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Abstract  [Background] The conversion of UF,, which is a primary nuclear product, to UF, in fluoride molten salt
phase is expected to be used in the preparation or reconstitution of nuclear fuel salt for molten salt reactors, thus
simplifying the process of molten salt reactor fuel production. Determination of the concentration of the key
intermediate UF, plays an important role in obtaining the reaction parameters. [Purpose] This study aims to establish
a method for measuring UF, concentration in solid fluoride molten salts. [Methods] The X-ray diffraction (XRD) was
employed to test the homemade standards and obtain the internal standard curve of UF,. Firstly, the a-Al,O, was

taken as the internal standard to obtain the XRD peak height internal standard curve (R=0.986) and peak area internal
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standard curve of LiF-BeF,-UF, molten salt. Then, these two internal standard curves were applied to measuring the

known content of LiUF, and UF, solid mixed samples to compare their accuracies. Finally, measurements were

conducted on rapidly cooled LiF-BeF,-UF, solid molten salt samples and naturally cooled LiF-BeF,-UF,-LiUF; solid

molten salt samples to evaluate the stability and accuracy of the curve, and the relative error was obtained. [Results]

In the UF, concentration range of 1.00~10.00 wt%, the correlation coefficient of the internal standard curve based on

the peak area determined for of LiF-BeF,-UF, molten salt is 0.995. Measuring results of solid mixed samples of

LiUF; and UF, with known concentrations indicate that the peak area internal standard curve achieves better accuracy

with a relative measurement error of no more than 8.7%. In addition, the results of the same content samples with

different cooling methods confirm the good stability and accuracy of the proposed method with less than 5.4%

relative standard deviation. [Conclusions] The established method can be used for the quantitative analysis of solid

LiF-BeF,-UF, and LiF-BeF,-UF,-LiUF; molten salts with good measurement accuracy and repeatability.

Key words UF,, X-ray diffraction, Internal standard method, Quantitative determination, Liquid fuel
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#1 LiF-BeF,-UF-ALO, ¥R R SIBL Rl &
Table 1 Composition of LiF-BeF,-UF,-ALO, standard
sample (Wt%)

FREFE ) Standard sample  UF,

Li,BeF, ALO,

B1 1.00 99.00 10.00
B2 3.00 97.00 10.00
B3 5.00 95.00 10.00
B4 7.00 93.00 10.00
BS 10.00 90.00 10.00

MR ¢ 2 v % 40 23 1) & 4y 40, BUE & LiF-
BeF, UF,.LiUF,. a-ALO, B il 5% 4 ZH ¥ 5 , K H ATk
XRD fill #: 77 AL BRI 6 2, 15 2 50 UF, & E 17
SIHTRE

] 20 g 47 @k i) LiF-BeF, & b v, #% A\ 5 g UF, Al
1 g & J@%h, 600 °CTEIE 10 h, Rk A H ==, 375
[ 4% LiF-BeF,-UF, {8 k. HL0.5 g [ 25 4 S it B 3o i
(38 um) J5 , I 1 0.05 g a-ALO ¥ R IR A, FK
FH AR R 5t B 4105 20, 15 2K A1 UF, & 2 10 47 A

%2 LiF-BeF,-UF,-LiUF.-ALO, #{ AV FC# 3=
Table 2 Composition of LiF-BeF,-UF,-LiUF -Al,O,
samples (wWt%)

FE & Sample UF, LiUF,  LiBeF, AlLO,
Cl 1.00  0.00 99.00 10.00
2 1.00 1.34 97.66 10.00
C3 1.00 674 92.26 10.00
c4 1.00 13.48 8552 10.00

11:C1 5 B1 R [R— e
Note: C1 and B1 are the same sample
fm S1o

] 20 g & 10.00 wt% UF, ff] LiF-BeF, /& 5 1 #%
AN 1.5 g&J@4,550 °)C FIEIRE3 h, BARRHE=HE,
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it AL BN 266 5 05 3, 43 B R H1UF, & 8 10 455 I R
it S2.
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5.0 mm;; 5K A7 8 g g, S B 260=10°~90°,
BEANRE 23 0l IR 3 0, SR 3 AT SR 1], FR AT
S 2 03 AT T ST B K, VA {1 B R 73 AL
(K H pseudo-Voigt Jy g Y 1) & p% % , >k | PDF
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K A 5 B 7 il 8% (Scanning Electron
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5L B HAd X BAH , R W1 77 ) UF, B & 26 GA
99.5%) ", LiUF, {63 B 45 R Bor , BN
FEAR A, SF 35 B4R A0 K 2 ) 0.43 mm A
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XA RT3 BEOUE A B 520 . B B J LiUF, dn A
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g1 MR S R 2, DR R 2% 7 S AN R O AR
LiUF, Al DA 52 H 15 2 35 52w K 45 21, DL
§2.3.

e

El1  UF, ¥ &K S5 A () f1 LiUF, f ik 258 H (b)

Fig.1 Microscope images of UF, powder (a) and LiUF, crystal (b)

() [UF; (PDF773-2388)

Intensity / a.u.
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2 UF MK X SHRAT S I () R LIUF, B oK X R 2R AT 5 B33 (b)
Fig.2 XRD patterns of UF, powder (a) and LiUF, powder (b)

10 pm

3 UF, (a)f1LiUF, (b)¥ SEM &
Fig.3 SEM images of UF, (a) and LiUF, (b)
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HR SR 2 IEMX. 1 a-ALO W FREER h & &

AR TR, FLAT S 58 S 2 (R 22 SR IR AN B I o

UF, (111 W§ A1 W A 11 5 5 77 459 04 , il ik PDF
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Fig.4 XRD patterns of LiF-BeF,-UF,-AlLO, standard sample

-AL,O, (PDF#81-1667) ] i fil U6 = J A1 17 B 7, e
(116D U (R BRATHT ) RIS LA 3R/ 15 . 2 T BLAN I
H a-ALO, IR 3 7 5168 L 2 1K a-ALO, (104) I
LiUF,(521) W 0 & ™ B, % A B 22 (M A 201X
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USRI 55, 55 (10D W IR A FE B o AEXS A THEAT 70
WAL it A RSP AR EVE™
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349 35.0 35.1 352 353 354
20/

5 LiF-BeF,-UF,-LiUF.-ALO, ik 5 5 X 5 2R A7 5 el 1%
Fig.5 Partial XRD patterns of LiF-BeF,-UF,-LiUF.-Al,0,
sample

MR 23 W 40L& 45 5, 4] 4 th UF,. a-ALO, i7 5 i
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e LG TR P A i 2, FL 2R PEAH O R R M 09865 €l 6
(b) 2T U TR LU 1 3 b it 2, SLERPEAROC R R

90.995, HI ] UL, W T AR N AR 4R A OC R R
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J& U Y G AN ARG 75 0 L 5 B /N

H1 < 3 B, [R]— UF, & & 1 P AT it 0 o 5 A
e THI ARAFE 35 — € U B, X AT LLA PR 8 AR b
(25 SRR R VB I REFE AR R Y, B, T
PRI RIATALE ST 5 1/ ] AR AR KRR RV B
DA b PR 2] e o s SR KIS o AT S AR 4y o
b 1/1 5 UF, K S 2 [RIAF ARSI B 1 G R o
23 BHEENHRZSH

AT R 753 M LIUF, A7 E X UF, & 2 = 1
T BE IR 20, K F XRD X} 2 KK B2 1) LiF-BeF,-UF, -
LiUF.-ALO, ¥ /it C2.C3.C4 #E 4T IR , &5 5 WL 14 7
(@) EM _I,20428.3°H) LiUF, [ (141) W58 5 5
HA B R IEME B LIUF, & & 148 i, UF, (111D
g 1) iR 5 AT TR R R A BH R AR AL, ALO, (116) A7 4
THT AT S 0t T8 B B AN TR (L 7 (oD R (e o

FE M C2.C3.C4A M UF, (F it & BB N
1.00 wt%) « ALO, WEAH =y FE AU T AR WL 4. BLFe 4
i UF, 1 ALO, F0 v 5 06 T AR T H B4 36 I 1/1,
FARN AR B 28 7 RE 343 UF, & &, 20 5l L3k 5 fn
60 FHZE S AR, BT 06w B L E = bRl th 4, 1
il C2.C3.C4 1 UF, & &V 2418 73 711 4 1.06 wt% -
1.02 Wt%+0.93 wt% , Ft K460 1R 24 0.07 wt%.
6 T, FE T IR TH R LG E bR 2R, BE A C2.
C3.C4 /1 UF, il & A8 73 51 4 0.99 wt% « 0.99 wt% «
1.04 wt% , i K455 1% 22 5 0.04 wt% .. X —25 1%
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Table 3 Diffraction peak height and area of standard samples obtained using internal standard method

FE i UF, W5 % (R UF, WETHIAA(R) ALO, W =% (R) ALO, WETA(R)
Sample UF, peak height (R) UF, peak area (R) Al O, peak height (R) AlO, peak area (R)
BI.1 929 (50) 5557 (384) 1350 (42) 10 064 (213)
B1.2 1235 (68) 7218 (412) 1915 (57) 13 593 (356)
B1.3 977 (45) 6192 (430) 1508 (35) 10 778 (458)
B2.1 2964 (70) 17 735 (511) 1 601 (58) 11 498 (470)
B2.2 3541 (86) 22 655 (716) 1995 (53) 14 549 (515)
B23 2484 (67) 15 660 (523) 1431 (49) 10 103 (462)
B3.1 4692 (144) 32890 (1 115) 1822 (92) 10 848 (737)
B3.2 2 858 (145) 19 609 (1 026) 1049 (75) 6764 (582)

B3.3 4 888 (90) 30 708 (659) 1915 (41) 10 990 (365)
B4.1 4439 (74) 27 246 (536) 1050 (33) 7352 (289)

B4.2 3802 (78) 26 868 (647) 872 (32) 6 625 (257)

B4.3 6 689 (98) 44 881 (1 139) 1 648 (40) 11 752 (333)
B5.1 5639 (162) 31031 (1094) 926 (51) 5712 (344)

B5.2 6758 (203) 41 876 (1 333) 1251 (66) 7 496 (452)

B5.3 6750 (190) 43 415 (1 387) 1182 (137) 7 636 (727)

7 : Bm.n " n 38 BmFESH AR TRE , R IR 22

Note: “n” in “Bm.n” represents the parallel samples of Bm. R, is range

i (a)

1=0.032+0.571x

2 4 6 8 10
UF;3/ wt%

(b)

y=—0.028+0.561x

) L L L L
2 4 6 8 10
UF3 / wt%

6 UF,5 ALO, W& {H = FF LB W A% i 2R (a) , UF, 5 ALO, W THIFR LUAE P AR 2R (b)

Fig.6
B, T U TH AR HL e B s AR ZE TN, R R B
LiUF, ] & &= 42 1k X} UF, & & I & 7= 4 1 &
A

24 RHMUF,2EMHERSH

AR BE S1.S2 % M ) XRD &% 0L 14 8, K i
S1 A CITD AT C116) U B 6 J3R 375 T vl 40 9%, mlad it 43
g LB S HOC I Y A 110 0 5 P8 R 06 T AR MR o FE
S2 H k& 1 UF, Al ALO, FRRFAIE U6 LA, Tl W %% 21| BH 5
LiUF, i 45 41F 1 ; 35 2> UF, M1 ALO, K 45 1iF W 52 31|
LiUF, 5% M g A A KI A (LTI FI CL16) WA SR
TEWT AT, o R

FE S1.S2 1) UF, Al a-ALO, X W Fit g 5 JiF | i
AR L2 7, A5 2 1) UF, & B0 3 W& 8 fl & 9.
¢ 8 A1 9 W40, il kE ST L 06 vy B P bk il 26 AT

Internal standard curves of UF, vs. AL,O, peak height ratio (a) and UF, vs. Al,O, peak area ratio (b)

g THT AR PN A R 2R 19 UF, & & 2 (E 8 3.29 wt%
(RSD (Relative standard deviation) =5.4%) #l
2.87 wt%(RSD=1.1%) . &4 ICP-OES M55 2R, S1
H UF, & 888 2.76 wt% (RSD=1.20%) . 5 R [
Fl, T AL e B EE R RSD M, 5
OES Ml 45 . —F s if . ke S2 Tl L
R0 T AR L e = 1) UF, 2 &40 1 3.80 wt% (RSD=
4.1%) F14.13 wt% (RSD=2.4%) , 7] W, 3L T 0§ T F1 L
SE R4S R RSD /N

DA S B6 &5 SRR B, R PR T AR L AE v s K
Pt 5 1% 7515 0] DAA T 0 2 O 4 50 1) [ 35 LiF-BeF,-
UF, /& #h A1 H S8 ¥ # 19 [8] #& LiF-BeF,-UF,-LiUF, /&
R UF, & &

AL EAR R H I o 7 AR TR K kAR, =
SEM &5 B (K] 3(a)) R Ry RKLAR A —. BT
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(a) x [ #-UF; #-ALO; ¢-LiUF; *-LisBef|

Intensivity / a.u.

(b}

Intensity / a.u.
Intensity / a.u.

7 LiF-BeF,-UF,-LiUF -ALO, X B X 5 28 A7 5 1 (a) Rl R B8 FBOR B (D, ©)
Fig.7 XRD pattern (a) and local magnifications (b, ¢) of LiF-BeF,-UF,-LiUF,-Al,O, sample

F4 HHC2.C3.C41THIIEEESER
Table 4 Diffraction peak height and area of standard samples C2, C3, and C4

FE UF, I = /% (R ) UF, A (R) ALO, W =% (R ALO, IETHA(R)
Sample UF, peak height (R) UF, peak area (R) Al O, peak height (R) AL, peak area (R)
C2.1 930 (40) 5553 (428) 1346 (77) 9789 (774)

C2.2 897 (37) 5421 (444) 1410 (56) 10 756 (882)
C23 1229 (54) 7737 (668) 2 086 (48) 14279 (1 077)
C3.1 804 (46) 4496 (291) 1268 (53) 7768 (712)

C3.2 889 (65) 5 145 (450) 1 357 (44) 9 345 (669)

C33 1102 (48) 6271 (610) 1 886 (68) 12 036 (669)
C4.1 741 (33) 3782 (347) 1 378 (66) 7254 (774)

C4.2 718 (48) 3 885 (439) 1213 (54) 6 686 (320)

C43 699 (73) 3 682 (462) 1217 (58) 6 587 (653)

{E : Cm.n ™ n R CFERL AP TH

Note: “n” in “Cm.n” represents parallel samples of Cm

RS, AR A ATRE SN, SRR NI BEIILR S AT SCERRGE AR R R LAERER
AT IRAFAEZE S, TG B 1 AR AR R ZER T 2 R A 075 X3R4T B2 0 o SR A AR b A K/
At o X R /N AT S AT D73 AT, I IF RERLAR KN AN 43 A % I 25 SR 52 1 )
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Table S Diffraction peak height ratio and UF, content of samples C2, C3, and C4

FEh g 5 52 B Y HEXT s 1 Al 22
Sample Peak height ratio UF, content / wt% Relative standard deviation / %
C2.1 0.69 1.15 —

C2.2 0.64 1.06 —

Cc23 0.59 0.98 —

“FEJ{E C1 Average value Cl 0.64 1.06 8.0

C3.1 0.58 0.97 —

C32 0.63 1.04 —

C33 0.63 1.05 —

“FH{H C2 Average value C2 0.61 1.02 4.4

C4.1 0.57 0.95 —

C4.2 0.59 0.98 —

C4.3 0.54 0.89 —

“F15{8 C3 Average value C3 0.57 0.93 4.9

6 HEmC2.C3.C4TTHIEERELEMIT A UF, & 21+ H{E
Table 6 Diffraction peak area ratio and UF, content of samples C2, C3, and C4

i T AR EL R AR b 72
Sample Peak area ratio UF, content / wt% Relative standard deviation / %
C2.1 0.57 0.97 —

C22 0.50 0.95 —

Cc23 0.52 1.06 —

T C4 Average value C4 0.53 0.99 6.4

C3.1 0.52 0.98 —

C32 0.49 0.92 —

C33 0.58 1.08 —

P11 C5 Average value C5 0.53 0.99 8.7

C4.1 0.56 1.05 —

C4.2 0.58 1.09 —

C4.3 0.52 0.98 —

“F5{E C6 Average value C6 0.55 1.04 5.4

WA, e miZ i 5 RS 2 FE SR A4

AT 3 G0 R, %07 T 7 A T
TR BT HF SR AR M5 £, il 1 ke M AR A4 =
TR . MECT R % kR
P vE F& 1 UF, W FE A W56 [ AN 500 mg kg™ BL T #A
JE210.00 wt%Z ) o AR TR0 %0 iE B A
WEMES M. BNE 2, %k R A i
TV — S 5 B, 4 R R UF, & &= 10 S b ks
PRpt T H B

3 HiE

BT [ 25 TR G U R A R ) UF,, 57 T
XRD W AR{%E B AT IIFRE . L 7 il 5 5 2L

PEALFER , 43 453 B 1 FE T UF, 0 5 B R 06 T AR A 7
FRifigk. Hodr, B TAT A 1/L 5 UF, & &2
B A7 U 2R PE R R

XS EIAE R C2.C3.C4, T I EN
s 22 10 5 25 R 5 3R (A R % 0.02~0.07 wt% s I
T A A il 28 3R 15 10 45 R R 22 BN, N 0.01~
0.04 wt% , iX th 3% B K Is} LiUF, i & B 281k %F UF, i
D5 45 B (s e B AR /I

BT e T AR PN A il 2R AT e R PRIEA I
LiF-BeF,-UF, i £ S1 Y UF, | &1l 5 OES il & {1 %
A —3, [ 4R ¥ A1) LiF-BeF,-UF,-LiUF, iX K¢ S2 1
UF, Il & 25 5 A AE Al 22 IR . XRD P ARE T BL
FH T VR A 9000 37 1.00~10.00 wt% ik FE Y [ 1
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52

S1

*

| #-UF; o-ALO; -LiUFs %-Li:BeF,

8
Fig.8 XRD patterns of test samples S1 and S2

40
20/(%)

TAFE S1.82 X B Lo fiT i P it

£7 MKAESL.S2 675 E SER
Table 7 Diffraction peak height and area of test samples S1 and S2
FEh UF, W& % (R) UF, W& H R (R) ALO, I & (R) ALO, IETHFH(R)
Sample UF, peak height UF, peak area Al O, peak height Al O, peak area
(R) (R) (R) (R)
S1.1 2 158 (66) 16 189 (619) 1110 (35) 10 263 (458)
S1.2 2540 (74) 19 117 (715) 1270 (61) 11 961 (519)
S1.3 2 547 (80) 18 533 (703) 1410 (42) 11 852 (490)
S2.1 3094 (91) 25 340 (752) 1369 (55) 10 768 (612)
S2.2 3214 (89) 23 945 (653) 1 534 (39) 10 594 (635)
S2.3 2645 (75) 21 676 (686) 1178 (47) 9 643 (421)

7 Sm.n ' nFoR SmAE S A TRE

Note: The “n” in “Sm.n” represents parallel samples of Sm

=8 MIRNAEST. S21TEHES EELEMIM N UF, S22t EE

Table 8 Diffraction peak height ratio and UF, content of test samples S1 and S2

Ff b U FE o FHR B A 22
Sample Peak height ratio UF, content / wt% RSD /%
S1.1 1.94 3.34 —

S1.2 2.00 3.45 —

S1.3 1.80 3.10 —
FEIME S1 1.91 3.29 5.4
Average value S1

S2.1 2.26 3.90 —

S2.2 2.10 3.62 —

S2.3 2.25 3.88 —
TH{E S2 2.20 3.80 4.1

Average value S2
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Table 9 Diffraction peak area ratio and UF, content of test samples S1 and S2
FE b e T AR L B FRR o HE O 722
Sample Peak area ratio UF, content / wt% RSD /%
S1.1 1.58 2.86 —
S1.2 1.60 2.90 —
S1.3 1.56 2.83 —
FHH S3 1.58 2.87 1.1
Average value S3
S2.1 2.35 4.24 —
S2.2 2.26 4.08 —
S2.3 2.25 4.06 —
FE1H S4 2.29 4.13 24

Average value S4

UF,.

B R R AR SOR IR AR S R AR KN
oy AP RS, R s . 52 TAER REu T e
FHRHFE , EALHE ShAAR 22 XRD BRI IIAS % S
fEEATEARR Lt T AR, REHKE, &
P& AT, A S PR 7 5T B & ICP-OES MK, 52
B HAE 24T 4R & 5 TR & SEMUINAR , SE 30 $04E
AT BT IR AT 548 R HAE LT, B X
B;EKFARELRIES, b CETFREFE, &K
RIHF, W XB T, 36T MR 75738 SR
L, WX BBRREFE L F
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