
 

ANL-NSE-3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

METALLIC FUELS HANDBOOK
 

 
 

Nuclear Science and Engineering Division                                             
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DOES NOT CONTAIN OFFICIAL USE ONLY INFORMATION 
 
 



 
 
 
 
 
 
 
 
 
 

About Argonne National Laboratory 

Argonne is a U.S. Department of Energy laboratory managed by UChicago Argonne, LLC 

under contract DE-AC02-06CH11357. The Laboratory’s main facility is outside Chicago, 

at 9700 South Cass Avenue, Argonne, Illinois 60439. For information about Argonne 

and its pioneering science and technology programs, see www.anl.gov. 
 
 
 

DOCUMENT AVAILABILITY 

Online Access: U.S. Department of Energy (DOE) reports produced after 1991 and a 

growing number of pre-1991 documents are available free via DOE’s SciTech Connect 

(http://www.osti.gov/scitech/) 

 

Reports not in digital format may be purchased by the public from the 

National Technical Information Service (NTIS): 

U.S. Department of Commerce 

National Technical Information Service 

5301 Shawnee Rd 

Alexandria, VA 22312 

www.ntis.gov 

Phone: (800) 553-NTIS (6847) or (703) 605-6000 

Fax: (703) 605-6900 

Email: orders@ntis.gov 

 
Reports not in digital format are available to DOE and DOE contractors from the 

Office of Scientific and Technical Information (OSTI): 

U.S. Department of Energy 

Office of Scientific and Technical Information 

P.O. Box 62 

Oak Ridge, TN 37831-0062 

www.osti.gov 

Phone: (865) 576-8401 

Fax: (865) 576-5728 

Email: reports@osti.gov 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Disclaimer 

This report was prepared as an account of work sponsored by CRADA No. 1201201. Neither the United States Government nor any agency 

thereof, nor UChicago Argonne, LLC, nor any of their employees or officers, makes any warranty, express or implied, or assumes any legal 

liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its 

use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, 

manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or 

any agency thereof. The views and opinions of document authors expressed herein do not necessarily state or reflect those of the United States 

Government or any agency thereof, Argonne National Laboratory, or UChicago Argonne, LLC. 

http://www.anl.gov/
http://www.osti.gov/scitech/)
http://www.ntis.gov/
mailto:orders@ntis.gov
http://www.osti.gov/
mailto:reports@osti.gov


ANL-NSE-3 

 
 
 

 
 
 
 
 
METALLIC FUELS HANDBOOK   

 

 

Compiled by 
G. L. Hofman1, M. C. Billone2, J. F. Koenig1, J. M. Kramer3, J. D. B. Lambert1, 
L. Leibowitz4, Y. Orechwa5, D. R. Pedersen3, D. L. Porter1, H. Tsai2, and A. E. Wright3 
 

1 EBR-II Division, Argonne National Laboratory 
2Materials and Components Technology Division, Argonne National Laboratory 
3Reactor Analysis and Safety Division, Argonne National Laboratory 
4Chemical Technology Division, Argonne National Laboratory 
5Engineering Physics Division, Argonne National Laboratory 
 
 

April 28, 1989 (Compilation) 
April 10, 2019 (Publication)   
 



PREFACE

This compilation of thermophyical and mechanical properties of certain
metallic fuels is meant to be used as a common source of data in work
related to the Integral Fast Reactor. Because research on these properties
is an ongoing effort, this handbook must be continuously updated in order
to provide the best data set to all involved in the IFR program. The use of
cornmon source of properties will facilitate comparison of various analyses
of fuel behavior performed within the program. It also rvill facilitate
uncovering gaps and weaknesses in the data base, and thus enable better
direction for future work on experimental properties work.

This handbook focuses on the two fuel compositions chosen for the IFR,
namely, uranium-zirconium and uranium-plutonium-zirconium.

Because of the paucity of data in some areas on these specific alloys, data on
the elements as well as related alloys are presented to aid the user in
estimating property values that are not available.

The selection of properties to be included in the handbook was based on a
survey of all IFR participants.

The Properties Evaluation Working Group will consider any requests for
inclusion of additional properties, and solicits critiques of the present work
as well as submittal of additional data that the user may encounter.

IFF, Property Evalrtation Working Groun

Chairman: G. L. Hofman, EBR-II
Members: M. C. Billone, MCT

J. F. Koenig, EBR-II
J. M. Kramer, RAS
J.D.B. Lambert, EBR-II
L. Ltibowitz, CT
Y.' Orechwa, EP
D. R. Pedersen, RAS
D. L. Porter, EBR-II
H. Tsai, MCT
A. E. Wright, RAS

Metallic Fuels Handbook Coordinator: N. J. Picker
Text Processing: J. E. Rarnos and C. F. Walton
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@IIVERIiIOII FACTORS FOR THE U.S. CIJSTO{^RY SYSTEH.
I{ETRIC SYSTEH, ANO INTER|{AT|ONAL SYSTEH (conrd)

0. uNtTs 0F M ss

k
r0 l0'0 2.2Qa623x

tonI l.l02lltxt0-
1 ka . lnnn rn-31( tttoi t )fliiua l.1023llxt0-3

-5 5.xro-b

I lh /r .431 lot/t at dllqorr IA I i1 ,n-* o.ooo5

+6^ a 166 I flwt r lirti 6a ttat R)a tAt lt I

t

E. UNITS OF DENSITY

Unifs o orlt g! .lr oz ln.l3 t b ln.13 tb fr:3 lb ga tlrI g cm-3 .l :__- rq00. 0.5780565 0.036 I 2728 62.42795 6..t4540J
r-r. 'lOJ J.78o36ixr0-'r 3.612728xt0-s o.oiztz,tgs 8.5a5aO3x I 0- 3

-3 - 1.72999.t t 729.994 0.062.5 r08 | 1 ;437i
-3 ' 27.67991 276:79.91

-3 r 0.0t60l.Brl7:

t720. 23r.

r6.0r 847 9.259259xt0-3 J.7870570x10-t 1 0. r 336806

r r'hnrr I '0.1198264 I r 9.8264 4.74btJ6xto-3 4.t29@4ixto-3 7.4805 i.9

F. UNITS OF PRESSURE

Unifs - dyn."rl2 bar afn kg(rt) c;2 fliHg (Tom) ln...Hg tb'(rt).In.l2
l.0l97l6xlO 7.500617x10-t 2.952999xt1-. I . 450177x1

6r
o.98692Jt r.0t97t6 750.06 r 7 29.32999 r 4.50177

: tnltr<n r I ot lrqn I rltltrt 7A/n )Q A)lta t ol
I k^ru+r ^;

-2 '.980665. .0.900665 0.967E4il 735.5J92 28.95905 14.22334

'2 : 68947.57 0.066947i7 0.06604i96 0.07050696 5t.71491 2.036021
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G. UNITS OF €NERGY

g mass
( energY

Units equiv) J lntJ cal

@NVERSION FACTORS FOR THE U.S. CUSTO{^RY SYSTEI,I,
METRIC SYSTEH, ANO IMIERNATIOIIAL SYSTEH (contd)

cailf Btu11 kl{ hr

cu tt-
hg hr ff-lb (Hf) lb (!t) I atn

I g :l
masS
(energy
equ i v)

8.967554 8.986071
x l0l3 x l0r3

2.146077 2.r46640 8.5r8558 2.496543
x l0I3 x l0l3 x l0lo x l07

6.628680 4.60t399 8.870026
x l0l3 x lOtl x l0l!

I .3it79l 9
x l0?

lJ .l.l 12650 Itl{ b.999835 0.2390057 0.2tE6459 n.,,t#;r 2,777711... 5,725062 o,7375622 r.r2r969 r.?u13r,

I
i ^+ I v lll

'l.ll 2P,i l.0ool6t I 0.259O4t2 0.2168853 9,47973.5 2.77625Q 3.72j62Q 0.73758t9 5.t228Qr- 9.87060?-xlOf xlO, rl07 xlOJ xlOJ

I cal 14.651 t27 1.181 4.tE3Jl0 |
lr+

0.999t5r2 1.96566.7 t.t62U?2... r.5t8t6a 3.08t96O 2,143023- 0.04129287x l0 r x l0 o x l0 5 x l0 zr lt!

I
crllT

14.658aa2 4.1868r l0 lq 4.t86t09 t.@669 I t.968U.r r . l63009 l.tt96Qg 1.088025xl0r xloo xlott 2.1 14462-xl0u 0.04 r 32050

I

BtulT
:l . l7f9OO 1055.056r l0 I I t0t4.882 252..1611 25t.9958r I 2.9507J rx l0 r 5.930 rxl0

j8
T

778. r693 5.40395J rO.4r259

lkf '4 00tt59 t60oo0o.r 3599406. E60120.7 059€45.2 t1t2.142 I
,n 5

l.lilrO22 2655224, 1E459.06 35529,24

lhp *l 26845f9. 2684077. 64r6r5.6 64]l 186.5 2511.33 0.7456998 I 1980000.r 13750. ?6494. t5

I
ff-lb 'r.::E5ir$o t.155818 1.1555e4 0.1240485 o.J2J8rlt t;ttiffi 5.76616; 5.05?30?

x l0
6.9444E4-,.0.015180trl0J

lcu
fr-rb
( rtI

=2.r.t^?lr] re5.2J7E ter.2056 46.662ei 46.63174 0.r8504e7 r.:W? ,.2r'$t?7... r44.r
r l0

1.926847

I I .l.ll 27319?
n

r0r.5250 r0r.l08l 24,21726 21,20106 0.09603757 1.tt$gt 3;7lo44le 74.7t349 0.5r8982t I
-t
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TEr,tpERAruRES, C€LStus To FAHRENHETT
Convcrgion Tablc

The values ln fhe body of this tablc aivc, in degrees Fahrenhcif, fhs tenpsratures indicated in degreesCelslus at the top 6nd slde.

l'C . l.g.F
For temperaturcs bclor 0.C

Temp. 'C o 2

6/88

l 4 5 6 7 8 9

0
_t0
-20
-30
-40
-50
-60
-70
-80
-90

-t0o
:l l0
-r20
-t30
-t 40
-150
-160
-t 70
-r80
-lm
:200
-2to
-220
-230
-240
-250
-260
-270

+J2.0
+t4.0
-4.0

-22.0
-40.0
-58.0
-76.0
-94.0

-r t2.0
- | 30.0
- t 48.0
- I 66.0
- 184.0
-202.0
-220.0
-258.0
-2;6.a
-2t 4 ,a
-292.O
-t r 0.0

-328.0
-1c6.0
-364.0
-332.b
-400.0
-4 I 8.0
-456.0
-454 .0

50.2
12.2
5.8

23,8
4t.8
59.8
77.8
95.6

I 13.6
15t.8
149.8
r 67.8
r85.8
203.6
221 ,8
259.q
257.'8
275.8
29t.8
5r t.8

28.4
10.4
7.6

25.6
1t.6
6t .6
79.6
97.6

I t5.6
t33.6
r5t.6
r69.6
187.6
205.6
223.6
241.6
259.6
277.6
295.6
3r 3.6

35r .6
349.6
167.6
185 .6
4O3;6
42t.6
439.6
457,6

26.6
6.6
9.1

27.4
45 .4
65,.4
8t .4
99.4

117.4
r 35.4
I t3.4
17l.4
189.4
207 .4
225.4
24t.4
261.4
279.1
297.4
lr t.4

24.8
6.8

il.2
29.2
47 ,2
65.2
E3.2

10t.2
r t9.2
137.2
r55.2
173.2
t9t.2
209.2
227,2
24J.2
263.2
261.2
299.2
317.2

33t.2
353.2.
,71 .2
:qe.2
407,2
425.2
44t.2

2t.0
5.0

15.0
lr .0
49.0
67.0
8t.0

r 0J.0
r2t.0
l 59.0
r57.0
I 7t.0
r 93.0
2t t.o
229.0
247,0
265.0
283.0
tor .0
3r9.0

357.0
355.0
373.0
39r.0
409.0
427.0

1ot:o

21 .2
3.2

t 4.6
32.8
50.8
68.8
86.6

r04.8
122.8
t 40.8
158.8
I 76:8
t94.E
212.8
2J0.8
246,8
266.8
284 .6
302.8
120.8

I 9.4
+1.4
16.6
34.6
52,6
70.6
88.6

t06.6
'124.6

1 42,6
r60.6
I 7lt .6
t96.6
214,6
232,6
250,6
268.6
286.6
304.6
322,6

540.6
358.6
176.6
594.6
412.6
430 .6
448.6

t 7.6
-o.4
18.4
36. 4

. 54.4
72,4
90.4

108.4
t26.4
I 44.4
162,4
r80.4
I 98.4
2t 6.4
234.1
252.4

.270.4
288.4
'306.4
324.4

342,4
360;4
378. 4

396.4
4t4.4
432,4
450. 4

I r0.2
128.2
146.2
'64.2
182.2
200.2
2t8.2
2so.z
254.2
272.2
290.2
308.2
326.2

t44.2
362.2
34O,2
398.2
416.2
434,2

::-::

r 5.8
-2.2
20.2
38.2
56.2
74.2
92.2

t35.4
35r.4
369.4
387.4
405.4
423.!'
44t.4
459.4

329,8
347.8
36t .8
385 .8
401 .8
4t9.8
4t7 .A
455.8

318.8
356.8
374.8
392,8
4t0.8
428.8

11'
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TEI€EMTURES, CELS IUS T0 FAHRENHE lT (contd)
Foi tefipcrrturcs abovc 0'C

Temp. 'C 0 2 3 4 5 6 I 97

0
r0
20
30
40
50
60
70
80
90

100
il0
r20
rJ0
140
1t0
r60
r70
180
190

212,0
230.0
246.0
266.0
2E4.0
302.0
120.0
338.0
556.0
37 1.0

392.0
410.0
428.0
446.0
464.0
482.0
500.0
5r8.0
5J6.0
554.0

215.6
233,6
251 .6
269.6
287.6
305.6
323.6
14l .6
5t9.6
377 .6

575.6
593 .6
6r 1.6
629.6
647.6
665.6
663.6
70r .6
7r9.6
737.6

217 .4
23r.4
zrt.4
271.1
289.4
107.4
325;1
34J.4
36r.4
379.4

221 .0
239.O
237.0
275,0
293.0
3r r.0
J29. O

347.0
J65.0
181.0

401 .0
4r9.0
417.0
455.0
473 .0
49r .0
t09.0
327 .0
545.0
563.0

222.8
240.8
25E.d
276.8
291.E
3r 2.8
550.8
348. E
366.8
384.8

402.8
420.8
4t8.8
456.8
47 4,8
492.8
t r0.E
528.8
546.8
564 .8

44.6
62.6
80.6
98.6

l r6.6
l]4.6
r 52.6
170.6
r88.6
206.6

224.6
242.6
260.6
278.6
296.6
114.6
332.6
t50.6
168.6
386.6

404.6
122.6
440.6
458 .6
476 .6
494.6
,12.6
5 30.6
548 .6
566.6

46.4
64 .4
82.4

100.4
118.4
136.4
r54.4
172.4
| 90.4
208.4

226.4
244.4
262.4
280.4
298.4
3r6.4
334.4
352.4
t70. 4

188. 4

406.
424.
442.
460.
478.
496.
514.
ata

tt0.
568.

586.
604.
622.
640.
658.
676.
694.
712 .
730.
748.

228.2
246.2
264.2
282.2
300.2
3r8.2
336.2
354.2
372.2
t90.2

588.2
606.2
624.2
642.2
660.2
678.2
696.2
7t4.2
732.2
750.2

32,0
50.0
68.0
86,0

104.0
122,0
I 40.0
r 58.0
l 76.0
r 94.0

t3 .8
5r.8
69.8
87.8

105 .8
125.8
14t.8
r 59.8
177 .6
r 95.8

15.6
53 .6
7r.6
89.6

I 07.6
125.6
r 45.6
t6t.6
I 79.6
I 97.6

37 .4
55;4'
73;4
9t.4

I 09.4
127 ,4
t45.4
r 63.4
t8t.4
r 99.4

59.2
57.2
75.2
93.2

l n.2
129.2
147.2
165.2
r83.2
201 .2

41.0
t9.0
.77.0
95.0

I r3.0
13r.0
I 49.0
r 67.0
185.0
20J.0

42.8
60.8
78.8
96.8

I14.8
r 52.8
r 50.8
r 68.8
186.8
204.6

48.2
66.2
84.2

102.2
120.2
r J8.2
156.2
174.2
192.2
210,2

2r t.8
23r.8
249,6
267.E
285.8
t05.8
321.8
tt9.8
357.8
t75 .8

193.6
4lt.E
429.8
447 ,8
465.8
483.8
50r.8
5t9.8'
537 18
555.8

397.4
415.4

2t7.2
255,2
273.2
291.2
309.2
327.2
345.2
363,2
t8r .2

- 799.2
417.2
4t5.2
453.2
471 ,2
489.2
J07,2
525.2
543,2
56t .2

J79.2
597.2
61r.2
633.2
651,2
669.2
647.2
705.2
72t,2
741 .2

219.2

45t

200
2to
220
230
240
250
260
270
280
290

300
3r0
320
t50
J40
350
560
370
380
590

395.6
4r5.6
43r .6
149.6
467.6
48t.6
503.6
J21.6
rt9.6
Jr1.6

408.2
426.2
444.2
462.2
480.2
498.2
516.i
J34.2
5r2.2
,70.2

433

469
481
505
523
t4l
559.4

4
4
4

4

4

4

4

4
4
4
4

4
4
4

4
4
4

4

4

4

4

4
4
4
4
4
4

572.0
590.0
608.0
626 .0
644 .0
662.0
680.0
698.0
716.0
734.0

573.8
59r.8
609.8
627 .8
645 .8
663.8
68r.8
699.8
717.8
755.8

577 .4
595.4
6r 3.4
651.4
649.4
667.1
685 .4
703.4
721.4
739.4

58r.0
599.0
6r 7.0
635 .0
65J .0
67r.0
689. O

707 .0
72r.0
741.0

582.
600.
6r8.
636.
654.
672.
690.
708.
726.
741.

I
I
8
I
8
I
8
I
I
8

584
602
620
638
656
674
692
710
728
746

0. r0
1.80

For 'c
.F

0
I

0
0

-271.10'C = -45O.72'F ' absolute zero
0.1 0.4 0.5 0.6 0.7
0.54 0.72 0.90 1.08 1.26

9
62interpol ation .18

0.2
0.56

0.8
I .44
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TEI,{PERAruRES, CELSTUS T0 FAHRENHETT (cont<t)
For ternpcrafurcs abovc 0.C.

2 J 1 , 6 I 9Temp. 'C 0

400
410
420
430
440
450
460
470
480
490

500
5r0
520
tt0
540
550
560
570
580
590

600
6r0
620
630
640
650
660
670
680
690

752,0
770.0
788.0
806.0
824.O
842.0
860.0
878.0
896.0
914.0

751.8
77t.8
789.8
807.8
825 .8
845 .8
86r.8
879.8
897 .8
9r 5.8

7r7.4
775.4
793 .4
8t t.4
829.4
847 .4
865 .4
88t.4
mt.4
9t 9.4

7J9.2
777 .2
79r.2
8r J.2
85r .2
849.2
867 .2
885.2
903.2
921 .2

939.2.
957.2
975.2
995.2,

t0r r .2
1029.2
1047.2
| 065 .2
1 083.2
I r0r.2

I I lg,2
lt37 ,2
r I t5.2
t 173.2
l t9r.2
1209,2
1227.2
1245.2
1263,2
1281.2

1299.2
1317.2
1335.2
| 355 .2
1371 .2
r 389.2
1407.2
1425.2
1443.2
r 46l .2

761.0
779.0
797 .O
8r 5.0
8J3 .0
85r.0
869.0
687.0
905.0
925.0

r r2r.0
I r39.0
r r 57..0
I 175i0
r I 95.O
l2l I ;0
1229.0
1247 .O
r 265 .0
r 283.0

768.2
786.2
804.2
822.2
840.2
858.2
876.2
894.2
912.2
930.2

9t2.0
950.0
968.0
986.0

I 004.0
to22,o
1040.0-
1058.0
r 076,.0
r 094. o

I I l2.O
t I 50.0
I 148.0
r r66.0
I 184.0
1202.0..
1220.0
r 238 .0
r 256.0,
127 4 .O

1292,0
r 3r0.0
1J28..0
I 346.0
r 564.0
r 382.0
r 400.0
1418.0
I 4J6 .0
I 454.0

933.8
.9' | .E
969.8
987.6

| 005 .8
l 023.E
l04t.6
r 059.8
r 077.8
I 095.8

9t5.6
95t.6
97r.6
989.6

r 007.6
r 025..6
r 043.6
106 r,.6
r079..6
I 097.6

r t t5.6
I r53.6
I r5t,.6
r r69.,6
I r8t.6
t 205,.6
1223.6
t24r.. _

r 259.6
1277.6

937.4
955 .4
97t.4
991 .:4

r 009.4
1027.4
1045.4
I 063.4
1081.4
r 099.4

il t7.4
r I 55.4
i I 53.4
I t71.4
I t 89.4
1207 ,4
1225.4
1243.4
1261;'4
1279.4

1297.4
r3r5.4
r 353 .4
lJ5r.4
r 369.4
r 387.4
I 40t .4
1423.4
I 441 .4
r 459.4

94t.0
959.0
977.0
995.0

r0r J.0
105r.0
r049.0
1067.0
r085.0
r 103.0

942.8
960.E
978.8
996.6

t0r 4.8
1052.0
1050.8
r 068.E
r086.8
I t04.8

I r22.E
r r40.8
il 58.6
I r76.8
I194.E
1212.8
1230.8
r 248.8
r 266 .8
I 284 .8

r 302.8
r 320.8
r Jl8 .8
r 356 .8
r 374.8
r 392. 8
t4t0.8
I 428.8
I 446.8
't464.8

764.6
782.6
800.6
6r 8.6
656.6
8t4 .6
872.6
890.6
908.6
926,6

941.6
962.6
980.6
998.6

10r 6.6
I 054.6
r 052.6
r 070.6
r 088.6
r 106.6

r r 24.6
I I 42.6
l r 60.6
r r 78.6
I r 96.6
1214 ,6
1232.6
r 250.6
r 268.6
r 286 .6

r t04 .6
1322,6
r 340.6
r J58 .6
l 376 .6
| 194 .6
I4r2.6
r 410 .6
I 448 .6
I 466 .6

946. 4

964.4
982.4

1000.4,
I0r 8.4
r056.4
r 054.4
1072.4
r 090.4
I t 08.4

1r26.4
t144.4
1r62.4
I 180.4
r r 98.4
r 2r 6.4
1234,4
1252.4
1270.4
1288.4

I 306. 4

1324,4
1342.4
I 360. 4
r 378.4
r 396 .4
14t 4.4
| 432.4
I 450.4
I 468.4

948,2
966,'2
984.2

too2.2
1020.2
r 0J8 .2
r 056 .2
1074.2
1092,2
I I10.2

112E.2
I I 46;2
r r64.2
1182.2
r 200.2
1218.2
t236.2
1254.2
1272.2
1290.2

r 308.2
1326.2
1344.2
1362.2
r J80.2
l J98.2
14r6.2
1434 .2
1452.2
1 470.2

75t,
773.
79r.
809.
827.
845.
86J.
881 .
899.
917.

6,
6
6
6
6
6
6
6
6
6

762
780
798
8r6
83,i
812
870
888
906
924

8

8

I
I
I
q

8
I
8

I

766
784
802
820
e38
856
874
892
9r0
928

4
4
4

4

4

4

4

4

4

4

700
710
720
730
740
750
760
770
780
790

I r r5.8
r r31..8
I 149.,8
r t67.,8
il 85.8
1 203 .8
1221 .8
1259.8
1257 .8
t27r.8

r 293.8
Dil.8
r 529.8
1 347 .8
l 365 .8
I 383 .8
1 401 .8
l4 r 9.a
I 437 .8
r 455.8

l 295 .6
IIr3.6
I 331 .6
r 349 .6
I 367 .6
r 585.6
I 40t.6
1421.6
l 419.6
14r7.6

I 30r .0
Dr9.0
l J37.0
l 555 .0
r 373.0
r39r.0
I 409 .0
t 427 .0
I 445.0
r 463.0

For
interpolafion

U

F

0
0

7

26I
0.2
0. J6

0.5
0.90

0.6 0.9
l .62

0. l0
r .80

0
0

4 0
I

0.J
0.54 72 08

0.8
I .44
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TEI.{PEMTUR€S, CELSIUS T0 FAHRENHEIT (contd)
For tcoperetursg abovc 0'C

Temp. 'C 0 2 5 4 5 6 7 o 9

ti

l 652 .0
r 670.0
r 688.0
'I 706.0
1724.O
t7 42 .O
r 760 .0
l 778.0
r 796.0
t8r4.0

r 812 .0
r 8t0.2
l 868.0
r 886.0
r 904.0
1922.0
I 940.0
r 958 .0
1 976.0
1 994.0

2012.o
2030 .0
2048.0
2066.0
2084.0
2102.0
2120.0
2u8.0
2156.0
217 4.O

r 473. E
r 49i .8
l 509.8
1527.8
r 545 .8
r 563 .8
r58r.8
r 599.6
r 617.8
r 635.8

1 833.8
r851.6
r 869.8
r 887 .6
r,905.8
r 925..8
r94r.8
r 959.8
1977 .8
r 995.8

20r5.8
203 l .8
2049.8
2067.8
2085 .8
2 r 03.8
2121 .8
2r39.8
2157 .8
2175.8

I 475.6
r 49t.6
I5r 1.6
1129.6
r 547.6
r 565.6
I 583;6
r60r.6
r 6r 9.6
r 637 .6

r6tr.6
r 671.6
t69r.6
I 709.6
1727.6
r 745 .6
l 761.6
1781.6
l 799.6
r8r7.6

r 855 .6
r853.6
1871.6
r 889.6
| 907 .6
r 925 .6
r 943 .6
r 96 r.6
r 979.6
l 997 .6

20r 5.6
2033.6
20t r .6
2069.6
2087.6
21 05 .6
2123.6
214t.6
2r59.6
2177 .6

r 657.4
I 675 .4
I 693.4
l71 1.4
1729.4
17 47 .4
r 765 .4
t783.4
r801.4
1819.4

r 837.4
I 85t .4
I 873.4
t89r.4
r 909.4
1927.4
I 945.4
r 96t. 4

198r.4
r 999. 4

1619.2
1677 .2
r 695 .2
t7 1t.2
t73t .2
17 49 ,2
1767.2
1785.2
I 805 .2
1821.2

r 839 .2
t8r7 .2
187J.2
r s9l .2
r9r r.2
t929.2
1947 .2
r 965 .2
1983.2
2001 .2

2019.2
2037.2
2055.2
2073.2
2091.2
2to9.2
2127.2
2145.2
2163.2
2181 .2

1481.0
I 499.0
I5r7.0
r 5tt.0
r 551.0
r57r.0
r 589 .0
r 607.0
r 625.0
I 64t .0

I 841 .0
r 659.0
I 877 .0
r 895.0
r 9r 3.0
19il.0
r 949.0
| 967 .0
r 985 .0
2005.0

I 482.8
r t00.8
t5|8.8
l 536 .8
I 554;8
1572.8
l 590 .8
I 608.8
I 626.8
I 644.8

r 662.8
r 680.8
r 698.6
r 7r 6.6
r 754.8
1752.8
r 770.8
r 788.E
r 806.8
I 824 .8

r 842. E

r 860.8
I 878;8
I 896.8
I 9l 4.8
1932,8
r 950.8.
r 968.8
r 986.8
2004.8

2022.8
2040.8
2058.8
2076.8
2094.6
2n2.8
2 r 30.6
2148.8
2 r 66.8
2184.8

I 664 .6
l 682.6
I 7oO .6
t7r8.6
I 7J6 .6
t7r{,6
1772.6
r 790 .6
r 808.6
l 826.5

I 844.6
r 862.6
l 880.6
r 898.6
19r 6.6
r 914.6
.1952.6
r 970 .6
r 988 .6
2006.6

2024.6
2042.6
2060.6
2078.6
2096.6
2l r 4.6
2132.6
2l 50 .6
2168.6
2 r 86.6

r 486. 4
r 504 .4
1J22.4
I 540. 4
l 558.4
l 576.4
I 594.4
16 t2.4
| 6t0.4
I 648.4

I 666. 4

I 684 .4
1702.4
1720.4
r 718.4
r 756. 4
177 4 .4
1792.4
| 810.4
I 828.4

I 846.4
I 864 .4
r 882.4
l 900.4
19r 8.4
r 936.4
I 954. 4
1972,4
I 990. 4

2008.4

2026.4
2044.4
2062.4
2080. 4

2098.4
2t t6.4
2134.4
2152.4
2170 .4
2188.4

l 488.2
l 506 .2
1J24.2
1542,2
r 560 .2
1178.2
tt96.2
r 614.2
1632.2.
1650.2

r 848.2
r 866.2
I 884.2
1902.2
1920.2
r 958 .2
1956.2
197 4 .2
1992.2
2010,2

202A.2
2046,2
2064.2
208;2.2
2100.2
2118.2
2136.2
21r4.2
2172.2
2190.2

800
8r0
820
8J0
840
850
86p
870
880
890

900
910
920
9t0
940
950
960
970
980
990

1 472.0
I 490.0
| 506.0
r 526.0
I 544.0
1562.0
r 580 .0
r 598.0
1616.0
I 654.0

1477.4
r 495.4
I5l].4
rtJl .4
I 549. 4

I 567.4
r 585.4
r605.4
162r,4
r 639.4

t 479.2
I 497 .2
t3tr.2
| 535.2
r55r.2
t569.2
1187 .2
1605.2
1623,2
r64r.2

I 484 .6
r 502 .6
r 520.6
| 538 .6
r 556.6
| 574 .6
r 592 .6
1610.6
I 628 .6
I 646.6

r 655.8
167r.8
r 689.8
t707.E
1725.8.
r 745 .8
r 76r .8
r 779 .8
1797.et
t 8r 5.6

166r.0
r 679.0
r697.0
l7 t 5.0
l 733 .0
l75r:0
r 769.0
I 787 .0
r80t.o
r 823 .0

r 668.2
r 686.2
1704.2
1722.2
t7 40.2
1718.2
1776.2
1794.2
1812.2
I 830.2

I 000
l0l0
I 020
r 030
I 040
I 050
r 060
I 070
r 080
l 090

r 100
1il0
Ir20
ilt0
I 140
r r50
r 160
I 170
1r80
l r90

2017.4
20t ,4
2053.4
2071 .4
2089.4
2107.4
2125.4
21 4t.4
2161.4
2179.4

202r.0
2039.0
2057.0
207r,0
2095.0
2t r 1.0
2129.0
2147 .0
21 65.0
2l 83 .0

For
i nferpo I at i on

l

26
0.
l.F

0.1
0.5 4

0.4
0.72

0.10
r.80

0.1
0.r8

0.2
0.16

0.5
0.90

0.6
I .08

0.8
1.44

0.9
1.62
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TEI{PERATUR€S, CEI-S|US TO FAHRENHETT (conrd)
For tenpar.turcs abovc 0.C.

Tenp. 'C o 2 3 4 5 6 7 8 9

r 200
r 2l0
1220
r 2J0
1240
r 250
l 260
1270
r 280
r 290

2192.0
2210,0
2228.0
2246,0
2264,0
2282,0
2J00.0
23 l 8.0
2336.0
2354,0

2211.8
2229.8
2247,8
2265.8
2283.8

2 I 95.6
2213.6
2231.6
2249.6
2267.6
2285,6
2303.6
2321;6
2359.6
2357,6

2t99.2
2217 ,2
2235.2
2253.2
2271 ,2
2289,2
?J47.2
232r.2
2343.2
2361.2

2201 .0
2219.0
2237,0

2202.8
2220.8
2238.8
2256.8
2274,8
2292.8
2J r 0.8
2328.8
2346.8
2364.8

2204.6
2222.6
2240.6
2258.6
2276.6
2294.6
2312.6
2330.6
2348.6
2366.6

2206.4
2224.4
2242,4
2260.4
2278.4
2296.4
231 4 .4
2332,4
2350.4
2368 .4

2208.2
2226.2
2244.2
2262.2
2280.2
2298.2
2316.2
2334,2
2352.2
2370.2

2233.
2251.
2269.

22t 93.8 97
l5

4
4

4

4

4

22

r 300
r 510
r 520
l 3t0
r 340
r J50
l J60
I 570
I J80
r 190

2372,0
2390.0
2408.0
2426.0
2444.0
2462,0
2480.0
2498.0
25 r 6.0-2534.0

2373,8
2t9r .8
2409.8
2427.8
2445,9
2465.8
2481 .8
2499.8
2517.8
2135.8

2375.6
2395.6
24r r.5
2429,6
2441 .6
2465,6
2485.6
250r .6
2519.6
25t7,6

2287,4
2t05.4
2323.4
2341 ,4
2359 .4

2377.4
2395.4
241 5.4
24ll .4
2449,4
2467.4
2485 .4
2505.4
2521,4
2539.4

2379.2
2t97 .2
24tt.2
2433.2
2451 .2
2469.2
2487.2
2505.2
2523.2
2541 .2

2255
2273
2291
2309
2327

258r.0
2399.0
2417,O
2435 -0
2453,0
2471 ,0
2489.0
2507.0
2525.0
2543.0

2582.E
2400.8
24 r 8.8
2436.8
2451.E
2472.8
2490.8
250S.8
2526.8
2544.8

2381.6
24A2.6
2420.6
24t8.6
24J6.6
247 4.6
2492.5
25 r 0.6
252A.6
2546.6

2386 .4
2404,4
2422.4
2440.4
2418.4
2476.4
2494,4
2512.4
2530,4
2548.4

2t88.2
2406,2
2424.2
2442.2
2460.2
2478.2
2496.2
2514 .2
2532.2
2550.2

250r .8
25 l 9.8
2337.8
2355.8

2345
2363

0
0
0
0
0
0
0

For 'C
I nterpol af lon 'F

0.3
0.54

0.5
0.90

0.4
6.72I

0
0

0.2
0.t6

0.6
t.08

0.7
1.26

0.6
1.44

0.9
1.62

0. t0
I .80
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O€NSITIES OF IHE ELEMENTS
Source: CRC Handbook of Chernisfry and Physlcs, R. C. Wcast, M. J. Astlc,

.nd Vl. H. Beycr, cds., CRC Prass, Boca Rafon, FL (1994).

E I cment Dens i ty , g/cnt Ternp. , 'C E lerncnt Oensity, g,/cmJ Ternp., 'C

Ac
Ag
AI
fui
As (ycl low)

As (gray)
Au
B (anorph)
B (cryst)
Ba

r 0.07
ro.50
2.6989

13.67
r .97

I .738
7.20

10.22
0.971
8.57

r2.4t
12.41
2,07
t.957
6.69r

20
20
20
20
20

20
20
20
20
20

20
20
20
20
20

20
20
2J
20
20

20
20
20
20
25

25
20
29.
29.
25

25
20
20
25
20

t7
20
23
20
25

(a)
(q)
(B)

20
20
20
20
20

20
20
25
20
20

20
20
20
20
20

20
25
25
20
20

20
20
20
20
20

20
20
20
20
20

25
20
20
25
20

20
20
20
20
20

ME

Mn

Mo
N.
Nb

12.02
7.22

r 9.84
6.77t
6.64

Pd
Pn
Po
Pr
Pr

Ca
cd
Ce
Cn
Co

Bc
BI
C (amorph)
C (graph)
C (dlan)

Cc
Cs
Cu
0y
Er

Eu
Fo
Ga (sol)
Ga (liq)
Gd

Ge
Hf
Hg
Ho
ln

5.73
r 8.88
2.57
2,34
3.5 r

7.18-7.20
t.873
8.96
8.rto

'9.066

5.243
7 .874
5.904
6 .095
7 .9004

Nd (cub)
Nd (hex)
Ni
Np
0s

P (rhlfc)
P (rcd)
P (black)
Pa
Pb

6.80
7.007
8.m2

20.25
22.57

I .82
2.20

2.25-2.69
t5.37
1r.35

21 ,45
r 9.84
(5)
r.532

2t.02

I
3
55

r .848
9.747
,8-2.
.9-2.
r t-J.

55
65
657
5l
9

I
I

3.

I
I
6

r3
6

22.42
0.862
6.145
0. 534
9 .840

.Pt
Pu (c)
Ra
Rb
Re

Rh

Ru
S (rhonb)
S (monocl )
sb

Sc
Se (gray)
Se (vlfr)
st
Sn (c)

Srn (8)
Sn (gray)
Sn (rhite)
Sr
Ta

2.989
4.79
4,28
2.35
7,520

7.40
J.7'
5.75' 2,54

l 6 .654

6
6

5,323
13.3r
I J.546
8.795
7.3t

lr
K

La
Li
Lu



METALLIC FUELS HANDBOOK

A. GENERAL Rev. No.1
Effective Date: 6/8e
Page No. 10

D€NSITIES 0F THE ELEMEIrTIS (contd)

Eleoent Density, g/crn3 Temp. , '.9 E I enenf Denslfy, g./cm3 Temp., 'C

Tb
lc
Te
Th
TI

8,229
r r.50
6.24

11.72
4.54

il.85
9.J2r

r 8.95
6.il

r 9.l

20
20
20
20
20

20
20
20
25
20

4.469
6.965
6.54
7. r53
6.506

rr
Tnt

U

v
t{

Y

Yb
Yb
Zn
Zr

20
25
20
r 8.7
20

(e)
(B)
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MELTIIIG ANO EOILII.IG POINTS OF ELEI.IENTS
Sourcer CRC H.ndbook of Chemistry and Physics , R. C. Vl€asf, M. J. Astlc,

and l{. H. 8eyer, eds., CRC Prcss, Boca Raton, FL (t984).

Element Mclt. Pt.,'C tsoil. Pt.,'C Element M.li. Pt.,'C Boil. Pt.,'C

44. I

327,502
554

H9
Mn

llo
N

N!

o
Os
P
Pb
Pd

Pn
Po
Pt
FI
Pu

Ra
Rb
Re

Rh
Rn

Ac
Ag
AI
An
Ar

As
Af
Au
B
Br

8e
BI
Br
c
Ca

cd
Ce
cl
Co
C/tt

Cr
Cs
Cu
Dy
ET

l 050
960.8
660. J7
994

- r 89.2

';;-r 064 .4J
2300

723

1278
271.3
-7.2

-3550
859

320,9
799

-loo.98
r 495
(247'

tll l
937 .4

-259 ,1 4
<-272.2
2227

subl 6ll
(537)
3080
2550
I 640

1200
2212
2461
2607
-r85.7

2970
r 560

5E .7E

I 4E4

76'
3426
-14 .6

2E7o
r 340

2672
669.3

2567
2562
2863

I 597
-l8E.l4
2750

677
2403

3266
2830
-252.5
-278,934
4602

648 .8
1244
26t7
-209.86

97.8 I

2468
r02r
-246.67
r 453
640

-21 I .4
3045

I 166
254
9ll

1772
641

700
38.89

J 180
l 966
-71

760
-r52.J0
t457
1342
J39t

to90
l 962
4612
-r95.8
882.9

47 42
3068
-246.048
2732
1902

-182.962
5027
280

1740.
2970

2460
962

t5t2
3827
3232

K

Kr
La
Li
Lu

63,25
- r 56.6

921
r 80.54

r 663

Nb
Nd
No
NI
NP

16rl
28.40

r 083 .4
tAt2

159

Eu
F
Fe
Fe
Ga

a22
-2t9.62
r 535

27
29.78

I 140
686

1562tl
3727
-6t.8

Gd
Ge
H

He
Hf

2lr0
r r2.8
r 19.0
630.74

I54t

Ru

S rhoflr
mono

sb
Sc

3900
44r ,67 4
444.67

| 950
263r

Hg
HO

I

ln
lr

-38 .842
1474

113.5
r56.6r

2410

556.58
2695

I 84 .55
2080
41 30

Se
si
Sm

Sn
Sr

217
l4i0
1077
23r.968r
769

684 .9
2355
l 791
2270
| 584
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MELTIIG ANO BOtLlllG pOtMfS OF ELEMENTS (contd)

Elemqnf M€tf. Pt., 'C 8oi l. Pf., 'C Elencnf Melt. Pt., 'C Boll. Pt., 'C

TI
TI
Tm

U

v

Ta
Tb
Tc
Te
Th

H

Xe
Y

Yb
Zn

Zr

2996
r 556
2172

449 .5
r 750

I 660
lo5.5

I 545
r r32.5
r 890

34t0
-l r r.9
1522
819
4t9.58

1852

5425
3123
4077
989.8

-4790

3287
1457
I 947
38r8
1380

5660
-r07.1
55t8
I r94
907

4377
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VAPOR PRESSURE EQUATIONS FOR ELEM€MTS

Source: Smithcl ls Mcfits Referencc Book, 6fh e3., E. A. Brandes,
ed., Buttaruorths (1981).

The constants that are llsted are for the folloring equation:
-5

fog p (mm Hg) = A + 8/l + C log T + l0

rherc T ' temperaturc ln Kelvln

DT

'E lemenf A B c 0 Temp. Range (K)

Ag

rrs
AI
Am

As4

1r.66
12.23
12.36
r 5.97
9.82

10.8t
r 2.58

8. t05
9 .717

12.286
r0.8r 7

14 ,56

-r4710
- I 4260
- I 6450
-r 5700
-6r60

-r9820
-r9280
-29900
-9750
-9340

-t 0734
-r 0400
- I 07J0

-r0300
-9600

-20305
-r908
-5819

-22210
-20680

-407'
- r 7870
- I 7650

-8980
-2r080

-r97r0
-t 4700
-20 r 50
- r 8700
-l2ooo

-0. 755
-r.055
-1.021
-r .0

-0.306
-l .01
-l .o

-t .76
;l ;21

-o,232
-1.257

-l.lt
-l .45
-o.236
-1 .273

-2.1 4

1.27
-0.5
-o.9r
-l .r6
-o. t

-0.2E4

298 - 1234
1234 - 2400
1200 - 2800
lr05 - r45l

600 - 900

298 - t3t6
t336 - t240

l00O - mp

750 - 985
983 - 1200

900 - r5t7
mP-bPm9-bp

713 - mp

mp-bp

r6il - 2038
450 - 594

594 - 1050
1000 - 1772

298 - mp

-280 - 1000
296 - r 556

D56 - 2870
696 - 900

900 - r8l2

r8r2 - 3000
mp-bp

298 - mp

mp-bp
298 - 2023

Au
Au
I
Ba
Ba

223-0

Ce
cd
cd
Co
Cr

r 5.88
7.83
7.42

-0. r6

-0. t 458e.
Bi
Br2
Ca

Ca

Cs
Cu
Cu

Eu
Fe

l r.38
r 0.65
rJ.39
8. l6

16.89

-o. r6

9.067
12.3'
18. r

I 4.97
12.55

l 26
02

Fe
Ga

Ge
Ce
Hf (q)

11,27
10.07
r t.28
12,87
I r.8l
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VAPOR PRESSURE EQUATIONS FOR ELEMENTS (contd)

E I ement A c 0 Tenp. Range (K)

Hf
Hg
t2
t2

Hf(B) 1r.63
9,20

I 0. J75
17 .72
23.65

-3 r 6t0
-zsa:o
-3508
-1578
-3205

-r 2580
-15070

-4770
-22120
-2 I 530

-84tt
-7780
-75t0

-l 4850
-l 3900

-34700
-556 I

-t76t0
-22500
-224A0

-5t50
-27 40

-t0rt0
-r 9800
-r7t00

-r7t90
-29200
-za:oo
- l 7590
-4560

-40800
-29160
-r5550
-6975
-4580

-itt60
-t I t70

- r 9700
-4990

-20900

-0.5

-o.8
-2.51
-5.18

-0. 45
-o.7
-r.J70
-o.5J
-o. t3

-t .0
-0.8t,
-1.4r
-2.52
-2.52

-0.2J6
-0.5
+0.715
-0.96
-2.0 r

-0.985
-0. 755
+1.0

-0 .855
-r .26

-t.45

-t .16
-o.88

-r.53
-5.0

2023 - mp
mp-bp

298 - 650
298 - mp

mp-bp

mp-bp
298 - mp

150 - 1050
298 - mp

np-bo

mp-bo
298 - mp

np-bp
99' - r 373

mp-bp

298 - np
4oo - r2oo

298 - mp

298 - mp
m9-bp

298 - 317
3r7 - 555

600 - 2030
298 - np

. mp-bp

1425 - 1692
298 - mp

mp-bp
rJ92 - 1795

312 - 952

298 -
298

2000 -
mp

mp

J000
-mp
2500-bp
-bp

298 - mp

np-bp
1607 - mo
495 - 958

ln
lr
K

L6
La

LI
Mg

Mg

Mn

Mn

-3ycP4
P4
Pb
Pd
Pd

Pr
Pf
Pf
Pu
Rb

9.79
15. t8
il .58
r0.J9
9.89

n.l4
I l.4l
12..79
r7.88
t7 .27

l,{o

Na
Nb
NI
NI

r r .66
9,235

'8.94
r 3.60
r6.95

r 9.09
7.84

I t.16
il.82
4.8 t

8.10.
13.24
I 4.J0
7.90

r 2.00

I 4.20
| 1.50
r 0.76
16.22
25 .88

22.40
18.54
I 3.07
8.09

l0 .84

-0. r 45

r66-o

t

Re
Rh
Ru
s2
Sx

-r.0

-3.J2
-1.02
-l .0

Sbx
sb2
sc (B)
Sex
si -o.565 mo-bp
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VAPOR PRESSURE EQUATIONS FOR ELEMENTS (confd)

E I emenf A B 0 Tenp. Range (K)

Sn
Sn
Sr
Sr
Ta

r J.76
8.23

15.08
12.63
10.29

r 9.68
22.29
12.95
r3.18
t 1.74

-llr70
- r 55oo
-9450
-9000

-40800

-9r 75
-7830

-30200
-24400
-23200

-9100
-12550
-25580
-24090
-26900

-44000
-22230.
-22280
-6883
-6670

-l I 820
-30500 .

-r.56

-r.lr
-r.5r

-2.71
-4,27
-l .0
-o.9r
-0 .66

-0 .892

-2.62
-1.26
+0. 15

+0.50
-o.66
-t .97
-o.0505
-r.126

-o.50

298 - mp

505 - bp
8ll - mp

mp-bp
298 - mp

Te2
7e2
Th
Ti (g)
Ti

298 - mp

mp-
298 - mp

ll55 - mp

mp-bp

TI
In
U

U

V

lll

Y

Y

Zn
Zn

Zr
2r

I t.l0
9. l8

r 8.58
r J.20
r0.l2

8.76
r r .8t5
't6. I 5
9.418"

1 2 .00.

I

9

25
mp

78
t8

700 -
807 -

298
mp-

298

r 800
1219
-mp
4200
-fip-o.265

55-o

298 - mP

298 - mP

mp-bp
473 - 692.5

692.5 - 1000

mp

bp
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B. THERMOOYNAMICS

B. 1 Entha'lpy and Heat Caoacitv

8.1.1 Uranlum-Zl lum AlloYs

Measurements of the heat capaclty of uranlum-z'lrconium a1loys have

been reported by Federov and Smlrnov [1], who used an e'lectrlcal-pu1se
technlque for thelr work. Sanples of pure zlrconium and uranium were 'investi-
gated, and also alloys with uraniun contents of 11,27,39, 59, and 87 at.%.
Federov and Smlrnov give the following equations for heat capacity CO (cal f-l

I
mol-r) for the tenperature ranges 203-873 K for U(c) and the al1oys and 293-
1073 K for Zr(c).

1l
Zr(cr)
U (o)
11 at.fi U

27 at.% U

39 at.S U

59 at.% U

87 at.% U

cp
cp

cp
cp
cp
cp
cp

= 6.15 + (!.927 x 10-3 T) - (3.44s x to4 r-21
= 2.69 + (9.698 x 10-3 T) - (1.012 x tos t-2)
= 3.89 + (6.48 x 10-3 T) + (7.7t x to4 r-2)
= 3.08 + (8.43 x 10-3 T) + (9.83 x 104 T-21

= J.47 + (9.32 x 10-3 T) + (7.0t x to4 r-21
= 0.265 + (1.32 x 10-2 T) + (2.62 x tOS r-2)
= 0.356 + (L.425 x 10-2 T) + (2.se x tos r-21

Heat-capacity data for the alloy of interest, U-10 wt % Zr (U'22.5
at,% 7r) were obtairied by linear interpolation. The followlng equatlons give
heat capacity, cp (J r-lmot-l), and enthalpy, H(T) - H(298) (J mol-l), for"

that alloy.

Cp(U-to wt % Zr\ = 1.359 + 0.05812T + (1.086 x to6 r-21

H(T) - H(ZgB)(U-10 wt fl Zr) = 654.0 + 1.359T + 0.02906T2
- (1.086 x to6 r-11
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The data of Federov and Smirnov for pure uranium and zircon.ium are
high by about 3-41 when compared with the best current values [3,41. Uncer_
ta'inties of about t5% are reasonable for these estimates for the U-10 wt % Zr
al1oy.

Obtalning heat-capacity and entha'lpy data for the high-temperature
body-centered-cubic (bcc) alloy phases is sonewhat more dlfltjcult. For the
heat capacities of U(v) and Zr(e) and the high-temperature bcc al'loy phases,
the data of Federov and Smirnov are presented graphically. Values obtained
from their plots at 1100 K, in (at. I u) and cal K-l rnol-l, given in an IAEA
pub'licatlon [2] are: (0) 7.4s, (11) 8.2, (27) 9.9., (39). 9.3, (59) 9.5, and
(87) 9.5. These values are constant in the temperature.range of the bcc sol.id
solution. At the hr'gher temperatures Federov and Smirnov give only heat
capacity. In order to calculate enthalpy of the higher-temperature bcc solid
solutions' we need an enthalpy value in the higher-temperature phase. Federov
and Smirnov [5] also measured the ernf of cel'ls of the type

U(c) lKCl-NaCl-o.5 wt % .UCr3l (u-zr)ailoy

The temperature range of their measurements was 1033-11g3 K.
Thermodynamic properties for U-Zrr alloys were calculated at 1100 K from the
emf data of Federov and Smirnov t5l bV Chiotti et al. IZl. Included.in the
tabulat'ion of Chiotti et al. is the enthalpy of mixing fr:om which the requi-
site values could be est'imated. However, there are significant discrepancies
in the U-Zr system [2], and Pelton t,6l discounts the data entirely. t,le have
calculated the entha'lpy of the U-10 wt % 7.r al1oy:at 1200 K assuming an ideal
so'lution' and have used the heat-capacity data of Federov and Smirnov to
calculate enthalpies at other tenperatures. The values calculated in this l/ay
are about 10% higher than those resulting from using the enthalpy-of-mixing
data- Because of the lack of data, the details of the transit'ion region from
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890 to about 1000 K are not considered in the present analysis. The trans'i-
tion reg'ion is simply treated as a s'ingle phase transition. The entha'lpy data
result'ing from these consideiations are shown in Flg. 8.1.1-A (a'long with data
for U an{ Zr), and are comb'lned with heat-capacity data in Table 8.1.1-1.
Data are given up to the solldus temperature (1487 K). Values at the llquidus
(1657 K) and above were estimated using an 'ideal solution assumption. For
values between the solidus and liquidus temperatures, linear lnterpolatlon 'is
recommended.

TABLE 8.1.1-1. Enthalpy and Heat Capacity of Uranium-lO wt S Zlrconlum

T

(K) 1 1(J K' mol-
H(T) - H(2e8)
(rl mot-1)

cp

)

298
400
500
600
700
800
890
1000(v)
1100
1200
1400
1500
1506(v)
166e(r)
1700
1800
1900
2000

0.0
3. 13
6.43

10.1
14.3
18.9
23.7
31.7
35.4
39.1
46.4
50.1
50.3
69.0
70.4
74.8
79.4
84.0

30.
31.
34.
39.
44.
49.
54.
36.
36.
36.
36
36
36
45
45
45
45
45

9
4
8
2
3
6
5II
8
8
8I
2
2
2
2
2
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Fig. B.1.1-A. Enthatpy, H(T) - H(298), kJ mot-l, of U-10 wt % Zr



METALLIC FUELS HANDBOOK

B
B
. THERMOOYNAMICS.1 Enthalpy and Heat Capacity8.1.2 Uranium-Plutonjum-Zirconium A1'loys

Rev. No. I
Effective t)ate: 6/88
Page No. 1

8.1.2 Uraniurn-P'lutonium-Zirconium Al'loys

Measurements have been reported of the enthalpy of U-15 wt fl
Pu-10 wt il Zr (U-12.8 at.* Pu-22.5 at.% Zr) from about 306 t0.1140'C [7]. The

data appear to be rellable (probably to lf,) [8] anO cover most of the solid
range of th'ls alloy. The experimental va'lues as glven ln [7] are presented ln
Table 8.1.2-1.

TABLE 8.1.2-1 Enthalpy of U-15 wt f, Pu-10 wt I Zr

Temperature ("C) H(T)-H(25'C) (cal/g)

306.5
402.4
505.3
599.6
696.1
7i9.1
897.0
997.0

1097.0
1140.3

10.2
14.1
L8.7
23.9
34.7
38.9
43.3
47.4
52.4
55.1

These data were fit to two quadrratlc equations in [Zl covering
the temperature ranges above and below the solld-state phase transitions.
These equations are reproduced below (a sign error has been corrected).

H(T) - H(25'C) = -0.9 + 0.0310T + (1.55 x
H(T) - H(25"C) = L4.2 + 0.0185T + (1.52 x

10-5
10-5

T2f ) 25-600'C
) 650-1150'C

Enthalpies are given in cal/g and tempera.tures are ln 'C. Heat

capacit'ies may be obtained simply by dlfferentiating the enthalpy equations.
The coeffic'ients of the "T" tenns given for heat capacity in [7] are too large
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by a factor of ten. After correctlon of the coefficients, these enthalpy
equations yield the following equations with temperatures'in K and enthalpies
in J/mol. A correction was made in the low-temperature equation so that
H(T) - H(298) was zero at T = 298.15. The higher-temperature equation was
modifled to the current estimate of the solidus temperature (1379 K)161.

H(T) - H(298) = -6948 + 19.34T + 0.0133T2
H(T) - H(298) = 8772 + 8.752T + 0.01304T2

298-873K
923-1379K

The enthalpies and heat capacity of the ternary alloy are given jn Table
8.L.2'2. Inc'luded 'ln the table are values above the liquidus temperature .

(1588 K) that were calculated assumlng an ideal solution. For values between
the solidus and liquidus temperature, llnear interpolation ls recorenended
The enthalpies of U-15 wt * pu-10 vtt % zr, pure uranium, and u-10 wt % Zr are
compared in Fig. 8.1.2-A. To assess the poss'lbilities of estimatJon and
extrapolation of entha'lpy data, we calculated the mole-average enthalpy for
the ternary alloy, using data for U [3t, pu [3], and Zr [a.] from standard
sources. Because the melting point of Pu of 913 K is we'll below the solidus
temperature of the al'loy, we simply extrapolated the data for pu(e) above its
melting point, assuming a constant heat capacity. Thls appeared to be a more
reasonable approach than introducing data for f iquid Pu. The results of thjs
calculation are gompared with the experimental values in Fig. 8.1.2-8. Except
for the phase-transition temperatures the agreement is t^easonable, and
estimates for other compositions and temperatures mqy be possib'le.
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TABLE 8.t.2-2 Enthalpy and Heat Capacity of Uranium-15 wt fi
Plutonlum-10 wt il Zirconlum

T

K 1 I(J K- mo )

H(T) - H(2e8)
(t<,: mot-1)

cp

)( I

0
2
6
9

13
L7
20.
28.
30.
34.
38.
42.
45.
64.
64,,
69.

298
400
500
600
700
800
873
9?3

1000
1100
L200
1300
L379
1588
1600
1700
1800
1900
2000

27.
30.
32.
35.
38.
40.
42.
32.
34.
37.
40.
42.
44.
44.
44.
44.
44.
44.
44.

3
0
6
3
0
6
6I
8
4
0
7
7
4
4
4
4
4
4

.0

.92

.05

.44

s
L

(
(

)
)

1

0
1
0
6
2
1
2
6
4
9
4

73.8
79.3
82.7
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8.1.3 0thers

Hioh-temnerat ure Heat Caoacltv and Entha lpv of Uranium*

The h'igh-temperature enthalpy and heat capacity of uranium have
been determined by several investigators. The more precise heat-capacity
results are shown in Fig. 8.1.3-A. The early enthalpy measurements of Moore
and Kelley [g] and of Ginnlngs and Corrucclni I10l cover the lower temperature
range' 298 to 1300 K and 298 to 1173 K, respectlvely. The two investigations
are in good agreement on the enthalpy of the q-phase of uranlum, a'lthough
Ginnlngs and Corruccini [10] report a steeper rlse in the enthalpy functlon,
indicatlng a more pronounced pretransltion effect. North Itt1, using an
adlabatic method_, reported heat-capaclty measurements from 373 to 1073 K

conslstently below the values reported above. Savage and Seibel [12], using a
drop ca'lorimeter, determined the enthalpy increment of uranium in the tempera-
ture range of 413 to 1454 K. Thelr results are ln agreement wJth those of
Moore and Ke:lley [9] and Glnnings and Corrucclni t10l below 1100 K, but become
significantly higher above this temperature. Mlt'kina [13] reported the
speclflc heat capaclty of uranium from 323 to 873 K. Her results are much
lower below 573 K, but above that temperature they are ln good agreement with
the results of I'loore and Kelley [9J, and of Ginnings and Corruccinl [101. For
thls assessment we have adopted the heat-capaclty values for c-phase uranium
reported by Glnnings and CorruccJnl [10], since these data are be]ieved to be
the most rellable.

The heat capacities of the B- and v-phase of uranlum meta'l are
constant at 43.43 and 38.07 J K-1 (as reported by Moore and Kelley [9]), and
at 42.47 and 39.28 J K-1 mol-l (as reported by Glnnings and Corruccini
l10l). The adopted heat-capacity values for the B- and y-phase of uranium

* This section adapted from 8.1, Ref. 3.
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metal are based on the results of these two 'lnvest'lgat'lons z 42.93 J K-l mol-l
for the e-phase and 3g.2g J K-l mol-1 for the y-phase, respectlvely. Levinson
t14l has determined the enthalpy lncrement of the r-phase and the'liquid. His
resulting heat-capaclty value for the v-phase, 40.08 J K-l mol-1 is consider-
ably higher than the values reported earlier by Moore and Ke'l'ley [9] and by
Ginnings and Corrucclni [101.

The enthalples of transltlon, as reported by varlous investl-
gators (Table 8.1.3-1),.are ln falr1y good agreement. However, the values for
the enthalpies of transltlon used in thls compilatlon are chosen so as to
reproduce the measured enthalpy lncrements for the B- and y-phases.

TABLE 8.1.3-1 Enthalpies of Transitlon for Uranium

Source
aH1(o*B)

(rJ mot-r)
(Tt=942K)

aHg(e-r)
(kJ nrot -r)
(Tt=1049K)

Moore
Glnni
t{orth
Savage and Selbel t12l

Adopted value

2.845
2.82A
2.979
3.284

2.79L 4.757

and Kelley [91
ngl-a;J coiruiirnt tlol

t 111

4
4
4
4

874
732
782
s81

The selected values for heat capacity and enthalpy of the solld
phases are ident'ical with those tabulated by Hultgren et al. [4], except for
minute differences resulting from the use of an equation for the heat capacity':
for the c-phase and correction to the Internatlonal Practlca.'l Temperature
Scale (IPTS-1968).
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Meltinq Point and Entha'lpv of F sion

The melting point of uranium metal has been reported by several
investigators: by Blumenthal [15] as (1405 t 0.g) K, bJ Buzzard et at. t16l as
2406 K, by Udy and Boulger",[17] as (1405 r 10) K, and by [)aht and Cteaves t1g]as (1406 t 2) K. The agreement 'ls remarkable, and (1406 I 2) K is selected as
the melting point of uranium on IPTS-1948, whjch becomes (140g t 2) K on IpTS-
1968. Ackernann and Rauh [19r measured (140g t 1) K on the'latter scare.

There have been two determlnations of the enthalpy of llquid
uranium. Levinson [14] measured H(T)-H(310) for U(r,) contained in tantalum
from 1205 to 1579 K, obtalning a value for the enthalpy of fusion of (g.326 t
0.130) kJ mol-l and a constant value for the heat capacity of U(c) of 47.91
J K-l mol-1. When corrected for tantalum solubility (Ackermann and Rauh
t2011, this latter value becomes 44.35 J K-l mol-l.

However, we have preferred the much more extensive entha'lpy
results of Stephens [21] .from 1428'to 2348 K. These resu'lts were obtained by'levitat'ion calorimetry,r which avoids the problems of reactions with con-
ta'iners. His data, which are represented by the equation

fl(T) - H(298) = 48.66T - 10139 j mot-l

when combined with the selected data for the solid thus glve a value for the
enthalpy of fusion of 9.14 kJ mol-1 at 1408 K and a constant vatue or Cf, u(l)
of 48.66 J K-1 mot-l.

Recently, Thayer and Robbins [22] have detennined the heat
capacity of U(r) by using a prompt-burst reactor to heat thin wafers of the
metal verv rapidlv. Their vatue of (37.66 t 2.1) J K-1 mol-l fo" the heat
capac'ity of U(r) is.apprec'iably lower than the other two measurements. The

I
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uncertainties in thls interesting technique at thls time'lead us to prefer the
very extensive measurements of Stephens t211.

The heat capac'lty of U(c), 298sTs942 K., 1n J t<-1 mol-l 'ls given
by the following equatlon:

cp (uc) = 26.92 - (2.502 x 1o-3 T) + (26.556 x to-6 12)
(7.1 x 104 T-2)

For U(B), U(v), and U(c), the heat capaclty is constant. The recomtended
enthalpies are shown in Table 8.1.3-2 and Fig. 8.1.3-8

Hloh-temoerature Heat Caoac'l ty and Enthaloy of Plutonlum*

The hlgh-temperature he'at capacity of plutonium has been
reported by two investlgators (Engel [23] and Loasby t2C11. Their results are
plotted ln Fig. 8.1.3-C, along wlth the low-temperature heat-capacity measure-
ments of Sandenaw and Glbney [25], who took measurements up to 370 K, within
25 K of the c*B transition. Kqy and Loasby [24] report hlgh-temperature heat-
capaclty data (emor span !5f,) for plutonlum metal up to the meltlng point.
However, to allow for unsuspected errors ln thelr chemlcal and lsotoplc
analyses used lrt the calculatlon of the self-heatlng coefflc'lents (Taylor
126]), they'lncreased the error span to t10f. They used an adlabatlc calo-
rJmeter and utllized the se'lf-heatlng of the lsotopic mixture of plutonlum as

the heat source in determining the heat-capaclty value. Such a method has the
advantage of ensuring uniform heatlng of the specimen; however, it has the
disadvantage of errors arlsing from nonequilibrium conditlons, in ;iart'icular
in the transfonnatlon regions.

* This sect'ion adapted from 8.1, Ref. 3.
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TABLE 8.1.3-2 High-temperature Heat capacity and Enthalpy of uranium

T

(K)
cp

(,: r-t I
H(r) - H(2e8)
(.1 mot-1)m0 I )

298
300
400
500
600
700
800
900
ea2$)
eaz(e)

1000
104e(e)
10a9(v)
1100
1200
1300
1400
1a08(y)
1408(g)
1500
1600
1700
Ieoo

.1900
2000
2100
2200
2300
2400
2500

27.665
27.70t0
29.684
31.997
34.762
38.021
41.79,1
46.091
48.039
42.,929
42,929
42.929
38,.284
38.294
38.294
38.294
38.284
38.284
48,660,
48.660
49"660,

0
51

29t9
5999
9333

12968
16955
2L344
23320
26,111
28600
30704
35461
374L4
4t242
45070
48899
49205
58347
62842
67690
72556
77422
82288
87154
92020
96886

10L752
106618
111484

49.660
48.660
48
48
48
48
48
48
48

660
600 ,

660
660
660
660
660

'--
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Other sources of error in these heat-capaclty measurements lle
in aSsuming an accurate value of each isotopic power output, as well as in
making an. accurate lsotoplc analysis of the metal specimen. Recent power-
output values for the indlvldual plutonlum lsotopes (Oetting IZt l) differ
somewhat from the values clted by Kry and Loasby 12A13 however, an error band
of t10fi covers the drror lnvolved ln the power values.

A comparlson of the heat-capacity values of Kqy and Loasby l14l
and of Sandenaw and Gibney [25], from room temperature to the c*B transforma-
tlon (395 K), shows the values of Kqy and Loasby to be hlgher" by about 7*. As
it is believed that the low-temperature data of Sandenaw and Glbney are more
accurate, their values were adopted for the heat capac'lty of the c-phase of
plutonium above room temperature.

Kry and Loasby [24] indtcate a slight temperature dependence
for the heat capacity of the B- and v-phases but no temperature dependence for
the o- and e-phases. Engel [23] also found no temperature dependence for the
heat capacity of the-o-, 6'- and e-phases of plutonium. The agreement between
the heat capaclty values for the o- and e-phases of Engel and Kqy and of
Loasby is quite good, i.€., 2.6% and 4.0* respectively. The averages of the
two values are taken for thls compilation. The va'lue of 35.56 J K-l mol-1
given by Engel for the heat capacity of the o'-phase is also used.

The conslstency of the thennodynamlc data for the plutonium
allotropes can be checked by a consideratlon of the thermal properties of a
Pu-Ga alloy wlth -3.3 at.X Ga, which stabllzes the o-phase at low tempera-
tures. Taylor et al. [28] have measured the low-temperature heat capac-
ities. The speclfic power for the sample used was consistent with the latest
specific powers for the plutonlunr lsotopes glven by 0etting l2ll. Integration
of the CO values gives

Pug.g5gGao.oez(6 - phase)S0(298) = 67.82 J K-1 mot-1
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Ro

si
se et a1., [29] have measured the entharpy increments of an a11oy of verymi'lar composition. Their data g'ive a smooth continuation of the heat-

capac'ity values of Taylor et a1., [29] as follows:

PrO.967GaO.Oag(o - phase)S(s88) - 5(298) = 22.59 J K-l mot-l

and hence 5(588) = 90.41 cal K-l mol-l.

Sj'nce s0(sae) - s01ese1 for Ga(c) can be estimated rrom ttrevalues,for the nelghbouring elements (Hultgren et al.[4]) to be _17.32
J Kr mol-r, we have:

Phase

Ga(c)
Puo.967Guo.o33(6)
Pu(e)

ti int

s( )(J K- 1 1I )

58.16
90.42
91.50

This is in excer,.rent agreement with the varue obtained byintegration through the c-, g- and y-phases, name.ly gt.LT J K-l ,ot-l. 
-

.:

Ent of on

Table 8.1.3_3 incl\rdes a survey gf the reported values for the
ytt]ng po1nt and enthalpy or fusion'or ptutonium metal. Again;.moF€ weight ,is'given to the more recent'data, and the suggested values i". igrs t 2) K forthe melting point, and (282a t 105) J mol-l fo" the enthalpy of fusion. Theheat capacity of the llquid p'lutonium, measured Just above the melting poi,nt,
lras-feen reported informat]y by two investigatorl irouru, froi ."0 Engell23l), with good agreement (4r.g4 and 42.6g J K-l mot-l, ".ro..itve1y). The
average value of (42.4 t 0.8) J K-l mol-l used in this assessment is in good
agreement with the recent varue of 42,7 J K-l mo'r-l (Thayer and Robbins,
l22l).
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TABLE 8.1.3-3 Temperature and Enthalpy of plutonlum Transiilons

8.f

3l

t2

2t

ll
2l
tr
t5
j5

t?

t6

tc
tg
lo
lt
t2

rt

l{t
(J mt'lt

29oO r 12

21lt t 25

22r 6'

t!01 t 502

?621 r 105

C.l . c.lqtrtflo.0ll . dllrlmtrto. lo. r.rtrtlrl!r. tt. tltrrl saltrlt
. Suatartad raluaa

llrt noct

o

I
.( rt

I
dt

(J rol-l !
t(rl

I .t,.

I rr -r-,r I

r

J
t(r)

sa
Fl-

a.a
dt

(.1 nt-1,
I

{t)

a.c

t
(I,

lit
(J rol'| )

c

t(r)

iar
0ll. tt
C.l
Drl. tt

0ll
tt
C.l

Crl

Crl

0tl

Dll
?r

Dll

!ct
!92t2

l9o r

39?

t@

ll5 t
. !95r

lCt r

199 r
t06

!96 r
196.1 r

l9'
icr

195 r

0.5

2

6

0,1

I

2

I
2

l5!l r 12

1160 . le
1lt9 r 2l

50?l

1925 r 12

laol r to2

loo! r 12

t5t
l??t6

l?t
rao

l5?.a
lt9!l
l?6r6
It?r!

tcr
100.3
l?5 .r 2

tct
icr

riarl

5t5 . 25

616 r 6l

'tt t 5o

699. r lo'lt

5t6 r 6t

5t6

5tt.
5tCra

592t6
5t6!t
5t9.r e

519

ttCr2
591 ra

5!r
5t9.

59tt5

5El

59t

651 r 6t

l2l r 2t

569 t 29

t99 I 106

65' I 63

5rt

125

?rotz
lllr2

?2111
73lrt

129

ttt

''29 t 2

?13

t2C

?2trr

?ll
?tt

?9ret
?9r|,

tltt2
rolrI

-o

Tltla

(l6t

?51

?t2rl
?51

lltrl
?l9tl
151 ta

?t9

1'2 tl
151 tl

?tt
152

119.5

?51

rui

l?21 r l0a

1925 I !l

lC5t r 12

ItlS | !l

159! I ?9t

t966 I ra

| 590

9ll r 2

90t

9ll 1 2

9ll t e

9t3

90t

9lr

9lt

395rr lltl r 6l l0{l r 5 565 r 6l SClr! 506 ! 6l llora Cl.12 ?5?rr rErr I tt 9rl r 2



METALLIC FUELS HANDBOOK

B
B
. THERMOOYNAMICS.1 Enthalpy and Heat Capacity8.1.3 Others

Rev. No. 1
Effective Date: 6/88
Page No. L2

The heat capac'ity of Pu(c), 298sTs395 K, 'in J K-l mol-l is given jn the
fol lowing equation:

cp,Pu(c) = 37.610 - (7.380 x 10-2 T) + (1.939 x 10-4 T2).

The heat capacity of Pu(s),395sTs480 K, in J K-l mol-1 is g'lven by the
fol'lowing equation:

COtPu(s) = 25.288 + (2.176 x 10-2 T)

The heat capacity of Pu(1), 480<Ts588 K, 'ln J K-l nol-l is given by the
following equatlon:

CO,Pu(r) = 21.615 + (2.824 x tO-2 l)

For Pu(c), Pu(o'), Pu(e), and Pu(r), the heat capacity ls constant.
Reconrnended enthalpy data for plutonium are given in Table 8.1.3-4 and
Fig.8.1.3-0

Hlqh-temperature Heat Capacity and Enthalpy of Zinconium*

Tile selected values agree w'lth the heat-content measurements of
Douglas and Victor for 373-1173 K.t44t; and with Jaeger and Veenstra for 505-
1074 K t45l; except that the latter's data show more scatter and are about 3%

lower below 600 K. The heat-content data of Fie'ldhouse and Lange for 472-L807
K [46] are 2% lower below 900 K, trending to 5% higher at 1100 K and averaging
about 2.5% higher in the g range. Those of Redmond and Lones for 404-1309
K t47l are highly scattered, averag'ing about 7% h'igher in a and varying from

i* This sectjon adapted from 8.1, Ref. 4.
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TABLE 8.1.3-4 High-temperature Heat Capacity and Enthalpy of Plutonlum

T cp H(T) - H(2e8)
(J mot-1)(K) (; r-t Imol- )

588(
588(

(o)
(e)

298
300
395
395
400
480
rt80
500

(e)
(v)

v)
e)

(e)
(o')
(o')
(")

(")
(c)

600
700
730
730
752
752
800
900
913
913

1000
1100
1200
1300
1400
1500
1600
1700
1800
1.900
2000
2100
2200
2300
2400
2500

32.844
32.922
38.715
33.882
33.991
35.731
35.171
35.736
38.221
37. 154
37. 154
37.154
37.154
35.564
35.564
34.434
34.434
34.434
34.434
4?,258
42.258
42.258
42.258
42.258
42.258
42.258

0
61

3436
6867
7036
9825

10390
11099
14353
14939
15385
19100
202L5
20299
21081
22922
24575
28018
28466
31290
34967
39X92
43418
47644
51870
56096
60322
64547
68733
72999
77225
81451
85657
89903
94L28
98354

42.258
42.258
42.258
42.258
42.258
42.258
42.258
42.258
42.258
42.258
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8S to 0.4X lower in B. The heat-content data of Sklnner for 1102-1798 K [481
are about 2f, lower. Those of Coughlin and King for 390-1371 K [49] are about
3* hlgher ln o and on'ly about 1S higher ln B. The C, values of K'lein and

Danlelson for 298-2L18 K t501, obtained by a pulse heatlng method, are 10S

lower in o and trend from 15I lower to 7I higher in B. Those of Scott for
333-1233 K [Stl are 71 ]ower than the selected va'lues.

Hertzricken and Slyuser 1521, uslng a dlfferential calorimeter,
found aH(c*e) = 2979 t 250 J mo]-l, considerably lower than the selected
valuei while Scott [8], from adlabatlc calorimetry, found tH(c*e) = 4155 t 105

J mol-l, only slightly hlgher than the value chosen. Cp(B) = 31.4.J K-l mol-l
was assumed to rema'in constant to the melting point. aim = 7.9 J K-l mol-1
was estimated.

The heat capacity of Zr(c),298sTs1136 K, ln J K-l mo]-l is
g'iven by the fol'lowing equation:

CO,Zr(c) = 27.186 + (3.092 x tO-3 T)
(3.002 x to-6 12)

- (2.651 x 105 T-2).

The heat capacltles of Zr(e) and Zr(r) are constant.
Recorunended enthalpy values are shown in Fig.8.1.3-E and Table 8.1.3-5.
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TABLE 8.1.3-5 High-temperature Heat Capacity and Enthalpy of Zirconlum

T

(K)
cD

(.1 f-t'mot-1)
H(T) - H(2e8)

(J mot-1)

298
400
500
600

27.36
28.37
29.33
30.25
31. 17
32.13
33.05
34.02
34.31
31.4

0
2703
5494
8381

11355
14431
17594
20853
24204
25434
29372
31380
34518
37656
40794
43932
47074
50208
53346
56484
59622
60409
77304
798t4
86508
93203

25.36

700
800
900

1000
1100
1136
1136
1200
1300
1400
1s00
1600
17_00
1800
1900
2000
2100
2125
2t25
2200
2400
2600

31.
31.
31.

(
(

0l

I )
)

(
(
I
L

4
4
4
4
4
4
4
4
4
4
4
5
5
5
5

31.
31.
31.
31.
31.
31.
31.
31.
33.
33.
33.
33.
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B. THERMODYNAMICS

8.2 Phase Equi I ibri a

8.2.L Uranium-Zirconium Alloys (and 0ther Binary Systems)

U-Zr: The uranium-zirconium phase diagram, as shown in
Fig.8.Z.t-A, was taken from Ref. 18. 0nly one intermediate phase, o, exists
'in this system. tt is unstable above 890 K. The body-centered cubic forms of
uran'ium (y) and zircon'lum (e) are completely miscible. The o-phase has a
composition range of 67-73 at.% Zr. Its crystal structure appears to be

uncertain and has been described as slmple hexagonal, body-centered cub'ic, or
hexagonal--isotypic with InNi2 [101.

U-Pu: Figure 8.2.1-B shows the U-Pu phase d'lagram, taken from
Ref.18. The diagram indicates that a'lthough there ls agreement on jts
genera'l form, precise values for the phase'limits as a function of temperature
are still not well established. There are two phases in addition to the nine
a'llotropes of the end members: a g-phase, entending from about 25 to 70 al.%
U, and a tetragonal n-phase which ls stable only between 551 and 978 K, from
about 5 to 70 at.% U. The s-phase ls described as "cubic (at 300 K)" in
Ref. 19 and as tetragonal in Ref. 10. ilote that Pu(e) and U(v) form a

continuous solid-solution region although this solid solution is stable over a

range of only about 20 K between 25 and 45 at.S U.

Pu-Zr: The Pu-Zr phase dlagram, shown in Fig. 8.2.l-C, was also
taken from Ref.9. El'liot [11] describes the Pu-Zr system as having the
follow'ing features: continuous solid solubility between Pu (e) and Zr (e),
w'lth a constantly rising solidus from Pu to Zr; two intermediate phases; an

extended Pu (o) sof id-solution f 'leld (to about 70 at.% Zr) which gives rise to
two eutectoids; and a rather large Zr (o) solid-solution field (13-15 at.%
Pu). The two intermediate phases are Pu6Zr and PuZr2. These are believed to
be, respectively, orthorhombic and hexagonal.
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8.2.2 Uranium-Plutonium-Zirconium Alloys

Sol'id-state Transitions: A detailed study of solid-state
transitions in the ternary system performed at Argonne llational Laboratory was
reported by 0'Boy1e and Dwight l1l. A study of the system was performed by
the Mound Laboratory t3l with emphasis on melting in the plutonium corner of
the phase diagram. Some early measurements on phase transitions in the solid
state were reported by CEA [12] and by Argonne [131.

The following descriptlon of the phases in the ternary system
'is taken from Ref. 1. The same nomenclature'is used to identify both the
binary and the ternary phases. The following are the phases exist'ing'in the
ternary al loy.

li Body-centered cubic phase showing comp'lete misci-
bil ity for U(r), Pu(e); and Zr(e) . The designat'ions
y1 and y2 dr€ used in [1] to denote the uranjum-rich
and zirconlum-rlch s'ldes of the miscibi f ity gap 'in
the r phase.

arBi 0rthorhombic and tetragonal uranlum allotropes
dissolving up to 15 and 20 at.* Pu respectively, but
I ittle Zr.

.Tetragonal lntermediate phase 'in the U-Pu binary wi th
limited solubillty for Zr.

r: Tetragonal intermediate phase ln the U-Pu system with
up to 5 at.fi solublllty lqor Zr. Th'is is referred to
in Ref. 1 as a cubic phase but is f ike'ly tetragonal
171 .

n
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Hexagonal phase 'in the U-Zr system with extensive
sol id sol ub'i1 ity for pu .

Pu (o): Face-centered cubic pu phase with extensive solid
solubility for Zr but very limited sorubility for u.

Reference 1d'isplays these phase relationships in a ser.ies of
isothermal ternary diagrams at temperatures from 500'c to 200"c. These
diagrams contain some errors and inconsjstencies, especially 'in agreement with
the U-Pu binary. For example, the 500"C diagram is missing a boundary between
the q and a + 6 phase fields. Therefore, the diagrams must be used
caut ious 1y.

The general features of the sol'id-phase equilibrja are as
fol lows: Below the sol idus temperature the three' e'lements show comp'lete
miscibility of the body-centered-cubic high-temperature allotropes U (v), pu
(e)' Zr (s). The body-centered cubic y-phase is stabilized by additions of
zircon'ium and p:lutonium. l,lith decreasing temperatures from 700 to 600"C, the
ganma single-phase boundary sweeps rapidly from the U-Zr and U-pu binary s.ides
of the system toward the Zr-pu side of the system. The major four-phase
reactions intheuraniumcornerof the systemdF€ y*g*q +c at 650"C and
Y * c ' 6 * q at 595"C. These reactlons may be involved in the zone formation
observed on heating the ternary al'loy in therma'l gradients [14,lsl .

Solldus-Liquidus: Calculations of the solidus and liqu'idus
surfaces for the ternary U-Pu-Zr system have been performed by Dr. Arthur D.
Pelton, McGill university, Ecole Polytechnique, using the system,'Facility for
the Analysis of Chemical Thermodynamics" (F*A*C*T) [81. These calculations
were performed using data and.methods described in I191. Oata for the three
binary systems were crit'ical'ly evaluated and used to calculate thermodynamic
properties for the ternary system. From these data ternary phase diagrams

6
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were calculated. Error limits on the binary and ternary sofidus and liqu'idus
curves were est'imated. Activity coefflcjents for all three components of the
ternary system were calculated for so1utjons near the melting reg'ion. In the
figure that follows (8.2.2-A) isothermal sections are presented showing
sol'idus and'liqu'idus curves from 700-1700"C. The equations used to calculate
solidus and liquidus temperatures are g'iven 'in [19]. Near the med jan of the
composition triangle, error limits are estimated as t75" for the liquidus and

tl25'for the solidus. For examp'le, the proposed PRISM fuel (U-26Pu-102r) has

a measured solidus of 105916'C and a calculated one of I024"C, while the
measured 'l'iquidus 'is i314t13'C as opposed to a calculated L262"C t201.

Curves giving solidus temperatures for this system have been
published previously [16] but no detail has been g'iven on the source of the
data. These calculations are in good agreement with measured solidus and
'liquidus temperatures reported in Ref . t7. Ternary isotherms 'in the Pu corner
of the diagram reported by Mound [3] glve liquidus temperatures in the Pu-Zr
binary much higher than any other reported values and have been d'iscount.ed by
Pe I ton
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Fig. B.2.2-A calculated polythermal project'ion of L.iquidus
Temperatures (So1id Lines) and Sotidus
Temperatures (Oashed Lines) for the U-pu-Zr
System (Temperatures .in "C).
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8.2.3 0thers

The phase:transition temperatures, heats of transition, and

crysta'l structures for the allotrop'lc fonns of uranium, pluton'ium, and

zirconium are sumnarized in Table 8.2.3-1. Data for uranium and plutonium
have been taken from an IAEA assessment [4], whl]e data for z'irconium have

been taken from the compi'lation of Hultgren and coworkers [51. For the con-
venience of the readers, Fig. 8.2.3-A and Table 8.2.3-2, adapted from Ref. 6,
have been included. These show the dlfferences among the crysta'l systems
discussed, in tenns of the axes a' b' and c and the angles o, B, and y.

The IAEA [al in its assessment relled heavlly on the data of
Blumentha'l [7] for transitlon temperatures of uranium because of the hlgh
purity of his uran'ium and his avoldance of effects of hysteresis, super-
heating, and undercooling. The IAEA [4] converted Blumentha]'s temperatures
from the 1948 International Practlcal Temperature Scale (IPTS-1949) to IPTS-
1968, which raised his values by about 2 K at the meltlng po'lnt. For thls
reason there are slight differences between Ref. 4 whlch uses IPTS-1968,.and
Ref. 5, which uses IPTS-1948, even though the same data are recommended.

Pelton [8] questions the value chosen by the IAEA [4] for the enthalpy of
fusion of uranium (9.142 kJ/mol) on the basis that it glves poor agreenent
with the Pu-U binary phase dlagram, and recotrmends 12.134 kUmol. It seems

unllkely that the IAEA value, obtalned calorlmetrlca:lly, ls in error by such a

large amount, and we have retalned the IAEA value. There ls clearly an

inconsistencg, however, which at present remalns unresolved.

Plutonium is unlque ln having slx allotropes stab'le at atmo-

spheric pressure. Extensive studles have been made on the crystalline forms
of plutonium but there is comparatively wide scatter in the results. This ''is
probably due to the presence of impurities, hysteresis, sluggish transforma-
tlons, and self-heating of the sarnple materlal. In its assessment the IAEA

[4] heavily weighted the more recent data.
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TABLE 8.2.3-1 Phase Transitions and structures in u, pu, and Zr

Phase Structurea Transiuonb T (K) aH1 (kJ mot-l1

c)
e)
v)
o)
6')
e)

u (o)
u(e)
u (v)

orthorhornbic
tetragona'l .

b.c. cubic

monocl i nic
b.c. monoc'llnicf.c. orthorhomblcf.c. cublc
b.c. tetragonal
b,c. cubic

.C.p.

.c. cubic

c*8
B+Yr*liq

942
1049
1408

395
480
588
730
752
913

2.79L
4.757
9.L42

3.431
0.565
0.586
0.084
1.941
2.824

3.937
16.995

Pu
Pu
Pu
Pu
Pu
Pu

Zr
7r

o*B
B*y
Y*6
6 * 6l

6l * ee*llq
(")
(e)

h
b

c*Bg*llq 1 136
2125

u bra = body-centered; f.c = face centered; h.c.p = hexagonalclose packed

b tiq = liquid

TABLE 8.2.3-2. The Crystal Systenr [61

Systen Axes, and Intenaxlal Angles

Tricl I nlc
Monocl inlc
Orthorhomblc
Tetragonal
Cubic
Hexagonal
Trigona'l

r{ala{c=y=c=B=g=$.=
c=B=
9=B=d=B=

alblcalblcalblca=blc
d=b.=Ca=blc
d=b=c

90'
90'
Y=
v=90e
Y=90o90'; y = 120'
Y#90"

g,*
90 o

(
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7654

c
to ll

12

The 14 Space Lattices Illustrated by a Unit Ce'l'l of
Each: (1) triclinic,"simple (2) monoclinic, simple, (3)
monocllnic, base-centered, (4) orthorhombic, simple, (5)
orthorhombic, base-centered, (6) orthorhombic, body-
centered, (7) orthorhombic, face-centred, (8) hexagona'I,
(9) rhombohedral, (10), tetragonal., simple, (11)
tetragonal, body-centered, (12) cubic, simple, (13) cubic-
body-centered, (14) cubic, face-centred. I6l

14l3

Fig.8.2;3-A
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0f particular importance is the fact that the high-temperature
phases for all three metals, u(v), pu(e), and zr(e) have the same structure,
namely body-centered cubic. As was seen earlier in the binary and ternary
systems, continuous solid solutlon exists for the high-temperature solids.
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B. THERI'IODYNAMICS

B. 3 Densi ty and Thermal Expans'ion

General Relations

The thermal-expansion coeff icient (cp), 'is a thermodynam'lc quantity
deflned as

aoP aT

where P, V, and T are respectively pressure, volume, and temperature. I'le will
refer to (op) as the instantaneous volumetric thermal-expansion coefficient.
For simpl'lcity we will eliminate the subscript P from the coeff'lcients in the
folloy+in9 discussion and understand that constant pressure'ls implied in all
the equations followlng. The mean volumetric thermal-expansion coeffic'ient is
defined as

where V and Vo.afe the volumes at temperatures T and To respectlvely. Because
many measuremnts of thermal expanslon involve measurement of a length change,
it is conmon to find tabulations of the fractlonal (or percent) change in
1 ength ,

),

;=h (r+)

1
v ( V

aL /L - Lo\q=\T/
where L and Lo are respectively the sample'lengths at tenperatures T and To.
The jnstantaneous and mean llnear thermal-expansion coefflcients are thus
respecti ve 1y
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and

I laLroc = f \;T/

=* (+3)

[=tt+iraT)3

c
9,

The instantaneous volumetric thermal-expansion coeffic'ient is just three times
the instantaneous linear thermal-expans.ion coefficieht; i.e, c = 3og. The
salre relation does not hold exactly for the mean coefflcient, as the followlng
considerations show. He write the mean volurnetric coefficent as:

3 we f 'lnd from lhe def inition of the mean l'inear coefficient
)

1fio

Since V = l-

whence

c=3c, + la{ + ar2if

The error introduced by tating only'the first tenn in this equatlon wil:l
generally be small in many applications. For example lf we take aT = 1000 and
dr, = 1 x 10-5' only a 1% error will be introduced by'lgnoring the last two
terms. The relation between linear thermal expansion and density (p) is given
by

I
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1-(1+aL/Lo)3
Ae.
po (1 + aL/Lo) 3

where ap = p - po ls the dlfference between densltles at temperatures T and
To.

lJ,
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8.3.1 Uranium-Zlrconium Alloys

0ata for the thermal expanslon of U-10 wt I Zr and U-20 wt fi Zr
are given in [1], which cites Sal'ler et al. l9l as the source. The tabu'lated
values for density were calculated by us, uslng oo values obtained assuming an
'ldeal solutlon [101. These data are plotted ln Flg. 8.3.1-A along wlth data
for uranium [11. The tabulated values of tL/Lo for wel]-annealed alloys are
considered.accurate to wlthln l7l over the entlre temperature range [11. The

tabulated values for the 10* and 20I al'loys are represented by the fo]]owlng
equatlons given in Ref. 1:

*kn(u-10 Zr) = -0.424 + (1.658 x to-3 11'o - (1.052 x 10-6 12) * (1.115 x to-9 r31

*ttrl(u-zo Zr) . -0.301 + (1.160 x ro-3 r;'o - (7.rgo x 10-7 t2) * (1.080 x to-9 r31

(293sTs900K)

(293sTs900K)

(293sTs900K)

From the linear thermal-expanslon data and the above equatlon,
the followlng equatlons were derlved for oloo for U-10 wt X 7r.

p/p = 1.0t22 - J
(
4.629 x 1o-5 T) + (2.4m x to-8 r21
2.805 x 1o-11T 3)o

oloo = 1.0125 - (6.25 x to-5 .r) (1000sTs1200K)

For compos'ltions for whlch data are not avallable, an ldeal-solutlon
approxlmation should provide reasonable estimates. Values for density as we1l

as mean and lnstantaneous llnear thermal-expanslon coefficlents are glven in
Tables 8.3.1-1 and 8.3.L-2.
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TABLE 8.3.1-1. Oensity and Llnear Thermal Expansion of u-10 wt % zr

T (K) o (g .r-3) tLlLo (r) c, x 106 (K-1)

293
400
500
600
700
800
900

1000
1100
1200

16.02
15.95
15.99

81

.64

.54
L5.22
t5.L2
15.02

0.000
0.L42
0.281

13
13
14
16
18
2t
24
22
22
22L75

2
5
2
0
2
1
7
5
5
5

15
15
1s
15

.73
.433
.603
.7gg
.027
.725
.950

0
0
0
1
1
1
2

TABLE 8.3.1-2. Denslty and Llnean Thernal ExpansJon of tJ-20 wt % Zr

T (K) o (g *-3) tt/Lo (r) c, x 106 (K-1)

293
400
500
600
700

- 800
900

1000
1100
1200

13.91
L3.77
L3.72
13.67
13.60
13.53
13.44
t3.29
13.21
13. 14

9
10
11
13
16
19
24
18
18
18

0.000
0.107
0.219
0.348
0.500
0.681
0.899
1.300
L.487
t.674

8
5
9
9
6
9
1
7
7
7
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8.3.2 Uranium-Pluton'lum-Zirconium Alloys

Data on density and therrnal expanslon coefficients for some

ternary a]loys have been reported by CEA [tt1, ANL [12], and LASL [131. The

avallable denslty (for "as-cast'r alloys) and thernal-expanslon data are
sumnar'lzed 1n Table 8.3.2-1.

In th'ls table d1 and d2 are the mean thermal-expanslon
coeffic'ients below and above the so'lid-state phase-transition region, between
about 600 and 700'C, and rL/Lo is the expansion withln the transition
region. The densities given'in Ref. 11 are at 20"C; those in [12] are at
25"C; no temperature is given in [13] nut rroom temperature" may be assumed.
The transition ranges tabulated are those reported in each reference. For
Ref. 13, for which heating and coo'ling ranges are reported, the temperatures
tabulated were those for the start of the transition on heating. In
calculating expansion of these alloys, d1 should be applied up to the start of
the transit'ion, AL/L. through the transition, and d2 above the transition
region to the solidus temperatures. For the al'loy U-15 wt % Pu-10 wt fl Zr, we

have chosen the data of [.12b]. For calculations of denslties for compositlons
or temperatures where there are no data, an ideal-solut'ion approxlmation is
recommended for the present. Thennal-expansion data for the U-15 wt S Pu-10
wt % 7r a11oy are shown in Flg. 8.3.2-A and Table 8.3.2-2.

- New experlmental data for U-19 wt % Pu-10 ft f Zr and U-26 wl %

Pu-10 wt % Zr have been obtained. These are respectively provided in Tables
8.3.2-3 and 8.3.2-4 and Figs.8.3.2-8 and 8.3.2-C.
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TABLE 8.3.2-1. t)ensity and Thermal-expans'ion Coeff icients of U-pu-Zr A1'loys

Density
(s/cm31

qc 1 x 106

(K-1) aL/Lo x
X

103 (K-
Transi ti on

Range ("C)
1062

1 )

15-10
20-10

11. 1-6.3
15-10

18.5-14.1
15-6.9
15- 1.3. 5 ,

15.67
15. 73
16.9
15.,9
14.8
16.6
15.0

600-645
586-050
595-680
59,5-665
595-660
588-643
588-638

11
11
12b
Lzb
tzb
1,3
13

16.3
17.3
18.3
L7.6
L7.5

5
5
5

1
2
0

.1

.1

.0

18
20
20

TABLE 8-3.2-2. Denslty and Linear Thermal Expansion of U-15 wt I pu-10 wt % Zr

T (K) p (g cm-3) aL/Lo (t) a, x 106 t*-11

298
400
500
600
700
800
868
938

1000
1100
1200
1300
1378

15.80,
L5.72
15.63
15.55
15.4V
15.39
15.33
15.17
15.11
15.02
14.93
14.95
14.78

0.000
0.190
0.356
0.532
0.709
0.884
1.004
L;524
1.649
1.850
2.051
2.252
2.409

L7.6
L7.6
t7.6
L7.6
L7,6
L7.6
L7.6
z0.t
20.t
20.1
20.1
20.L
20.L
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Fig. B.3.2-A. Mean Llnear Thermal-expansion Coefficlents (aLlLo,l)
for Uranium, U-10 vt % 7r, and U-15 wt X Pu-10 wt % Zr
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TABLE 8.3.2-3. Thermal Expansion U-19 wt fi pu-10 wl % Zr

Heatlng
T. oc

100

200

300
400
500

600
700
800
900
000

Cool ing
T. oC

100

200
300
400
500

600

700

800
900
000

,0
0.103
0.242
0.431

.638

.860

.146

.662

.881

.104

.334

0.112
.267
.465
.685
.g1g
.2t5
.687
.896
.LLz
.335

10

0.115
0.259
0.452
0.659
0.884
1. 179

1.683
1.903
2.L27

0.154
0.314
0.514
0,724
0.955
1.283
!.749
1.970
2. 195

50

0.169
0.332
0.535
0.746
0.980
1.333
!.770
1.992
2.219

60

0.181
0.351
0.556,
0.768
1.004
L.457
L.792,
2.015
2.24t

0.195
0.370
0.576
0.791
1.029
1.548
1.814
2.037
2.264

0.215
0.403
0.619
0.846
1.093
L.626
1.832
2.047
2.267

80
0.210
0.390
0. 597

0.814
1.058
1.620
1.937
2.059
2.2gg

0.232
0.423
0.640
0.870
1. 134

1.646
1.853
2.069
2.290

90
0.225
0.411
0.619
0.837
1.105

.643

.859

.082

20 30
0.129 0.141
0.278 0.296
0.473 0.493
0.691 0.703
0.907 0.931
1.210 L.244
1.705 L.726
!.926 I.g4g
2.150 '2.L72

7040

1

1

2

2

0
0

1

1

1

2

2
.310

1

0

o

0

0

1

1

1

2
21

0.126
0.295
0.486
0.709
0_,943

1.247
1.707
1 .917
2. 133

0.139
0.303
0.508
0.730
0.967
1.2gg
!,72g
1.939
2.156

0.155
0.322
0.530
0.753
0.991
1.410
1.748
1.961
2.177

0 169

0.342
0.552
0.776
1.017
1.509
t.769
1.982
2.200

0.184
0.362
0.574
0.799
t.042
1.573
L.790
2.004
2.222

0.199
0.382
0.595,
0.822
1.067
1.605
1.811
2.025
2.244

0.249
0.444
0.662
0.894
1. 179

1.666
1.87 4
2.090
2.3I2
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TABLE 8.3.2-4. Thermal Expansion U-26 wt I Pu-10 wt % 7r

10 20 30 80
Heatl ng
T.'C

100

200
300
400

500
600
700
800
900

0
0.108
0.253
0.455
0.683
0.924
L.276
1.868
2.095
2.327

0.121
0.27t
0.478
0.706
0.9,50
1.315
1.890
2. 118

2.347

0.134
0.289
0.499
0.729
0.975
1.357
1.913
2.LAL
2.37t

40

0.162
0.329
0.545
0.776
1.028
1.465
1.959
2. 186

2.4L8

50

0.176
0.348
0.568
0.801
1.055
1.569
1.991
2.209
2.440

60
0.190
0.368
0.590
0.824
1 .091
1.705
2.004
2.232
2.464

70

0.205
0.389
0.614
0.849
1. 114

1.791
2.026
2.255

0.220
0.410
0.637
0.874
1. 182

1.923
2.049
2.278

90
0.236
0.432
0.660
0.899
t.239
1.846
2.072
2.301

0.148
0.310
0.522
0.753
1.001
1.405
1.936
2. 163

2.394

Cool i ng
T, oC

133
295
508
747
001
373
907
L29
353

100
200
300
400
500
600
700
800
900

0. 118 0.
0.276 o.
0.485 0.
0.723 0.
0.974 1.
1.333 1.
1.885 1.
2.L07 2.
2.331 2.

0.147
0.315
0.532
0.77t
t.027
1.435
L.929
2.151
2.375

0.162
0.334
0.555
0.796
1.054
1.600
1 .951
2.L74
2.398

0.L77
0.355
0.579
0.821
1.080
L.72t
1.973
2.t96
2.420

0.192
0.375
0.602
0.846
1. 108

L.77t
1.995
2.2t9
2.443

0.208
0.396
0.627
0.871
1.135
1.795
2.018
2.24L
2.466

0.224
0.417
0.650
0.897
1. 194

1.919
2.040
2.264

0.24L
0.440
0.674
0.922
t.254
1.840
2.063
2.285

0.258
0.463
0.698
0.948
L.796
L.862
2.085
2.308
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Density and Thermal Expansion8.3.2 Uranium-plutonium-Zirconium All 0ys
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8.3.3 0thers

Uranium. Zirconium. P'lutonlum

The data for the elements were taken from the comp'llation of
the Thernophysical Propert'les Research Center (Purdue) [11. The thermal-
expansion data are shown in Flg. 8.3.3-A, and Tables 8.3.3-1 through -3.
Density values given in the tables were ca'lculated by us, uslng oo values from
Ref. 1. For uran'ium the tabutated values for aL/Lo are considered accurate to
withl n !5% below 941 K and t7f, above. They are represented approx'lmately by -
the following equations given ln Ref.'1.

3 I 12)^1,q'

^L,q' -3 T2

il) = -0.379 + (L.264 x 10-

+ (6.844 x 10-10 T3)

T)-(8.982x10-
(293<Ts941K)

T)+(4.382x10-
(1048sTs1400K)

7S)=-0.149+(1.775x10
- (1.239 x 10-10 T3)

1)=-0.759+(1.474x10
+ (1.5s9 x 10-10 T3)

)

For zirconlum the tabulated values for aL/Lo are consJdered accurate
to within t3X below 1137 K and t10f above. They are represented approx'lmately
by the following equatlons:

frt*) = -0.-111 + (2.325 x 10-4 T) + (5.595 x to-7 r21

- (1.768 x 19.10 131 (293 s T s 1137K)

^1,q' -3 T) -( 5.140 x 10- )

(1137<T<18ooK)

Note that there are very 'large differences 'ln thermal expansion behavior among

these three metals, w'lth plutonium being partlcular'ly lrregular. This w'i1'l

T2
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TABLE 8.3.3-1. Denslty and Llnear Expanslon of Uranium

T (K) o (g .r-31 aL/Lo (r) c, x 106 (K-1)

293
400

500

600
700
800
900
9a1(c)
ea1(e)
1000

1048(s)
10a8(v)
1100
1200

1400
1408(v) '
1408(r,)
150_0

1600

19.07
18.98
19.99
18.79
19.68
19.55
18.41
19.39
18.16
18.11
18.07
'LT.g4
17.88
!7.76
17.53
L7.52
16.95
16.84
16.71

0.000
0.157
0.315
0.494
0.697
0.924
1. 186

1.300
1.635
L.737
1.820
2:050
z. toa
2.398
2,855
2.866
4.006
4.232
4.502

13.9
L5.2
t6.g
19.0
2L.4
24.3
27.7
29.r
17.3
!7.3
L7.3
22.9
22.9
22.9
22.9
22.9
25.5
25.5
25.5
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TABLE 8.3.3-2. Denslty and Llnear Thermal Expansion of Zirconium

T (K) o (g .r-3) aL/Lo (g) c, x 106 (K-1)

293

400
500

600
700

800
900

1000

1100

1137 (c)
1137 (e)
L200
1400

6.57
6.56
6.55
6.53
6.52
6.50
6.49
6.47
6.46
6.45
6.48
6.46
6.43

0.000
0.060
0. 123

0.L92
0.265
0.343
0.442
0.505
0.586
0.617
0.482
0.539
0.725

5.7
5.9
6.6
7.L
7.6
7.9
8.0
8.2
8.2
8.2
9'0
9,1
9.5
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TABLE 8.3.3-3. Denslty and Llnear Thermal Expans'lon of p'lutonlum

T (K) o (g cm-3) aLlLo (x) as x 106 (r-1)

293
350
395(c)
3e5(s)
450
480(B)
a80(v)
550

588(v)
588(c)
600
700
730(o)
730(o')
753(6,)
753(e)
800

19.75
19.59
19.46
L7,73
L7.62
t7.57
17. 11

16.99
16.93
15.84
15.85
15.88
15.90
15.92
15.93
16.45
16.37

0.000
0.279
0.502 .

3.663
3.868
3.980
4.901
5.144
5..275-
7.628
7.619
7.532
7.506
7.459
7.421
6.287
6.459

46.7
49.4
51.0
37.3
37.3
37.3
34.6
34.6
34.6
-8.6
-8.6
-9.6
-8.6

-16.1
-16.1
36.6
36.6
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pose some problems, as we shal'l see later jn understand'ing the al'loys. Data
for liquid uranium are not given in Ref. l and requ'ire some addit.ional
di scussion.

For liquid uranium four sets of denslty measurements have been
reported. The ear'liest of these was publlshed by Grosse and coworkers [2] jn
1961. An Archimedean method was used to determine densities from the melting
po'int to about 1900 K. Several years later workers at Mound Laboratory [3]
reported data on the density of liquid uranium which disagreed with the Grosse
data. A pycnometric techn'lque was used by the l.lound group and data were , -
obtained from 1410 to 1518 K. Measurements of the density of liquid uranium
were subsequently reported by Shaner [4] (to about 5000 K) uslng a unique
isobaric-expansion method (IEX) and by 0rotntng t5l (1419-1567 K), who used
gamna densitometry. The four sets of measurements, which do not agree very
well, are compared w'lth solid denslty data in Fig. 8.3.3-8, and some of the
essential aspects of the experiments are sunmarized in Table 8.3.3-4.

TABLE 8.3.3-4. Measurements of Density of Llquid Uranium, p(g/cm3) = d - eT(K)

Reference Method c, sx1o4
TPRC [1I (Sol ld) L9.22 11.4

Grosse et al. [2]
Rohr & I'littehberg t3l
Shaner [41
Drotning [5]

Archlmedean
Pycnometry
Isobaric Expansion
Gamna Densitometry

19.36
19.52
20.00
L8.77

10.33
16.01
t7.
t2.g

As is clear from Fig. 8.3.3-8, two of the measurements indicate a
density increase on melting whl'le two show the more usua'l density decrease on
melting. There is, fortunate'ly, some addit'ional information that can he]p to
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make a reasonable declsion among these confllctlng values. First, in
conJunct'lon with sessile-drop measuiements of interfacial tension of uranium
[6], observat'lons were made of the volume change on melting. It was estimated
that about a 3fi expansion occurred on melting. Second, measurements were made
of the pressure-temperature phase diagram of uraniun [71. From the slope of
the v-llAuiO phase boundary the vo'lume change on meltlng was calculated to be
0.49 cmJ/mol. Finally, observations made during casting operations tgl
clearly lndlcate that the liquid shrinks on freezlng.

Based on these facts lt seems clear that the denslty data of Grosse _
et al. are incorrect. The values of Shaner, which show a very small density
increase on meltlng' are also suspect. In fact Shaner, in cormenting on his
teqhnique, polnts out that because of basic experlmental dlfiiculties the IEX
technique is less accurate than other standard methods. Its,chlef value is in
allowing measurements over a very wlde temperature range, not of principal
concern here. 0f the remaining two sets of measurements we I'ecomnend the
Orotning data for general use. His work ls recent, and most importantly he
made measurements on solid uranium, whlch was not done by the Mound workers,
whlch agree very wel'l with the TPRC data. The resu'lting volume change ontmeltfng'is 0.46 cmr/mol, which agrees well with the value reported from the
uranium phase diagram [7]. Table 8.3.3-5 gives a summary of some pertinent
values a! tle melting p9,int of uranJum (1409 K). 

.:

TABLE 8;3.3-5. Dgns'lty an{ volume of Solid and Liqu'rd uranium (T=T11)

Phase Denslty Volume
(s/cm31 (cm3/mot)

f iquid
gamna

16.95
17.52

14.04
13. 58

A -0. 57 0.46
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C. TRANSPORT

C. 1 Thermal Conductivity

C.1.1 Uranlum-Zlrconlum Alloys (Unirradiated)

Touloukian et al.[1] have summarlzed the data for U-Zr
a1'loys. Based on the data they present, the following corre'lation has been
devel oped:

atko=A+BT+CT"l'l/m'K (1)

where A = 17.5 (1 - 2.23 Vlz)lG + 1.61 l.lz)
B = 1.54 x 10-z (1 + 0.061 Hz)/(l + 1.61 t't.)
C=9.38x10-6

l'1, = weight fraction of Zr
T = temperature in K.

In the temperature range of lnterest (300-900'C) for fuel
performance under normal operating conditions, the correlation shows exce'llent
agreement with the U-Zr data for 0.015s1'1.s0.20 with an average deviation from
the data of less than lX. However, the correlatlon yields values lower than
the U-402r data by -20il. If it is assumed that the data are accurate to
withi n !28/., then the accuracy of, Eq. 1 is taken to be the same as that for
the data for'l.lrs0.20. Table C.1.1-1 gives the data and the values predicted
by Eq. 1 for several temperatures and Zr we'ight fract'ions. The same informa-
tion is given'in Fig. C.1.1-A ln graphical forn. The thennal-conductiv'ity
values for pure uranium [1] are included in Fig. C.1.1-A and Table C.1.1-1 for
reference.
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TABLE c.1.1-1 sunrnary,of u-Zr Ailoy Therma'l-conduct.iv.ity Data
and Values (in Parentheses) Calculated from Eq. 1:

ko (l,Ucm'"C)

T ('c)
20

U-1.52r

0.226
(0.217)

0.240
(0.234)

0.260
(0.257)

0.285
(0.282)

0.310
(0.309 )

0.340
(0.337)

0;370
(0.368)

0;405
(0.400)

0.445
0.434)

U-5Zr

0. 19
(0.19:4)

0.270
(0.228)

0.29L
(0.245)

0.311
(0.26e)

0.334
(0.294)

0.358
(0.321 )

0.13
(0.130)

0.17
(0.171)

U-402r

0.07
(0.048)

0.08
(0.060)

0.10
(0.078)

0.L2
(0.097)

0.14
(0.118)

0.20
(0.167)

0.24
(0.193)

0.28
(0.222)

0.33
(0.253)

0.25
(0.256)

0.28
(0.282)

0.31
(0.310)

0';37
(0.371)

0;41
(0.405)

(0.216)

0.265
(0.241)

u U-l1.4214 tJ-202r

0.11(0.157) (0.1!.6)

'0.4
(0,.4

100

200

300

400

500

600

700

800

900

0.21(0.210) (0.172)

0.23
(0.232I

0.15(0.193) (0.150)

0.392
(0.350)

0.20
(0.195)

a.273 0.22(0.268) (0.220\

0.306 ' 0.25(0.296,) (0,247)

0.337 0.28(0.327) (0.277\

0.355 0.31
(0.359) . (0.307)

0

0. 17
(0.142)

0.406
(0.380), (

0
0

0
0

34
340)

)
32
t3

"0;457(0.448) (

0.483
(0.484)

44 0.365440) (0.393) (
34
340( )

a Interpolated from fifty data polnts ln the tenrperature range of 363-927"C.
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Fig. C.1.1-A Comparison Between U-Zr Thermal-conductivlty Data and the
Recormended Correlation (Eq. 1). The therma'l conductivityof pure uranium is also included for reference purposes.
The dashed l'ines are:calculated from the correlation.
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Also included in Table c.1.1-1 and Fig. c.1.1-A are the more
recent data of Leibowitz and Veleckis [10] for U-11.42r. They generated 50
data points 'in the temperature range of 363-927"C. The uncertainty in these
data is about t8*.

The correlatlon (Eq. 1) agrees with these new data to wlthln 9f,
in the temperature range of interest. Because most of the exper.imental U-Zr
fuels have a Zr welght fraction of 10%, the recorunended uncertalnty for
unirradiated U-102r fuel is t10%.

Justi I' i catl on

In reviewing the data for u-Zr al'loys, it appeared that the
decrease ln thernra'l conductlvlty wlth lncreaslng Zr content correlated better
with atom frdction than with we'lght fraction, particularly for1ow Zr con-
tent. The coefficlents (A, B, and,C) ln Eq. 1 were chosen to vary 'l.lnearly
with Zr atom,fractlon at several temperatures for the U-1.52r, U-52r, and U-
20Zr cases. The coefficients were then converted to weight-fraction dependen-
cies because of the more comnon use of weight fraction in speclfication of
fuel parameters.

' As 'ind'lcated ln Table C.1.1-1 and Fig. C.1.1-A, the correlation
is a very good representatlon of the data for 0.015st{rso.zo. This gives
cons'iderable confidence in using the correlation to interpolate the data for
wz = 6.1, particularly given the agreement with the data for l,l, = 0.114.
However, there is less confidence in extrapolating the comelation to l.l, = 0.0
or l,l, = 0.4.

Irrad iated U-Zr

No data are avai'lable on the effects of inad'iation on the
thermal conductivity of U-Zr. The unimadiated thermal conductivity of U-Zr
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with 5 to 10 wt.% 7r is comparable to that of U-SFs (see C.1.3). If it is
assumed that U-102r behaves in a sJmllar manner (under lrradiation conditions)
to U-SFs with regard to fission-gas swell'lng and sodlum logging, then the same
porosity correctlon factor may be used from startup to maJor interlinkage of
poroslty (see C.1.3):

fO = k/ko"= (1 - P')/(1 + BP), (2)

where P ls the poroslty fractlon referenced to lnltlal (i.e. 100f dense) fuel
volume and g = L.7. The minimum va'lue for fO is taken as 0.5 t 0.1. The

long-tlme value of fO ls taken as 0.7 + 0.1 to account for the combined
effects of gas-fllled and sodium-fliled porosity. For design stud'les, an

uncertaJnty of t30f is assumed after porosity interllnkage. This uncertainty
will be reduced in the future as more information is obta'lned on the amount
and the effect of sodium logging for irradlated U-Zr fuel. Prellminary
results from the postirradiation examinations of 10 at.S burnup U-102r fuel
indlcate that 10-20# of the bond sodlum ls located ln the fuel after cool
down.

Several other effects must also be considered in calcu'lating
the in-reactor thermal conductivlty of U-Zr fuels in the context of the IFR

application. trlhtle negllglble weight fractlons of Pu are produced in EBR-II,
the opposite may be true for U-Zr ln an IFR. Transmutation of U to Pu results
in lowering of the thermal conductivlty of the fuel (see C.1.2). Physics
calcu'lations can be used to provide input on the amount of Pu produced as a

funct'lon of burnup. The coefficients in Eq. 1 can then be modified (as has

been done in C.1.2) to reflect the change in conductivity due to Pu

generati on:

A = 17.5 t(l - 2.23 w)/(L + 1.61 wr) - 2.62 ltpl
B = 1.54 x 1O-2 t(1 + 0.061 Wz)/(t i t.61 r'rz) * O.SO Wol

c = 9.38 x 10-6 (l - 2.70 t.lp)

where lllp = the weight fraction of Pu.
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Another phenomenon that will affect the loca'l thermat conduc-tivity of u-Zr is the redistributlon of U and Zr (and pu and fission products)
under the thermal gradlent. work is 1n progness to model this phenomenon toprovlde'input to the thermal-conductivity equatlon as a function of burnup anc
operat'ing conditions.
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C.L.2 Uranium-Zlrconium-Plutonium Alloys (Unlrradiated)

Thermal-conductivity data for U-Pu-Zr fue'ls have been sunma-

rized in ANL-AFP-38 [2]. The corre'lation recormended to describe the thermal
conductlvlty of unirradiated, 1001-dense U-Pu-Zr fuels ls

ko=A+BT+CT2,tUm'K, (1)

where A = 17.5 t(1 -^2.23 W)/(l + 1.61 Hr) - 2.62 l,lpl
B = 1.54 x 10-2 t(l + 0.061 t{z)/(l + 1.61 Hz) ; O.g0 l.lpl
c = g.3g x 10-6 (1 - 2.70 btp)

Hz = 7r weight fractlon
llp = Pu weight fractlon
T = temperature in K.

Table C.1.2-1 and Flg. C.1.2-A sumnari.ze the data [2] used jn
developing the correlation. The data are assumed to be accurate within
tz}i'. In the temperature range of interest (300-900'C), the max'lmum deviation
between the correlat'lon and the data ls t0S. Thus, the accuracy of the corre-
'lation is taken as the accuracy of the data. For design calculations, an

uncertainty of 201o is recomended.

Justlflcatlon

The forn of the correlation represented by Eq. 1 was chosen on

the basls:of the data set for U-Zr alloys (see C,.1.1), which'ls more extensive
than the data base for.U-Pu-Zr. alloys. The coeff{clents (A, B, and C) were

modifled sl'lghtly to give reasonably good agreement at 300'C and 800'C. It is
interestlng to note that the curvature suggested by the U-Pu-Zr data is dif-
ferent ln sign from that suggested by the U-Zr data. No fundamental reason
for this can be found. tlhile better fits to the U-Pu-Zr data can be deter-
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TABLE c.L.2-L sqryrgry of rherma't-conductiv.ity 0ata for unirradiated,
100%-dense u-Pu-Zr A'l 'loys. The val ues ial cu I ateo f rom the - 

-
reconmended correlat'ion (Eq. 1) are .inc]uded .in parentheses.

ko (l'Ucm 'C)
T ("c)

20

100

200

300

400

500

600

700

800

, 900

(0.115)

0.109
(0.131)

(0.101)

0.100
(0.117)

(0.310)

(0.075)

117
110)

,'0i234
(0.222)

(0.081)

r r

092
090

0
(o

0
(o

44
30)

) (0.0e6)

(0.116)
0.L42

(0.152)

0.L77
(0.173)

0.280
(0.271],

0.132
(0.137)

0.164
(0.158)

0.1
(0.1

0.210
(0.196)

0.24L
(0.279)

0.264
(0.245)

0.196
(0.181) .

0.225
(0.204)

0.253
(0.?29)

0.278
(0.255)

0.301
(0.282',)

0.171
(0.152)

0.19,7

(0.137)

(0.158)

'0.,219
,198) (0,204)

0.293
(0.298)

0.248
(0.247)

(0.229)

(0.2s4)

(0.280)(0.327',) (0.274\

I,
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1 Thermal Conduct'ivi tyC.1.2 Uranium-Plutbnium-Zirconlum Al'l oys (Unimadiated)
m'ined to match the temperature, no additional confidence would be real.ized,
because of the uncertainty in the data.

Irradi U-Pu-Zr

As in the case for U-Zr, no data are available for the thermal
conduct'lvity of irradiated U-Pu-Zr. Based on the behavior of U-SFs (see
c.1.3), it is assumed that until poros.lty interlinkage, the decrease ln
conductivity with increasing fisslon-gas porosity can be represented by

fO=k/ko=(1-P)/(1+ep) (2\

where P ls the poroslty fractlon referenced to lnlfial (100fl dense) fuel
volume and g = t.7.

' The mlnlmum value ot l, ls tilien as 0.5 + 0.1 and the long-time
value ls 0.7 t 0.1 to ref'lect the infiuence of sodlum logging and fuel hot
pressing. For design purposes an uncertainty of !32t is recommended after
porosity interlinkage. Thl's unceitainty wi'l'l be reduced ln ine future as
better data become available on the thermal conductivity of 100% dense U-pu-Zr
fuel and more information. is obtained on the amount and 'ef,fect.of sodium
logg'lng for irfad'lated u-Pu-Zr fuel. Preliminary resultl from posfirradiatlon
examinations of 10 at.I burnup u-19pu-102r ruet lnoilate that tZ-zo| oi tn. 

-
bond sodium is located in the fuel after coo'l down.

' A sample calculatlon is pr.esented for a U-19Pu-102r fuel ele-
ment to give the user some'idea:of the temperature uncertainty associated with
fuel thermal conductivity. LIFE-METAL was used to predict the maximum fuel
temperature for the U-19Pu-102r fuel element T179 (from the EBR-II lead
experimental subassembly Xa19) at a position of XlL = 0.94 from the bottom of
the fuel column at a burnup of 1.9 at.%. This is a useful example because
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postJrradlat'lon data are avallable on the radial redlstribution of U, Pu, and

Zr and on the radial distribution of fission gas porosity.

Table C.L.2-2 shows the nom'lnal operatlng condltlons and

calculqgons, as well as the one-slgma uncertalnty estlmates for th'ls case.

Clearly the uncertalnty of the lrradlated fuel thennal conductivlty dominates

all other uncertalnt'les. The calculated maxlmum fuel temperature at thls
locatlon ls 720 t 65'C.

Addlilonal effects that should be consldered are increased Pu

(or Zr) welght fractlons with burnup, redlstrlbutlon of U, Pu, and Zr, and

local concentratlons qf solid (and liquid) fission products. For IFR deslgn

studles in which it is primarily the Pu that fissions, no further degradation

of thermal conductivity with fission-product generation ls reconmended.

However, in test runs emp'loying h'ighly enriched U, the replacement of the

hlghly conductlng U wlth flss'ton products may cause addltlonal degradatlon of
thermal conductivity w'lth burnup. lrlore work needs to be done jn this area.

The interim recomnendation is that Eqs. 1 and 2 be used for prediction of U-

pu-Zr thermal conductivity and that physics calculatlons be used to determine

the weight fractions of U', Pu, Zr as a functlon of burnup. No recotmendation

is made at this time wlth regard to fuel-const'ituent redlstribution and solld-
fiss.ion-product concentratlon. An uncertainty of !32il is arb'ltrarl'ly assumed

for the in-reactor thermal conductlvity of u-Pu-Zr a1'loys.
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T4q$ c..!.2-2 Samp'te ca'tcu:rafions I'or Experlmentat Fuel E.lementT179.(u-19Pu-102r) to srrow irre-L'rtects of uncertainties on thdPredicted Maximurir..Fuel Temperaiu"i-it i.g-Iill-gr;nrp'.nl il=Axial Positjon (X/t = 0.94) xeir-tne iii 6i'tnI ruer Cotumn

Parameter

Power, ktl/m
(kt{/ft)

Fuel Surface
Temperature, oC

Average Porosity
Fraction, il

Average Fuel
Conductivity, l,Um.K

Fuel aT, oC

Fuel.Tra* oC

Nomi nal
Val ue

igma rtai nty
+ clb Val u (t)

30
(9.1)

3

32

0.9
(0.3')

538

264

13. lb
182

720

30

4.2

58

65

l

fi Locat values vary from 3 to 611. across the fuel radius.- Assumes porosity correction factor is limited bV fO > 0.5 for each of the 12 fuel 
:rings used in the ana'lysis. 'p - - ' . __J
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Unimad'iated 100%-dense U-SFs

The recomrended equation for unirradiated, 100%-dense U-SFs is

ko = 6.26 + 2.77 x 10-2 T + 3.91 x 10-6 T2, wln.K (1)

where T 'is temperature in K. Numerical values and uncertainty estlmates are
listed'in Tab'le C.1.3-1. Figure C.1.3-A'is a graph of the correlation with a

comparison to the results for pure uranium [1] anO the U-5Fs data of Saller et
al. [3], Zegler and Nevitt [4], and di Novi t5l.

TABLE C.1.3-1 Correlation Values and Uncertainty Estimates for the
Thermal Conduct'ivity of Unirradiated, 100%-dense U-SFs

Foc
Correl at'ion

(}{/m.K
Uncertai
Estimate

Eq.1) ntya
(!%

(
) )

293
373
473
573
623
673
723
773
823
873
923
973

1023
1073
tL23
tr73
L223
t273

20
100
200
300
350
400
450
500
550
600
650
700
750
800
850
900
950

1000

30
25
10

6
6
6
6
5
5
5
5
5
5
5
5
5
5
5

14.7
L7.L
20.2
23.4
25.0
26.7
29.3
30.0
3t.7
33.4
35.2
36.9
38.7
40.5
42.3
44.1
46.0
47.9

a Based on prec'ision of the data.
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Justi fi catlon

Table C.1.3-2 sunmarizes the experimental thermal-conduct'iv'ity
values for unirradiated U-SFs. Sal1er et al. l3l used a steady-heat-flow
method. Each thermal-conductivity value in the tab'le represents an average of
20 readlngs (flve thermal couples and four equlllbrlum runs). The authors
estimate the absolute accuracy to be withln t5I.

TABLE C.1.3-2 Measured Therna'l Conductlvltles of U-5 wt fi Fs

k (l{/cm 'C)
0

Saller et al.a Zeqler & Nevittb dl NovicT ("Cl

20
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
900

0.110
0.143

0.183

0.221

0.260

0.298

0.334

0.370

0.407
0.44

0.311

0.20
0.20 (0. L7-0.211
0.22 (0.21-0.23)
0.23 (0.22-0.25\
0.25 (0.24-0.26)
0.26
0.27 (0.26-0.29)
0.29 (0.28-0.30)
0.30
0.32
0.35 (0.34-0.36)
0.36
0.39
0.43

0. 116
0.139

0.167

0.196

0.233

0.264

aComposition: I 2.5 wt I Mo, 0.1 wt % Zr'r 1.5 wt S Ru, 0.3 wt % Rh and
0.5 wt % Pd.

bComposition: 2.45 wt % Mo, 0.069 wt % Zr, 2.08 wt t Ru, 0.3 wt t Rh,
wt % Pd.209and 0.

cEgn-tl Mark IA fuel. Values obtained from graph of a(ko = oCOc).
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Zeg'ler and Nev.itt [4] emp.loyed a conparative method based on
steady-state thermal gradients in U-5Fs and Annco iron. The authors quote apreclslon of 141. The absolute accuracy is probably of the order of tl0% for
temperatures below 700"C. The data above 700'C are suspect because of the
possible foimation of a U-Fe eutectlc ln the reg'ion of contact between the U-
SFs and the Armco iron. The agreement between the two sets of data ls quite
good. in the temperature range of 300-700"C.

The d'l Novl data in Table C.1.3-2 are based on a transient-
pulse method to determlne the thermal diftusivity (o). However, there is an
inconslstency between di l{ovi's measured thennal diffus.lvity and calculated
therrnal conductlvity (ko = coCp, where p .ls denslty and CO ls specific heat
capacity). The thennal-conductivity values in Table C.1.3-Z were obtained by
using di Novl's a values and the p and CO values presented jn this handbook.
The absolute accuracy of the thermal diffusivities is estimated to be tlo%.
t'lhile the resu'lting thermal conductlvities are consistently lower than those
of the other authors for temperatures above 2OO"C, the agreement 'is reasonable
if one considers the uncertainties involved.

The correlhtion represented by Eq; 1. was obtained by ma.tching
the mean of the Sal1er et al. and Zegler and Nevitt data at low temperature:

and the Saller et a'|. data at hlgher temperature. The cho'lce of a parabolic
equation ls somewhat arbitrary. Zegler and Nevitt,s data suggest it, while
the data of Saller et a'1. suggest a linear fit. The agreement between the
correlation and the data is very good for temperatures of interest (T ,
300"C). The uncerta'inty of s6fi indicated in Table C.1.3-1 for T > 300.C is
based on precision. The absolute uncertainty is more on the order of 10%.
These values are low compared to uncertainties antic'ipated under iradiation
condi tions.
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Irradiated U-5Fs

A number of in-reactor phenomena tend to lower the conductivity
of the U-5Fs. Fission-gas bubbles and thermal-stress-induced microcracking
will lower the density and the conductivity; solid (and liquid) flssion-
product bul'ldup will tend to lower the therma'l conductivity much the same as

lncreasing amounts of flss'lum lower the conductlvlty; and irradlatlon damage

will degrade the conductivity. From start-up to L-2 at.% burnup, the dom'lnant
factor accounting for the degradation of thermal conductivity is assumed to be

the decrease in fuel dens'lty due to fisslon-gas-induced swelling and m'icro-
cracking; Based on the data of di Novi [5] anA Beck and Fousek [6], the
recommended porosity-correction factor is

fo=(1-P\/(1+eP) (2)

where P is porosity fractlon relative to lnltial (e.9. 100[ dense) fuel
volume, I = !.7 is an empirically determined factor, and fO is the rat'io of
the irradlated (k) to the un'imad'lated (ko),thermal conductivity.

Equation 2 is a reasonable representation of the data for burnups at
which the porosity is essentially isolated. After interlinkage has occurred,
the ingress of sodium into the voids mqy tend to lmprove the conductivity
somewhat as suggested by the data of Beck and Fousek [6] and Betten [7]. If,
for example, it is assumed that interlinkage occurs at P -0.33, then fO = 0.43
based on Eq. 2. Beyond th'is point in burnup, the effect'lve conductivity will
tend to increase due to sodium logging and fuel hot pressing and tend to
decrease due to sol id-f ission-product accumulation. lilh'lle model'ing of these
phenomena is required to predict the effect'lve fuel thermal conductiv'lty as a

function of burnup, some prelimlnary gu:idance is offered to assist in design
studies. The minimum thermal conduct'iv'lty for design studies cfln be taken as

0.48 + 0.11 of the unirradlated value. The long-time ('1.e., intennediate to
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Justl fi cati on

R' A. di Novl [5] also used her thermal-pulse method to perform
post-irradiation thennal-conductivity measurements on Mark-IA fuel that had
been irradiated to -0.6 to 1.1 at.t burnup. She reported the fractional
decrease ln thenna'l conductlvity as a functlon of temperature for a number of
samples. Based on these data, she described the railo (fo) of imadlated-to-
unirrradiated thermal conductivity of U-5Fs.

There are several difficulties assoc'iated with d'i Novi's
assumptions and ca1culational methods:

(1) The porosity fraction was assumed to be direcfly related to the
measured dlametral strain e = 3(a0/Do)i
The swell'lng due to so]id and'llquld fisslon products (at fuel
operating temperatures) was assumed to have the same effect on
thermal conducilvity as gaseous fission products.
No attempt was made to estimate the effects of changing fuel chemis-
try on thennal conductivity.

(2)

These issues' are d.lscussed below.

The calculatlon of P from the relati:onship P = 3(aDlDo) .is
fundamentally incorrect. It ls an approximatlon whlch is good for siall',
lsott,'opic swelling due to flsslon-gas bubbles and microcracks. Let p be the
change in fuel volume (relative to the initial fuel volume) due to porosity
formation. Hofman [8] has eitimated the swelling contrjbufion of fission
products other than Xe and Kr to be in the range of (avlvo)sl = 0.6 to
L.8%/at.% burnup. Because the degree of anisotropy in the sarnples is
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difficult to determine without more information, the assumpt'ion of isotropy js
used' to ca'lcu'late porosity. In terms of measured quantities,

p=(1+aD/t)o) 3 -1-CB (3)

where B is burnup in at.% and 6 x 10-3 s C s 1.8 x 1o-2.

An est'imate is now made of the effects of chang'ing fuel chemis-
try_with burnup. Based on information su'pptied by Hofnan [8] and Por:ter [9],
the lncreased amount of Fs at 10 at.$ burnup ls -2.4 wt.%, while the total of.
other solid (and liquid) fission products is -4.2 wt.* and the weight fraction
of plutonium is -0.4 wt.*. If it 1s assumed (to the flrst order) that thls
addlt'iona1 7 wt.% of fiss'ion and transmutation products has the same effect on

the thermal conductivity as does Fs, then the estimate can be made based on

the thermal conductivity of U-12Fs as compared to U-SFs. Zegler and Nevjtt's
[4] data on uranium with 3 to 10 wt * Fs was used to estimate the burnup
correction factor as

fB=1-o.o24B' (4)

where B is in at.t. Thus, for di Novi's 'low-burnup sanples, the decrease in
conductivity due to changlng fuel chemistry is -21, which ls negllgible com-
pared to the uncertainty 'ln the data. However, Eg. 4 is useful for estimating
the effect of changlng fuel chemlstry with burnup at higher burnup levels.

Table C.1.3-3 shows the aD/Do values of di Novi and the range
of poroslty values one would calculate using Hofmanrs solid-fission-product
swelllng rates. The data 'lmply that the conductlvlty correlates better with
porosity than with burnup. Flgure C.1.3-B shows that the di Novi value of I =

1.7 gives a reasonab'le flt to the data. This value is hlgher than one would
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Table C.1.3-3 Sumrnary of d.i Novi [5] Data (2gsTs595.C)

Burnup
(at.%)

0.59

0.67

0.80

0.90

0.94

1.00

1.04

1.09

1.10

0.gg

1 .93

1.31

4.69

2.26

1.45

L.97

4.10

1.54

vhi& P
(%

1.97
( 1.62-2.31 )

4.69
(4.28-5.09 )

2.97
(2.49-3.45)

13. I
( 12. s-13.6)

5.66
(5.09-6,22)

3. 15
(2.55-3.75)

4.68
(4.05-5.30)

11. 1
( 10.4-1 1.7 )

3.31
(2.65-3.97)

95.2
(87.2-e6.8)

86.1
(82.3-97.9)

94.8
(89. 7-97.3)

69.6
(64.2-76.9\

g3.g
(80.4-99.4)

g3"g
(90.5-99.0)

85.9
(82.7:89.2)

73.3
(70.3-76.7)

90.0
(88.3-91.9)
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Fig. C.1.3-B Comparison Between Analytical Porros'ity-correction Factor,
fO = k/ko = (1 - P)/(1 + eP), and the t)ata of dJ t{ovl t51
for g = L.7. The dots represent nominal values wh'lle the
rectang'les encompass the uncertainties based on the scatter
in the k/ko data and on the uncertainty in the solid (and
I iquid) f 'lssion-product swel l lng.
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expect' for example, for sintered products with isolated spherica'l porosity (e
= 0.7 to 1.0) or for lrradlated metal fuel wlth lsolated flssion-gas
bubbles' It appears 1lkely that most of the porosity for these samples is dueto partially interconnected bubbles and/or to microtearlng .lnduced by an-
isotropic growth. Such tearlng could cause a larger reduction in thermal
conductivity than spherical pores of the same porosity fraction. The guest.lon
of whether such behavior is part'icular to the Mark-IA fuel is addressed .in the
fo1 lowing.

Two sets of ln-reactor thermal-conduct'lvity measurements were performed
on EBR-II,Mark-II fuel. Beck and Fousek t6] analyzed the results of the
instrumented CP-59 capsule lrradiated in CP-5. Thennocouples were located
along the fuel centerlines and in the NaK bath adjacent to the c'ladding. The
data are gjven in graphica'l form as a percentage decrease in therma'l conduc-tiv'ity with fuel volumetric swe11lng. The volume increase of the fuel (aV/Vo)
was determined from the change in plenum pressure prior to sign.ificant gas
release. Because of the low burnups involved.(<0.5 at.%), the porosity was
simply set equa'l to aVlVo in ana'lyzing these data.

The porosity factor, (1 - p)/(1 + ep), with B = I.7 js testedin Fig. c.1.3-c. The correlation agrees with the range of data for 0 < p <
L0% and 29 < P533%. For 10< P< 29f,, thecorrelationpredicts agleate"
decrease 'in conductivity than indicated by the data. A more sophisficated
mathematical treatment would be to 'let fO = (1 - p)/(1 + gp + ypn) in order to
better fit the data over the full range of porosities tested. There is some
physical basis for thjs' as the reduction factor should increase as the pores
change shape and start to interconnect. Flowever, lt is not c'lear whether the
data are accurate enough to justify such a treatment. In particu'rar, the
calculation of lVlVo from the rise in plenum pressure assumes that no gas is
re'leased from the fuel until the bubbles interconnect at Av/vo -33%.
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Betten [7] has reported the results of instrumented subassembly
xX08 in wh'ich fuel and coolant thermocouple measurements were made as a func-tion of time to a peak subassembiy burnup of g.g at.*. He jdent.ifies three
genera'l regions of behavior. In region 1 (0 to 1 at.fl burnup), the thermar
conductivity shows the expected decrease with burnup due to porosity fonna-tion' In region 2 (1 to 2 at.% burnup) two temperature peaks are observed,
indlcatlng minimum values of fuel thennal conductivity. In region 3 (burnup
>2 at.%), the effective conductivity leve'ls off to a steady-state value. The
minimum value of k/ko during the temperature peaklng 'ls 0.47S with a standard'
deviation of 0-111. The'rong-time varue of k/ko is 0.720 w.ith a standard
devlat'ion of 0.059. l'{ork is in progress to develop models to rationaljze this
behavior.
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(This section is incomplete at this time)
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C. TMNSPORT

C.3 Diffusion Coeffic'ients

C.3.1 Uranlum-zl ium Alloys

Diffuslon in the hlgh-temperature phase of the U-Zr system has
been measured by Adda [1] and Mu]ler [2]. The chem'lcal dlffusion coefficlent

-nexp Ri

was measured as a functlon of conposltlon and temperature 1n both studles,
whlch were ln good agreement. The coefflclents obtalned by Adda are glven ln
Table C.3.1-1.

TABLE C.3.1-1. D'lffuslon Coefficlents ln Garma U-Zr

D=oo

Zr Concentration a
kcal mole- 1 *!:-'at

32

28

26

27

29

29

29

34

4l
47

10

20
30

40

50

60
70

80
90
95

6

3

4

7

7

7

3

9.5 x
1.3 x
3.5 x

4x
8x

6.3 x
5.5 x
3.2 x
7.8 x

7x

10-4
10-5
10-5
10-5
10-5
10-5
10-4
10-3
1o-3
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Measurement of the diffusion coup'le's interface velocity, v, as
a function of t'lme allowed the calcu'lation of intrinsic diffusion coefficients
for uranium and zirconium by means of the following relailons:

v = (DU - DZ") dNu/dx

and

D=NgD7r*NZTDU

where N is the atomic fraction of each component.

As shown in Fig. C.3.1-A, the diffusivlty of uranium is much
'larger than that of z'irconium in the y-phase.

Diffusion in the lower-temperature phases has not been studied
in much detail. A few experiments at the zirconium-rich side of the system

and Mash [4]. For temperatures below 600'C
Schope reports

Do = 3.8 x 1o-8 *2r-1, Q = 15 kcal mole-l

This act'lvation energy appears to be rather low, probably
because more than one phase was present in the diffusion zone, and the
concentration profiles were not detailed enough to determjne diffusion
coefficients in the separate phases

The activation energy reported by Mash for temperatures below
600"c'is even lower and suffers from the same uncerta'inty, since this
experimenter only determ'ined the total width of the interdlffus'lon zone as a
function of tjme and temperature.
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Both experimenters a]so reported values above 600'C of 47 kcal
mole-l and 44 kcal mole,-l ".rp..tive1y, which agree rather well with the data
shown at the beginning of this section (see Table c.3.1-1).

Pavlinov [29] recently reported va'lues for U tracer diffusion
in a Zr that can be fitted to an Arrhenius equation wjth the following
parameters:

Do = t.u ]3:3 x 1o-2 *2 ,-1
Q = 44.9 ! 1.0 Kcal mo]e-l

and
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C.3.2 Uranium-P'lutoni -Zirconlum Allovs

There are presently no known diffusion data on th.is ternary
al 1oy.
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Availab'le diffusion data on U, Pu, and Zr, as well as the few
available data on their binary alloys, are presented in this section to assist
the experlmenter in estimating diffusivities in the ternary al1oy system.

Also offered are limlted data on fission-gas diffuslon in
uranlum and thennomlgratlon ln uranium and zlrconlum.

Uran'lum

Self-diffusion of uranium has been measured in the c, B, and v
phases by several experimenters [5,6,7,81, the comblned resu]ts of which are
shown in Fig. C.3.3-A.

The follow'lng coefflclents are reconrnended.

Parameter cl

Phase+-
42

1 x 10-5

Y

25.5
1.12 x 10-

Q (kcal mote-l1
oo {cm2s-1)

Pa

Q (kcal mole-
oo tcm2s-1)

40

2x10- 3 3

Pl utonlum

Self-diffusion'of plutonium has been measured in the e-phase by

Dupuy [9] and in the o- and y-phases by Tate [10,261. The data are shown'in
Fig. C.3.3-8. The following coefficlents are recormended:

c

Phase

6 Y

16.7
2.1 x 10-

18.5
2xt

23.8
4.5 x 10-

1)

o-2 2 5
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Self-diffusion 'ln zirconlum (e) has been determined by several
investigators.23'24'25 The data show a curvature jn the Arrhenius plot of 1og
0 vs' T-1. Kidson [24] has suggested the following bl]inear Arrhenius
expression for D in the g-phase:

o = Dorexr(+) . orr.ro($)

Dol = 1.34 cm2s-1

Do2 = 8.5 x 1o-5 crn2s-l

Q1

Q2

= 65.2 kca'l mole-l
-1 '

= 27.2 kcal mole'

Self-diffusion measurements in the c phase vary wldely; however
the most recent determination is recomrended:

Do = 2.1 x 10-7 *-2r-1
Q = 27 kcal mole-l

U-Pu

Chemical dlffuslon coefficients in U-Pu up to a concentrrat.lon
of 17.5% Pu over a temperature range of 400'C to 540'C have been measured by
Dupuy I111. The data are shown jn Table C.3.3-1.
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TABLE c.3.3-1 0iffusion coeffic'lents in uranium-olutonium
A]'loys Between 400'C and 540"C

Pu(wt %)
D a

( 10- 7 8r2r.l (kca]/mol e)

0.35
1.75
3.50
5.25
7.00
8.75

10.50
L2.25
14.00
15.75
17. 15

0.14
0. 15
0.18
0.28
0.44
0.98
1.19
2.00
2.57

13.4
13.7
14.1
L5.2
16.3
t7.9
18.8
20.0
,o-._u

Pu-Zr

P'lutonium se1f-dlffuslon was measured ln a 40 at.I Zr alloy
over a temperature range of 640'C to 600'C (e-phase) [121. The following
coefflcients were obtained:

o:'=qxlo-2.r2r-1
Q = 30 kcal mole-1

Flssion-gas Dlffuslon

F{sslon-gas dlffus'ion data derived from Xe ind Kr release,
measured in out-of-p'lle annealing tests of lrradlated uranium, have been
reported by several experlmenters. The results of the most thoroughly
reported experlments are shown in Flg. C.3.3-C The data fall into two rather
distinct groups. One group is characterized by higher diffusivities in the r-
phase and very h'lgh activation energies, €.g.,60 kcal mole-l llal to 99 kca]



METALLIC FUELS HANDBOOK

c
c
. TRANSPORT.3 0iffusion Coefficients

C.3.3 0thers
il

Rev. No.1
Effect'ive Date: 6/ee
Page No. 6

-8

T (ocl

900 800 700 600 500

1.3 t.4 t.5

o
cto

-to

-12

-14

t6o.7 0.8 0.9 t.o r.t t.2
ilo-3 K-llIT

Fig. C.3.3-C Xenon-diffusion Coefficients in Uranium.
D is in .r27r.

I

I

I

I

I

7 PI'IASE

[rs lt+l

I

F Pi{ASEI a PHASE

t

I

I

I

I

I

I

I

I

I

I



METALLIC FUELS HANDBOOK

c.
c.3

TMNSPORT
Diffusion Coeff icients
C.3.3 0thers

Rev. No.1
Effectlve Oate: 6/88
Page No.7

mole-l t131. This group'is probably representatlve of dlffusion of Xe 1n the
U matrix, while the other group [14,151 that ls characterized by a much'lower
activation energy and lower dJffuslvitJes ls probably a ref'lection of primar-
i]y grajn-boundary diffusion [171. The dlfferent dlffusion behavior in the e-
phase reported by Perrai'llon [13] cannot be dlsmlssed, as the experimental
work appears to be of excellent quality.

Thermomlqratlon

Redlstribut'lon of alloy constituents in a temperature gradlent
called thennomigration or sometlmes thermotransport or Soret effect 'ls

characterized by a pararneter ca'lled heat of transport, Q*.

Thermomlgratlon experlments 'ln U-Zr and U-Pu-Zr have not been
done, and only very limited informatlon is reported on pure uranium and

z i rconl um.

D'Amico [18] reported a va]ue for uranium (r) of

Q*/f = +4.7 t 0.5 kcal mole- 1

where f is the tracer dlffuslon correlatlon factor. The positive value for Q*
indlcates that uranium mlgrates to the colder end of the sample.

Campbell [19] and Dubler [20] have reported data on zirconium
(e). Campbel'l reports a value of

Q*/f = -34 r 11 kcal mote- 1

ind'icating transport to the hotter end of the samp'le.
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Surface 0iffu s'lon

The recomnended surface-d'lffusion coefficient 'is obtained from
"homologous temperature, arguments by using the low-temperature comelat.lon
given by Gjosteln 1271, augmented by a high-temperature correlation from the
data reported by Gjosteln. The result is [29]

Ds = 1.66x105 exp(-40Tr/RT) + (1.a x 10-2) exp(-13Tr7RT) cmzls.

gt
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D. MECHANICAL

D. 1 El ast'lc Constants

0.1.1 Unirradiated 100*-dense U-Zr

F. A. Rough [1] has reported the dynamic Young's modulus (E)
for uranium-zirconium alloys as a function of compositlon and temperature (20
< T < 500"C). Figures 0.1.1-A and -8 sunrnarize the data for induction-melted
and arc-melted U-Zr al'loys. The Young's modu'lus for the induction-melted
samples is consistently higher than that for arc-melted, indicating the
possib'le role of impurities (e.9., carbon) froni the graphlte crucibles used.

trn order to develop a correlation to predlct E as a function of
temperature and Zr weight fract'ion (t,12), the temperature dependencies of pure
uranium [2] anA pure z'irconium [2] wer.e considered. The.law of mixtures was

used to derive

E = Er[(1 + 0.17 l.lz)/0 + 1.34 l,lz)llt - 1,.06 (T - 588)/Tmu], (1)

where Eu = 1.60 x 105 Upa is the Young's modu'lus of pure U at 588 K (315'C)
and Tr, = 1405 K (1132'C) is the meltlng tempeiature of pure uranjum. The

temperature coefficient of 1.06 is consiste$ w_it.! tlr.e range of values for
metals when the actual temperature ls normallzed with reSpect to the melting
temperature [2]. The reference temperature of 5g8 K (315'C) was chosen over
room temperature because it is the lowest in-reactor temperature for which
there are data.

Table 0.1.1-1 shows the comparison between the correlat'ion and

the data [1] for arc-melted U-Zr alloys. The Young's modu'lus varies inversely
w'ith both temperature and Zr weight fraction. The maximum deviation between
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the correlation and the data is 91 for l,lrs0.4 and 293sTs753 K. No estimate is
avai'lable on the accuracy of the data. The major uncertainty 'is associated
with 'impurity content and fabricatjon procedures.

Table 0.1.1-1. comparlson Between the correlation values and
Experimental Data (from Flg. 0.1.1-A) for U-ZiA11oys. Correlation valuei are jn pirentheses.

r (rt
293

T ( "C) 0a 2,5 g

1.91) (1.85)

1.69) (1.70)

30

1.36
(1.47)

1.07
( 1.05)

I9

7s)

55
61

43
43

26
26 )

63

20

.58

.61) )

40

27
27

23
251

1. 1s
( 1. 11)

97
06

1.
(1.

1.
(1.

1
0

)

)

29
35

20
20

1
(1

20 1.gg
(1.90

L.g7
( 1.e8)

1
(1

1.
(1.

1
(1

1
(1

1
(1

1
(1

1
(r

423 150 1.91
( 1.80)

588 315 1.60
( 1.60)

753 490 1.37
( 1.40)

1.75
( 1.75

.57

.56)

L.47 1
) (1.47\ (1

L,52 1(1.5r) (1 )

1. 14
( 1. 14)

1.34
( 1.36)

.32

.32)

a Extrapolated va'lues from curves in Fig. 0.1.1-A

Equat'ion 1 'ls recorunended for the Young's modulus of 100%-dense
U-Zr alloys for temperatures below the phase-change temperature (-650.C). The
effects of the phase change and porosity will be dfscussed subsequengy.

A similar approach was used to estinate Poisson's ratio (u) for
U-Zr alloys. Eased on the u va1ues [3] for pure uranium and pure zirconium,
the law of mixtures was used to derive

v = 0.24 I(L + 3.4 ll/.z)/$ + 1.9 t.lz)ltl + 1.2 (T - 598)/Tmul (z)
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The Poisson's ratio for pure Zr varies from -0.33 at room temperature to -0.35
at the c-to-3 phase-trans'ltion temperature of 862'C. The polsson,s ratio for
pure U varies from -0.19 at room temperature to -0.29 at 300.C, which is the
limit of the data base. Both of these results are dependent on the method of
fabricatlon and, in turn' on the preferred orientatlon of these anlsotropic
materl al s.

No data for the Polssonr's ratlo of U-Zr alloys are aval1ab'le
for comparison wlth Eq. 2. Howeyer, Eq. 2 ls recormended for lo0f,-dense U-Zr
alloys for teniperatures below the phase-change temperature (e.g., -650"C for
U-102r). A maximum value of v = 0.5 should also be invoked. For U-102r at
650'C' Eq. 2 predlcts v = 0.35 which is reasonable. The effects of phase
change and porosity are discussed in the following.

The effective elastic properties (E, u) generral]y decrease with
lncreasing poroslty. Correction factors of the forrn

f.=E/E100=1-BeP (3)

and

fu=v/v100=1-BuP (4)

have been used in the modeling of ceramic nuclear fuels; [4,5]. The 3a va'lues
for uc, uN, and u02 (based on experimenta'l data) are 1.54, z.lz, and 1.66,
respectively. Similar'ly, the Bv values are 0.21, 1.31, and 0.91 for uC, uN,
and U02, respectively. Averag'ing these values gives Be = 1.2 and Bu = 0.g.
It is reconnended that these f. and fu factors be. app:lied to Eqs. 1 and 2,
respectively, in order to est'imate the decrease in effectlve elast.tc
properties with increasing f iss'ion-gas potlosity.
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The change 'in elastic propertles with phase change is more
comp]icated to unravel because of the sparsity of the data base. Zircon.lum
exhibits a decrease of -139 in young's modulus from g62"c to 900"c [21. No
informatlon was found on the change ln shear modulus or poisson's ratio beyond
the phase-change temperature. In Fig. 0.1.1-C the shear modulus of pure U is
shown to change s'lope at.the c-to-B transition temperature of -670"C and the
B-to-y transjtion temperature of -775.C [61. If the g phase.ls.lgnored
because lt ls suppressed ln U-Zr al]oys, then it appears that one would expect
a decrease.in shear modulus of -30* lf the c-to-y phase change occurred at
-650'C. In the absence of more data, the pre'liminary recommehdation is that E

be decreased by 30* at the phase-change temperature and v be held continuous
through the phase change. This approach i.s consistent with the data for G,
but it'is certainly not a unique solut'lon to the problem.

Young's modulus of U-Zr a'lloys:

E = Er(l - 1.rrlt##ttr - 1.06 (T - s88)/rmul, (5a)

where

and

T

P

wz

Tru

= temperature (< phase-change temperature) in K

= porosity fraction
= Zr w€i9ht fraction
= 1405iK, the me'lting ternperature of pure U

:

E0 = 1.6.x 105 MFa, the young's modulus for pure u at the chosen
ref.erence temperature of 588 K.
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recommend.o ..,.,lii,"l:,lll'i,li ;:"'I;;::-J-::Te-chanse 
temperature' the

Er=E-0.3Ep, (5b)

where E, = E(TO) and E is defined by Eq. 5a.

For the Polssonrs ratio of U-Zr al'loys, the recormended
equation is

v= 1 + 3.4 l,l-vr(l - 0.8P)tf. ql[1 + I.z (T - s88)/Tmu], (6)

where vu = 0.24 is the Poisson's ratlo of pure U at the chosen reference
temperature of 588 K.
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0.1.2 utoni um-Zlrconium A'l l

No dynamlc data are available for the elastic properties of U-
Pu-Zr a1loys. The statlc (.t.e., tenslle-test) data are generally belleved to
be unreliab'le because of the effect of other deformatlon mechanisms which
dom'lnate even at room temperature. Even pure U does not have a well defined
stat'lc modulus at room temperature [61. The statlc data for Young's modulus
of U-Pu-Zr alloys are surmarlzed ln Table 0.1.2-1 [7]. Most of these data
imply at'least an order of magn'ltude decrease in Young'S modu'lus for a Pu

weight fraction of 151.

The Youngrs modulus for pure Pu is less than that for U l3l.
Based on a slmple'law of mixtures, lt ls reasonable to expect the Young's
modulus of U-Pu-Zr a11oys to vary lnversely wlth Pu welght fractlon (Hp). In
order to attempt to quantify thls dependency, the room-temperature data for
cast U-11Pu-6.32r are used to estimate the decrease in E with l{0. This
resu'lts in the following corre:latlon for E:

1+0.17lr{ zE=Eu(1-1.2P)[ I+1.34l'| - wol[1 - 1.06 (T - 588)/Tru], (7)
z

where Eq, P, 1il2, T, and T* have the same deflnltion as in Eq. 5a and l,l' ls
the Pu we'lght fractlon. For temperatures above the c*v phase change tempera-
ture, Eq. 5b is reconmended.

No data are available for the Poisson's ratlo of U-Pu-Zr
alloys. The room-temperature value for Pu(c) t3] ls less than that for
U(o). However, as Pu goes through so many phase changes between room
temperature and typical U-Pu-Zr phase-change ternperatures, lt ls difflcu'lt to
use the law of mixtures ln this appllcation. Thus, Eq. 6 is recormended for
U-Pu-Zr a'lloys.
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TABLE 0.1.2-1. Static young's-modulus values for severalU-pu-Zr Composifions (from Ref . 7).

arry
U-15Pu-102r

U-LSPU-LZ.27r

U-11Pu-6.32r

FabrJ ca Method

Extruded

Cast

Cast

T (xt

298
573
623
673

298

E to5 upa)

.0. 15
0. 14
0.062
0.029

0.097

1.70
0.14

298
948
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Saller et al. [8] have reported some values of Young's modu'lus
for U-5Fs alloys: For as-rolled f'lat-plate specimens tested statical'ly at 563

K and 813 K, the respective values for E are 0.68 x 105 MPa and 0.63 x 105

MPa. Because static methods are not consldered as reliable for determ'lning
the E values for uran'lum alloys, these data have not been used to guide the
development of U-Zr and U-Pu-Zr correlations for elastlc properties. It is
recomended that Eqs. 5 and 6 be used to descr'lbe U-5Fs behavlor with l{. =
0.05. Thls wou'ld probably glve a nrore accurate representation of the U-5Fs
e'lastic properties than the statlc U-5Fs data.
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D.2.L Uranium-Zi nlum Allovs

Tensl'le-creep data for U-Zr alloys of various composltions have

been reported by Battel'le Memorlal Institute [1,21. Both secondary (m'lnimum)

creep rate and time to 1S creep were reported. Comparlson of the min'lmum

creep rates with a calculated average creep rate to lX strain indicates that
primary creep was not important ln these tests. The strain-tlme curves given
in Ref. 2 support thls conclusion. Unfortunately, most of the data are for
a'lloys contalnlng greater than 45 wt I zlrconium where at low temperatures the
equllibrlum phases consist of pure 6 or e plus c zlrconlum. Such high con-
centrat'lons of zirconium are probably not relevant to fast-reactor fuel, even

though zirconium mlgration is expected to increase the zirconium concentration
ln certain reg'ions of the fuel durlng irradiatlon.

Because of the scarclty of
thermal creep of uranium-zirconium alloys
models p'lus available data on uranlum and

a'lloys. These correlatlons and thelr flt
Sectlon 0.2-3.

data, comelations to estimate the
have been developed from theoretical
uran'lum-pl utonl um-zi rconi um

to the U-Zr daia are given ln
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0.2.2 Uranium-P'luton lum-Zlrconium Al'lovs

The thermal creep of U-Pu-Zr alloys has been measured us'lng
cast [3] and extruded [4] tens'lle speclmens. The results reported from these
studies are the times to reach 21 strain at constant load (constant engi-
neerlng stress) and constant temperature, as sumnarlzed ln Table 0.2.2-!.
Thls table shows that, although the temperature ranges do not overlap, the
data for the cast alloys and extruded alloys appear lnconslstent, with the
extruded samples creeplng much more rapidly. Part of the difference mEy be

due to the dlfference in fabricatlon methods, since uranlum is known to work-
harden considerably. However, hardness values for the as-cast materlal prior
to extruslon were identJcal to the hardness values of the extruded material
[41. Furthermore, the effects of work hardening would be expected to be more

important to the 'low-temperature, hlgh-strain-rate tenslle propertles than to
the hlgh-temperature creep propert'les. A more llkely explanation for the high
creep rates of the extruded material is that these tests were performed at
much higher stresses, 'lower temperatures, and shorter tJmes, where primary and

tertiary components of the creep strain dominate the lower-rate secondary
creep strain.

Most of the tlmes to 2* strain reported for creep of cast U-Pu-

Zr t3l were extrapolated from tests tennlnated at about 1S strain. It was

establlshed that the straln-tlme relat'lonship for thls material was approxi-
mately linear on 1og-'log coordlnates to at least 5* straln so the extrapo'la-
tion was meanlngfu'I. Data for times to creep to 1, 2' 3, 4 and 51 strain at
650'C g'iven'in Fig.8 of Ref.3 indicate that the s'lope'is about 1, suggestlng
that most of the creep straln accumulated in the constant-rate secondary
reg'ime. As with U-Zr alloys, correlatlons for creep of U-Pu-Zr are inc'luded
in the genera'l discussion of creep of metallic fuels given in the fol'lowing
secti on.
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TABLE 0.2t2-1. Time (Minutes) to Attain 2! strain in u-pu-Zr Al loys

A1 1oy Composit ion
(vit 1)

U Pu --Zr
Stres s
( MPa)

Temperature
oc

a82.6 l1.l 6.3

77,1 16.6 6.3

4.
9.

19.
39.
4.
9.

19.
39.
4,
9,

19.
39.
4.
9.

19.
39.

9
8
6
2
9I
6
2
9
8
6
2
9
8
6
2

15
5
3
I

10
I

75.0 15.0 i0.0

67 .4 18.5 14.1

5000
210

10

5000
210

10

5000
80

1

5000

?

100,000
10,000

800
70

60
10

2

55
10

3
80

b7s.0 rs.o 10.0 
l3:g

72.5 15.0 t2.5

55.2
68.9
75.8

137.9
206.8
275.8
13.8
20,7

103.4
11,7 ,2

300
20

9

20
5

8
4

30
9
3

15
8
479.0 I5.0 6.0

i31
6

34
4t

.0

.9

.5

.4

0.3
30

9

a Cast Alloys, [31.

b Extruded Al loys, [ 4 1 .
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In the a-uranlum-rich regimes of U-Zr and U-Pu-Zr a'l'loys, creep
appears to be dominated by creep of the o uranium matrix. 0ata on creep of
uranium is therefore included in the present discussion. As po'inted out by
Ho'lden [5, Section 5-51 much of the early uran'ium creep data was extreme'ly
incons'istent due to poor control of grain size and grain orientatlon and

control of temperature f'luctuations during the tests. It js known in this
regard that polycrystalline uranium sanples elongate when repeatedly heated
and cooled in the c temperature range [6] even without 'load.

More reliable data on creep of uran'lum have been measured by
Shober, Marsh, and Manning [7]. Mln'lmutrr creep rates were reported for temper-
atures ranging from 100 to 500'C and stresses yielding creep rates ranging
from 2 x 10-5 lo 2.5 h-1. Secondary creep data at 500"C reported in the
Reactor Materials Handbook t8l and the creep data of lrlclntosh and l'leal [9] for
tests at 400, 500 and 600"C appear consjstent wlth the data of Shober et a'1.

The form of the secondary creep equation used here to correlate
the data for all metallic fuels is the forrn used by So'lomon, Routbort, and

Voglewede to represent creep of U02 [101r The total plastlc straln rate e is
g'iven by

i = cl(d)o exp(-Ql/RT) -+ cronexp(-o7nr; ( 1)

where
secondary creep rate,, s-l

= equivalent stress, MPa

absolute temperature, K

= universal gas constant = 1.987 cal g-mole-l K

;
o

T

R
1
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Ql' Q2 actlvat'ion energ'ies, cal g-mole-1
d gra'in size, um

materi al funct'lonsC1' C2

In Eq. 1 the flrst tenn represents dlffusional creep and the second tenn
dis'locatlon creep. In-reactor flssion effects and 'low-temperature deforrnation
mechanisms such as dislocation gllde and twinning, whichire.lmportant ln c
uranium at temperatures less than 400.c, are not considered here.

The temperature dependence of creep of uranlum in the a regime
has been detennined by Shober et al. to obey an Arrhenius relationship with an
actJvatJon energy Q of 52,000 cal g-mole-l. Thls value of Q is approximately
equal to the value of the act'lvatlon energy for self-dlffusion tSi,OOO .ot g-
mole-l [11, p. 296]) ln c uranlum, as wou'ld be expected from theorv. Aii.;
the low-temperature creep data for both uranium and the cast U-pu-Zr have
therefore been reduced using the Zener-Holloman parameter

Z = t, exp (52,000/RT)

as shown in Fig. 0.2.3-A. The data are seen to follow the same curve with a
slope'of 1 at'low stresies'and a'slope n = 4.5 at hlgrrer stresses, as pre-
dicted by Eq. 1. 'It ls noted that the power-law slope of 4.5 has been fre-
quent'ly observed for other metals [12]. The constants Cl and C2 have been
chosen here to mlnimize the least-squares error between the ca]culatea ana
measured va'lues of 1og Z. The final fonn of Eq. l for creep in the c regime,

4 4.5i=0.5x10 o exp (-52,000/RT) + 6.0 o exp (-52,000/RT) (2)

'is compared with the data in Fig. 0.2.3-A. The root-mean-square error in 1og
Z is 0.4 for the 47 data points.
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Secondary Creep of Metal Fuels. Open symbols are
data for uranium. Symbo'ls with flags were calculated for
cast U-Pu-Zr alloys of various composltions using the
reported times lo 2% strain. References are given in the
brackets. The curve is the 'least-squares fit to the data
using Eq.1.
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The gra'ln-size dependence of the llnear diffuslonal creep terrnln Eq. 1 ls expected to vary from d-2 to d-3 depend.rng on whether Nabarro
creep or Coble creep dominates. In add'ltion, Harper-Dorn dislocation creep
has the same llnear stress dependence but is independent of graln s_.i:e.

Most of the data in the low-stress range ln Fig. 0.2.3_A, where
the creep rate is llnear in stress, come from the experiments of Mclntosh and
Heal [91. The grain size in these experiments was contro]led to about 160 

-

ultl. Although small variations in graln size show the expected behavior of
decreaslng creep rate with lncreasing grain size, the variations are not
sufflclent to deternine the power of the dependence. 0ther experiments on
uranJum and uranlum alloys with larger variatlons i,n grain size gave powers
that were intennediate between 1 and Z [gl.

Slattery and Miller [13] also measured the creep strength of c
uranium and dll,ute a'l1oys with dlfferent graln sizes at a test temperature of
500'C. The experiments'used beans that were allowed ,o ,un in u ru"nace under
their' own weight. Although these experiments are somewhat difficult to lnter-pret, it ls noted that at the low stress leve]s of the tests (0.75 Mpa maxi-
mum) the strain rate was a linear function of stress, as pred.icted by Eq..2.
However, Slattery and Mlller reported that there was no.signiflcant dlfference
in creep strength after different heat treatments to refio. rn. grain size.
compar"ed to their data, Eq. 1 predlcts creep rates that are about half an
order of magnitude'too high.

Most of the uranium and the u-pu-Zr data appear to be flt
reasonably well by Eq.'2. In the absence of more extenslve data, it is recom-
mended that Eq. 2 be used to estimate the thermal creep of IFR attoys in
temperature regines where the c phase is present.

At high temperatures, uranium, z'lrcon'lum, and plutonium are
mutually soluble and form a solid-so'lution y phase. The only available data
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on creep of U-Pu-Zr alloys in the y regime appear to be the measurements of
Savage [3] as reproduced in Table 0.2.2-L. Average creep rates calculated
from these data by d'ividing the creep strain by the tlme are plotted in
Fig. 0.2.3-8. The 600'C and 625"C data are the same data that are plotted in
Fig. 0.2.3-A against the Zener-Holloman parameter for creep at lower tempera-
tures. Note that in Fig. 0.2.3-8 there is a large increase in the creep rate
between 625'C and 700"C. This is not surprlsing, because the creep meihanjsms

depend on dlffusion and a large increase in the diffusion coefficient might be

expected upon transfornatlon to the BCC v phase. A slmllar transformation
from c to r in pure uranium increases the diffusion coeffic'ient by about 5

orders of magnitude [11, p. 2991.

Although {n pure metals the ratio of the creep rate on elther
s'ide of a phase transfornation is often d'lrectly proport'lonal to the ratjo of
the self-diffusjon coefficients [14, p.931, the case is not so simple for
solid so'lutions. Here the presence of solute atoms can hinder the rate of
dislocation glide, making it possible that the creep rate is governed by

dis'locatlon g'lide rather than climb. tleertman [12] has shown that in this
case the creep-rate power is 3. The temperature dependence of creep is again
determ'ined by diffusion, but the s'ituation ls more comp'licated in solld solu-
tions than in pure metals because of the different species that are present.
In many cases sma'll al'loy additions do not change the creep actlvatlon energy

[141. In other cases the activation energy is increased or decreased.

He have assumed here that creep of U-Pu-Zr and U-Zr alloys'is
governed by dislocation glide in the y reg'ime. The phenomeno'log'ica1 creep
equation is of the form

3 (3)i=C4
exp ( -qo7nr)

where Q4 is the creep actlvation energy and C4 mqy be a function of compo-

sition. In'lieu of additional creep data we assume that Q4 ls the same as the

a
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actjvation energy for creep of the pur€ 1-uranlum solvent, whlch in turn is
the actl'vation energy for self-diffusion 1n y uranium. Thus,

1
a = 28,500 cal g-mo'le [ 11, p.2961.

4

The constant

-2c =8.0x10 MPa
4

is chosen to fit the 700'C data for U-18.5 wt * Pu-14.1 wt S Zr shown in Flg.
0.2.3-8. Calcu'lated values of stra'ln-rate are compared with the 700'C data in
Fig.0.2.3-8.

A corre'lation of the form of Eq. 3 was also developed by
l,la1ter, Golden, and Olson [15] in their study of U-Pu-Zr s'lumping in the high-
temperature y reglme. The data [16] that were used in thls correlation are
the sane data that were used for the extrapolatlons of U-18.5 ffi f Pu-14.1
wt % 7r creep straln at 675 and 700'C given in Table 0.2.2-L The tenperature
above which the constituents are mutua'lly soluble at thls compositlon is about
660eC [17]. The creep tests at both 675 and 700'C were therefore probab'ly
performed on materia] ln the y phase, although some of the data given in Table
0.2.2-! and Fig. 0.2.3-B do show anomalous behavior. Neverthe'less, the creep
power n = 2.65 and actlvation energy Q = 27,000 cal g-mole-l (calculated using
Fig. 9 of Ref. t15l) determined from these data are in very good agreement
with the va'lues of n = 3.0 and Q = 28,500 that were selected above on the
basis of theoretical models.

As a f0rther check on the activatlon energy and the importance
of compositlon changes, we have a'lso compared calculatlons using Eq. 3 with
data [2] on creep of ]ow-zirconium U-Zr binary al'loys at 818'C. The results
are shown in Table 0.2.3-1. It would appear from this table that withln the

3 1
s



METALLIC FUELS HANDBOOK

D

0
MECHAN ICAL2 Creep
0.2.3 Others

Rev. No.1
Effective Oate: 6/88
Page No. 8

range of zirconium contents of interest, the creep rate is not a strong func-
tion of the composition. It should be noted, however, that very high zirco-
nium alloys [2] show sign'iflcgntly reduced creep rates wlth a m'inimum at 46
wt % for tests at 818"C.

TABLE 0.2.3-1. Measured and calculated Minimum creep Rates of Low-
Zirconium Binary U-Zr Alloys at 818.C.

Al 'l oy Compos'l t I on
Stress
(MPa)

9.8

3.4

3.4

Measured Creep
%lhjRate (

Calculated Creep
Rate (%/h)

51.0

2.2

2.2

87.4

92.9

74.2

t2.6
7.L

25.9

43.0

0.65

1.0

The structure of U-Pu-Zr and U-Zr between the a ond y regimes
discussed hele is very complex and depends strongly on composltion [171.. The
650'C data and some of the 675"C data shown'in Fig..0.2.3-8 are for alloys in

Ithls regime. Thele is some indlcqtion of creep rates greater than woqld .be.
calculated by extrapolat{ng elther the low-temperature o1 higher-temper.ature
equatlons given here,, although the data are c,'!oser to the,,creep rates for the
pur€ y phase. !t ls therefore recomrended that Eq. 3 be used to estimate
secondary thenna] cfeqp rates for U-Zr and U-Pu-Zr alloys at temperatures

i'

above which the c phase is no longer present.
. j.

Irradl ati on Effects
There are a number of in-reactor effects which could resu'lt ln

a dramatic change in the creep behavior of uranium and uranium-a'l'loy fue'ls.
The two effects which are considered in th'ls section are: 1ow temperature,
flssion-enhanced creep, and the inf1uence of fission-gas poros'ity on the
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thermal creep rate. As no data are available for the materials (U-Zr, U-Pu-
Zr, and U-SFs) of interest, the recommendations presented are "best estimates"
based on the behavior of U, other metals, and ceramics.

The thermal creep equat'lon (Eq. 2) for the o-phase regime of U

and U-Pu-Zr a'l'loys applies to 1001 dense materlals tested out of the
reactor. Let 8r, be the thermal creep rate ln Eq. 2 whlch ls l'lnear in stress
and ian be the thermal creep rate whlch is non-linear (stress exponent of 4.5)
'in stress. For the in-reactor effects of interest, lt is assumed that the
linear term is enhanced by a poroslty-dependent factor fps, and the non-linear
term is enhanced by fpp. In addltlon, a fission-enhanced creep tenn, E' is
assumed whlch is linear ln stress. Equation 2 ls modified to give the in-
reactor creep rate of uranlum alloy fuels as:

E=f e +f € +ip tr, pn tn

The 1ow temperature, in-reactor creep data of Roberts and

Cottrel'l [18] (as reported by Gittus I19]) fori c-U springs was used to
generate are express'ion for 8.1,

e = 7.7 x 10-23 F o, s-1, (5)i

where o is €ffective stress in MPa anO i ls fission rate in fiss'ions/cm3 S.

To gain some insight into the inf'luence of porosity on fuel
creep a l'iterature search was conducted. Unfortunately, no infonnation was

found for metals and metal alloys. However, data are available for A'1203,

(U,Pu)02, U02, and UN ceramics. l2O-251 Figure D.2.3-C shows the porosity-
enhancement factor (fps) for the linear creep regime of these materials as

deduced from data. These plots of fpr are compared to a simple ana'lytlcal

,, i
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model (dashed line) wh'lch assumes that porosity reduces the effective load-
bearlng area of the materlal. Clear'ly, the data indicate a significantly
higher enhancement than the area-reduction mode'|.

An empirlcal correlatlon was developed to fit the A'1203 data
which cover the wide range of porositles expected for uranium-based a1loy
fuel s:

2f = 1+ 7.9 P + 470 P (6)pe,

where P is porosity fract'lon referenced to 100fl dense fuel volune. This
correlatlon glves an enhancement factor of -100 for P = 0.5 (50S).

Figure 0.2.3-D shows the poroslty-enhancement factor (f'n) for
the non-linear creep regime for U02, (U,Pu)02 and A1203. The'dashed lines
show what would b-e predicted from a simple area-reduction model. In this
case, the mode'l does a reasonable job of predictlng creep-enhancement, at
least for the (U,Pu)02 data. Thus, for the particular non-lineaq creep tenns
of interest, the recormended factors are:

fpn = 1L-p2/3)-4'5 for c-phase (Eq. 2) (7a)
and

fpn = $-e2/lr-3 fo" y-phase (Eq. 3). (7b)

In sunmary, the reconnended in-reactor creep rate correlation
for U-Zr, U-Pu-Zr, and U-SFs alloys be'low the major phase change,(c**v)
temperature (TO) is:

E=5.0x103
+ 6.0 (1-

(

P2

1 + 7.9 P + 470 e21 exp (-52,000/RT)o
r3\-4.s exp (-52,000/RT)o4'5

-1,+ 7.7 x 10 -23 Fo, s (8a)
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and

where P = poros'ity fraction referenced to initial fuel volume
R = 1.987 cal.9-mole-l
T = temperature 'in K

o = stress in MPa

i = f lss'lon rate in f issions/on3 s

ForT>T , the correspondlng equation lsp

E=g.0xto-2 1

+ 7.7 x 10-2

The creep regimes are represented graphically in Fig. 0.2.3-E
for an assumed flssion rate of 8.6.x 1013 fisslons/cm3.s. Thls corresponds to
a 0.17-in. (4.3-rn) dlameter fuel operating at L2 kh|ft (39 kl{/m). The solld
'lines ln the flgure represent T-o po'lnts for whlch the sum of the llnear tenns
equals the power-law creep rate. The dashed 'llne indlcates the temperature
for whlch the llnear thermal creep rate equa'ls the 1lnear, fisslon-enhanced
creep rate for 67I dense fuel. For 1001 dense fuel, the fissioned-enhanced
creep rate is always'larger than the llnear themal creep rate.

As sophlsticated as Eqs. 8a and 8b appear, the user is again
reminded that these equatlons represent a1best estimate" based on the
behav'ior of 100f, U and trends observed in the creep behavlor of other
materials. AIso, the dependence of grain size and alloy composltion have not
been jncluded ln these equatlons because of insufflcient infonnatJon. No

reasonable uncertalnty estlmates can even be p'laced on Eqs. 8a and 8b at. this
time. Uncertainty estlmates wlll become avai'lable in the future 'lf creep
tests are performed for the alloys of'lnterest. An indirect way of verifying
whether or not Eqs. ga and 8b are of the correct order of magnitude is to use

LIFE-METAL to try to predict cladding mechanica'l strain for those irradiated

t-p2/3\-3 exp (-28,500/RT) o3
3 io, s-1. (8b)
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fuel elements which show strains due to fuel-cladding mechanica'l interaction
(FCMI). This was attempted for high-smear density (851 T0) U-5Fs elements
which fa'iled at low burnups (<5 at.*). 126,271 However, the results were
inconcluslve because of the rapid rlse'ln ga5 pressure for these small-plenum
elements and because of the uncertainty in cladding'(annealed types 304 and

316 stain'less steels) properties and other fuel models and properties.
However, several high-smear density U-102r and U-19Pu-102r fueled experiments
with D9 cladding are planned for the very purpose of gaining some 'lnsight into
FCIrlI. Hopefully, some useful information, with respect to how "hard'r (i.e.
creep-resistant) or how "soft" the fuel is, can be gained from these tests.
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E. PROPERTIES OF STAINLESS STEEL CLADDII{G ALLOYS

E. 1 Cold-l{orked D9 (0,t09)

09 is an austenitic stainless steel deve'loped under the former National
Claddlng and Duct (NCD) Program. In comparison to AISI 316 staln'less steel,
tltanium has been added (0.2-0.3 wt.1) and the Ni/Cr increased to 'improve void
swelljng resistance. Nominal composlt'ions for D9 as listed are Tab'le E.1-1.

Through the development program molybdenum and sillcon 'leve'ls were
changed slightly to contro'l phase stability in reactor, resu'lting in
variations in hlgh-temperature strength, resistance to recrystal'lization, and
creep rupture properties. The various heats of D9 (grouped as D9-C1 and
D9-C1P Lot in Table E.1-1) which have been used in the Ll,tFBR program,
therefore, have property variations associated wlth them, some known and some
which have not been measured. Those whlch are known wil'l be identified in
this Handbook. Note that 09-C1P is what has been used in the meta'l fuels
irradiation program, and its properties should be used in performance
pred i cti ons.

A more rece$t development in the 09 al'loy, inc'luding specified quantities
of boron and phosphorous, ls designated 09i, and has improved creep rupture
propert'ies. This mod'lfication, however, is not included here because no use
of lt has been made, or is expected to be made, in the metal fue'l development
program.

D9 has been adopted in ASME code specifications as alloy,538660.
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E
E.1

E I ement

Table E.1-1 D9 Compositions, wt.S

D9-C1 (nom )* 09-C1P (nom.)**

c 0.05
2.00
1.00
0.02 max.
0.01 max.

13.5
15.5

1. 50

0.04 max.
0.05 max.

0.05 max.
0.25 :

0.03 max.
0.02 max.
0.02 max.

0.05
2.00
0.90
0.01 max.
0.007 max.

13.5
15.5
1.65
0.02 max.
0.01 max.
0.01 max.
0.25
0.03 max.
0.0L max.
0.02 max.
0.001 max.
0.031 max.
0.005 max

0.001 max.
0.005 max.
Bal ance

'ts
P

s

Mn

Cr
Ni
Mo

Cu

Nb

AI
Ti
As

Ta

V

Zr
Co 0.050 max.

0.001 max.
0..01 max.
Bal ance

*Identified heats include 2966 and N563
**Identified heats inctude g350g, g3509, ind g3510

0

B

N

Fe
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E.1.1 Mechanical Froperties

E.1.1.1 Irradiati on Creep

Iradiation creep correlatlon development has been
largely based on measurements obta'ined on specimens made from early heats of
D9, and the behavior of all 09 types is therefore assumed to be equivalent.
Recent data from M0TA tests'ln FFTF have shown that creep stralns for DP-CIP
can be larger than those predicted with this equat'lon, espec'ia'l1y at high
fluences. It is possible that D9-C1P creep rates are somewhat hlgher, or that
stress-effected swelling is greater and can be confused with creep defor-
mat'ion. The equations below are those represented in Ref. 1 and the data base
for the equation can therefore be located there. Note that simllar equations
have previously been used to represent D9 creep and one should check carefully
to assure that the proper one is being used.. For example, one previous
equat'ion was very slml'lar, but improperly represented the thermal creep
components, so that if used over a wide range of neutron fluxes inaccurate
creep strains would result.

Eguation Oescription

The recomended in-reactor creep equatlon for D9 is:

A. Integrated Form (Constant Stress - Constant
Temperature)

E = At erp (- F) [l-exp (-30)] 6 + A, o 6 + Au t. tf lo exp (- p, .
2.2 R(T) (n)2 o los. lcosrr (fr)l + Ac t 6 exp t- Fl ( 1)
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Note that the terms beginning with A6 and A4 represent the thermal creep (rtf,,)
and this component may underpredict 09-C1P creep somewhat, but the current
data base'is insuffic'ient to reconnnend an alternat'tve method for calculation.

B. Rate Form

E = (3At exp (-F,.ro (-3 o) 6+A, i+2.2 R(T) n E tanh ($)l

o x 10-7 * nu t$)a exp (- F, . Ao 6 exn t- Fl
R(T) = co exp t-c1 (T - c2')21

(2)

t = time in un'its of s
T = temperature in units of i
Y = 223000 - 79.29 T = Young's Modulus in units of

MPA

o = fluence ln unlts
0 = f'lux in units of
d = effective stress
E = effectlve strain
i = effective strain

of l0zz nlcm2 [E > 0.1 MeVI

10rs n/cmz's [E > 0.1 MeVl
'ln units of MPa

in units of %

rate in units of %ls

The constants in the equatlons have the fo]lowing values:

A1 =

Az=
A3=
A4=
A5=
A6=
Ar=

67

9461
1.0 x 10-4
3955
27680
6.14 x 1013

17111

e = 9, expressed in un'its of LO22 n/cn?
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and

c0=1.9x10- 4

c1=3.ox1o-5

c2 = 823

Notes: Valid for temperature range of 350-700"C.
Valid for strain rates 'less than 1O-5 s-l
Valid for fluxes on the order of 2 x 1015

Reconmendat'l ons Reqardinq'Stre ss and Temperature
Chanqes

The in-reactor creep equatlons were developed from
constant stress-constant temperature experimental data. Time hardening rules
are recordnended in the ca'lculation of E and i for temperatures less than
600"C. The user should investigate the effects of both strain and time hard-
enlng 1n his app'licat'ion of this equation to temperatures greater than 600"C
and choose the result which yields the more conservative estimate of the creep
straln for his appfication. These guidelines will be rev'lewed and updated
when more data become available.

(1) Stress Chanqes: Use the 'local stress to
calculate the incremental change in strain aE and the instantaneous strajn
rate- i for a given time interval..

(2) Temperature:Chanqes: Use the local temperature
to ca'lculate the incremental change in strain aE and the instantaneous strain
rate E for a given time interval.

n7qm2'r-1.
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E.1:1.2 Stress Rupture

The followlng two equat{ons represent the stress
rupture properties of D9-C1 and 09-C1P, as measured for the materials in the
unirradiated condition. Note that the equation for D9-C1P is identica'l to
that for 20* Cl,l 316 (Ref. 1) while 09-C1 is that:listed in Ref. l.for 09. The
data base used to verify 09-C1P behav'lor appears'in Ref.,2.. In general, at
600'C and above, the 09-C1 has a longer rupture life than the D9-C1P. Figures
E.1.1-A and E.1.1-B show typical behavior at given temperatures. The D9-C1
lnformation is presented here only for comparison so that reference to
previous LMR fuel element perforrnance data which perhaps used D9-C1 cladding,
could be compared with current data.

D9-CtP

A 'c,
-7113
-3591

-16.638
-12.637

+34054
+222L9

: *Use e'ither the hi,gh stress or the low stress
equation dependlng on which gives the shortest
t'ime-to-rupture :'

t" = hours
T=K
o=MPa

SEE = standard emor of est'imate

(3)

B

or*



METALLIC FUELS HANDBOOK

E

E.1
PROPERTIES OF STAINLESS STEEL CLADOING ALLOYS
Cold-tlorked 09 (Ct.lDg)
E.1.1 Mechanica'l Properties

Rev. No.1
Effective Oate: 6/88
Page No. 5

5

4

3

?

t

IJufF
o-
=u
clF

-c

IJE
F
t!E
(^3
clJ

0
0 50 100 150 400

HNNP STRESS, MPO
a50

800--

D9 - ClP

Fig. E.1.1-A Biaxi,al Stress Rupture Behavior of D9-C1p.



METALLIC FUELS HANDBOOK

E
E

PROPERTIES OF STAINLESS STEEL CLADOING ALLOYS1 Cold-Horked 09 (Ct.'lDg)E.1.1 Mechanica'l Propertles
Rev. No.1
Effective Date: 6/98
Page No. 6

LJu:fF
o-l
u.
trtF

s
IJ
=F
tr-
trl
t9EJ

5

4

3

?

0
0 50 100 150

HDNP STRESS, MPO
400 450

800 -

D9-Cl

Fig. E.1.1-B Biaxial Stress Rupture Behavior of D9-C1.



METALLIC FUELS HANDBOOK

E. PROPERTIES OF STAINLESS STEEL CLADOING ALLOYSt.1 Cold-l,lorked D9 (Cl.l09)
8.1.1 Mechanical Proper:ties

Rev. No. 1
Effective Date: 6/88
Page No. 7

L'imi tati ons
770<T<1100
t" > 2 hours

Hoop Stress is calculated from the equat.lon

"-oi*01.,0t-ri
where Do = the outs'lde dlameter,

Dl = the lnside diameter, and
P = the lnternal gas pressure

Calculated stress rupture curves are shown in Flg. 8.1.1-8.

D9-C1

The stress rupture behavlor of unlrradiated D9 is
glven by

logr' t" =A+

High Stress
Medlum Stress
Low Stress

*$rosroo+ologrooB
T (4)

I

A

-L0.727
-53.034
-17. 141

29732
6t542
32605

-74L4.8
-2!2:46.8
-6803.s

D

0

18.361
0

B c

o = Hoop stress, MPa

T = Temperature, K (640 s T < 1100)
t" = Rupture tlme, hrs. (tr > 1)

where:
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for 640 s T s 820, use the high stress coeffjc.ients.

For T > 820, use the following criteria to determine
the proper coefficients:

High Stress

Medlum Stress

Low Stress

VaJid Stregs Ranqe for Each Equqtion

42.306T - 31810ffis1o9toot
35.893T - 28937
E3-6rTr=aiia3:r s 1os1o on,s *3'.38fT--i*8*h
to9l0"r=ffi

Calculated stress rupture curves are shown in Fig. 8.1.1-8.

E.1.1.3 Yield Strenqth

An equat'ion taken from Ref . tr is listed below for:
alioy D9-C1. The strength for 09-C1P is likely to vary slight'ly, particularly
at very high temperatures, but these effects are now not known well enough to
write a un'ique cq^re'lation for D9-C1p.

og-ct

An interim correlation has been deve'loped to descrlbe
the yie'ld strength of 09-C1. It wil] be updated as more data become avail-
able. Heat-to-heat or lot-to-lot variations in strength exist for this a11oy,
including the 09-clP material. A 10% margin on the nominal strength
described here'is probably adequate for estimation of minimum strength va]ues.
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The yield strength (0.2% offset) of unirradiated and
irradiated 09 'is g'lven by the following ,,best fit'r correlation:

M I

o* = 450 - 240 tanh
G = 78600 - 38.41 TT

A = 30000
M=5.5
\ = 0.22
Q = 70000
R = 1 .98726

Eexp(fr)

E = 0.15 + 0.15 tanh (\6s)
o, = 0.2% offset yield strength, Mpa

G = Shear modulus, Mpa

Tr=Tk-273
Tk = Test temperature, K

(2t3KJTrJ1133K)
Ti = TI '273

T1 = Irradlation temperature, K

(273K:rt51023K)
6t = Fast fluence, lQzz 11/s1112

(Ot. 12 x 10zz n/cm2\

tr-*ln t' = Aoy

T- - 760
/l t\300t

t#r

e = Strain rate, s

(to-s r-1 : i

where: (5)

T,-DF=B-Ctanh(+ro-) -E
Note: To calculate the yield
strength of unirradiated 09,
setF=1.
B=1.49510.030t
C = 0.776 + 0.046 O t
D=384-4.40t

1

LO'2 s 1)

E.1.1.4 Ultimate Tensile Strenqth

Be'low is an equation for the ulilmate tensile
strength of 09-C1 as a function temperature, irradiat'ion temperature, and
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1

irradiat'lon exposure. Note that the yield strength, given in Sect.ion E.1.1.3,
must be used to calculate the tens.lle strength.

D9-C1

The average ultirnate tensile strength of unirrad'iated
and irradiated 09'is given by the fol'lowing,,best fit" equation:

oUrS = oy5 [0.295 (1 - 0.9 tunn d{ff) + 1.0551 (6)

where: oUTS = U'ltlmate tensile strength, MPa

oys = Yield strength, MPa, Isee E.1.1.31
nT=TT-Ti
TT = Test temperatuF€,, K

Ti = Irradiation temperature, K

The effects of f'luence, temperature and strain rate
are provided through the correlation for the yield strength. To calculate the
ultimate strength of unirradiated D'9, set F = f .in the equation used to
calculate yie'ld strengthr' and aT = 0.

The correlatlon is valid for irradiation temperatures
-of 640 to 1010 K and strain rates >10-5/s.

E.1.1.5 Total E'lonqation

The total e'longation to be expected for unirradiated
and'irradiated 09-c1 at stra'ln rates greater than l0-5/s is given by:

"t=-2.22+ 1.64x to-zr.1 +2.L7 x 10-4exp (Til100) -6.3x 10-3t, (7)
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where: et = total elongatlon, X

Tt = test temperature, K

T1 = irradiation temperature, K, 640 < Tj < 1010K

Note, this equation can be used for condltions where Tt = Ti, or T1 - Ti
110K. Note further that radiation hardening, or softenlng, depends upon
irradlation temperature, so cond'ltions where other relatlonshlps between Ti
and T1 apply should not be modelled by this equat'lon. Thls equation is taken
from Ref. 1.

E.1.1.6 E'lastlc ModuII Poisson's Ratio

The Young's modulus (E), shear modulus (G), and

Poisson's ratJo (v) for 09, as a function of temperature, are given by:

E=2.01 x1o5 -7g.2gl
G=7.86x104-38.417
v=(E/zc)-1

(8)
(e)

( 10)

where,
and,

E, G are g'lven in MPa

T is given in 'C.

the equations are to be used for temperatures of 0 < T < 800"C. These

equat'ions are those given in Ref . 3.

(
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E.1.2 Phvsical erties (D9)

Contained in this section are equatlons designed to be used to
predlct the vold swelllng behavlor, thermal expanslon, thermal conductivity,
and density of cold-worked.D9 stainless steel. No d'lstinctions are made for
heat-to-heat variations represented by D9-C1 and D9-C1p Types.

E.1.2.1 Void llinq

The void swel'ling behavior of D9 has been devetopiA
using data accumu'latEd using a number of D9 heats and thermal/mechanlcal
treatments. Oata of hlgher lrradiatlon exposurei are forthcoming. Note also
that there may be stress enhancement of swel'ling by wqy of reductions in the
incubat'ion paramet€F, t. Likewise temperature changes during irradiation may
alter: behavior through integrated effects on r or c pordfi€ters . Neutron f]ux
magnitude or energy spectrum may a'lso cause variations in behavior. These
effects have not been well quantlfied for 09 material and could only be
qualitatively modelled. Appllcations involvlng stress, stress changes, or
temperature changes (asin fuel e]ement behavior) shou'ld therefore not be
expected to be predicted exactly.

.There has been a progressJon of swelling equations
developed for 0-9. The Tc-293, Rev. 4 (Ref. 3) equatlon was the flrst
published and still fils,the known data nearly as wel'l as any others. An
improvement based on this forrn was subsequently'made in 1991 [4] but is
probably the worst-fit to the current data base. The first equation proposed
forinclusion in the NSMH included somerrengineer'lng judgmentfi in which the
swelling rate at high neutron fluences was expected to be large for
400 < T < 600'C, based upon the behavior of similar alloy systems (austenitic
stainless stee'ls). This equation has been subsequently modified to provide
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that the h'igh swelling rates do not begin with higher fluences (16.1 x
Lo22 n/cn?, E r 0.1 Mev) as the data base orog".rr.d to h.igher fluences
without showing the behavior as yet.

Thus, there are four equations which have been used,
the first (TC-293) and most recent NSMH pr.oposal being current'ly the most
accurate. The TC-293 equation shows a small amount of swell'lng to f'luences of
Ls x ro22 n1cn2, while the most recent equation shows almost none. At
f'luences greater than 20 x to22 n/cn? the deviations between equations are
dramatic, the TC-293 equation pred'icting much less swe'lling, at least for
temperatures greater than 400-450'C. Since the data base does not support the
choice of one over the other, either could be used to 20 x Lo22 n/en?., while
beyond this fluence the most recent equation, lncluded in this document,
should be used for conservat'lve est'lmates of swel:ling behavior; Figures
E.1.2-A and E.1.2-B show p'lots of the two equations for comparison.

Voi Swe'll i ng of "NSMH Proposal"

Swel I ing is defined .as. volume change,

aV

%=t
where So is the fractional volume change due to vold forrnatlon and D is the
fractiona'l volume decrease due to solid state reactions.

and: g = (0.01) tt - exp (-3 ot)l [0.1781

o (1)

(3)
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where: B=(T-773)/100,
R = cXp (0.471 - 0.0038 + 0.179g2

- 0.077 s3 - 1.78e4) ,
r = 16.1,
c = 0.6,

of = neutron fluence ln units of LO22 n/cn2
(E ' 0.1 MeV)

a = curvature parameter in unlts of (1022 n7cm21-1,
r = incubation parameter ln unlts of t022 nlcn?

(E > 0.1 MeV),
T = temperature in units of K,
R = swel]lng rate parameter in units of t per

Lo22 n/cn? G ,0.1 l.lev)

E.t.2.2 Therma'l Expanslon

The thermal expansion behavJor for D9 is depicted in
Fig. E.1.2-C A corresponding equation to be used to model thjs behav'iolis:

ALlLo = 0.72549 - 0.12875* + 5.1890 x to-3t
(2e3

= -1.273 x 10-3 .at 293K

= L.16,% at 1200K

where aLllo (#) is defined as the percentage length change from room tem-
perature (293K) to T (K). The data base and corresponding equation are
provided by ANL-CMT t)ivision. The tests were performed by averaging data
obtained from six consecut'lve heating/cooling cycles. The equation fits the
overall data base with a standard deviation of !.2%. D9 material correspond-
ing to a 09-C1P Heat composition was used for the analysis.

1x
T<

0435. 10-
)200K1

7-2I, (4)
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E.1.2.3 Thermal Conductiv'ity

Thermal conductlvity behav'lor of 09 'is taken from
Ref. 1 and is represented by the equation:

I = 7.51213 + 5.70032 x 1o-3t - s.77g4g x 1o-7t2 (5)

where: r = thennal conductivity, Btu/hr'ft'F
T = Temperature, 70 < T < 1500'F

or: r = 8.25795 + !.94LzL x 10-2t - 3.24027 x 10-6T2,
294 < T < 1088K for t in l.l/m'K and T in K.

(6)

E.t.2.4 [)ens'ity

The density of Cl,l09 (unirradiated) has been given as,

p=7.98-4.30x10-4r (7)

for, in g/cm3, T in c (3oo < T < goo).p

This equat'ion has been extracted from Ref. 3.
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E PROPERTIES OF STAINLESS STEEI. CLADOING ALLOYS

E.2 Normalized-and-Tempered HT9

HTg 'ls a martensitic stainless steel based on Fe-lZCr-lMo. The nominal
composition is listed in Table E.2-L. Its time-temperature-transformation
behavior is such that at least one hour at high temperatures (700-800"C) after
austenitizing (>1000"C) is required to induce formation of ferrite/carbide
mixtures. Therefore, heat treatment definition is less critical to create
desired properties than with other heat treatable steels. Tempering is done
following a nonnalization-and-cooling step to create desired ductility and is
usually performed at 650-750'C to prevent formation and decomposit'ion of
austenite during the tempering process.

The properties.l'lsted in thls sect'lon are largely derived from the
Nuclear Systems Materials Handbook (Ref. 1), and some from the Alloy
Propert'ies Databook (Ref. 2) and those thermal properties determined under the
IFR program by Argonne Natlonal Laboratory (Chemical Technology Division).
HT9 has been adopted ln ASME code specil'icatJons as alloy 542100.
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Table E.2-1 HT9 Chemical Compos.ition

El ement l.le'ioht. tr

Carbon
Manganese

Phosphorus, max.
Sulfur, max.

Si I icon
N I ckel
Chromlum
Mo'lybdenunr

Niobium
Tungsten
Aluminum, max.
Vanadlum

0.17 -
0.40 -
0.015*
0.010
0.20 -
0.30 -
11.0 -
0.80 -
0.05 -
0.40 -
0.050
0.25 -

0.23
0.70

0.30
0.80
12.5
1.20
max.
0.60

0.35

*t{ote that 542100 specifies 0.040,
maximum; recent heats have been pur-
chased to the specification listed above.
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E.2.I Mechanical Properties

E.2. 1. 1 Irradi ati on Creep

The in-reactor creep behavior of HT9 is of a simpler
form than that exhibited by Ctl09, largely because there are no trans'ient terms
caused by the presence of mobile dislocat'ions from the as-fabrlcated cold-work
levels. A creep equation based solely on ex-reactor thermal creep behavior
has been developed for predict'lons above 600"C, where thermal creep often
domlnates (Ref. 3) and is effective to 750"C. Thls equation is represented by

E1. The purely irradlation-induced creep ls represented as E1 and has the
form,

E, = [Bo + Aexp t- f;fl] . E 1'3 (1)

where: I = effectlve stain, %

= effectlve stress, MPa

= 1.83 x 10'4
= neutron fluence L022 nlcn2 1Et0r1 Mev)

= 2,59 x IO14

= 73000

= temperature, K

= 1.997

Note that 'in the equation for the total creep straln, ;c (pg. 3) that there
are two terms, an irradiat'ion-induced term and a purely thermal term. The

second (therma'l) term'is small over this temperature range for low stresses
(<250 MPa,36 ksi). For high -l (625-750'9), thermal creep becomes very
important. The thermal creep component, "T, can be calculated using the
fol low'ing equation (see Ref . 3)

c

o

oB

0

A

a
T

R
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(2)

2

where

iT = 6Tp (Primary) * EtS (Steady-State) + Er, (Tert.iary)

Erp = [c1 exp t- l*l i + crexp (- $, t o * ,, exp (- $)

6 slt
)

; 0.51 ,
(1 - exp t-C4tl)

Err = c, exp t- #l t4

6Ts = [cu exp f- $l -o 2 *cu exp (-

-5o) A2 + Cu exp (-
Q4

R'T

irr = 4c, exp t- $l ; 10 t3

Q5

RT

and

10o

TT
+E+

TP=e:tT

Rate form: Constant temperature and stress

tTs

where:

rTS = CU exp (- Q.

-l
RT/

irp = [c1 exp t-lil i+crexp (-k, r4+c3 exp (-$, ro.ul ,o exp (-cot)

and
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The values for the constants in these equations are:

c1 = 13'4
c2=8.43x10-3
C3=4.08x1018
C4=1.6x10-6
c5=1.17x109
C6=8.33x109
C7=9.53x1021
Ql = 15022

Qz = 26q5t
Q3 = 89167

Qq = 831q2

Qs = 108226

Qo = 282700

The definitions for the other tenns in these correlat'lons are:

ET = effective thermal creep stra'in, X

P = gits constant = 1.987
t = time ln seconds
T = temperature, K

6 = effective stress, MPa

ET = effective thermal creep strain rate, S/s

These equations are valid for the following environment:

temperature range: 350-750'C
stress range: 0-250 MPa

The total creep strain E can be calculated using the sumration, E = EI + ET.
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E.2.L.2 Stress Rupture (blaxiat'toading)

Due to a lack of in-reactor stress rupture data, the
stress rupture correlation is largely based upon ex-reactor furnace testing
data assum'ing that 'in-and-ex-reactor behavior are similar. Recent M0TA
(Materials Open Test Assembly) data have shown that this assumption is most'ly
correct. However, the 'in-reactor rupture data show that the rupture times are
a little lessr €speCia]]y at low stress (Ref.4), so that attempts to compute
strain-to-fai'lure using in-reactor creep and ex-reactor stress rupture
corre'lations overpredict stra'ins at low stresses. In general, 3i un.lform
strain can be used to predict failure.

The stress rupture correlation to be used forn
unimadiated HT9 comes from the NSMH (section 10), and is given by,

HT9 Stress Ruoture

to910tr=A*$*$r.sroo (3)

High Stress
Low Stress

A

-32.490
-35.173

B

5778L
45858

c
-11800
-5563.1

where, o'= hoop'stress, MPa,
t" = time to rupture, hrs
T = temperature, 700 -< T 1 1100 K

The choice of high stress coefficients or low stress coefficients should be
made to correspond to the equation predicting the shortest tlme to rupture. A
plot of typical values obtained using this equation is shown in Fig. E.2.1-A.
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Stress rupture behavior at high temperature .is not
well-known and has not been characterized by a correlation. A plot of the
limited data'is shown'in Fig. E.2.1-8. Failure strains can be'large at these
temperatures (10-30%). Note that a transient correlation for cladding rupture
has been developed to cover a wide range of short-tlme, h.igh-stress, high-
temperature conditlons. The correlation can be found in Ref. 5.

E.2.1.3 Yietd Strenqth

The yleld strength of HT9 (unirradiated and
irradiated) is given by the NSMH equation below (Ref. 1). Note that the data
base for irrad'lation-affected properties was limited to fast fluences of 11 x
Lo22 n/cn?. The general behavior is to strengthen the rnaterial upon
irradlatlon at temperatures below 50OoC, and sllghtly weaken lt for exposures
about 600'C, 'likely due to overtemperlng.

HT9 Yleld S

now we' known ror this ,Tilj:";H;il;:-::-H :il1::l'::":il;":::::,il:
here is probably adequate for estimafion of minimum strength values.

The average yleld strength of HT9 can be ca'lculated
from the following ,'best-fit" correlation:

r#rt.-Ee €XP RTf

I
'ln o* F = Aoy (4)

F=B 1-0.5tanh (*t) 5*c
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(For
fi=
l.l =
l=
Q=
fl=

o*=
Q=
$=

[=

unirradiated properties set F = 1)
20000
5

0,L72
82000
L'-?8722 lTt - 640 \430 - 1e0 tanh \+f /
89640 - 53.79 rt
1 - 0.02 Ot
0.02 ot
425 + 10 ot

s

where, o, = 0.2% offset yield strength, MPa

G = Shear nodulus, MPa

Tt=Tk -273
Ti=T1-273
T1 = Irradiation temperature, K (723 K < T1 933 K)
Tk = Test tempbrature, K

0t = 1022. nlqnz, E > 0.1 MeV

e = Stna'in rate, s-1

1O-5s-l<e<10-2 1

ot <' 11. x Io22 nlcn2

E.2.1.4 Ultimate Tensi:le Strenqth

A correlation for the ultimate tensi'le strength of
unirradiated or irr"adlated HT9 is given'below based upon the yield strength
calculated in E.2.1.3. Note that all limltations to the correlation such as
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strain rate, temperature, and neutron fluence, are the same as those given in
E.2.1.3. The equation is taken from Ref. I (Sectlon 10).

HTg Ulr imate Ten sile Strenqth

o, = oy [1.1 - 0.1 tanh ({Z6O?9q)1, where

aT='Tt-Tl
ou = U'ltimate tensile strength, MPa

oy = YJeld strength, MPa (see E.2.1.3)
Tt = Test temperature , K

Ti = Irradiatlon temperature, 723 < Ti 933 K.

To calculate the unirradJated propertles set aT - Tt - 848 and use the
appropriate va'lue of or.

E.2. 1.5 Total E'lonoa ion. minlnum

The ductillty of lrradiated and unlrradiated HT9 are
very s'imilar and as such the corre'lat'ion for minlmum total elongat'lon does not
contain an irradiation exposure term.

HT9 I'linlmum Total Elongatlon

The m'inimum total elongation of both unirradiated and
imadiated HT9 is given by the equatlon:

(5)

e, = 9.97 + 1.34 x 1o-3 exp (;fu)

et = tota'l elongatlon, fl
Tt = Test temperature, 273 < Tt 973 K.

where,

(6)
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This equation for ductility was determined as a lower bound on the behavior of
HTg. Total elongation is predicted to be a minimum of about 10% under any
cond'itions.

E.2.1.6 E'lastic Moduti and pois rs Rat'io

Youngrs modulus (E), shear modu'lus (G) and poisson,s
rat'lo (v) for HT9, as a functlon of temperature are given by:

E=2.137x105- !o2.l4T
G=8.964x104-s3.7gT
u=(E/2c)-1

where, E and G are given in MPa

and, T is glven in oC.

The equatlons are to be used for temperatures of
O < T s g00"C. These equations are those given in Ref. 2.

(7)
(8)
(e)
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E.2.2 Physical Propertles

E.2.2.1 Void Swelllng

The correlation to be used for vo'ld swelling of HT9
'ls that g'iven ln the t{SllH. Note that the data base suggests that HT9 may

never show significant swelling, regardless of fluence, although transmisslon
electron microscopy has revealed a few vo'lds at low temperatures (-400"C).
The equation form has been taken from the swelllng behav'lor of austenitic
alioys. It mqy be Just as accurate to use aV/Vo = 0 for all cases and omlt
the equation for swelllng predlction.

HT9 Vold Swelllnq

Swelllng ls deflned as volume change, aV/Vo,

aV

% =$ +0o

where So 1s the fractlonal volume change due to vold formatlon and D ls the
fract'lonal volume change due to solld state reactlons

So = (0.01) Rtot *1tn tffilf
and D = (0.01) (0.15) [1 - exp (-0.100t)]

where: R = 0.085 exp [-1 x 10-4 (T - 400)2]

c = 0.75
6t = l{eutron fluence, LO22 nlqrl (E r 0.1 MeV)

c = Curvature parameter, $ozz n/s621-1
r = Incubation parameter, LO?z n/cn?

(E ' 0.1'MeV)

(1)

(2\

(3)
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T = Temperature, 'C (applicable range is
380-700.c)

R = Steady state swelling rate, % per tO22
n1cn2 (E t 0.1 Mev)

Note that the prec'lp.itation-induced volume change, D, 'is positive for HT9: it
is a: densification (negatlve 0) for Cl{09.

E.2.2,2 Thennal ExPansion

NSMH (Ref. 1) thermal expansion correlations are
glven to descr'lbe the behavlor at temperatures up to the ferrite (martensite-
to-austenite transformation. Recently ANL-CI-,IT (Chemlcal Technology Division)
has extended measurement of the behavior to 1200K (Ref.6); Fig. E.2.2-A shows
a plot of the thermal expansion in the region of transformation.

An equation to describe thermal expansion up to the
transformation temperature is Eiven by:

aL/Lo=-Q.16256+1.62302x 10-4t +1.42357 x 1o-6t2- 5.50344x 10-10T3 (4)

where, aL/Lo = elongat'ion, t
293<T<1050K

E.2,2.3 Thermal Conduit'ivity

Thermal cqnductivity of HT9 has been measured by ANL-
CMT (Chemical rechnology Division) to extend application to 1200 K. The
correlation is g1'ven as plotted in Fig . E.?.2-8.
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\=29.65-d.668x 1o-2t +2.L84 x 10-4t2- z.sz7 x 10-7T3* g.6zL x l0-11T4 (5)

The thermal conductivity, t, is in l.l/m'K and the temperature, T, is in K.

The actual variation ln thermal conductiv'lty 'is

fair:ly small over the temperature range studied. 0f more sign'if icance could
be the structura'l changes resujtlng from the lndicated phase trans'ition. It
should be emphas'ized that the transjtlon is fairly rapld on increaslng
temperature, but very slow when the temperature is decreased. We plan to
exp'lor:e this effect fUrther by perform'ing thermal expansion measurements at
various heating/cool ing rates

E.2.2.4 Oensity

The correlation for density of HT9 as a function of
temper.ature has been extracted from Ref. 2. The equat'lon is:

p=a+bT *(6)

where, p = Densltvr g/cm3

T = Temperature, oC

a = 7.778
b=-3.07x10-4
(0sTs800'C)

Note that density calculations beyond the 800'C llmit cannot be made with this
equation as the ferrlte-to-austenlte transitlon creates volumetric straln
which should be factored in.



METALLIC FUELS HANDBOOK

REFERENCES
Sectlon B.1

Rev. No.1
Effectlve Date: 6/88
Page No. 1

References for Sectlon 8.1

1. G. B. Fedorov and E. A. Smlrnov, ?hernodgnaaic propertles of uranjua-
zirconium Arloss, At. Ehnerg. 4, 54 (1968); Engllsh translation: Sov.J. At. Energy 25, 795 (1968).

2. P. Chlottl, V. AkhachinsklJ, I. Ansara, and M. H. Rand, rhe chellical
Thernodgnaalcs of Actinide Eleaents and Coapounds, Part 5, The Actiniile
Btnats ArToss, Internationa:l Atomlc Energy Agency, Vlenna (1981).

3. F. K, 0ettlng, M. H. Rand, and R. J. Ackermann, rDc chenlcat
l[hernodgna.olcs of lctjnjde Bletents ald @npounds, Patt !, The lctinlde
Eteacnts, Internatlonal Atomlc Energy Agency, Vlenna (1976).

4. R. Hu'ltgren, P. D. Desai, D. T.-Hawklns, l,l. Glelser, K. K. Kelley, and
D. 0. t'lagman, Selected Ya-Lues of t}re Thetndynaalc Ptopertles of the
Ereaents, l{i'ley, New York (1973)o

5.

6.

7

8.

9.

10.

G.. B. Federov, E. A. Smlrnov, !1. A. l,lakhlln, and P. I. Kallnin, Moscow
Englneerlng-Physlcs Instltute,_rberooaylaatg^e19p9!gieg of A-tloss ot the
zirconium-teioDJua sgsteo, At. Ehnerg. ZLr 189 (1966), Engllsh
translation: Sov. J. At. Energy 2L, 837 (1966).

A. D. Pe]ton, Calculattons of the Llquldus Ja tlre Plutontvl,-tl'ranlq{,-
zircontun sgstea, Argonne ilatlonal Laboratory Report ANL-IFR-12 (1985).

H. Savage ) Heat @ntent hnd Heat capacltg of U-7lv1o-P_u-70w/olr a4d .U-
i.5v/opu-6w/ori Alloss, Annual Progress Report for 1966, Metallurgy
Dlvlslon, Argonne ilatlOnal Laboratory Report, ANL-7299, 2L-22 (1967).

R. J. Dunworth, B. Blumenthal, and 0, L. Kruger, PrutonJul.phgqlcat
properties &aboratorg - DL2og) Annual Progress Report for 1961,
Metallurgy Dlvlslon, Argonne llatlonal Labor"atory Report,',Ail1,6516, 403-
407 (1962).

G. E. iloore and K. K. Kelley, aigtr reaperature lleat content of uranium,
uraniv.a oxide and linaniun TrToxlde, rl. Am.. Chem. Soc. 69, 2L05-7 (1947).

D. C. Glnnings and R. J. Corrucclnl, Enthalpg, Specific Hent antil Enttropg
of Aluainlnun o*ide froa 0" to gooc", J. Research l{attl. Bur. Standards
39, 309 (1946)

J. M. l{orth, SkuII tteltlng and centrifugal castiag Bxperinents on
l,tonocarbide Produced bg the Carbotierajc Reductjon of Uranium OxLde,
carbiites in lrucfear BneEgv 2' Atomic Energy Research Establishment
Report, Havvell, Eng., l,l/R 1016 (1956)

11



METALLIC FUELS HANDBOOK

REFERENCES
Sect'lon B. 1

Rev. No.1
Effective 0ate: 6/88
Page No. 2

L2. H. Savage and R. D. Selbel' Eeat capacitg studjes of utaniun and uranium-rlssiu.a AJrossl Argonne l{atlona'l Laboratory Report, A}lL-6702, 27 (1963).
13. E.A. l'lltrklna, ExperJaeatal ,ctenlnatloa of True SpecJfIc rfeats ofIlranl.un, ?lroriur, aad ot otrer nctars, Atomnrya Eneigy 7.5, 163 (1959).

15.

f:-!:. Levlnson, Ireat content of ryolten uranJu.l, J. Chem. phy. 40, 35g4(1964).

q. :1. Blunrenthal, me ?ransfonatioa Tenperatures of Hlgh puritg Uraniu.o,J. Nucl. ilat. ?, 23-30 (1960).

16.' R. ll. Buzzard, R. B. Llss, and 0. P. Flckl€, fitaalua-uraalu.a sgste! Jntlre Region 0 to 3o Atorlc Perccat of Titaalul, J. Research l{at'l Bur.
Standards !0, 2@ (1953)

L7. !:_C:-gdy-!l-d.F. l{. Boulger, uraaJu!-firaalur AIIog sgste!, J. Met. 6,
2O7-2L0 (1954).

14.

19.

24.

25.

A. I. Dahl and H. E. Cleavesllatrl. Bur. Standards 43. 51
, I!t,e Freezing poJat of l/,Iaalun, J. ReSearch
3 (1949).

19. R. J. Ackerrnann and E. G. Rauh, Dcteminatloa of rlguJdus Curves fot theTh--lf, th--?a, Zr-:llt aait Hf.,-lt Sgsteas: ?fhe Anoaalous 8e}avioz ofrletatllc ?toriua, Hlgh Temp, Scl . !, 2lZ (Lgl?r.
20. R. J. Ackennann and E. G. Rauh, trersureaeats of t.be soluDirJtJes arrd

Dettved theraoilynaric Propertles of fungstei ana Tantalun in Ltquidrhorlua and r/raniurr. tllgh Temp. Scl . 4, 490 (1972).

2t. H. P. Stephens, Detcraiaation of tfte Entharpg of Ltqurit copper anil
thaal.um ritlr. a EIguJd Atgoa catorlaeter, Hlgh Tenp. Scl. !r'156 (1974).

22. l{. L. Thqyer and J. L. RobblnS, Eattralpg and Eeat capaclty of Liquiit
Prutoaiua and uranJur, Proc. Sth Int. Conf. on Plutonlum and 0therActinldes, Baden-Baden, Karlsruher Germany, (1975).

T. K. Engel, Reactor Fucls aad l{ateelals Deve-totrqtt Plutoajua Researclr,
Mound Laboratory Report trtLl.t01347, l,fiamlsburg, 0hlo (!9021. '

A. E. Kqy and R. G. Loasby, fDe Specl flc Heat of plutoniun at High
reaperatures, Phll. Mag. 9, 37-49 (1964).

T. A. Sandenaw and R. B. Glbney, Ecat capaeitg and Derl.ved Theraodgnaatc
Funcr.ions or 242pu, J. Chemica't-Thennody-namlci lr 85 (1971).

!, C. Tqylor, Atornlcs Weapons Research Establlshnent (British),
Aldermaston, private comrunication to F. L. Oettir9, M. H. Rand, and R.J. Ackermann (1966).

26



METALLIC FUELS HANDBOOK

REFERENCES
Section B.1

Rev. No. I
ElFfectlve Date: 6/88
Page No. 3

27.

30.

Plutonlum and Other Actlnldes, Sante Fe, Nl,l, lrlet. Soc., New
( 1e70) .

Int. Conf. on
York, 154,

28. J. C. Taylor, P. F.. T. Llnford, and 0. J. 0ean, Lov-teaperatule Et,astjc
CoDstants and Specif.lc l{eats of Sole Delta-Phase plutonjut-Ga-l.lju.a
rllloss, J . I nst. l,letal t ?6, 178-82 ( 1968) .

29. R. L. Rose, J. L. Robblns, and r. B. l,{assalskl, aeat content and, Heat
Capacltg of a Pu/]. lft PetceDt Ca DeLta-sta.bi-tl zed A77og at B]evated
?eaperatur€s' J. Nucl. Mater. 36, 99-107 (1970).

31.

32.

33.

34.

35.

36.

37.

R. G. Loasby, Dlscussion of pape.rs, Proc. 2nd Int. conf. plutonium
Metallurgy, Grenoble, 97 (1960).

f. Gollbgrg and_T. B. lrlassa1skl, etrase ?ransfoxnation in the Actinides,
Proc. 4th Int. Conf. Plutonium and 0ther Actinldes, Sante Fe, NM,Metallurglcal Society, 875 (1970)

C. Prunler, C. Roux, and J'{. Rapln, &,apated Study of the plutoniua
Transfotmatlon aeats as Deterolned bg enthllptc tlalgsJs and by ttre Useof High pressure, PrOc. 4th Int. Conf. Plutonlum And Other Actinides,
Santa Fe, Nlrl, Met. Soc., l{ew York, 1001 (1970).

J. l{. Anderson, Studles on tlre Equtllbriua of.feaperatu.re for t}le alpha-
Beta Transforaatjon, 3rd Int. Conf. on Plutoniumr- London, Institute -of
Metals, (1967).

T. K. Enge1, K.C. Jordan, 0. ll. Scott, and G. I'1. Otto, A High ?eape.rature
CaTotineter for The^taal P.ropettg itglsqlerenls of plutonjua ietal r- US
Atom'ic Energy Corm{sslon Repor:t, TIE-7641 ,(1962)f

J. D. Hlll, -Explorlng tle fiaas totnatl.on Seiaylour otr tlre Allotropeg ofFlutontua, J. Less-Cormon tletalS !, 376 (1962)?

E. M. Cramer, L. L. Hawes, H. N. Mlner, and F. l,l. Schonfeld, rtre
DiTatonetrg and thetnal Analgsis of Plutonju4 ,rtetal,'r The Metat PlutOnium,
{.S. Cofflnbelly gld !: N. l.llner, eds., University of Chlcago press,
Chicago, IL, 112 (1961).

R. Abramson, A oiTaionetrJc Studg of prutonruo, The Metal Plutonium, A.
S. Coffinberry an9 !.. l{. Mlner, eds., Unlvers{ty of Chlcago Press,
Chicago, IL, 123 (1961). .

J. A. Lee and P. G. Mardon, soae PDgslcal Propertles of Pluton lua Hetal
studied at Hatvell, The Meta'l P'lutonlum, A. S. Cofflnberry and l{. N.
Mlner, eds, Unlverslty of Chicago Press, Chicago, IL, 133 (1961).

38.



METALLIC FUELS HANDBOOK

REFEREI{CES
Sectlon 8.1

Rev. No.1
Effectlve Oate: 6/88
Page No. 4

39. R. PaSCard, studg bg Thernal Analgsis of t-l-lotropjc Transformations ofplutoajun, Acta t-letallurgica Z, 305 (1959). -

40. T.A. Sandenaw and R. B. Glbney, ?lre Etectrlcal Reslstivitg and, Theraatconductivitg of plutoaiua xetal,, J. phys. Chem. Solids O,-91 (1959).
41. S. T. Konobeevskyr-et al., Soae Phgsical propertles of lbanium, p-lutonjua

aad rlrctr Alross, Peaceful Uses of Atomlc Energy, proc. 2nd Int. Conf.,Geneva, Unlted ilaHons, q 194-203, (1959).

42. D. J. Dean, A. E. -Kdy, and R.G. Loasby, ryote oa ttre speci f ic Heat ofpr,utonJua r{etal, J. Inst. lletals 90, 464 (1959)

43. 9-r Rr Jeltet-poae Plrgsical Propertles of plutoaiur rfcta-I, J. Chem. Phys.
?3, gos (1955)

44. T: B. Douglas and A. C. Vlctor, Heat @ntent ot Zlrconiua and of Ftve
lonposttions of ^zl.I99!iuo rrgdride fron 0 to 9O0"Ct J. Research Natrl Bur.. Standards 61, 13 (1959).

45. F. M. Jaeger and hl. A. veenstra, Rec. Trav, ch.lm. sg, tg (195g).
46. I. B. Fleldhouse qld J. f. Lang, rcasurcrbnt of t'?retnal prope.rties, lrlADDTehcntcar Report 60-904, Armoui 

- Reseaiitr-Fliunaitton-Tigeij .--
47- R. F. Redmond and".l. l-ones, Entharp-tes and Heat capaejtjes of stalnressSteel (316), Zircoaiuo, aait Lithiu! at Blcvated reaperatures, Oak R'ldgeNatlonal Laboratory Report ORNL-1342 (1952)

48. G. B. Sklnner, lhetnodgnanlc andstruclural propert-les of zlrconiuaPh. 0. Thesisi Dlssertatlon Abstracts Internatlbnal Chemlstry, Physlcal,
!.919!, Ohlo State Unlverstty, 1646 (1951).

49. J. P. Coughlln and E. G. Klng, utgh-teoperature Eeat @ateats of so6ezircoalur-contaialag suDstaaces, J. Am. Chem. Soclety 72, 2262 (1950).
50. A. H. Kleln and G. C. 0anlelSohl speclfic Eeat of zlrconlur Dy a purse

\ea.t!ng retlo{r Proc. Black HlIis :Sunncr" Conf. on'Trinsfoii itrenom.,--
south Dakota school of illnes and rech., Rapld clty, M,'41 (1962).

51. J. L. Scott, A CaToti.netrlc lavestiga tioa of zircoaiua, Tltaniua, andzirconiua Allogs fron 60 to 96ooc, Oak Rldge Natlonal Laboratory Report
oRNL-2328, (1957).

52. S. D. Gertsrlken and B. P. Ukraln, Flz. Zhur.7.43g (1962).

! ,.)



METALLIC FUELS HANDBOOK
REFERENCES
Section 8.2 Rev. No.1

Effective Oate z 6/88
Page No. 5

for f Section B 2

1

2.

3.

F

6.

7

10.

0. R. 0'9oyle and A. E.^Dwight, The uraniun-plutonium-zirconiun ArtogSeslea, Proc. 4th Int. Conf. on Plutonium and Other Act'inides, Santa-Fe,
NM 970, Met. Soc., New York, 720-32 (1970).

D. R. 0'Boy1e, H. V. Rhude, and B. Blumentha'l , erogress in tt,eDeveTopaent of Fasr-Reactor Fuel,s, Trans. Am. Nuc. Soc. 9, 1 (1966).

(u) Mound_Laboratory, Reactor Fuels and I'laterials Deve'lopment, pluton.ium
Research: January-March 1066, MLil-1346 (1967).(Ul Mound_ Laboratory, Reactor Fuels and'tlateiials 0evelopment, plutonium
Research: 1966 Annual Report MLM-1402 (1967).
{c) Mound Laboratory, Reactor Fue'ls ana ilaterials Development, plutonium
Research: January-June 1967, MLl,l-1445 (1968).(d) P. 0. Tucker, 0. E. Etter, and J. N. Ge6trart, ehase study ofutaniua-pfutoniun-zirconiun Atrogs, Trans. Am. Nuc. Soc. 11, 99 (1969).
F. L.0etting, M. H. Rand, and R. J. Ackermann, The cheaical
Thetnodgnaajcs of Actinide Eleaents a.nd Conpounds, part I, The ActinideEteaent,s, International Atomic Energy Agency, Vienna (1976).

l. lrltgren, P. D. Densai, D. T. Hawklns, M. Gleiser, K. K. Kelley, andD. D. l'lagman, selected vaJ,ues of the Thernodgnaaic propertjes of theEt-enents, Am. Soc. Met., Metals Park, 0hio (1973)

c. s. Barett and T. B. Massalski, srructure of tletars, Third Ed.,McGraw-Hi1l, New York (1966).

B. J. Blumenthal, rransfornation ?eoperatures of High purity graniurn, J.Nucl. Mat. 3, 23 (1960).

A. D. Pelton, CalcuTation of the Liquidus and soljdus in the pLutoniua-
Ilraniun-zirconjua sgstea, Argonne Natlonal Laboratory Report ANL-IFR-12
( 1e85)

T. B, Massalski, ainary-.A7rog phase Diagraas,, American Society of Metals,Metals Park, 0hio (1986)

l. ltu'ltgren, P.0.0esai,0. T. Hawkins, M. Gleiser, K. K. Kelley, andD. D. t'lagman, Sel,ected Va.Lues of the-Thernodgnaaic prope.ritjes of BinargAttoss, Am. Soc. Met., I'letals Park, 0hlo (1973).

Rt P. E11iot, consrjtution of Binarg Alloys, Fjrst suppreaent, McGraw-Hill, New York (1965)

4

8

9

11.



METALLIC FUELS HANDBOOK

R EF IREN CES
Section 8.2

(

Rev. No. 1
Ef fect'ive Date : 6/89
Page No. 6

12.

13.

14.

15.

16.

L7.

18.

19.

20.

Fue
Cha

R.
Titr
(a)
Div
(b)

Boucher and P. BarthelBfl1t, coaparjson of the Aj.to, u1pu,. zr, Argonne National Laboratory ANL-Trans_anslation by B. Btumenthtat of CEA-R-2531 (1964).

9
1

s U-Pu-ilo, U-Pu-Nb,
38 ( 1964),

L. R. Kelman
ision, Argonne

L. R. Kelman
.ls, Int. Conf.
pman and Hal 1,

et al., Annual Progress Report for 1965, Metallurgy
National Laboratory ANL-7155, l4-ZS (1965).gt al ., Status of l,tetaTLic plutonium Fast power-Ereeder
on P'lutonium 1965, A. E. Kay and M. B l,,laldron, eds.,
London, 458 (1967).

D. R. Harbur, J. [,l. Anderson, and t,l. J. I'laramaflr studies on rhe u-pu-zr
4l!qc sgsteo for Fasr Breeder Reactor Apptications, Un'iv€rsity of,
Cal iforn'ia, LA-4512 (197C).

t.l..F. Murphy, l.l. N. Beck, F. L. Brown, B. J. Koprowski, and L. A.
Ng'i mark' Postirradiation Exanination of lI-Pu-Zr FueI Elenents rrradiatedin EBR-rr to 4.5 Atoaic Percent Burnup, ArgOnne National LabOratory ANL-7602 (1970).

F. H. Ellinger, tl. N. Miner,0. R.0,Boy'le, and F. H. Schonfeld,constitution of Plutoniua Arroys, Los Alamos Sc'ientif,ic Laboratory l-A-
3870 (1968).

Reactor.-Development Progran Progress Report, September 1965, ArgonneNational Laboratory Report ANL-7105, 23' (1965).'

P. chiottl, v. AkhachinskiJ, I. Ansara, and M. H. Rand, The chenicat
Theraodgnaajcs of Actinide EJ,eaents and coapounds, part 5, The ActjnjdeBinars Atroes, International Atomlc Energy Agency, vienna (1976).

A. D. Pelton and L. Leibowi tz, calcu-ldtjon of 'the Liguidus and solidus jnthe P-lutoniun-utaniu:,a-zirconjua sgstea, ANL-IFR-!3, August,lgBB.
L. Leibowitz, rFR Honthrg Report for octobet t987, ANL-CMTI-9438,
November 1,1987.



METALLIC FUELS HANDBO9K

REF ER EN CES
Sect'ion 8.3

Rev. No.1
Ef fect'ive Date z 6/88
Page No. 7

1 Y. S. Touloukian, R. K. K'irby
phgsical Properties uatter 12
A11oys, Plenum, New York (1m

Refererres for Section 8.3

R. E. Taylor, and P. D. Desa'i , Therno-
Thermal Expansion, Metal l'ic Elements and

t
t
s)

5

6

2

3

4.

7

8.

9

11.

A. V. Grosse, J. A. Cahill, and A.0. Kirshbnbaufi, Densits of Liquid
uraniyn, J. Am. Chem. Society 83, 4665-6
( le61) .

l{. G. Rohr and L. J. W'ittenberg' Reactor Fuels and uateriaLs Devetopnent
PLutoniua Research, -Januarg--Juae 1967, MLl.l-1445, 2-L3, MoUnd Lab.,
Miamisburg, 0hio (1968).

J. ld. Shaner, Thernal .Expansion of lletals over the Ent,ire Liquid Range,
Thermal Expans'ion ! 69, Proc. 6th Int. symposium on Thermal Expans jon, i.D. Peggs, €d.,69, August 29-31, L977 (1977).

|{. D. Drotningr fe1s1 tg and rheraar,Expansion of Liquid u-Nb AtTogs, High
Temperatures - High Pressures, (England), 14, No. 3, ZS3-258 (1992)

C. L. Rosen, N. R. Chellew, and H. M. Feder, The r{ett Refining or
Irradiated lJraniun: A$pTication to EBR-II Fast Reactor FueL IV,
Interactjon of uran'ium and Its A11oys with Refractory Oxides, NuclearSci. and Eng !, 504-510, (1959).

N. Asami, M. Yamada, and S. Takahashi, eressure-tenperature piase Diagraaof uraniuq t49r?4, N]ppgn K'inzoku Gakkaisi 31, No. 4, 389-94 (1967); ChemAbstract 67 84382U 1967.

0. B. Tracy, Argonne National Laboratory, Frivate communication (1985).

H. A. Sa1ler, R. F. Dickerson, and l.l. F. Murr, Ilranium ArJogs for High-
Tenperature Apprication' Battelle Memorial Inst. 0hio Report, BMI-1098
( le56)

F. A. ROugh, An Evaluation of Data on Zirconiun-(traniua.AJloys, Eattelle
Memorial Inst., Columbus, Ohio Report BMI-1030, (1955)..

R. Boucher and P. Barthelemy, coaparjson of the Attogs u-pu-ti!o, u-pu-Nb,
u-pu, ri, u-pu-zt, ANL-Trans-138 (1964), translation by B. Blumenthal,
CEA-R-2s31 (1964).

10



)

METALLIC FUELS HANDBOOK

REFERENCES
Section 8.3 Rev. No. I

Effective Date: 6/8&
Page No. 8

12. (a) Argonne Nat'iona
Report for 1965, ANL(b) L. R. Kelman, H
and H. V.. Rhude, staplutonium 1.965,'n. E
London, 458 (1967).

13

I _Laboratoly, .t|gll]1urgy .0iv.ision, Annual progress
-71s5 , t4-2s (196s).. Savage,C. M. l,la'lter, B.Blumenthal , R. J. 0unworth,tus of I,letaTTic Plutoniua Fast pohrer-greeder Fue-Is,. Kay and l,l. B. l,laldron, eds., Chapman and Ha11,

D. R. Harbu.r, J. l.l. Anderson, l,l. J. Maraman, studies on the u-pu-zr Artogsgstea for Fasr.Breeder Reacror AppJicatiorr", Los Alamos, LA-4512 (tg7oj.



METALTIC FUELS HANDBOOK. i.,1,

I

REFERENCES
Sectlon C.1

Rev. No. I
Effective Date: 6/88

9

References for .Sectlon C.1

1

2.

3.

4.

5.

6;

I

9.

10.

Y. S. Toulouklan, R. K; Klrby, R. E. Taylor, and p. 0..-[).€sal,;..,
rlreraophgsJcat propcrtJes of .{atter,'Thermal Conducfi vI t.u. ..Meta
Elements and Alloys I, IFI/Plenum, New York (1970).

lll,c

7

J. H. Klttel et al., propertjes of pue-Ls for.lrtbrnaie Breede-r Fue-t
cseres, Argonne Natlonal Laboratory Report, At{L-AFp-38, 134 (1927);

H. A. Saller, R. F. Dlckersonr_A. A. Bauer, and N. E. Danlelgr p:opertjes
of a PlssTon-rspe Arrosl Eattelle l,lemorlal Inst. Report Bltl-1i23 (.tgSO).

S. T. Zegler and M. V. Nevltt; structure and propcrties.of ,utantl,ua+, ipJsston Alross, Argonne Natlonal Labo-ratory lepor:t nn,l;-6tr16 [9,61)_;,

R. A. Dl Novi, Effect of Butnup, swerring, and tttaii.tjon t"r*t;ir:re onlhernal DiftuslvitV aad @nductlyltg of Uraaiud:Etsg.Cq3 AJIogl.;.NrgOnneNatlonal Laboratory Report ANL-7886' (L972'). - 
:::- rr,,

['1. N. Beck and R. J. Fousek, ra-Plle reasureaeat of plsslon cas'*"rr"r"
anil Change jn ?heraar conductlvttg fot.II-5,1t.$ rs tfl:oyr T:!-C!s. Aqt. l{uc.
Soc. !f, 1-78 (1969). 1,..::r,',. \.i ., : t, 

.

;s of U-5 trt.t Flssftn A77o.t Theraal
condycttvitgl. Trans. Alt.,Ntic. Soc. So ''239,-24A G985). ','.,' - -

G. L. HOfmanr A ReexaoJnation of the Role of PissJoa ,P-roduct s, in ttk-rr ,.
ruer aihavtor, Ar"gonne Natioria'l Labonatory Memo ,(1979). '

D. L. Porter, Argonne Natlonal Laboratory, personal conmunlcatJon (1985).

L... Leibowltz. and er. !9le9rlg; 11e1a ar.unaucttvite *rut"rcats, lnternal
ANL memo to L. C. l{alters, April 30, 1987.















 

 

 

  
 
 

 

Nuclear Science and Engineering Division 
Argonne National Laboratory 

9700 South Cass Avenue, Bldg. 208 

Argonne, IL 60439-4842 www.anl.gov 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Argonne National Laboratory is a U.S. Department of Energy laboratory 

managed by UChicago Argonne, LLC 

 

http://www.anl.gov/



