHibNS (Fig. 1 (). £-T, BiAfEAIZK
D-P-O-P—#A5 IR TREAIERIE 2 DO TH S, £/, Z
D PO, MUHITRIZ Y VERDIGA & 138 ) EEA 0
DT, V) VD POy WA &35 7% 2REAREE LT
2&EZENS, 22T, ) VRO PO MURIA & 132 7%
L5 EHERTZOIC, HY)VEBTILI =T LD POy
MROIARE # Q e FKid L7z, HE-T, HY ViR7
U3 = LD PO, T IRIHARDFEARGE 1 J GG R &
S>TQY, Q, QD 3FSHIZ/FHTE S, Fig. 1 (b) I
ZORARE QP ~ QAR Y. HY VBEBTILIZT LD
WA, J04 POy MUTHITA & AlOs itk & 20 6 1 5 EHIC
£BH 9 bT=IBT TR EIN TS, JUEIRE
KR T DI ONTEOEHIIEAB ST r Y P T —
I REE 755 .

(a) Phosphoric acid (1 1,PO,)
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Fig. 1 Basic structures of POy tetrahedra in phosphoric
acid (HsPO4) (a) and aluminum biphosphate
(Al (H2POy)3) ().
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Table 12 PO4 WU ADIEAREE & FH ML T b S
(ppm) EDBIRERT. Qu(a=0~3), Q' (n=0~2)
DTG GUER RIS 21220 T, FHUALF
V7 MEIZNEL E5TW3, Qu(n=0~3) BXU'QY
& QIO HFMALE Y 7 FREHIZOWTIE T TIZHS 2
IZXRTWB 2 YT 0Q DI IZ DWW TIZR 7 6 1
Tz, L L EThRZE 51D, JUEIRER O
e & @ ICEHMALEY 7 MEAVNEL B 5EAYRH 5
DT, QOHIIZ QoL QDI 23 DLEZLNS,
BT, QUOHPHA-15 ~—30ppm &5 X THELREIT 72,
ZORIRIZIEDNT, RIFZETHIE U 727080 3P NMR
ARG FILVE =2 D& &7 - 77,

3.3 NAUH—BEDP FIE NMR AN ML

Fig. 213, 5FHD /N4 ¥ & — ¥k D *'P & i NMR
ZRT MLERLTWS, Kb ORMEIZE T ey 7
MlEZRLTWS, —F LD 2T LAY Uk 75% K
BROADEDTHY, FIZWLIZONTEY VBT L
I =Y 4 50% KIEROBEIA AL, —F FAE) Uik
TIL I = L 50% KIBRDAD AXRY L TH B, W
NG v —T -GN TED, HY VBETILI=
Y AYRTEDHEISE BT BION T, ¥ — 2 NERMN
(GD 1237 PLTOWBZ g5, ) Vg, &) Vi
TR =Y LIEROFEALE Y 7 MK 0.1, -7.8ppm T
H0, Ih5FZFNFN 0=P(-0-H)3, (Al-0)>-P(-0-H),
AL TW50DT, ThETh Qo, QS IZHET
x5,

RABHEOY —213) Vg, Y VIBTILI =Y LA
WORNIZHELTWS, ZOZ &, /N4 v & —VEHkRE
TORAZ T TR VRRIER TOBAKGES I Z 5 &
ZEAERLTOS, E—2OHIEIE A0 T, 1A
WO —213) Vg, E) VRTILI =T LDITNE
NOY - BNERENTTEREY - TldEL, ) Vg,
H)YBTILI =T AREP TSN A>T K
DY v —=ThEE=DIll->TNDBEELZONS.

Table 1 Isotropic chemical shift ranges of basic structures
Qn and Q. of POy tetrahedra in phosphoric acid
(HsPO,4) and aluminum biphosphate (Al(H2PO4)3),
respectively. Symbol n in Q, and Q.’ denotes the
number of bridging oxygen.

H;PO, AI(H,PO,);
Qn d (ppm) Qv b/ ppm
Qo +14~-6° Qo .15 7
Qi 4~229

Q -16~-279 Q’  -15~-30*

Q  -32~-46° Q -30~-527%

* Estimated range as the isotropic chemical shift range
between Qo” and Q,’. The isotropic chemical shift range of
Q;’ has not been reported so far.
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Fig. 2 °'P static NMR spectra of five phosphate binders
composed of mixed solutions of phosphoric acid and
aluminum biphosphate.
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Fig. 3 12 Si0 Rt/ S F > 7'k D 1P MAS NMR %
R PLERLTOS, ERBPZLL 20D FIkDs Sy
F VoM, BRPEEICEL L 728y F v ZH o 3P
MAS NMR ZX27 FLAERLTWS, X OBEiEE -
IWIE, «FNEAE=V 794 FNV FERLTWE, —
L LD 2T FLA) Vg 75% KIBEDADEDTH D |
T2 IZONTEY VEETIL 2 =7 4 50% KA O]
HBAL, —F FHTEY) VEETIL I =Y 4 50% KIETE
DAD AT ML TH B, Table 1 1ZHDONWTEE -2
DIREEAT 7. 7=, VYR T75, 50, 25vol% D/3A ~
B —IBRDE{E — 2 OIFIEIZE L Tid, Table 1 Ofthic
K- OmEL, N V& —IEROKRL, Vg
100, Ovol% TOY— I EEEFE L7z, ZTOBREG LN
7245 ¥ — 2 120l T ¥ % PO, WA DFEARGE & X iz
N7z,

EXDYE —212 0.1 ~-11.7ppm OFHTHITHD |
Fig. 2 D% HMALYEY 7 MEISEWZ £ 56, K40
KSERELERLPVED TIRD Sy F v DY) i
Qo, QuifEIcETCE, ) VIRER ORI 5T
WirnwekEzioh3,

HETIE, VU VEEE 50 ~ 100vol% &S V4 —TC
Oppm T DFINE — 2 £—13ppm LD/ XK =2 75
B, V) Vg% 25vol% &N 4 v & =Tk, —0.8ppm
DOFNE — 27 DBIZ-15.8ppm & -31.1ppm 12 — 2 A
BU7 $7, Y VBT I =Y AT TIZ-15.3ppm
D7a— 1 ADY -2 M5 5h7-,

WTNONSA V& —FIRTE, 78y F VMOt L
L3I2Qo, QEEEDANS Qr, QIHENHNTHSD
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Fig. 3 *'P MAS NMR spectra of soft (left) and hard (right) refractory patching materials made by SiOs.

Asterisks denote spinning side bands.
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WTNhE ry P T2 IREER & 720 Qo, QiiFEE
tu%vbv—ﬁ%&%ﬂéthﬂﬁﬁﬁiTéh Jid
WLy b7 =2 EREEE 2 Qr, QeiidEizdk
THho7z.

Fig. 4 (27 L 2 FERO/ Sy F 2 780 3P MAS
NMR ZX%Z b LERL TS, ERMBZES 0D
RO F 2 78, GRPEAEITHE LIz Sy F 2 78
DSPMASNMR ZX%Z FLAER LTS,

EROYE —213 1.6 ~—11.7ppm O TEHIL TV 50D
T, KGEOL ENEDLFS WD LIRSy F v 0
Moo it Qo, QuiEEIcETE, Si0, DA L[
BRI VBRI OMEAIZEZ s CnsnEEioh3,

HAETiE, VU VEE 50 ~ 100vol% & Er/ sS4 v & —T
—16ppm HEDFINE =2 BN, VU VERE 25v0l% &
i34 v & —TF, -15.9ppm &-21.3ppm IZ¥— 2 HH,
BL7z, &7, B VBT I =Y AT TIE-18.6ppm
D7a—Fx1ADOY—-2 M550,

WIFNONA VA —EIRTS, Si02 DA LRI Sy
F U IMOMLE L B2 Qo, QIHEEDANS Q1, QM
EHOBENS, fE-T, Ny F Y rMOBbizk D, 4G
R E=E2O) VETOEASEINL, BAHEAHZ -
REEZoNS, WL LISy F U oD s s, ) VikE
0 ~ 25vol% &4 V& —Ti3, QriEE ML Tx T
WA, WTRE Ty P T —ITEREEE & 750 Q)
Exy T —IEEREEIZZ L QURSEN ETH - 72,

Fig. 3 & Fig. 4 OW{L L7208t 2X 2 b LE+: % 1

B4 aL, VUBE 25~ 100vol% &r/ N4 v 4 —TlZ,
Si0 FUR AL L7228y F v ¥ TR 5 117 Oppm {3
DOPFNE =2 BT L I FERORE L L7z 8y F Y
TMTIREA T, 72, Q1, QF, QEEIZMET
% %-13 ~=31ppm D ¥ — Z 53, @7 L 3 FER
OFN, SiO XD EEmr~ 72, QY, Q& &L
%UV@?»E:&A@@@E—&&E@,%@7»3
FIER DS A, Si0 K & 0 & &g ()
7z, LEORERED, RUC/SA v 4 =i ié%*
ALY YRTOHEIAZ, 7L I FEBOG
SiOx k& D B EWZ B,

3.5 NyFTHOMEEMFIEN) DK TH#E

I8 F v kD P MAS NMR HIERE RS, 78y F
VO MOMEENE (WEEE) OICTICES ik ) v
FEEED—EBBAEEA L TWAZ LA 6L, L
MU, Sy FUIHMPO) VETIEOWThE Ry b T —
IEBKLENQy, QuiiEs + v b Y —REEIZZ
LW QIHEELRTETH D, WG R v b T — 2K
BEAZEDQr, Q&P TH 7=, DF 0, BAKHE
A2 & B-P-O-P-HfIc k> Tk EhE F v b T —2
DHEBBNENEEZENDZDT, U VBREOBANES
12&5 %y NI —=2 DA T TS & i13E Z12<w. L
#L%“‘dﬁﬁbfn% ZHE, 3y F v oL
1B A RITTRIOREMBTAET S Z & AR LT,
) VRS VIR & X EEORESTH Y, FE
TCREME 2R, Z OFEEE PO Ui fAD OH KA+
YT RCKERBD THlfS L2 isE 21> T3, -
THb 7 &H 12, MADE) VEETLI =Y ALY
PO, MUTHA & AlOg JNHIfA & 2 5 5% 5 B §H M 13 P-OH £t
MO AKRERE A THINTHAS L= 42 LT3, A
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Fig. 4

alumina. Asterisks denote spinning side bands.

IZB 55y Fryomid bido) Vi (OF) #HEHALT
WADT, MAIREETIZ LD 2 DD &I PLO i H
FETHEELIONS. QI /Sy F v 7Mbb oKGD
ZIIES U Vi (OF) [FLOKRZFRAIC K 282
LbEEZLNS.

PLELD, KAD@WMZE->THIERZ Eh b KERS
A LBAKEAD, Sy F v IMOEEE (TEEE) O
TORKEEZEZO6N%.

4 # E]

VUBB X UEY VBT L I = AKERDIRA VAR
MBI BN V& —VEH, Si0 36 K ORI 7L I FBR
N VIRIENA VA= HARBLL 728y F VT Oz
i, 2 OFBHZ DWW 3P # il %5 & U MAS NMR
WE AT, 28y F Y IMHPO ) VIE T DR TS % B
EMITT BTy F Y IMOMEENE (T¥YE) O
THERE O & iR A A, RO & 1572,

1) Wb BORBHIBA L RTORBHZ A TBIAKEA L
72D VETOENEIL L o, dy T =2 EES
BN Qo, Q&L+ v b T —2REEIZZ L Qo
DETHO, R,y bY—2FkEEE D Qr,
QiEEE D) VETIIPETH - 7=,

@) RS v x—mfHCGE, FROEEIZX -
TAMEE L7z VIR TFOBIANZE L, BE7 LI
MBE DT Si0s ME & 0 BEAFEA L2 ) VIR TFOHEIS
7)§§7)‘0f:,

3) 7Sy F v IMOMEIEE (RN DK TORERK
i, KGOWPIZE>THIZRZ Sh3KE/BAIZLD
) VRIER RS 22 5N Y Vi (R B oBAKES
k3% b= DEKEELLOND.

Intensity (a.u.)
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%P MAS Fused alumina Hard Sample
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3P MAS NMR spectra of soft (left) and hard (right) refractory patching materials made by fused
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