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LEGAL NOTICE

This report was prepared as an account of Govemment sponsored work. Neither the
United States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, express or implied, with respect to the
accuracy, complet s, or useful of the information contained in this report, or that
the use of any information, apparatus, method, or process disclosed in this report moy
not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from
the use of information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission includes any

employee or contractor of the Commission, or employee of such contractor, to.the extent
that such employee or contractor of the Commission, or employee of such contractor pre-
pares, disseminates, or provides access to, any information pursuant to his employment
or contract with the Commission, or his employment with such contractor.
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ABSTRACT

This report contains currently available property data on
high temperature nuclear reactor compounds (UC, UN, and UOZ)’
ceramic dispersions (A1203-U02 and BeO-UOZ'), and cermet (Mo~
UC, -UN, and-UOz) fuels and potential claddings (Cb, Ir, Mo, Re,
Ta, Ti, V, and W). This handbook is one of three volumes that
have beencompiled under the direction of the Atomics International
SNAP General Supporting Technology Program. Volume I con-
tains information on the current status of liquid metal technology,
while volume II contains information on the current status of hy-
dride fuels and associated coatings and claddings as well as a

brief description of SNAP 2, 8, and 10A fuel elements.
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INTRODUCTION

A thorough knowlédge of relevant fuel and cladding properties

is a basic requirement of effective high temperature reactor de-

sign, The purpose of this handbook is to collect most of the

—

available property data and present this information in a consis-

tent and systematic form as an aid to engineers designing compact

| g

high temperature nuclear reactors, The present work is not in-

tended to be all inclusive. The materials considered in this hand-

PR

|

€

book as potential high temperature nuclear reactor fuels are UC,
: UN, and UO, compounds; A1203-U02 and BeO-UO, ceramic dis-
Lf persions; and Mo-UC, -Un and -UO2 cermets. Potential elemental
claddings included in this report are columbium (niobium), iridium,
b molybdenum, rhenium, tantalum, titanium, vanadium, and
tungsten,
L; To facilitate the addition of information, a loose-leaf format

has been adopted., Periodic revisions will be performed to incor-
porate current property data in this and other SNAP TECHNOLOGY
HANDBOOKS, '

- €
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1.0 COMPOUNDS

1.1 COMPOSITIONS

1.1.1 Uranium Carbides?

Uranium monocarbide (UC) contains 4.8 wt % carbon, while uranium
sesquicarbide (U2C3) contains 7.0 wt % carbon, and uranium dicarbide (UCZ)

contains 9.2 wt % carbon. UZC3 decomposes to UC + UCZ above 1800°C (3272°F).

1.1.2 Uranium Nitrides (1.1,1.2)

Uranium mononitride (UN) is the stable compound containing 5.56 wt %
nitrogen while the uranium sesquinitride (U2N3) is stable only to 1300°C (2372°F)
and the uranium dinitride (UNZ) is stable only to around 700°C (1292°F). Both
U2N3 and UN2 decompose to UN plus nitrogen at temperatures above those men-
tioned above.

1.1.3 Uranium Oxides™!

Stoichiometric uranium dioxide (UOZ) contains 11.85 wt % oxygen. With
the addition of excess oxygen U409 is formed containing 13.14 wt % oxygen. As
more oxygen is added U,O, is formed containing '13.56 wt % oxygen, but is un-

377

stable above 200°C (392°F). U308 is then formed containing 15.20 wt % oxygen.

With still more excess oxygen UO, is formed containing 16.78 wt % oxygen.

3

NAA-SR-8617, Vol II
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1.2 PHYSIOCHEMICAL PROPERTIES
1.2.1 Physical

1.2.1.1 Phase Diagrams and Crystal Structures

Figure 1.2.1 best represents the phase relationships of the uranium-
carbon system. - Uranium carbides have strong metal-carbon bonding and weak
metal-metal bonding within the crystal structure itself. 16)  The crystalline struc-
ture of UC is fa.ce centered cubic (f.c.c.) with a lattice constant (a.o) in the range
of 4.96 £ 0.01 A at room temperat:ure.(l S1:43)
(b.c.c.) crystalline structure with a lattice constant (25) of 8.088 = 0.001 A at
temperatures less than 1700°C (3092°F). (1.5,15,18,1.14,1.13)

tetragonal (f. c.t.) crystalline structure with a side lattice constant (ag) of 3.52 =

U,C3 has a body centered cubic
UC, has a face centered

0.01 A at room 1:empera.ture(1 8,110,119 554 also at temperatures below 1700°C
(3092° F).(l ®  Hallse' 1.9) reports a value for a, of 4.96 A at room temperature
which is in disagreement with other investigators and is probably wrong. The
other lattice parameter (c,) for UCp is in the range of 5.95 = 0,05 A at room
temperature.(1 5,156,1.8,1.10,1.15) 14 ohould be noted that UC2 undergoes a phase trans-
formation at 1800°C (3272°F) from f.c.t. to f.c.c. with a lattice constant (ag)

of 5.47 .z;.(l‘m) Ferguson, et a14” presented an experimental equation for find-

ing the lattice parameters of UC and UC2 as a function of temperature which is

‘given below.

For UC:
ag = 4.9592 [1 + (10,98 = 0.08) 10°61| £ 0.0015 & (L2,
ag = 4.9601 A at 20°C co(1.2.2)
For UC;:
a, = 3.5256 [1 + (16.56 = 0.23) 10767 £ 0.0005 A .. (1.2.3)
ag % 3.5266 A « ... (1.2.4)
¢y = 6.0012[1 + (10.43) 1071 ... (1.2.5)
c, = 6.0023 A 2t 20°C ... (1.2.6)

where ag and c, are in units of angstroms and T is in °C.

NAA-SR-8617, Vol III
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Apparently three phase diagrams have been constructed for the uranium-
nitrogen system, using high purity uranium-nitrogen materials. The U-N phases
are directly affected by temperatures, as well as the environmental nitrogen pres-
sure, as illustrated in Figures 1.2.2 - 1.2.4. At nitrogen pressures above 2.5 atm,
UN melts congruently at 2850°C as shown in Figure 1.2.4. The 10 ppm shown in
Figure 1.2.3 is the estimated nitrogen solubility in uranium at the uranium melt-
ing point. Since a uranium-UN eutectic is believed to form, the solubility of
nitrogen in solid uranium is believed to be lower, perhaps ~lppm. Of the three
compounds that areknown to exist, UN is the stable one. At 5,1, and 10"4 atm
of nitrogen, UzNj is stable to 1520, 1345, and 780°C, respectively. Higher pres-
sure and lower temperature favor the formation of higher nitrogen compositions,
such as Uszl'm) . UN has a face centered cubic (f.c.c.) crystalline structure
with a, = 4.880 A.(I.Z_) The crystalline structure for UNj is body centered cubic
{b.c.c.) with a‘o = 10.678 ;X, while for UN, it is body centered cubic (ideal fluorite

structure type) with ap = 5.31 = 0.01A. m

The phase diagram of the uranium-oxygen system is presented in Fig-
ure 1.2.5. The crystal structure of uranium-oxygen systems is difficult to de-
termine. Most investigators do agree that UO, is f.c.c. (fluorite type) with
ag = 5.470 £ 0.001A (120,120

NAA-SR-8617, Vol III
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1.2.1.2 Density

Table 1.2.1 lists the theoretical densities of uranium-carbon, uranium-
nitrogen, and uranium-oxygen compounds. Also included in this table are theo-
retical densities obtained from x-ray data (191.10,1.14,1.20,1.27,1.28) 1y, density data

as a function of temperature are available. Figure 1.2.6 illustrates graphically

the effect of carbon on the room temperature density of the uranium-carbon sys-’

tem; similarly, Figure 1.2.7 shows the effect of oxygen on the uranium-oxygen

system.

TABLE 1.2.1

DENSITY OF FUELED COMPOUNDS
AT ROOM TEMPERATURE

Theoretical
Compound Density Reference
(gm/cc)
ucC 13.56 1.5
13.63 1.9,1.10,1.27
U2C3 12.88 1.5,1.14
UCZ 11.52 1.5
UN ' 14.32 1.10
U2N3 11.24 1.77
UN2 11.73 1.77
UO2 10.96 1.20,1.28

NAA-SR-8617, Vol III
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1.2.1.3 Melting Point

Table 1.2.2 presents the melting points of the uranium compounds con-
1.5,1.1
sidered in this handbook. U,Cj;decomposes above 1800°C into UC and UC,. " "

U2N3 and UN, also decompose but at 1300°C(2372°F)and 700°C (1292°F), re-

spectively.

(1.2)

while some were in hydrogen, helium, and argon

(1.34)

TABLE 1.2.2
MELTING POINTS OF URANIUM COMPOUNDS

Some of the UO, melting point data were obtained in vacuum,

(1.18,1.33)

atmospheres.

: Melting Point
Compound (°C) | (°F) Reference

UucC 2375 £ 25 4307 £ 77 1.5,1.29
2280 £ 50 4136 £ 122 1.21
2550 4622 1.30
2590 £ 50 4694 £ 122 1.31

UC2 2475 £+ 25 4487 = 77 1.5,1.29

UN 2480 £ 50 4496 + 122 1.21
2900 5252 1.30
2650 = 100 4802 + 212 1.31,1.32

UO2 2405 £ 16 4361 £ 60.8 1,18
2860 £ 45 5180 + 113 1.33
2760 £ 30 5000 = 86 1.34
3000 5432 1.30
2800 5072 1.20
2880 £ 20 5216 + 68 1.35,1.36
2700 £ 50 4892 = 122 1.21

NAA-SR-8617, Vol I
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1.2.1.4 Vapor Pressure

Uranium carbide undergoes congruent vaporization at a composition of
UCjy.07 (1,138,139 phig vaporization occurs between temperatures of 2010°C
(3650°F) and 2230°C (4046°F); the rate in high vacuum varies between2.0x 10-6
gm/fcmZ-sec and 38.3 x 10-6 gm/cm2-sec, respectively, at these tempera-
tures.(l‘sg) The vapor pressure of uranium over a UC sample varies linearly
from 1.3 x 107 atm at 2010°C to 26 x 10-7 atm at 2230°C, While the vapor pres-
sure of carbon varies linearly from 0.3 x 10-7 atm at 2010°C to 6.4 x 10-7 atm
at 2230°C.1%9 At high carbon contents carbon is preferentially lost by vapori-
zation. For a UC, sample exposed to a carbon saturated atmosphere, the vapor

pressure of uranium is given by the following expressions 11,18

From 1660°C (3020°F) to 2092°C (3797.6°F):">

_ 67,164 2000
Inp = -5 -0.111(1nT+—-——T )+1z.140 ... (1.2.7)
o ° ° ° (1.38)
From 2175°C (3947°F) to 2458°C (4456.4°F):
30,600 , , '
log B, = -~ — + 6.36 , ...(1.2.8)

where B, and T are in units of atm and °K, respectively.
No vapor pressure data are available on uranium-nitrogen systems.

Some vapor pressure data are available on stoichiometric UO2 and on

1 .( 1.40)

UO3. Ackerman et a presents equations for finding the vapor pressure of

stoichiometric UO2 over two temperature ranges.

From 1600°K (2420.6°F) to 2000°K (3140.6°F):

log p = -23:025 - 4,026 log T + 25.686 . ... (1.2.9)

Above 2000°K:

4 6
log p = 13.298 - 3.719; x 10% 3.56122x 10
T
2.6178 x 10°
+ = . ...(1.2.10)

T3
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Additionally, Ackerman!"'¥

the vapor pressure relationship with temperature of UO,.

presents a different form of equation to approximate

From 1600°K to 2200°K (3500.6°F):

3.7337 x 10% , 3.67 % 10

T TZ

6

log p = 13.340 -

,2.4638 x 107
3

...(1.2.11)

where p and T in the above equations are in units of mm of Hg and °K, respec-

tively. Typical values from Equation 1.2.11 are listed in Table 1.2.3.

TABLE 1.2.3

VAPOR PRESSURE OF UO

{(Reference 1.18) 2

Temperature Pressure
o) | ¥ (mm Hg)
1351 2463.8 1.65 x 10°°
1504 2739.2 7.06 x 1077
1727 3140.6 1.67 x 107
1955 3551 0.0036
2151 3903.8 0.0421
2388 4330.4 0.966

1 (1.41)

Ackermanet a also determined the vapor pressure of UO3 from thermo-

dynamic data on crystalline UO and gaseous UO3 below 2000°K.

log p = 22290 + 4.73 + 1/2 log (o) - ... (1.2.12)

where pn_is the partial pressure of oxygen over UO3, and p and T are in units
o, g 3

of atm and °K, respectively.

NAA-SR-8617, Vol 1II
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1.2.2 Electrical

1.2.2.1 Electrical Resistivity

The electrical resistivity of as-cast uranium carbon compounds at room

(LLLAD g presented in Figure 1.2.8. Figure 1.2.9 illustrates the ef-

C (1.1,1.37,1.42,1.43,1.44, 1.45)

temperature
fect of temperature on the electrical resistivity of U
Grossman et a1 obtained the following equation which best represents their

UC electrical resistivity data in the temperature range of 500 < T < 2050°K.
- =6 o9
p=124.9x 10 +\107.4x 10 /)T , ...(1.2.13)

where p and T are in units of ohm-cm and °K, respectively.

Figure 1.2.10 shows the electrical resistivity of a 97% dense UN speci-

(1.48)

men as a function of temperature. No other data are available on the

uranium-nitrogen compounds.

Illustrated in Figure 1.2.11 is the electrical conductivity of sintered UO,
as a function of temperature 149150 Figure 1.2.12 gives some additional data’™®
on the electrical resistivity versus temperature for sintered UOp specimens
where the data were separated according to the ''type'" of electrical conduction
(n-type structure is where there exists an excess of electrons for flow as ap-
posed to the p-type where there exists excess positive '"holes' for electrical con-
duction). Figure 1.2.13 illustrates the effect of oxygen on the electrical conduc-
tivity of pressed uranium-oxygen compounds with the data separated again ac-

cording to "type".(l‘l)

NAA-SR-8617, Vol III
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Figure 1.2.9. Effect of Temperature on
Electrical Resistivity of As-Cast
Uranium-Carbon Compounds
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(Reference 1.50)
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- Figure 1.2.12 Electrical Conductivity of
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UOZ (Reference 1.73)
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1.2.2.2 Magnetic Susceptibility

No data are available for the uranium-carbon compounds. Trzebiatowski,

(1.53)

et al states that the magnetic susceptibility of the uranium nitrides is greater

than that for metallic uranium.

Willardson, Moody, and Goering(l'sz) determined that the magnetic sus-
ceptibility of uranium-oxygen compounds decreases with increases in the tem-
perature. Oxygen was shown to decrease the magnetic susceptibility from
8x 10° e.m.u. to 2 x 1()6 e.m.u. at 300°K when the oxygen/uranium atom ratio

(1.54)

was varied from 2.0 to 2.7. Dawson and Lister presented some data on UO)

which is presented in Figure 1.2.14,

(emu/gm)

€

5 1 { 1 L
-200 -100 (o] 100 200 300

TEMPERATURE (°C)
12-31-64 7569-01758

Figure 1.2.14. Magnetic Susceptibility of UO2
(Reference 1.54)
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1.2.3 Thermal

1.2.3.1 Thermal Conductivity

Figure 1.2.15 illustrates the effect of temperature and carbon on the
thermal conductivity of uranium-carbon compounds. The data presented are
approximately within +0.003 kcal/cm-sec-°C of other investigators.(1'55'1'58'1'60'1'61)
For a uranium-carbon compound containing 5.1 wt % c'arbon, Grossman‘us) pre-
sents the following equation for the temperature range of 500 < T = 2050°K

(433.4 < T < 3230.6°F):
k = 0.054 + (0.006 x 10’3) T, + 0.004 |, ... (1.2.14)

where k and T are in kcal/cm-sec-°C and °K, respectively.

The thermal conductivity of a 97% dense UN specimen as a function of

temperature is presented in Figure 1.2.16 11 148,162)

Figure 1.2.17 illustrates the effect of temperature on the thermal con-

ducitivity of UO2. A band is used to represent the range of data from various

investigators.(l'ss'l'ss) The data presented in this figure have been adjusted line-

arly with density to 100% theoretical. ™ Runnak!®® studied the effect of oxygen

on a UO, specimen having a density of 10.3 gm/cc. Runnak's results are shown
in Figure 1.2.18, It has been found that by adding 0.1% TiOj the curve is lowered

and flattened out but still retains the same average slope.(l'ss)
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1.2.3.2 Specific Heat

Table 1.2.4 lists fypical specific heat values as a function of temperature

for uranium carbon compounds experimentally determined by Mukaibo, et al 147

TABLE 1.2.4

SPECIFIC HEATS FOR URANIUM-
CARBON COMPOUNDS
(Reference 1.67)

Temperature S(I:: z‘ii/fgi;fjéa;t
¢ | CF) Uuc | Uc,
100 212 0.0478 0.0565
140 284 0.0507 0.0591
180 356 0.0522 0.0611
220 428 0.0541 0.0631
260 500 0.0550 0.0650
300 572 0.0549 0.0661
340 644 0.0553 0.0672
380 716 0.0556 0.0674
400 752 0.0599 0.0674
Krikorian®® covered a wider range and presented his results on terms

of three equations, which are presented below.

For UC and 300 € T <2000°K (80.6 < T < 3140.6°F);

c, = 13.73 + (1.82 x 10 )T - (2.42 x 10°)772 ...(1.2.15)

For U2C3 and 300 < T = 2000°K:

cp = 3435+ (4.68 x 19‘3) T - (6.20 x 10172 ... (1.2.16)

NAA-SR-8617, Vol III
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For UC, and 300 < T < 2000°K:

2

¢, = 20.37 +(2.70 % 1073) 7 - (3.68 x 10°)1" c(1.2.17)

where cp and T are in units of cal/gm mole-°K and °K, respectively.

Figure 1.2.19 illustrates graphically, with the units of cp converted to
cal/gm-°K, the above equations, in addition to an equation presented by

(1.69)

Tripler which is given below.

For UC and 298 < T <2400°K:

c =76+ (2.85 x 10°3)T ...(1.2.18)

where Cp and T are in units of cal/gm-mole-°K and °K, respectively.

No data are available on the specific heats of uranium-nitrogen

compounds.

Stavrotakis and Barr’ obtained an equation from experimental data
for the specific heat of UO;, and their equation is presented below with cpand T

given in units of>ca1/gm-mole-°K and °K, respectively.

For UO, and 300 = T = 1500°K (80.6 < T < 2732°F):

-2

cp = 18.45 + (2.431 x 10” )T - (2.272 x 105)T ...(1.2.19)

Nichols"? also presents an equation for the specific heat of UO, over
the same temperature range which is presented below with cp and T given in
units of cal/gm-"K and °K, respectively..

cp = 0.071 +(6.0x 10°¢) T - 1466 T2 ... (1.2.20)

Figure 1.2.20 illustrates graphically the above equations for UO, with the

units of ¢ converted to cal/gm-°K.
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1.2.3.3 Thermal Expansion

(1.75)

Table 1.2.5 lists linear thermal expansion data from arc-cast UC

*
samples illustrating the effects of carbon content and temperature. At 700 a111dx
780°C, a difference in the thermal expansion behavior was observed between
hypostoichiometric (carbon content less than 4.8 wt %) and hyperstoichiometric
(carbon content greater than 4.8 wt %) samples which can be attributed to the «

to B (670°C) and B to v (780°C) phase transformations of free uranium located

in the grain boundaries and within the grains of hypostoichiometric UC. Asharp
increase in thermal expansion of hypostoichiometric UC above 850°C was ob-
served by Mendez-Peﬁalosa,a:Jé) as well as other authors'’® and was also attri-
buted to the presence of free ¥ phase uranium which has a highef thermal expan-
sion coefficient. In addition, Mendez-Pefalosa postulated that the rapid increase
near its melting point was due to a relief of the forces in the grain boundaries ac-
cumulated during the heating cycle and those present from the casting process.
Changes in the properties of hyperstoichiometric UC above 1100°C were ob-

(1.75,1.42)

served and may be attributed to the formation of UzC3.

Table 1.2.6 lists the available linear thermal expansion coefficient data

on uranium-nitrogen compounds with 20°C as the reference temperature.

No extensive investigation has been conducted to obtain the linear thermal
expansion of uranium-oxygen compounds. Table 1.2.7 presents the thermal ex-
pansion data that are currently available.

The data presented by Gronwald!’? were obtained by x-ray diffraction
measurements. Dayton and Tiptonq'sz)- indicated that the thermal expansions of
U409 and UO, 4o were linear with temperature over the range reported.

NAA-SR-8617, Vol 1II
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AVERAGE THERMAL EXPANSION OF

ARC-CAST UC,. SPECIMENS(!.75)

TABLE 1.2.5

1ax
Expansion
(%)
Tem:);acr:?.ture Carbon Content of Sample
(wt %)

4.35 | 4.43 4.59 | 4.71 | 4.9 5.04 | 5.05 5.08 5.24
12-100 0.09 0.09 0.09 0.08 0.08 0.08 0.08 0.08 0.08
12-200 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.18 0.18
12-300 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
12-400° 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.39 0.40
12-500 0.52 0.51 0.51 0.51 0.51 0.51 0.51 0.50 0.52
12-600 0.64 0.63 0.62 0.62 0.62 0.62 0.62 0.60 0.64
12-700 0.76 0.76 0.75 0.74 0.74 0.74 0.74 0.70 0.76
12-800 0.90 0.90 0.87 0.85 0.85 0.85 0.85 0.83 0.89
12-900 1.05 1.10 1.01 0.97 0.97 0.98 0.97 0.94 1.02
12-1000 - - - - 1.10 1.10 1.10 1.08 1.15
12-1200 - - - - 1.35 1.35 1.35 1.30 1.42
12-1400 - - - - 1.61 1.61 1.62 1.55 1.70
12-1600 - - - - 1.89 1.89 1.89 1.80 1.99
12-1800 - - - - 2.17 2.17 | 2.18 2.07 2.27
12-2000 - - - - 2.46 | 2.46 | 2.46 | 234 | -
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TABLE 1.2.6

LINEAR THERMAL EXPANSION COEFFICIENTS
OF UN AS A FUNCTION OF TEMPERATURE

Temperature Coefficient
(°C) 10-6 cm/em-°C Reference
20 - 1200 9.7 1.78,1.79
20 - 1200 9.5 1.62
20 - 1600 10.1 1.78, 1.79
20 - 1600 9.9 1.62
TABLE 1.2.7

AVERAGE LINEAR THERMAL EXPANSION OF
URANIUM-OXYGEN COMPOUNDS

Compound Tem{) f’ é?ture Exp(a',yzl)sion Reference
UoO, 20 - 400 . 0.34 1.70
U0, 20 - 720 0.81 1.70
UoO2 20 - 940 0.99 1.70
Uuo, 25 - 500 0.45 1.80
Uuo, 25 - 1000 1.09 1.80
U0, 25 - 1200 1.43 1.80
UO2(p = 7.2 gm/cc) 400 - 900 0.50 1.81
UO;2 13(p = 8.54 gm/cc) 400 - 900 0.50 1.81
U409 25 - 700 0.63 1.82
UO2.40 25 - 700 0.63 1.82
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1.2.3.4 Thermal Shock Resistance

Preliminary investigations have been conducted to determine the thermal
shock resistance of uranium-carbide compounds. Samples containing from 4.47
to 4.67 wt % C and quenched from temperatures between 2370 and 3450°F showed
no apparent detrimental effects. The quenching medium was Dow Corning No.704
diffusion pump oil, outgassed under vacuum and initially at room temperature.
Approximately 25 sec elapsed before boiling (420°F) ceased during specimen
quench "3 Another test was conducted by thermal cycling from a base tem-
perature, after the first cycle, of 1000°F. Table 1.2.8 summarizes the results.
The results showed that fuel instability due to cracking can be caused by thermal
cycling (nonuniform temperature). It was also discovered that with the initial
heating and cooling cycles, the fuel specimens sustained a permanent increase
in length.A This effect was also shown to a lesser degree on the second heating

and cooling cycle. Tests are underway to study this fuel growth phenomenon.(l‘m)

No data have been found which illustrate the thermal shock resistance

of UN.

The presence of thermal gradients and thermal shock will produce crack-
ing in UO, fuel elements, generally in a radial direction though circumferential
cracking also occurs. The axial and circumferential normal stresses at the sur-
face of a cylindrical pellet exposed to a uniform heat generation rate have been

(1.133)
E ozq,b2
0, =0, =\1T_ o\ 8k ) ...(1.2.21)

expressed as:

where

Ut = transverse stress

o, = axial stress

E = modulus of elasticity

i = Poisson's ratio

o = coefficient of thermal expansion
q = heat generation rate

b = pellet radius

k = thermal conductivity

NAA-SR-8617, Vol III
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TABLE 1.2.8

EFFECT OF THERMAL CYCLING ON URANIUM-
CARBON COMPOUNDS(1.140)

Number Maximum Maximum hll)l?,ximmn
iameter
wt % C of Temperature AT Change
Cycles (°F) (°F/in,) g
(%)
4,54 11 1350 950 1.3
4.55 13 2500 4000 2.0%
4.67 28 2600 4950 8.0"
4.90 100 2000 *

3600

*Ends extensively cracked, maximum change not measurable.

1.27
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1.2.4 Chemical — Compatiblity

The compatibility of uranium carbides with gases, liquids, and solids, is

summarized in Tables 1.2.9 through 1.2.11, respectively. The reaction of

uranium carbides with solids are characterized by a temperature range below

which no perceptible reactionoccurs and above which reaction occurs at a cata-

strophic rate .( Ly

TABLE 1.2.9

COMPATIBILITY OF URANIUM CARBIDES WITH GASES

Gas

Remarks

Air or O2

Carbon Dioxide

Helium

Hydrogen

Nitrogen

Miscellaneous(1-91,1.92)

Freshly cast UC oxidizes slowly at 500°C; how-
ever, reactive (aged) UC ignites in air at 370°C
and in O2 at 275°C. The rate in O2 is five times
that in air with the same partial preSSure.(1-93’1-94)
Bulk uranium carbide begins to oxidize in oxygen

at about 300°C. An initial rapid reaction is fol-
lowed by a slower reaction, probably due to the
first forming oxide being adherent and somewhat
protective.( -93) UC2 + O2 reaction follows a
parabolic rate law to 400°C with U30g the only
solid product as determined by x-ray analysis.(1'84)

Between 350 and 670°C, UC reacts with CO to
form UO2 and CO, Above 670°C free carbon is
also formed.(l-()?’s The reaction rate at 500°C is
greater than and similar to U and CO;, reacting at
700 to 1000°C,(1.85

Uranium carbides are decarburized or oxidized
depending upon the partial pressure of the oxygen
imposed on the system as an impurity in hﬂ.lum at
temperatures of about 1000°C or above.(1-

Uranium dicarbide and hydrogen react to form
uranium monocarbide and methane above
700°C.(1.100) Decarburization stops at stoichi-
ometry,(1.98)

UC reacts with N3 to form U2N3 and carbon below
650°C. Above 650°C U2N3 decomposes to UN

plus N2. The reaction rate varies with compo-
sition with the minimum rate occurring at slightly
hypostoichiometric. The reaction rate alsovaries
with nitrogen pressure; it varies to the 3/4power

of N2 pressure. Aged UC has a higher reaction

rate by a factor of 28 than freshly melted uc.(1.90)
UC2 plus Ny reaction follows a parabolic rate law

to 600 to 800°C with UNy (x> 1.5) as the product.(1.84)

UC, + Ctp 359°G ycyy + CCuy
UC2 + Fp 30°G no reaction

UCz + F2 230°¢ 30°C explosion + UF4-
UC;, +HjS 890°C jonition + US,

UC; + NH;3 Mparﬂy decomposed UC)

NAA-SR-8617, Vol III
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TABLE 1.2.10

COMPATIBILITY OF URANIUM CARBIDES WITH LIQUIDS

Liquid

Remarks

Liquid Metals

Miscellaneous

UC in coxztagt with NaK at 590°C for 12 weeks showed no
reaction; 1.60) for one month in NaK at 800°C no reaction
occurred.(1.27) Oxygen present as an impurity in sodium
and NaK oxidize uranium carbides at temperatures of 600°C
and above.(1.1) UC is We)-tted by and bonds to iron, cobalt,
nickel, and uranium, (1.3

UC reacts with water at 80°C to form a gas containing by
volume 11% Hp, 86% methane, 2% ethane, and 0.6% propane.
At 90°C the reaction rate is faster. UC32 produces less
total gas with less methane but more hydrogen and ethane,(1.88)
UC powder reacts with propane and butane at 650°g At

700 to 800°C it reacts with methane and ethane.{!- g)

TABLE 1.2.11

COMPATIBILITY OF URANIUM CARBIDES WITH SOLIDS

Solid Remarks
Aluminum Slight reactioﬂ at 600°C and above.(1-1)
Be‘ryllium Reacts to form UBe)3 at 700°C and above.{1.1)
Chromium No reaction to 1000°C.(1.87)
Copper No reaction at 1000°C.(1.1)
Graphite Slight reaction at 1600°¢c.(1.1)
Inconel Slight reaction at goo°c.(1.1)
Inconel X Formed liquid eutectic at 820°C.(1+1)
Iron No reaction to 1000°C,(1.87)
Magnesium No reaction at 600°C.{1.1)
Molybdenum Slight reaction at 1200°c.(1-1)
Nickel Endebrock(l'l) reports rapid reaction at 1000°C (see

Inconel X), while Borchardt(1.87) reports no reaction
to 1000°C.

NAA-SR-8617, Vol III
1,29



TABLE 1.2.11 (continued)

Solid

Remarks

Nichrome V

‘Niobium

Niobium +
4 at, % Titanium

Silicon
Mild Steel
Type 304SS

Tantalum
Titanium

Tungsten

Zirconium

Melted at 1100°C (see Inconel X).(1-1)

Formed a liquid phase at 1200°C,{1.1)
Reacts to form USij at 1000°c.(1.1)

Slight reaction at 1000°C.(1.1)

burization of stainless by UC3 and UC, at 550°C.
Rapid reaction at 1800°C,(1.1)

Slight reaction at 1100°C.(1'1)

Endebrock(!:1) feé)é)rts rapid reaction at 1800°C, while

Barnes, et al., reports no reaction with UC held
at 1900°C for 120 min.

Slight reaction at goo°c.(1.1)

Slight reaction at 820°C.(1'1)

Slight reaction at 1100°C,(1'1) no reactionto 1000°C.(1’87) '

No reaction with stoichiometric UC to 870°C; slightcar-

Zircaloy-2

Very little data are available on the compatibility of uranium nitrides

with gases and liquids.

Table 1.2.12 summarizes the data available. No data

exist on the compatibility of uranium nitrides with solids.

TABLE 1.2.12

COMPATIBILITY OF URANIUM NITRIDES WITH GASES AND LIQUIDS

Substance Remarks

Air Catastrophic with UN above 150°C.(1-1)

Hydrogen No reaction with UN up to 800°C.(1.1)

Nitrogen will probably form higher nitrides with UN up to 1300 cil. 1)
see Section 1.2.1.1.

Oxygen Reacts with UN at 50°C; rapid reaction occurs at tempera-
tures greater than 200°C.(1.101)

Water Reacts with UN at 30°C; rapid reaction occurs at tempera-
tures greater than 200°C.(1.101) Newkirk,{1.102) reports no
reaction with UN at 100°C.
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The compatibility of uranium oxides with gases, liquids, and solids is

summarized in Tables 1.2.13 through 1.2.15, respectively.

-

“—

TABLE 1.2.13
COMPATIBILITY OF URANIUM OXIDES WITH GASES

o

-

- B .
Gas Remarks
Air U0 combines with the oxygen (air) to form U30g and inter-
stitial O;. 1.103)
" H UO, is reduced with reaction being zero ordered with respect
2 to t%le fraction UO) rem:—xining.(l’1%4'1‘105’5
HF UO, is reduced to UF + H,0.(1.106)
TABLE 1.2.14
COMPATIBILITY OF URANIUM OXIDES WITH LIQUIDS
\ Liquid Remarks
L’ BrF Uo £ + ive,(1:107)
3 2 reacts to form UFy + Br, + O,, an explosive.

H,S0, UO, is dissolved with a rate that is linear with time,
agitation, HT pressure, and Oy pressure.(l-

Liquid Metal High densitfr UO2 in 600°C NaK for 72 hr showed no
reactions.( .36) However, Nichols(1-27) states that
variable results with NaK occur in static tests.

Water No reaction with UO, up to_'315°C.(1'36)

Miscellaneous No reaction between UO, or U30g and methane, acetylene,

U or benzene .(1:108)

€=

.
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TABLE 1.2.15

COMPATIBILITY OF URANIUM OXIDES WITH SOLIDS

Solids Remarks

Aluminum Harlow(!:109) indicates no reaction up to 1100°F (593 °C)
for 5000 hr with UO,. However, Nichols(1:27) states that
UO; reacts slowly with Af at 500°C. At 615°C x-ray dif-
fraction reveals that UAl3, UAl, or A£203 is formed by
UO, with Ag,(1.110)

Beryllium UO2 does not react with Be to 600°c.(1.27)

Calcium Reacts with UO; at 850°C to form U and Ca0.(1.111)

Carbon Decomposes to UC and CO; or CO.(1-112-1-1,13)

Chromium-

base alloys
Copper
Gold
Iron-basealloys
Molybdenum
Nickel
Nickel-base alloys
Niobium

Niobium-base
alloys

Rhenium
Silver
Stainless steel
Tantalum
Tungsten

Zirconium

Miscellaneous

No reaction with UOZ to 2000 °F.(1’1)

Reacts to melting point.(1°27)

Reacts to melting point.(1'27)

No reaction with UO, to 2000 op,(1.1)

First reaction at 2155°C,{1-1)

Reacts slowly with UO2 at 1400°C.(1.27)

No reaction at 2000°F; reacts at 2500°F.(1.1)
Reacts with UO32 at 1000°C.(1.27)

No reaction to 2300 °F.(1‘1)

Veryslight reaction at 925°C; fast reaction at 2295°c.(1.1)
Reacts to melting point.(1'27) |
No reaction at 2400°F.(1.1)

First reaction at 2295°C‘; fast reaction at 2420°C.(1-1)
First reaction at 1785°C; fast reaction at 2065°C.(1-1)

Reaction at 1500°F.(1+1) Nickols(1-27) indicates a
reaction occurring above 1800°C.

No reaction with Af>03, MgO, and BeO to 1800°C and
SiO, to 1600°C,(1.20)
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1.3 Mechanical Properties

1.3.1 Short Time

1.3.1.1 Tensile Properties

Room temperature dynamic tensile properties of uranium + 4.8 wt % car-
bon, cold pressed and sintered from UC powder, with 75 to 95% of theoretical
density (T.D.) are shown in Table 1.3.1.

ticity results for as-cast uranium carbides as a function of carbon content and

temperature.

TABLE 1.3.1

ROOM TEMPERATURE TENSILE PROPERTIES OF
URANIUM + 4.8 wt % CARBON (Reference 1.114)

Table 1.3.2 presents modulus of elas-

Bulk Density,

Young Modulus,

Shear Modulus,

Poisson's Ratio,

% T.D. 106 psi 106 psi B =1/2[(E/G)-2]
75-95 25 9.7 0.289
80 - - 0.182
85 - - 0.241
90 - - - 0.286
95 - - 0.304

TABLE 1.3.2
YOUNG'S MODULUS OF AS-CAST URANIUM CARBIDES

Material | Temperature | Young's Modulus,

A(wt % C) (°C) 106 psi Reference
U +4.8 20 29.5 1.114
U+17.0 20 29.0 1.114
U +5.0 20 29.6 1.115
U+5.0 500 28.8 1.115
U+ 5.0 1000 27.2 1.115
U +5.0 1500 20.7 1.115
U +5.0 1700 14.8 1.115

NAA-SR-8617, Vol 111
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The available tensile properties of uranium mononitride are presented in

Table 1.3.3. These properties were determined by dynamic measurements on

UN produced by isostatic hot pressing to a fully dense material.

TABLE 1.3.3

TENSILE PROPERTIES OF UN-AT ROOM TEMPERATURE
(Reference 1.62)

. Young's Modulus, Shear Modulus, Poisson's
Material 106 psi 106 psi Ratio
UN 30.9-31.1 14-14.3 0.1

A summary of the available room temperature tensile properties of UO,

is presented in Table 1.3.4. The effect of temperature on the modulus of elas-

ticity, dynamically measured, of UO, sintered to approximately 95% of theoreti-

cal density is shown in Figure 1.3.1.

270

265

26.0

250

MODULUS OF ELASTICIT® (10° psi)

240

235

1-4-65

-l 1 | 1 i

SPECIMEN NO.2

SPECIMEN NO.|

| | |

]

100 200 300 400 500

600 700 800

TEMPERATURE (°C)

1000

7569-01765

Figure 1.3.1. Modulus of Elasticity vs Temperature

of UO2

in Vacuum (Reference 1,118)
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TABLE 1.3.4

ELASTIC PROPERTIES OF UO, AT ROOM TEMPERATURE!-117)

1 % s
Bulk Young séMoc‘:lulus Shear P0R1 astsigzsl's Molgz‘%}:s**
Type of UO Density (10" psi) Modulus?
L Fw | “FL | 77 P® L FW k. T K
. L FW
MCW cold-pressed UO, sintered 94.6 28.0 | 28.1 28,0 10.8 0.302 | 0.306 | 23.5 24,1
at 1750°C in hydrogen (oxygen/
uranium atom ratio = 2,02)
NHj-precipitate cold-pressed 93.0 26.4 | 25.2 | 26.7 10.2 0.291 - |21 -
UO, sintered at 1750°C in '
hydrogen

* Ej, = Young's modulus calculated from the longitudinal resonant frequency,
Epw = Young's modulus calculated from the flatwise flexural vibration,
E%1, = Young's modulus calculated from the edgewise flexural vibration,
{Shear modulus calculated from the torsional resonant frequency.

§u=(E/2G) - 1.
#*K = (Ef3(1 - 2p).




1.3.1.2 Transverse Rupture Strength

Room temperature transverse rupture strength data are given in Fig-
ure 1.3.2 for as-cast uranium carbides. After one month of storage in dry air
the transverse rupture strength for UC (4.8 wt % carbon) decreased from 10,000
to 7,100 psi; after 1 hr of storage in water, it decreased from 10,000 to
2,400 psi.‘l'n‘r’) The effect of temperature on the transverse rupture strength, de-
termined in three point bending, of cold pressed and sintered U + 4.8 wt % C pow-
der is presented in Table 1.3.5. Table 1.3.6 presents additi6m1 transverse rup-

ture data on as-cast uranium carbides which illustrate the effect of temperature

and carbon content. The hyperstoichiomefric (excess carbon from stoichiometric)

uranium carbide contained surface cracks which probably accounted for its lower
strength as compared to the hypostoichiometric (deficient carbon) at room tem-

perature. The healing of these cracks, crack blunting, and UC; transformation
to UZC3 may have caused the increase in strength with temperature of the hyper-

stoichiometric uranium carbide.

CARBON CONTENT (w?t %)

a 0 I 2 3 4 5 6 7 8 9 10
~ i I | | i 1 ! I !
@ o ° 2
u o © o 9
£ o

10,000 |- -
@
w
© 8000} -
w
Z 6000f o ° -
2
S o
x
< 4000 ] | ! I | I ] ]
= o 1100 20 30 40 50 55 €0 €5

CARBON CONTENT (at.%)

1-4-65 . 7569-01766

Figure 1.3.2. Room Temperature Transverse Rupture Strength of
As-Cast Uranium Carbides (Reference 1.115)
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TABLE 1.3.5

EFFECT OF TEMPERATURE ON THE TRANSVERSE
RUPTURE STRENGTH OF COLD PRESSED
AND SINTERED UC POWDER
(Reference 1.114)

Temp:erature Theoretical Density Trans;::esnegglupture
(*C) (%) o5 o
25 81-83 23
800 84-87 17.6
1000 83 10
1200 83-91 Plastic

TABLE 1.3.6

TRANSVERSE RUPTURE STRENGTH IN THREE-POINT
BENDING OF URANIUM CARBIDES
(Reference 1.119)

Carbon StrengthT (Average of 6-9 Tests)
Composition (psi)

(wt %) 25°C 600 °C 900°C 1100°C
4.0 - >40,0008 - -
4.3 32,000 | 32,340 6,840TT 1,180t
4.5 31,700 | 21,470 4,5501T1 1,5101T
4.7 - 25,190%% [ 4,250Tt | 2,6201T
4.8 14,800 | 15,380 | 13,930 21,920
5.0 14,070 | 20,850 | 19,430 28,300
5.2 15,400 | 23,960 | 22,180 31,460

*Grain size 0.06 to 0.1 mm

tCross head speed 0.0012 in. /minute

§Exceeded capacity of Instron
**Average of three tests
tfStress at which plastic bending occurred instead of brittle

fracture.

NAA-SR-8617, Vol 1II

1,37



No data are available on the transverse rupture strength of UN.

Table 1.3.7 lists modulus of rupture data of UO, specimens made from
electric-furnace fused UO; and from four varieties of chemically prepared UO;.
The specimens were broken by quarter-point loading with stress applied in
1000 psi increments at 20 second intervals 17 Belle!”™® illustrated with data
that sintering time and surface treatment (untreated, ground with 400 grit A1203,
and/or annealed at 500°C) did not appreciably affect the modulus of rupture, but
the modulus was slightly higher at 1000°C test temperature than at room tem-
perature. The effect of sintering temperature on the modulus of rupture in four

point bending of sintered UO, is illustrated in Figure 1.3.3.

T T T 100

—~ 20 hr TIME AT INDICATED TEMPERATURE
- 16} —198
Q A\ Py
(.2}
O 15t —J96 f
w o
o 4F —94 &
2 -4
E w
> 13} 492 ©
@ v _l
: — g

12 — =
ot 2 20 e

w
S
3 x
o HE o
S T
g O — MODULUS OF RUPTURE MEASURED AT ROOM TEMPERATURE -
A ~— SINTERED DENSITY, % THEORETICAL
] ] : i
1500 ' 1600 1700
SINTERING TEMPERATURE (°C)

i-4-65 7569-01767

Figure 1.3.3. Modulus of Rupture and Sintered Density of UO2
as a Function of Sintering Temperature
(Reference 1.118)
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| TABLE 1.3.7
BEND STRENGTH AND BULK DENSITY OF DIFFERENT UO, CERAMICS (1.73)
. A x Strength Data
Starting UO, Powder Sintering Conditions Average Standard Bulk
2 Number of Modulus of L A
il B - B~ I B R e el -
At Room Temperature

Fused, O to SFT Argon 2000 /2 4 11,990 2,370 10.10
Fused, 5 to 108 Argon 2000 1/2 4 9,480 1,180 9.68
Fused, 10 to 154 Argon 2000 1/2 6 10,270 1,040 9.14
Fused, 15 to 20p Argon 2000 1/2 4 8,610 1,380 8.48
Fused, 0 to 54 Helium 2000 1/2 9 12,920 1,261 9.89
Steam ouddizeds Helium 2000 1 8 7,340 560 8.34
Hydrogenated steam cvxid.'i'zedS Helium 2000 1 7 9,580 ) 637 8.82
Peroxide precipitateds Helium 2000 1 6 12,400 1,610 10.04
Ammonia precipitated Helium 1900-2000 1 12 11,100 1,230 9.84
Steam Oxidized + 0.75 wt % ']1‘10z Helium 1900 1 7 12,700 2,180 9.66
Hydrogenated steam oxidized

+ 0,50 wt % TiOz Helium 1800 1 6 14,500 3,180 10.10
Peroxide precipitated + 0.25 wt % TiOz Helium 1600 1 7 10,400 2,800 10.39
Peroxide precipitated

+ 0.2 wt % aluminum stearate Helium 2000 1 8 12,700 1,730 10.37
Ammonia precipitated

+ 0.2 wt % aluminum stearate Helium 2000 1 11 10,870 1,164 10.26

At 1000°C

Fused, 0 to 54 Argon 2000 1/2 3 17,980 900 10.02
Fused, 5 to 104 Argon 2000 1/2 4 15,790 1,050 9.56
Fused, 10 to 15u Argon 2000 1/2 [ 12,590 3,170 9.17
Fused, 15 to 20p Argon 2000 1/2 4 8,280 1,080 8.48
Fused, 0 to 5¢ Helium 2000 1/2 9 14,900 2,020 9.89
Steam oxidized Helium 2000 1 K 7,700 897 8.34
Hydrogenated steam oxidized Helium 2000 1 8 10,800 1,210 8.81
Peroxide precipitated Helium - 2000 1 7 21,700 3,770 10.05
Ammonia precipitated Helium 1900-2000 1 12 9,380 1,440 9.85
Steam oxidized + 0.75 wt % 'I‘iO2 Helium 1900 1 7 15,600 846 9.62
Hydrogenated steam oxidized

+ 0,50 wt % 'I‘iO2 Helium 1800 1 8 19,500 1,480 10.13
Peroxide precipitated + 0.25 wt % TiOz Helium 1600 1 6 13,600 3,060 10,39
Peroxide precipitated

+ 0.2 wt % aluminum stearate Helium 2000 1 15 11,800 1,820 10.36
Ammonia precipitated ’

4+ 0.2 wt % aluminum stearate Helium 2000 1 16 9,380 1,770 10.30

#*Forming: Preformed in a steel mold and then hydrostatically repressed at 45,000 psi; no binder used,
Sintering: Tungsten setter plates, inductively heated, graphite susceptor furnace.
Finishing: Specimens ground and lapped to 1/8 by 1/4 by 1-1/4 in.

{Norton Company electric-arc fused UOz.

§Prepared by ORNL,




1.3,1.3 Compressive Strength

Room temperature compressive strength and modulus of elasticity in
compression data for as-cast uranium carbides are listed in Table 1.3.8. The
effect of temperature on the compressive strength of fully dense uranium carbide
single crystals (4.7 to 4.9 wt % carbon) with minor substructure is shown in
Figure 1.3.4. The crystals were prepared by electron beam, floating zone re-
fining of cast rods, and hydrogen reduction of the rods to the desired composi-
tion. The samples containing UC, retained some of that phase at the test tem-
perature and this seems to strengthen the UC matrix. Compression testing
using the sudden change of strain rate technique gave an activation energy for
flow of 70,000 to 80,000 cal/mole for samples being single phase (4.8 wt %
carbon) between 1500 and 2000°C."20

Figure 1.3.5 illustrates the effect of temperature on the flow and re-
covery properties of nearly stoichiometric arc-cast uranium carbide (~4.75wt%
carbon). The samples were tested in compression using a stress-relaxation
technique. An activation energy for flow of 74,000 cal/mole between 1500 and
1900°C was found.112!

No data on the compressive strength properties of UN are available.

The effect of particle size on the room temperature compressive strength

of fused UO; specimens is illustrated in Table 1.3.9. Specimens having a length

to diameter ratio of 1:1 fractured at a slightly higher stress }1%?
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ROOM TEMPERATURE COMPRESSIVE MODULUS

TABLE 1.3.8

OF ELASTICITY AND RUPTURE STRENGTHS

OF URANIUM CARBIDES

(Reference 1.115)

Carbon Content | Rupture Strength, Modulus,
(wt %) 103 psi 106 psi
4.8 54.5 31.5
4.8 45.0 -
4.8 80.0 -
4.8 46.4 -
4.8 40.6 -
4.8 35.3 26.4
4.8 39.6 32.5
4.8 61.5 27.6
Average 51.1 ;C-)—.-S_
7.0 85.4 -
7.0 67.6 -
7.0 63.4 -
7.0 60.4 -
7.0 52.6 32.1
7.0 64.7 25.9
Average 65.7 29.0

TABLE 1.3.9

ROOM TEMPERATURE COMPRESSIVE STRENGTH
- OF FUSED UO; (Reference 1.122) i

Grain Size Length/Diameter | Average Compressive
() . Ratio of Sample Strength, io3 psi

0"5‘;. | ‘2‘:1 i 140
o-1s |21 | 70

15-20 2l 60

NAA-SR.-8617, Vol III
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Figure 1.3.4. Flow Stress vs Temperature for Uranium-
Carbon Crystals (Reference 1.120)
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Figure 1.3.5. Flow Stress Data at Various
Temperatures and Various Strain Rates
for U + 4.75 wt % C (Reference 1.121)
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1.3.1.4 Hardness

1.123
Room temperature hardness( ) of sintered U + 4.82 wt % C as a function
of actual density is listed in Table 1.3.10. The effect of carbon content on the

(1.115) is listed in

room temperature hardness of as-cast uranium carbides
Table 1.3.11, The effect of temperature on the hardness of as-cast uranium car-
bides is shown in Figure 1.3.6. All results were within 10% of the curve drawn
in the figure, with no variation with carbon content on hardness for sample con-
taining 4.5,4.8, and 5.1 wt % carbon' "??  Additional data illustrating the effect
of temperature and carbon content on hardness of uranium-carbon compounds

are given in Table 1.3.12. Table 1.3.13illustrates the effect of temperature and
carbon content on the Vickers hardness (same as diamond pyramid hardness
values) of as-cast uranium carbides at higher temperature than in Figure 1.3.6.

1.
Tests were conducted in a vacuum using a ZrO, indentor rod and a 1.0 kg loads 4

Dynamic hardness properties for fully dense UN as a function of temper-

ature are.summarized in Table 1.3.14. The UN samples were made using iso-

. . 162
static hot pressing techmques.( 52)

TABLE 1.3.11

ROOM TEMPERATURE DIAMOND
PYRAMID HARDNESS OF AS-

- CAST URANIUM CARBIDES

TABLE 1.3.10 (Reference 1.115)

ROOM TEMPERATURE VICKERS

HARDNESS NUMBER FOR Material DPH 2
SINTERED UC (kg/mm¥)
(Reference 1.123)
U+ 4.8 wt%C 700
Density VHN | (UC)
(gm/cc) (kg /mm*) ' U+7.0wt%hC | 750
(UC + UC,)
10.2 550 £ 50
: U+7.0wt %C* 1100
(UCyp)

*Material was annealed

NAA-SR-8617, Vol III
1.43



1000 | ] T T T
E
~
2
a
g 100 |- LOAD: 5.5 kg -
g TIME: 15 sec
[42]
14
[1Y]
X
o
>
10 R 1 S | { ] ]
) 200 400 €00 800 1000
TEMPERATURE (°C)
12-31-64 7569-01770

Figure 1.3.6. Hardness Variation With
Temperature of As-Cast Uranium
Carbides (Reference 1,124)

TABLE 1.3.12

DIAMOND PYRAMID HARDNESS NUMBER AS A FUNCTION OF
TEMPERATURE AND CARBON CONTENT OF AS-CAST
URANIUM-CARBON COMPOUNDS
(Reference 1.142)

DPH, kg/mm?2 (0.4 kg load)
Tem?sé?.tur e.\ Sample Number
25 1050 | 950 700 713 770 865 720 | 540
500 550 | 940 480 405 505 470 400 | 400
700 320 | 400 300 123 147 203 136 | 250
800 210 | 250 270 53 73 115 97 | 230

(a) 4.59- 4.63 wt % C; impurities — 0.39 wt % Si, 0.24-0.27 wt %
Mo

(b) 4.76-4.81 wt % C; impurities — 100-160' ppm Oand 880-920 ppmN

(c) 3.94 wt % C; impurities — 100 ppm Oand 770 ppm N

(d) 4.19 wt % C; impurities — 100 ppm O, 250 ppm N

(e) 4.60 wt % C; impurities — 200 ppm O, 180 ppm N, and 800 ppm
metallic impurities

(f) 4.75 wt % C; impurities — 50 ppm O, 130 ppm N, and 500 ppm
metallic impurities

(g) 4.85 wt % C; single crystal; 1:0:0 orientation; high purity with
less than 500 ppm of impurities
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TABLE 1.3.13

VICKERS HARDNESS OF URANIUM CARBIDES AS A FUNCTION OF
HIGH TEMPERATURE AND CARBON CONTENT (Reference 1.4)

VHN kg /mm?2 (1.0 kg load)

Temperature Sample Sample Sample

(°C) (5wt % C) (7 wt % C) (9 wt % C)

1 2 3 | 4 5 | 6
1000 780 374 T T 679 185
1100 270 95 318 115 464 105
1200 130 30 49 43 340 66
1300 70 16 17 38 274 51
1400 40 12 8 11 203 40
1500 22 10 2 7 163 21

*Hardness numbers are averages of five measurements at each

temperature.

Tlndenta_.tions too small for accurate measurements.

TABLE 1.3.14

DIAMOND PYRAMID HARDNESS

OF FULLY DENSE UN AS A
FUNCTION OF
TEMPERATURE
(Reference 1.62)

Temperature DPH
(°C) (kg /mm?)
25 500 - 600
650 275
760 224
800 169
870 164
900 143
980 130
1000 123
1090 116
1100 107
1200 81
1300 64
1400 53

NAA-SR-8617, Vol II1
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The effect of load on the microhardness of UO2 is shown in Figure 1.3.7.
Unannealed UO; single crystals prepared by arc fusion often are slightly defi-
cient in oxygen (hypostoichiometric) and contain small inclusions of U and UN.
Annealing in a hydrogen atmosphere removes these inclusions and decreases the
hardness, as shown in Figure 1.3.7. The effect of oxygen content on the hardness
The samples were annealed at

The data plotted in the figure

of uranium oxides are shown in Figure 1.3.8.
900°C for 67 hr and quenched single phase UO, ..
are an average of 15 hardness impressions. The one data point shown from

Lambertson and Handwerk(l'm) was obtained from an inclusion free sample of

electrically fused UO,. No load was specified.

el Smye— CRYSTAL A R

Figure 1.3.7. Microhardness of
T Uranium Dioxide
(Reference 1.125)

KNOOP HARDNESS NUMBER

CRYSTALS B AND C WERE}T
ANNEALED AT ITSOC N
HYDROGEN FOR (2hr

7869-017TT1

§

Ty Yy T vy rYrveryord

8

Figure 1.3.8. Effect of Oxygen Content on
Hardness of UOp4, Solid Solution
(Reference 1.73)

800

8

666 £14 LAMBERTSON
AND HANDWERK (REF.(.126)

KNOOP HARDNESS NUMBER (500 gm LOAD)

600.‘L“L l/l I T O O N T O O |
200 2.0 2.10 218
0/U ATOM RATIO
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Table 1.3.15.

1.3.2 Long Time — Creep

A few measurements have been made on the creep strength of unirradi-

ated as-cast uranium-carbon compounds which are given in Figure 1.3.9 and
(1.143)

No data are available on the creep strength of UN. Figure 1.3.10 illus-
trates the effect of grain size and density on the plastic behavior of UO2 during'
three point loading. The samples were prepared by pressing and sintering
2hr at 1650°C, giving a six micron grain size and a 96% theoretical density.
Longer sintering times at higher temperatures were used to obtainlarger
grain sizes and higher densities. Creep behavior showed grain boundary
4120 pigures 1.3.11 and 1.3.12

show the effect of excess oxygen and temperature, respectively, on the creep

cracking. Slip along boundaries was assumed.

behavior of UO24x. Specimens showed grain boundary sliding during creep.
Excess oxygen inhibits intercrystalline cracking found on stoichiometric uranium

1.128)
dioxide. (

The effect of load time and oxygen content on the creep strength
during bending is shown in Figure 1.3.13. Specimens were obtained by sintering
in nitrogen at 1450°C for 2 hr followed by reduction in hydrogen at 1200°C for

2 hr. Sintered UO; oo becomes plastic only above ~1600°C, but UO; g¢ or

UO, 16 With density of >95% theoretical canbe plastically deformed at about

800°¢c. (112

or—T—T9T T T T T T T T T
sl -
= -
~ 7H vu+s8at %¢C -
P 1400°C 5800 psi
N G | | -
= ,
g 5 -
4 U+56 at.% C UC-1500°¢C _|
5 1200°C 5800 psi == 5800psi
3 uc-1425°¢C \ 7
2 5soo psi -
' uc- |4oo°c SBOOpsI R
T T ) 4 ) 8 ] 1 |

10 20 30 40 50 60 70 80 90 100 IO 120 130
TIME (hr)
1-5-65 . 7569-01773

Figure 1.3.9. Creep Curves of Uranium-
Carbon Compounds
(Reference 1.143)
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TABLE 1.3.15

CREEP RATE DATA FOR URANIUM-CARBON COMPOUNDS

(Reference 1.143)

0.006

Q004

0002

0

STEADY-STATE DEFLECTION RATE (in./hr)

O 2000 4000 6000 8000 10000 12000 K000

MAXIMUM FIBRE STRESS (psi)

12-31-64 7569-01774

Figure 1.3.10. Effect of Grain Size and
Density on Plastic Behavior of
Stoichiometric UO, at 1400°C

(Reference 1.127)
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Carbon Nominal Test Creep Rate
Content Temperature Stres sz Duration (% hr)

(at. %) | (wt %) (°C) (lbf/_ln' ) (hr) Average lMinimum
58 6.7 1400 5800 97 0.24 0.085
56 6.5 1200 5800 94 0.025 0.010

. 50.5 4.8 1400 5800 128 0.0025 0.001
50.5 4.8 1500 5800 111 0.02 0.013
50.5 4.8 1425 5800 46 0.018 0.002
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1 .4 Irradiation Properties

)

%

1.4.1 Nuclear — Cross Sections

A

Table 1.4.1 gives the absorption and scattering cross sections of UC,

UN, and UO2.

f

TABLE 1.4.1

ABSORPTION AND SCATTERING MACROSCOPIC
CROSS SECTIONS OF UC, UN, AND UO,
(Reference 1.130)

J

Material Ea’ cm-1 Es, cm-1 L
ucC 22.68 0.491 L
UN 23.70 0.692 l
UO, 16.63 0.448 L

3
-

e
S
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1.4.2 Radiation Behavior

1.4.2.1 Radiation Changes

Table 1.4.2 lists irradiation stability data on as-cast UC samples. Cap-
sule AI-5-1, NAA-48-1, -2, -3, and -6 contained UC samples bonded with NaK
in stainless steel tubes; the remaining capsules listed in the table were bonded
with Na in stainless steel tubes. In general, fission gas release is assumed to
be practically all by recoil and to be independent of temperature. Fission gas
release in excess of 1% is believed due to extensive cracking. Cracking occurs
in all the UC fuels during irradiation, but is thought to be less severe in U-rich
(hypostoichiometric) fuels because of the U-phase at the grain boundaries. The
changes in diameter do not follow the changes in density because of radial and

. . 1.135
axial cracklng.( )

Table 1.4.3 presents data on the radiation stability of UN, made by hot

pressing powder techniques and obtaining approximately 100% theoretical density.

Figure 1.4.1 illustrates the effect of burnup (fission flux) on the dimen-
sional stability of approximately 99% dense UO,. However, Eichenberg,
(1.133)
et al,,

or density during irradiation, other than those due to thermal effects. Under a

points out that there is no evidence of any changes in microstructure

thermal gradient the grains in a UO; fuel rod grow in a columnar manner.

1.134) reports that sintered pellets of UOp irradiated at high heat ratings

Bradbury(
showed void formation along the axis of the fuel cylinder, a center region adja-
cent to the void with large radially oriented grains, an intermediate region of

equiaxed grain growth, and an outer region with the original sintered structure.

Large thermal gradients existed in this cylinder.

NAA-SR-8617, Vol III
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TABLE 1.4.2
PROPERTY CHANGES OF UC DUE TO IRRADIATION

Average Irradiation s . . s
Capsule CC::::::: Teempgerature (°F) . Burnup * Flézlson Dé;!::;:r giﬁﬁg}; DCehr:'xl;Z Reference
(wt %) Center Surface (Mwd/MTU) Release (%) (%) (%)
AJ-3-1 4.4 to 4.7 1800 1250 7,500 1.58 2to st 25t03 - 1.135
AI-3.-4 48to05.0 1750 1200 16,600 0.18 1.8 § - 1.135
Al-3-5 4.2to 4.4 2110 1350 13,000 to 14,000 - 3.8to7.6 |11.8to21.5 - 1.136%*
Al-5-1 4.8 to 5.0 - - 7,500 0.06 0.8 8.4 - 1.135
= NAA-48-1|4.8t05.0]1730to 2150 | 1050 to 1280 9,100 - lto 4 - - 1,135
g NAA-48-2(4.8to 5.0 900 to 1530 | 560 to 920 23,900 1.3 0.6 to 5.0 - - 1.135
C.t) NAA-48-3|1 4.8 to 5.0 1520 910 19,000 7.0 3.7 - - » 1.135
7o) NAA-48-6| 4.8 to 5.0 1750 1060 6,400 0.74 3.2to 4.4 0.6 - 1.135
— :» BRR-2 5to 5.5 600 660 700 Negligible | 0.16 to 0.20 - 0.29to 0.45| 1.135
.g‘, E BMI-23-1 5.2 980 to 1350 | 540 to 770 1,500 0.04 0.3 to 0.4 - 0.7to 2.5 1.135
- BMI-23-2 | 5.0 to 5.3 | 1060 to 1380 | 620 to 760 5,000 0.12 0.9 - 0.6 to 2.5 1,135
§ BMI-23-3 5.0 1080 to 1180 | 620 to 760 1,000 - 0.8 - 1.8 1.135
= BMI-23-4 5.2 800 to 1250 | 460 to 760 23,000 - 1.2to 1.4 - 34to4.4 1.135
E BMI-23-5 | 4.5 to 4.6 | 1250 to 1330 | 720 to 880 5,000 0.04 0.8tol.2 - 2.4to l.6 1.135
BMI-23-6 | 4.5to 4.8 | 800to 1600 | 500 to 850 5,000 0.04 0.48 - 1.15 to 1.57 | 1.135
BRR-5 5.0 590 to 880 430 to 720 4,700 - - - 1.2 1.4
BRR-5 6.7 590 to 880 430 to 720 7,100 - 1.0 - 1.3 1.4
BRR-5 5.0 590 to 880 430 to 720 4,000 - 0.9 - 1.2 1.4
BRR-6 5.0 730 to 980 490 to 740 6,900 - 0.6 - 1.2 1.4
BRR-6 5.0 730 to 980 490 to 740 6,800 - - - 1.7 1.4
BRR-6 5.0 940 to 1070 | 680 to 810 7,300 - 0.2 - 0.6 1.4 (
BRR-6 5.0 - - 5,600 - 0.2 - 0.9 1.4
BRR-6 5.0 - - 5,900 - - - 0.3 1.4
BRR-6 5.0 . - - 6,300 - 0.2 - 0.7 1.4
*Megawatt days/Metric ton of uranium contained in the UC.
tFuel was cracked. There were surface microcracks and a few large axial cracks in two out of six samples.
§Samples were broken. No length measurements could be made.
**]t was recommended to use UC with at least 4,55 wt % C at central temperatures below 2000°F.
C_ C
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TABLE 1.4.3

STRUCTURE CHANGES AND FISSION GAS RELEASE OF
UN DURING IRRADIATION
(Reference 1.131)

O—
p—

r— -

SN

C

pm—

C

-

P

ot

T (V T .C

r

Test Burnu Temperature Fission Gas
€8 urnup, (°C) Release Structure Changes
Number (at. % U) (%) .
Surface | Center o
BMI-40-1 0.14 75 120 - -
BMI-40-4 0.33 105 200 - Broke into large
pieces
BMI-40-5 1.40 230 650 - Broke into large
pieces
BMI-40-6 2.30 390 1260 0.4 - 0.6 Cracking, bubbles at
grain boundaries
BURNUP (at.%U)
0O 2 4 6 0 12
| B 1
IRRADIATION TEMPERATURE=
_ 260 TO 580°C
P>
rh-q .
@ 5[ _
22} ]
w e ]
= «f ]
Jf ]
o o -
gwr ]
6 -
4 - -
2 1 [ S

1-5-65

0O 4 8 12 6 20 24 28 32 36

1029 FISSION/cm®

7569-01778

Figure 1.4.1 Effect of Irradiation to High

Burnup on Dimensional Stability

of UO2 (Reference 1.132)
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1.4.2.2 Property Changes

et

TN

Increases in the electrical resistivity and in the lattice strain due to ir- u
radiation of UC have been observed. An increase in electrical resistivity of 2.5%

was observed at a flux of 6 x 1017 thermal nvt, while an increase of over 150%

i
il

at a burnup of 1.3 x 1018 fissions/cm3 was observed ™!

1.131
d-1sh reports that on UN samples, made by hot pressing to approxi-

Wullaert
mately 100% density, the hardnessincreasedfrom600to 800 DPH during irradi-
ation to burnup ranging from 0.14 to 2.3 at. % U.

Ros S(1.137)

UO, at 60°C after various exposure levels. The thermal conductivity saturated at
a value of 30% less than that of unirradiated UO; for a fission density of less than

5 x 1016 fissions /cm3 and remained unchanged to exposures of 6.7 x 1018

reported a change in thermal conductivity in 92% dense sintered

fissions /cm3. However, upon annealing the samples to 1000°C for 1 hr, complete
recovery of the decreased thermal conductivity due to exposure to 2 x 1016
fissions/cm3 was noticed. With irradiation exposures over 1018 fissions/cm3

@B Increasing the annealing temper-

the recovery was only about 50% complete.
ature above 1000°C does not seem to increase the percentage of recovery to the
thermal conductivity of unirradiated UO,. Belle!"™ reports that the room tem-
perature hardness of 98% dense UO; increased from 625 to 830 DPH after re-

ceiving irradiation exposures of 2 x 1020 fissions fem3.

NAA-SR-8617, Vol IIT’
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2.0 CERAMIC DISPERSIONS

2.1 Compositions

Properties for only two dispersions (Al;03-UO) and BeO-UO;) are pre-
sented in this handbook, because ample data on other dispersions were not found.
The Al,03-UO; dispersions have a eutectic at 1900° £ 10°C and 48.3 wt % UO,.
BeO-UO; dispersions have a eutectic at 2170 = 20°C and 83.6 wt % UO2; disper-
sions containing from 2 to 80 wt % UOp have been successfully fabricated and

irradiated.
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2.2 Physiochemical Properties P
2.2.1 Physical -

2.2.1.1 Phase Diagrams and Structure

Phase diagrams for the systems AlO3 + UO, and BeO + UO; were
worked out experimentally and presented in Figures 2.2.1 and 2.2.2 respectively.
The UO; was reported to contain less than 430 ppm of metallic impurities and to
have an O/U ratio of very close to 2. The Al,03 and BeO employed were finely

divided commercial grades whose purity equalled or exceeded 99.9%. The in-

vestigators found no compound and no solid solution formation in either system

r—

at temperatures from 800 to 1800°C in composition range from 10 to 90 mol %

of Al1203 or BeO. Both systems showed simple eutectics. For Al203 + UO2

the eutectic composition and temperature was about 75 mol % Al03 and 1915 %
15°C respectively; for BeO + UO;, about 63 mol % BeO and 2150 + 10°C.

The crystalline structure of a dispersion will contain crystalline structures

of the individual compounds. The grain growth of both components of BeO + UO2

dispersions have been reported to occur above 1600°C. There is marked re-

crystallization of BeO above 2050°C 2.19)

-
Yy
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Figure 2.2.1. Phase Diagram of Al303 + UoO;
Dispersion System
(Reference 2.1)
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Figure 2.2.2. Phase Diagram of BeO + Uuoz
Dispersion System '
(Reference 2.1)
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2.2.1.2 Density

The theoretical density of Al;03+UO; dispersions at room temperature

can be calculated using the following equation with p d (dispersion density) in units

vol % UO2 vol % A.1203
og =\ To0— (10.96) + 100 (4.00) . ...(2.2.1)

The theoretical density of BeO+UO, dispersions at room temperature can

of gm/cc,

be calculated using the following equation with p d in units of gm/cc,

vol % UO
B =<___10_:)__£) (10.96) + ("01__1:'70161_36_0) (3.03) . ... (2.2.2)
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2.2.2 Electrical — Electrical Resistivity

Figure 2.2.3 illustrates the effect of UO, content and particle size on the

electrical resistivity of Al;03+UO; dispersion at room temperature.

are available for BeO+UO2 dispersions.

ELECTRICAL RESISTANCE (MEGOHMS)

|
I
:
I
I
I
|
I
l
|
|
I
I
[
I
|

: O FINE (~1 1) UO,
02} PARTICLES 4
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. PARTICLES -
IO' e 1 T 1 | [ ] ] i [ | 1
a5 b o7 08 Q9 7o} ] 12
(35 wt%) (T4 wi%) (100 wi%)
"VYOLUME FRACTION OCCUPIED BY ALUMINA
1-3-65 ‘ ’ 7569-01781

Figure 2.2.3. Electrical Resistance vs
Composition for Al203 +UO2 Pellets
(Reference 2.19)
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2.2.3 Thermal

2.2.3.1 Thermal Conductivity

No thermal conductivity data are available for Al03+UOp dispersions.
Compacts of UO, and UO; containing up to 20 vol % (about 6.43 wt %) of BeO and
sintered to about 95% of theoretical density were used to obtain theoretical con-
ductivity measurements at temperatures up to 1000°C. These results are pre-
sented in Figure 2.2.4 and indicate that the 20 vol % addition of BeO approximately
doubled the conductivity of the UO2 compact.(2'4)

mal conductivity values for lower UO; weight percentages. No information on

This figure also presents ther-

specimen preparation purity or the size ranges of the constituent oxides are
available from these lower UOz wt % specimens 29 In addition, these results
indicate a contradictory trend in conductivity changes as the amount of UO in

the dispersion increases.

ole T T T T T
osa}- — — — FROM REF. 2.4 .
o FROM REF. 2.5
)
E o2l .
]
g BeO + 70.9wt % U0, (80.5% T.D.)
2
= o.0} =
8° BeO + 70.9wt% U0, (79.5% T.D.)
g o.o8l- BeO + 47.0w1%U0, (71.2% T.D.}
3
e BeO + 47.0 wt% U02(800% T.D.)
z —
o 006}
(&)
2
Be0 + 80 vol % (93.4wt%]) UO.
E 0041~ 8e0 + 85 vo|°/.(95.4m%)uo§ 7
w - BeO + 90 vol%{96.8w1%) U0,
E - Z}/ BeO + 95vol %(98.6 w1 %) U0
‘t: / handl -———
0.02}- Syl _-:3—::::: .
uo; e P
0 1 i ! B
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Figure 2.2.4. Thermal Conductivity of BeO + UOy
Dispersions vs Temperature and Composition
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2.2.3.2 Thermal Expansion

No data are available for Al;03-UO, dispersions. Figure 2.2.5 illustrates
the effect of temperature on the thermal expansion of cold-pressed and sintered
(1850°C) BeO + 70.9 wt % UO,. These values were measured between 100 and
400°C with a Gaertner interferometer. The bulk density of the specimen was
approximately 80% of theoretical. ‘Expansion data for UOp and BeO are included
for comparison.(z's) Figure 2.2.6 gives thermal expansion values as a function
of temperature of hot-pressed BeO, UO; and BeO + U0 mixture. Mixtures of
BeO were up to 10 wt % (about 3 vol %) of UO, with hot-pressed in graphite dies
to bulk densiities exceeding 98% of theoretical. No data were available on carbon
contamination or O/U ratio of the UO, with gm in reference 2.7. Thermal ex-
pansion measurements up to 800°C showed UOy additions having negligible effect
on the thermal expansion of BeO. Table 2.2.1 contains coefficient of linear
thermal expansion data on compacté of UO, and UO, containing up to 20 vol %
(about 6.43 wt %) of BeO which were sintered to about 95% of theoretical density.
These data up to 1100°C indicate that BeO additions have negligible effect, within

the limits of experiments on the thermal expansion.

S

THERMAL EXPANSIONUO™4 cm/cm)

€

° ) J ] ] Il ] ] 4 - ] -l 1
. 30.. 60 90 120 150 180 20 240 270 300 330, 360 390 420
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Figure 2.2.5. Thermal Expansion of BeO + 70.9 wt % UO;
for Low Temperatures (Reference 2.6)
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Figure 2.2.6. Thermal Expansion of Hot Pressed H-BeO,
UO2, and BeO-UO2 Mixture
(Reference 2.7)
TABLE 2.2.1
COEFFICIENTS OF THERMAL EXPANSION OF UO,, BeO,
AND BeO +UO7 DISPERSION COMPACTS
(Reference 2.4)
Coefficient of Linear Thermal Expansion¥*
Temperature (10-6 cm/cm-°C)
Rﬁ%g)e uo 5Vol% | 10 Vol% | 15Vol% | 20 Vol % | o
2 BeO BeO BeO BeO
20 to 200 9.13 9.06 8.96 8.88 8.98 7.1
20 to 400 9.55 9.50 9.32 9.22 9.09 8.6
20 to 600 9.83 9.75 9.54 9.60 9.49 9.6
20 to 800 10.04 10.14 9.80 9.80 9.82 10.3
20 to 1000 10.27 10.39 10.07 10.03 10.07 10.9
20 to 1100 10.36 10.41 10.16 10.16 10.13 -
400 to 800 10.51 10.75 10.26 10.36 10.52 -
800 to 1100 11.36 11.31 11.25 11.10 - -

*Estimated accuracy + 0.2 x 10~® cm/cm-°C
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2.3 Mechanical Properties — Short Time

The tensile modulus of rupture for Al203 + 33 wt % UO, (60% T.D.) is in

. (2.20)

the range of 1900 to 3300 psi. Tensile and compressive properties of

BeO-UO2 dispersions are summarized in Table 2.3.1.

TABLE 2.3.1

MECHANICAL PROPERTIES OF BeO-UO; DISPERSIONS AT

ROOM TEMPERATURE (Reference 2.19)

Uuo, % of Young's Bending Compressive
Content, Theoretical Modulus, Strength, Strength,
(wt %) Density 106 psi 103 psi 103 psi
2 98 - 27.6 —
10 98 - 32.8 -
10 91.5 49.3 - 188
10 88.4 44.2 - 155

NAA-SR-8617, Vol III
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2.4 Irradiation Properties

2.4.1 Nuclear Cross Sections

Table 2.4.1 illustrates the effect of UO, content on the macroscopic ab-

sorption and scattering cross sections for thermal neutrons of BeO + UOZ dis-

persions. Calculations were performed assuming absorption and scattering

properties of individual compounds being retained when mixed together to form

the dispersion fuels.

TABLE 2.4.1

CALCULATED THERMAL ABSORPTION AND

SCATTERING CROSS SECTIONS OF

BeO + UO, DISPERSIONS

UO2 Content Cro;jfpi?:?:: of
Vol % Wt % ., cm-1 T , cm-1l
a s

0 0 0.000599 0.798
10 28.65 1.66 0.763
20 47.45 3.33 | 0.728
30 60.72 4.99 0.693
40 70.60 6.65 0.658
50 78.23 8.32 0.623
60 84.31 9.98 0.588
70 89.26 11.64 0.553
80 93.38 13.30 0.518
90 96.85 14,97 0.483
100 100,00 16.63 0.448

NAA-SR-8617, Vol III
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2.4.2 Radiation Behavior

Table 2.4.2 illustrates the effect of neutron irradiation on the density of
Al,03 + 21 wt % UO,. Bleiburg?®?

tern and no grain boundaries were visible in Al, O3 after 1020 figsions fcm?2,

indicated there was a loss of diffraction pat-

Figure 2.4.1 illustrates the effect of uranium burnup on the density of Al303 +
21 wt % UO after irradiation.

Pellets containing BeO and 48.3 wt % (19.1 vol %) of UO, particles (125
microns in diameter), and having an enrichment of about 30% were encapsulated
and irradiated by flux of about 0.3 x 1014 nv thermal unperturbed. The average
sintered bulk density was about 93.8% of theoretical. The estimated specimen
temperature during irradiation was between 2200 and 2300°F. - The integrated
thermal flux was about 3 x 1020 nvt; the fission density was estimated as
2 x 1020 figsions/cm3 per pellet (102! fissions/cm3 of UO2); the irradiated com-
pact (BMI-31-3) was closed after reactor exposure, and the BeO was separated
from the UO2. The BeO powder was analyzed by X-ray diffraction using the
Debye-Sherrer method. No change was found in the lattice parameter, c,
spacing as a result of irradiation. A lattice parameter, a, was increased by
0.74%. Dimensions and densities of the irradiated pellets were measured. Com-

2.11 . .
@i is shown in

parison with previous experiments conducted by Johnson
‘Table 2.4.3. Statistical analysis of dimensional data show that there was es-
sentially no change in the dimensions of the pellets. Strength of these pellets
before and after irradiation is presented in Table 2.4.4. The data shown indi-
cate that the strength was decreased by about 21% as a result of the neutron

exposure.

Table 2.4.5 illustrates the effect of irradiation on the density and fuel
thickness of BeO + UQO2 dispersions containing from 25.3 to 59 wt % UO2. The
effect of irradiation on the mechanical properties of a BeO + UOp dispersion is

jillustrated in Table 2.4.6

NAA-SR-8617, Vol III
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TABLE 2.4.2
IRRADIATION EFFECT ON DENSITY OF Al.O. + 21wt % UO
: 2 3 2
(Reference 2.9)
Burnu at. % Thickness Irradiation | Density
Material 1020 fissilc:;xs lec UZ' 35‘,’ Change | Temperature | Change
(%) (°C) (%)
A1203 +21wt% 2.7 14 +10 290 -18.5
UO2 2.3 12 +10 290 -19.5
1.3 6.5 +10 290 "'1709
10.8 55 +10 290 -19.7
6.9 35 +10 290 - -18.8
5.3 36 +10 290 -17.4

NAA-SR-8617, Vol III
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TABLE 2.4.3

DIMENSIONS AND DENSITIES OF BeO + 19.1 VOLUME % UOZ FUEL PELLETS
BEFORE AND AFTER IRRADIATION
(~2 x 1020 figsions/cm3 of pellet)
(Reference 2.11)

Z
S
ll> Diameter Length Measured Density
wn - : - - - - -
;,U P;il.et ir rf;ieati on | ir rlzgis:tion C}Z?‘}:;ge ir rf;iZtion ir rzgfattion Cl’zr:/x;ge ir raPt;.ieation ir rigis;tion Ch(a‘.yn)ge
:': @ (in.) (in. ) (in.) (in. ) ¢ (g/cm3) (g/cm3) ?
w“: 15171-50-6 0.2218 0.2223 +0.2 0.2494 0.2515 +1.0 4,38 - -
< 15171-50-7 0.2226 0.2225 -0.05 0.2499 0.2510 +0.5 4,36 - -
o, 15171-50-10 0.222 0.2225 +0.2 0.2485 0.2505 +1.0 4.35 - -
E 15171-50-12 0.2223 0.2225 +0.1 0.2508 0.2505 -0.1 4,35 - -
15171-50-13 0.222 0.2203 -1.0 0.2503 0.2503 0 4.42 4.37 -1.
15171-50-14 0.2241 0.2221 -1.0 0.2493 0.2501 +0.4 4,32 4.30 -0.
15171-50-17 0.2229 0.222 1 -0.4 0.2501 0.2505 +0.2 4,32 4,33 +0.15
15171-50-24 0.2227 0.2223 -0.2 0.2510 0.251 0] 4,32 4.33 +0.15
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Figure 2.4.1. Increase in Volume of Al03 + 21 wt % UOp
on Irradiation (Reference 2.10)

TABLE 2.4.4

CRUSHING STRENGTH OF BeO + UO, FUEL

PELLETS FROM BMI-31-3 CAPSULE
(~2 x 1020 fissions/cm
(Reference 2-11)

of pellet)

Unirradiated Irradiated
. ) Pellets Pellets
(psi) (psi)
93,800 91,500
86,500 58,600 .
78,500 55,400
86,300 68,500
(average) (average)

2,14
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TABLE 2.4.5

EFFECT OF IRRADIATION ON DENSITY AND FUEL THICKNESS OF BeO + UOz DISPERSIONS

. Irrad%.ation Fission _Fuel Density

Matertal | DY 1020 Hestonjem | U, Sgptent | Tempesature | U0 | nSiitue | “Change | Chage | meferonce

(%) (%)

BeO +25.3wt% UO, | 96 11.1 - 890 fine* 19.9 [+27.3 - 2.17
BeO + 28.2 wt% vo, 96 13.5 59 550 coarsel 3 +3.0 - 2,12, 2,13, 2.14
BeO + 28.7 wt% UO, 90 12.1 - 930 coarse 6.9 +5.8 - 2.17
BeO + 29.9 wt% UO, 96 13.0 51 550 extra fined| 8 +15.0 - 2.12, 2.13, 2.14
BeO + 30.1 wt% Uoé 91 10,7 - 830 coarse - |+10.5 - 2.17
BeO + 34.6 wt% UO, 96 13.0 43 550 coarse 3 +8 (cracked) - 2.12, 2.13, 2.14
BeO + 34.6 wt% UO, 96 13.0 43 550 extra fine | 8 - - 2.12, 2.13, 2.14
BeO + 48 wt% UO, 89 0.5 1.6 840 coarse 0.4 - - 2.16
BeO + 59 wt% UO, 97 0.8 2 890 coarse 0.001 | +0.5 -0.8. | 2.15
BeO + 59 wt% UO, 97 0.8 2 775 coarse 0.001 | +0.2 -1.8 | 2.15
BeO + 65 wt % UO, 89 10 15 550 coarse - +1.7 - 2.12, 2.13, 2.14

*50 micron diameter particle size
1150 micron diameter particle size
‘§< 4 micron diameter particle size
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TABLE 2.4.6

EFFECT OF IRRADIATION ON THE MECHANICAL PROPE TIES OF
BeO + UO, DISPERSIONS (Reference 2.18) f

L
Material Density uoz2 Burnup 235 Irradiation | Linea? R?s‘f j’cr:i?é e I\f;gi:\i;cs Coggzzzzve SBt:::lg!:ﬁ
wt % U02 (%) Structure | (1018 fissions/cm3) Content Temp?rature Expansion Cha‘nge Change Change Change

2 (at. %) (*c) (%) ) | (%) % | %

.; 2 91,5 fine 2,2 1.75 250 0.51 +ab5 -21.6 -19 -

o 2 91.5 fine 5.3 4.27 250 0.60 | 4525 -25.,0 -12 -
N 0o 2 91.5 fine 8.9 7.18 250 0.60 +592. -28.3 -18 -
= °:‘ 2 93.1 fine 2.2 1.75 250 048 | 4575, -17.8 - -

- 2 93.1 fine 5.4 4,27 250 0.66 +604| -27.5 - -

s 2 93,1 fine 9.1 7.18 250 0.65 +656' -27.9 - -

- 10 87.5 fine 1.1 1.77 600 0.61 +414 -23.9 -32 -

=] 10 87.5 fine 2.3 3.61 600 0.74 +465 -25.1 -30 -

10 87.5 fine 3.9 6.22 600 0,78 +566 -28.3 -28 -

10 93,2 fine 1.2 1.77 600 0.59 - - -27 -

10 93.2 fine 2.4 3.61 600 0.62 +554 -23.3 -23 -

10 93,2 fine 4,2 6.22 600 0.81 +616 -30.7 -28 -
%<4 microns diameter particle size
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3.0 CERMETS

.

G

C

i 3.1 Composition
Properties for only three cermets (Mo-UC, -UN, and -UOZ)are presented
£ in this handbook due to the fact that data found on other cermets were insufficient,
Cermets containing 60 to 80 vol % UC, 60 to 90 vol % UN, or 60 to 90 vol % UOZ

r-

dispersed in molybdenum have been successfully fabricated.
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3.2 Physiochemical Properties » f

3.2.1 Physical — Density &5/

1

Calculated densities (external dimension divided by weight) of molybdenum- L
uranium carbide cermets range from 12.27 to 12.95 gm/cm™ over a 60 to 90 vol %

(65.5 to 90.9 wt %) UC loading®™"

can be calculated using the following equation with P, (cermet density) in units of

The theoretical density of Mo + UC cermets

gm/cc,
1% M 1% UC
o, =<ﬂ1;7g—°> (12.25) + <!91;{)°—> (13.63) . ... (3.2.1) L
Calculated density of Mo + 80 vol % (82.4 wt %) UN was found to be y
13.5 gm/cc.(s'l) The theoretical density of molybdenum-uranium carbide cermets L

can be calculated using the following equation with g. in units of gm/cc.

o =(VO%OZ()) Mo> (12.25) + <X_Qll_gg\l> (14.32) . ...(3.2.2)

Calculated density of Mo + 80 vol % (82 wt %) UO2 was found to be

10.81 gm/cc.(s'l) The theoretical density of molybdenum-uranium oxide cermets

can be calculated using the following equation with P, in units of gm/cc,

2
, vol % UO .
. =<VO:]|:028 MO> (12'25) + (Tooz—> (13.96) . . e (3. 1.3) L

il
i
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3.2.2 Electrical — Electrical Resistivity

T

Figure 3.2.1 illustrates the effect of temperature on the electrical re-

sistivity of molybdenum-uranium carbide cermets.

The effect of temperature on the electrical resistivity of Mo + 80 vol %

UN cermet is illustrated in Figure 3.2.2.

Results on the effect of temperature on the electrical resistivity of

Mo + 80 vol % UO, cermet are given in Figure 3.2.3.

O

C

.

r—

300 , ' l : :
g !
b —_—
Ez200 | WMo + 8 vol% UC (95% T.D) B
o
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Figure 3.2.1 Electrical Resistivity of Mo-UC Cermets
(Reference 3.1)
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Figure 3.2.2. Electrical Resistivity of Mo-UN
° Cermet (Reference 3.1)
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3.2.3

Thermal

3.2.3.1 Thermal Conductivity

Figure 3.2.4 illustrates the effect of temperature and UC content on the

thermal conductivity of molybdenum-uranium carbide cermets. Figure 3.2.5

presents thermal conductivity results for a Mo + 80 vol % UN cermet, as well

as a Mo + 80 vol % UO2 cermet.
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THERMAL CONDUCTIVITY (cal/sec-cm-°C)

©
o
a

Ll 1 T T

Mo+460vol % UC (97% T.0.)

Mo +80 vol % UC (95% T.D)

| 1

0.03
(o]

1-4-65
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TEMPERATURE (°C)

Figure 3.2.5. Thermal
Conductivity of Mo-UN
and Mo-UO;, Cermets

(Reference 3.1)
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Figure 3.2.4. Thermal Conductivity of
Mo-UC Cermets (Reference 3.1)
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3.2.3.2 Thermal Expansion

The mean linear thermal expansion coefficient for a Mo + 80 vol % UC
cermet having a density of 95% theoretical over the temperature range of 20 to
950°C was found to be 7.2 to 7.6 x 10'6 cm/em-°C. A Mo + 60 vol % UC cermet
with a 97% T.D. had a coefficient of 6.4 to 6.8 x 1076

temperature range &n

cm/cm-°C over the same

The mean linear thermal expansion coefficient of Mo + 80 vol % UN cer-
met having a 90.9% T.D. was measured to be 9.1 to 9.5 x 10-6 cm/em-°C over

the temperature range of 20 to 950°c Y

Mo + 80 vol % UO'2 cermet (946;4% T.D.) had a mean linear thermal ex-
pansion coefficient of 8.8 to 9.2 x 10”~ cm/cm-°C over the temperature range of
20 to 950°C. Over the same temperature range a Mo + 70 vol % UO2 cermet
(91.7% T.D.) had a coefficient of 7.9 to 8.3 x 10~® cm/cm-°c ®V

NAA-SR-8617, Vol 111
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3.3 Mechanical Properties — Short Time

Table 3.3.1 presents results at room temperature on the Young's modulus,

ultimate compressive strength, and compressive yield strength of molybdenum-

uranium carbide cermets as a function of UC content and percent of theoretical

density. The cermets were made using powder metallurgy techniques.

The available mechanical property data on Mo + 80 vol % UN cermet pro-

duced using powder metallurgy techniques are presented in Table 3.3.2.

Data on the modulus of rupture of Mo + 80 vol % UOZ cermet are presented

in Table 3.3.3.

pressive properties of a Mo + 80 vol % UOZ cermet.

TABLE 3.3.1

(Reference 3.2)

Figure 3.3.1 presents stress-strain data illustrating the com-

COMPRESSIVE MECHANICAL PROPERTIES FOR Mo-UC CERMETS

R Ultimate ;
Density ; Young's Yield Strength
UC Content (Percent of Compressive Modulus (103 psi)
(vol %) Theoretical Strength 106 psi
eoretical) (103 psi) (10% psi) | 0,19 Offset | 0.2% Offset
60 95 139.5 28.8 114.5 113.8
60 98 111.7 25,5 73.9 80.0
80 95 95.1 27.8 93.5 -

TABLE 3.3.2
ROOM TEMPERATURE MECHANICAL-PRORERTY VALUES OBTAINED ON MOLYBDENUM

CERMETS CONTAINING 80 VOLUME PERCENT UN (Reference 3.3)

- Compressive Properties
UN Density Dynamic | Modulus of Stati 0.2 -
Composition |- (Percent of Mozlulus Rupture Mo:ui:is (% Offst.-:t Yield gtl tlema:f
L : 1 . s ) reng
(vol. %) Theoretical) | (106 psi) (psi) (106 psi) Strength, psi) (psi)
80 93.9 30.24 26,200 33.1 118,000 152,000
80 93.9 29.66 24,900 30.2 110,000 140,000

NAA-SR-8617, Vol III
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TABLE 3.3.3

" ROOM TEMPERATURE MODULUS OF RUPTURE
DATA FOR Mo + UO, CERMETS
{(Reference 3.4)

UO, Content Tli;eore.tical Modulus of Rupture E

-Density 3 . -

(vol %) (10° psi) L
(%)

80 91.6 12.0 L‘

80 90.7 13.8 4

80 88.5 12.1 i

=

©
o
——
1
|

so}- -
£
i
7o} - L
< e0 E=20.2x10% psi Jdos
8 !
2 sof Jos
g AAA &da 3 a
& aof st 4040
= MAA 05.2yp "68:400psi E ‘
30 &unrds 4 O = 79,400psi <03 o
PROPORTIONAL ] o = STRESS DATA & ‘E
20 LimT Hdoz2 @
A = POISSON'S RATIO b4
DATA
10 =04 U

10

000l 0002 0003 0.004 0.005 0.006 0007 0008 0.009
STRAIN (in./in)

12-31-64 7569- 01791

Figure 3.3.1. Compressive Test on a Mo + 80 vol % U0,
Cermet With a Density 90.7% of Theoretical
(Reference 3.4)

L

NAA-SR-8617, Vol III

3.8 L



3.4 Irradiation Properties — Nuclear Cross Sections

Tables 3.4.1 to 3.4.3 contain thermal macroscopic absorption and scatter-
ing cross sections for Mo-UC, Mo-UN, and Mo-Uozcermets as a function of
UC, UN, and UO2 content, respectively. These cross sections were calculated
assuming absorption and scattering properties of individual elements and com-

pounds being retained when mixed together to form the cermet fuel.

r—

e

—

TABLE 3.4.1

THERMAL ABSORPTION AND SCATTERING
CROSS SECTIONS FOR Mo-UC CERMET

Macroscopic
UC Content Cross Section
Vol % Wt % z, cm™ Z, cm™}

0 0 0.173 0.448
10 11.0 2.42 0.452
20 21.8 4.67 0.457
30 32.3 6.93 0.461
40 42.6 9.18 0.465
50 52.7 11.43 0.469
60 62.5 13.68 0.474
70 72.2 15.93 0.478
80 81.7 18.18 0.482
90 90.9 20.43 0.487
100 100.0 22.68 0.491

NAA-SR-8617, Vol III
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TABLE 3.4.2

" THERMAL ABSORPTION AND SCATTERING CROSS SECTIONS u‘
FOR Mo.-UN CERMET U
UN Content Macroscopic Cross Section
(vol %) (wt %) Ea(cm- 1) Es(cm- 1) LI
0 0 0.173 0.448
10 11.5 2.53 ' 0.472 U
20 22.6 4,88 0.497
30 33.4 7.23 0.521 )
40 43.8 9.58 0.546 LJ
50 53.9 11.94 0.570 ;
60 63.7 14.29 0.594. L
70 73.2 16.64 0.619
80 82.4 18.99 0.643 C
90 91.3 21,35 0.668
100 100 23,70 0.692 L
TABLE 3.4.3 /

THERMAL ABSORPTION AND SCATTERING CROSS SECTIONS
FOR Mo-UO, CERMET

2 .
U0, Content Macroscopic Cross Section L
wol%) | (wt%) T (em” ) Z_(cm” ) ?
0 0 0.173 0.448 L
10 11.2 1.82 0.448 i
20 22.2 3.46 0.448 L
30 32.8 5.11 0.448
40 43,2 6.76 0.448 b
50 53,3 8.40 0.448
60 63.1 10.05 0.448 )
70 72.7 11.69 0.448 L
80 82.0 13.34 0.448 .1
90 91.1 14.98 0.448 L
100 100 16.63 0.448

vty
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4.0 CLADDINGS

4.1 Introduction

Properties of eight refractory materials are presented in this handbook.
These cladding materials are columbium (niobium), iridium, molybdenum,
rhenium, tantalum, titanium, vanadium, and tungsten. They are discussed in
the order of their symbols — Cb, Ir, Mo, Re, Ta, Ti; V, and W. No informa-
tion on alloys composed of any combinations of these elements was included in
this handbook because of the scarcity of data available and the many combina-

tions of elements that could conceivably be useful as a high temperature cladding.
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4.2 Physiochemical Properties

4.2.1 Physical

4.2.1.1 Crystal Structure

Table 4.2.1 presents the crystalline structure of eight refractory metals

at room temperature.

TABLE 4.2.1

CRYSTALLINE STRUCTURE OF
EIGHT REFRACTORY METALS
AT ROOM TEMPERATURE

(Reference 4.4)

- Metal

Structure

Cb
Ir
Mo
Re
Ta
Ti
\%
w

body centered cubic
face centered cubic
body centered cubic
close packed hexagonal
body centered cubic
close packed hexagonal

body centered cubic

body centered cubic

NAA-SR-8617, Vol III
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4.2.1.2 Density

Figure 4.2.1 presents the calculated density variation with temperature

of Cb, Mo, Ti, and V, Figure 4.2,2 presents the calculated density variation of

temperature of Ir, Re, Ta, and W. The density at various temperatures of

these metals is calculated by assuming a 1 c:m3 of material at room temperature

and using the linear thermal expansion to calculate the density at various

temperatures.
n I 1 T
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Figure 4.2.1. Calculated
Temperature Effect on
Density of Cb, Mo,
Ti, and V
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Figure 4.2.2. Calculated
Temperature Effect on
Density of Ir, Re,
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4.2.1.3 Melting Point

The approximate melting points of 8 refractory metals considered in this

handbook are presented in Table 4.2.2.

TABLE 4.2.2

APPROXIMATE MELTING POINTS
OF EIGHT REFRACTORY METALS

(Reference 4.16)

Melting Temperature

Meta.l. (°F)
Cb 4474 £ 18
Ir 4449 £ 5
Mo 4730

Re 5755 %= 35
Ta 5425 £ 90
Ti 3035 £ 18
A\ 3450 £ 50
w 6170

NAA-SR-8617, Vol III
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4.2.2

Electrical

4.2.2.1 Electrical Resistivity

The effect of temperature on the resistivity of Ir, Ta, and Ti are pre-

sented in Figure 4.2.3.

perature.

Very little data exist on this metal.

Only two values for Ir were found as a function of tem-

Figure 4.2.4 presents the

electrical resistivity of Cb, Mo, Re, V, and W as a function of temperature.
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Figure 4.2.3. Electrical
Resistivity of Ir, Ta,
and Ti
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Figure 4.2.4. Electrical
Resistivity of Cb, Mo,
Re, V, and W
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4.2.3 Thermal

4.2.3.1 Thermal Conductivity

The effective temperature on the thermal conductivity of Cb, Ir, Mo, Re,

Ta, Ti, V, and W are presented in Figure 4.2.5. Again, very little data exist

on Ir and Re metals.

0.5

THERMAL CONDUCTIVITY (cal /sec—cm-°C)

o
H
I

o
o
i

A =Re (Ref 46)
O-:=lir (Ref 4.4) —
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o2 Ta (Ref 4.6) -
“NSCb (Ref 4.6)
ol i
Vo (Ref 4.6)
0 1 ] | ] { ] |
0 400 800 1200 1600 2000 2400
TEMPERATURE (°C)
|~5-65 7569-01796

Figure 4.2.5. Thermal Conductivity of Cb, Ir, Mo,
Re, Ta, Ti, V, and W
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4.2.3.,2 Specific Heat

The specific heat of Cb, Ta, V, and W as a function of temperature is pre-

sented in Figure 4.2.6. Figure 4.2.7 presents the effect of temperature of the

>

| -

specific heat properties of Mo, Re, Ir, and Ti.
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Figure 4.2.6. Specific Heat of Cb,
Ta, V, and W 020l
(Reference 4.1, 4.3, 4.4, 4.5)
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Figur.e 4.,2,7. Specific Heat of Ir,
Mo, Re, and Ti
(Reference 4.1, 4.3, 4.5, 4.7)
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4.2.3.3 Thermal Expansion

The coefficient linear thermal expansion from room temperature for Cb,

Mo, and V are presénted in Figure 4.2.8 as a function of temperature. No data

exist for Ir, Re, Ta, Ti, and W,
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Figure 4.2.8. Coefficient of Linear Thermal Expansion
From Room Temperature for Cb, Mo, and V
(Reference 4.1)
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4.2.4, Chemical

4.2.4.1 Hydrogen Permeation

Figure 4.2.9 contains the available data on the hydrogen permeation rate

through refractory metals as a function of temperature.

Re, Ta, Ti, and V.
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Figure 4.2.9. Hydrogen Permeation vs
Temperature for Cb, Mo, and W
Membranes (Reference 4.8)
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4.2.4.2 Hydrogen Effects [

Columbium (niobium) metal does not normally absorb hydrogen at room \,J"
temperature. However, if it is first heated in hydrogen to a high temperature,
the metal will continue to absorb hydrogen at room temperature until it ap-
proaches Nb Hg g¢- The limiting formula appears to be Nb H. The solubility of 3
hydrogen in niobium over the range 20 to 900°C is given in Table 4.2.3. The L

sample contained 98.5 wt % columbium and the remainder was tantalum. The

pressure was 760 mm of Hg.(”) r-
TABLE 4.2.3 N
SOLUBILITY OF HYDROGEN IN NIOBIUM L
(Reference 4.1)

Temperature Solubility Temperature Solubility ’ 4
(°C) (cm3 H, /g Nb) (°C) (cm3H,/g Nb) b
20 (104.2) 500 47.4 fh

200 (93.3) 550 29.7
300 88 600 18.5 L‘
350 83.6 700 . 9.7 :
400 76.8 ; 800 6.1 [
450 65.6 900 4.0 -
Niobium is embrittled by heating in hydrogen and the products of reaction can L
be decomposed by heating in a vacuum. The rate of absorption is dependent -
upon the hydrogen pressure as well as ambient temperature. The rate of reac- L

tion being a function of the square root of the pressure.

Products formed at 300 and 350°C can be decomposed by evacuating at
342°C. Hydrides formed by reacting columbium and hydrogen at 700°C can be
6 mm at 700°C; however, the hydride

partially decomposed or evacuated to 10~
6 at 900°C. For

formed at 900°C cannot be decomposed in a vacuum of 10~

operation in a hydrogen atmosphere, the safe operating temperature for colum-

bium is limited to something below 1900°C because of grain growth dimensional

changes and hydrogen embrittlement. Columbium hydride reacts in air, the

ignition temperature being from 240 to 575°C in static air and from 310 to 610°C
(4.1)

L
L
in dynamic air. 'S
L
L

NAA-SR-8617, Vol III
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No data exist on the effect hydrogen has on Ir, Mo, Re, and W.

It has been observed that the absorbed hydrogen makes a tantalum filament
quite brittle and increases its electrical resistivity. Three phases of tantalum
are formed with hydrogen. Up to about 12 at. % hydrogen, the structure is
b.c.c. (alpha phase); between 31 and 35 at. % hydrogen, the structure is that of
a closely packed hexagonal lattice (beta phase); and between 48 and 52 at. % a
gamma phase is formed, which has the structure of a slightly deformed b.c.c.

lattice .(4'9)

Only the hydrides of Li sodium and calcium have higher hydrogen content
than Ti reaches. About 800°C the solubility of hydrogen in Ti follows the
P-1/2 law. Absorption begins at 375°C and occurs at a rapid rate above 400°C.
Figure 4.2.10 shows isotherms at four different temperatures illustrating the
effect of hydrogen content in Ti on the hydrogen disposition pressure. The shape
of the 600°C isotherm is accounted for by the pressure of two phases. It has
been demonstrated by X-ray investigation that the solid solutions consist of a
delta phase up to 35 at. %, and a beta phase for 50 at. % of hydrogen and iron.
The alpha phase is a closely packed hexagonal lattice structure while the beta

phase is a f.c.c. lattice structure. The maximum content of hydrogen in the

solid solution corresponds to the formula Ti, H) 75; and the density of the hydride '

is 3.91 as compared to the density of 4.52 grains per cm™ for Ti. The decrease
in density varies linearly with the hydrogen content and this fact indicates that
the entrance of hydrogeh atoms into interstitial sites in the metal lattice brings
about an expansion of the lattice. It is important to observe that in Ti maximum
absorption is obtained only after the metal has been heated and vacuumed for a
prolonged period at a very high temperature. The metal, thus the gas, absorbs
hydrogen very rapidly at a moderately high temperature. The absorption under
these conditions is completely reversible. Absorption at lower temperature is
usually affected by cooling the metal, which has been saturated at the higher

temperatures in hydr ogen.“'g)

The maximum hydrogen content in V corresponds to the chemical compo-
sition VHg, 72, and the density of this solid solution is 5.30 as compared to
5.87 grams/cm3 for V. Figure 4.2.11 shows isotherms for solutions of hydrogen

in V. The isotherms are reversible and all of them followthe P-1/2 law. “.9

NAA-SR-8617, Vol III .
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The rather sparse data on the strain rate dependence of tensile ductility of
hydrided V are contained in Figure 4.2.12, Hydrogen seems to play the major
role in the ductility temperature strain rate relationships. Only the data for

the 0.15 atomic percent hydrogen reflect the thin strain rate dependence of V.

The transition type plots of Figure 4.2.12 seem similar to the pattern of behavior

for hydrogen charged steels (.10
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d 0[
- 700 4
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Figure 4.2.10. Isotherms at Four Different
' Temperatures for the System
Hydrogen-Titanium
(Reference 4.9)

NAA-SR-8617, Vol III
4,12

€

)

—-
~



-

S

800 T T T T T T
700
__ 600
£
£ 500 O DESORPTION
c O SORPTION
w 400fe -
@
S
o 300 B
[72]
a
a 200 -1
L 100 -
i o '
Lf 0 10 20 30 40 50 €0
(atm-cm3/gmV)
1-5-65 7569 - 01802
T
.

L Figure 4.2.12. Tensile Ductility as a
Function of Temperature, Strain
Rate, and Hydrogen Content

C (Reference 4.10)

w

U

‘ :

i

NAA-SR-86

e

u 4,13

Figure 4.2.11. Isotherms at Four
Different Temperatures for the
System Hydrogen-Vanadium
(Reference 4.9)

100 T T T T
€ = 0.05in./in. min
80 - /__ i
60 H=30ppm(0.15 01.%) -
= a0} H=420-580ppm N
s (21-29 01.%)
]
w 2o} .
<
<
£ o -
z |oo( <
e F H=80ppm( 0.41 at.%)
o
S 8o} =
o
15 ]
[ 4
60} ~
aof & =0.05in./infmig|
é2=IOO
20} €5=19000 =
o /] S |
-200 -100 0 +100 +200
TEMPERATURE (°C)
I-5-65 7569-01803
17, Vol III




4.3 Mechanical Properties

4.3,1 Short Time

4.3.1.1 Tensile Properties

Figure 4.3.1 illustrates the ultimate tensile strength of properties.of Cb
as a function of temperature. The yield étrength properties of Cb as a function
of temperature are presented in Figure 4.3.2. The ultimate tensile strength of
Mo as a function of relatively low temperatures is illustrated in Figure 4.3.3.
Figure 4.3.4 illustrates the effect of relatively high temperature on the ultimate
tensile strength of Mo as well as W. This figure also illustrates the effect of
cold working and recrystallization at 3800°F on the ultimate tensile stréngth of
Mo and W. Figure 4.3.5 presents ultimate tensile strength properties as well as
the elongation properties as a function of temperature of Re. Ultimate tensile
strength and yield strength properties of high purity Ta are presented in Fig-
ure 4.3.6 as a function of temperature. Also presented in this figure is the ef-
fect of many crystallizations of Ta on these properties. A wrought material was
95% cold rolled and stress relieved. The recrystallized material was held at
2190 for 1 hr after 75% cold rolling. Figure 4.3.7 presents elevated tempera-
tures, ultimate and yield tensile properties of mill annealed alloyed Ti-55.

Also presented in this figure is the effect of temperature on the elongation and
reduction in area properties of Ti-55. For comparison of tensile strength
properties, Figure 4.3.8 presents these properties as a function of temperature
of mill-annealed Ti-40. Figure 4.3.9 presents strength and elongation properties
of annealed high purity (99.9%) Ti. The ultimate tensile properties as a function

of temperature of recrystallized V are presented in Figure 4.3.10. Figure4.3.11

presents the yield strength properties of recrystallized V.

No data are available to illustrate the effect of temperature on the yield

strength properties of Mo, Re, and W.

Figure 4.3.12 presents structure and dynamic modulus of elasticity
properties of Cb as a function of temperature. The effects oftemperature onthe
elastic modulus of Ir, Mo, Ta, and W are presented ‘in Figure 4.3.13. The
structure modulus of elasticity as a function of temperature of arc-cast Mo is
presented in Figure 4.3.14. Figure 4.3.15 illustrates the effect of temperature
on the Young's modulus of elasticity of Re. Additional data on the modulus of

NAA-SR-8617, Vol 1II
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elasticity of Ta are presented in Figure 4.3.16. The modulus of elasticity of Ti
at various temperatures is presented in Figure 4.3.17. The effect of tempera-
ture on the dyna.rhic modulus of elasticity of V is presented in Figure 4.3.18.
No data exist to illustrate the effect of temperature on the modulus of elasticity
with W,

The elongation properties of Cb in tension as a function of temperature
is presented in Figure 4.3.19. Area reduction of Cb in tension as a function of
temperature is presented in Figure 4.3.20. No data exist on the elongation and
reduction in area properties as a function of temperature of Ir, Mo, Re, Ti,
and W. The elongation property as a function of temperature of high purity Ta
sheet is presented in Figure 4.3.21. Also presented in this figure is the effect
of recrystallization of the elongation properties of Ta. The wrought material
was 95% cold-rolled and stress relieved. Recrystallization material was held
at 2190°F for 1 hr after 75% cold rolled. Figure 4.3.22 illustrates the effect of
temperature on the tensile elongation property of recrystallization V. Fig-
ure 4.3.23 illustrates the effect of temperature on the reduction of area under

tension of récrystallized V.

NAA-SR-8617, Vol III
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4.3.1.2 Hardness

Figure 4.3.24 presents hardness ‘properties data on Cb as a function of
temperature.

No data exist to illustrate the effect of temperature on the hardness of
Ir, Re, Ta, Ti, and V.

The effect of temperature on the hardness of unalloyed arc-cast Mo is

illustrated in Figure 4.3.25. Additional data on the effect of temperature on the

hardness of Mo sheetarepresentedin Figui‘e 4.3.26. Also hardness data on W

are presented in this figure.
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4.3.2 Long Time

4.3.2.1 Stress Rupture

Figure 4.3.27 presents stress rupture data of electron beam melted Cb

sheet as well as Ta sheet on a Larson-Miller plot.

N6 data are available to illustrate the effect of temperature and time on

the stress rupture properties of Ir, Re, Ti, V, and W..

Figure 4.3.28 presents stress rupture curves for unalloyed arc-cast Mo.
This figure also illustrates the difference in stress rupture properties of stress

relieved and recrystallized Mo.

The stress relieved material was held at

1800°F for 1 hr while the recrystallized material was held at 2150°F for 1 hr.
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4,3.2.2 Creep

Figure 4.3.29 presents creep stress data as a function of rupture time
for Cb at high temperatures. Lower temperature data for Cb is presented in
Figure 4.3.30,

No data were found to illustrate the effect of rupture time on the creep
stress of Ir, Re, Ti, and V. Creep properties at 1800°F as a function of time
are presented in Figure 4.3.31 for unalloyed arc-cast Mo. In addition, the dif-
ference between creep properties of stress relieved and recrystallized material
is illustrated in this figure. The stress relieved material was held for 1 hr at
1800°F while the recrystallized material was held for 1 hr at 2150°F,

Figures 4.3.32 to 4.3.35 present creep strength properties as a function
of temperature of recrystallized high purity Ta sheet on various percentages of

creep.

Minimum creep rate properties as a function of stress and temperature

of recrystallized W are presented in Figure 4.3.36.
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Figure 4.3.30. Creep Stress vs Rupture
Time for Columbium at Lower
Temperatures
(Reference 4.6)
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Figure 4.3.31. Creep at 1800°F for
Unalloyed Arc~Cast Molybdenum,
as Stress Relieved (1800°F —
1 hr) or Recrystallized
(2150°F — 1 hr)
(Reference 4.13)
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Figure 4.3.32. 0.5% Creep
Strength vs Temperature of
Recrystallized High-Purity

Ta Sheet (Reference 4.12)
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Figure 4.3.33. 1.0% Creep
Strength vs Temperature of
Recrystallized High-Purity
Ta Sheet (Reference 4.12)
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Figure 4.3.35. 5% Creep
Strength vs Temperature of
Recrystallized High-Purity

Ta Sheet (Reference 4.12)
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Figure 4.3.34. 2% Creep
Strength vs Temperature of
Recrystallized High-Purity

Ta

MINIMUM CREEP RATE (in./in.-hr)

Sheet (Reference 4.12)
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Figure 4.3.36. Creep Rate

vs Stress and Tempera-~
ture for Recrystallized
Tungsten
(Reference 4.14)
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4.3.2.3 Fatigue Strength

No fatigue strength properties as a function of temperature are available
for Cb, Ir, Re, V, and W materials. Figure 4.3.37 illustrates the effect of tem-
perature on the fatigue limit and fatigue ratio of unalloyed arc-cast Mo. The ma-
terial was recrystallized for 20 min at 2800°F to a -grain size of ASTM 6/7
(transverse) and 3/6 (longitudinal). The specimens with a minimum diameter of
0.150 in. were tested in rotating bending using a cyclic frequency of 3450 cpm.
Results were evaluated by the staircase statistical method using a run-out of
10 million cycles, except at 1100°F where fatigues were still being obtained at

25 million cycles. The tests that were conducted above 875°F were done in an

argon atmosphere. Figure 4.3.38 presents fatigue strength properties at different

temperatures of annealed tantalum sheet while Tables 4.3.4 and 4.3.5 present
these properties of Ti-55 bar at different temperatures and Ti-70 sheet and bar

material at room temperature, respectively.

1 ] I ] 1 ] ) 1) 1 | | 1 I
100 | - 70 v

= - JEST TEMPERATURES
= FATIGUE RATIO - . 4 28%C (78°F)
na sof- / - 7 <R a @ -75°% (-100°F) |
° I 2 T j ?
» 6o} 1\ - S s} : - -
a 1 © \0.\'.&
3 7 E -

- - - A o -
= a0 E 40 -

- 95% CONFIDENCE s —

20]. LMITS ] 30
FATIGUE LIMIT 10° 10® 107 108
] CYCLES TO FAILURE
L e e Y T e 1-11-65 7569 - 0840
-200 O 200 400 600 800 1000 1200
TESTING TEMPERATURE (°F) Fi :
igure 4.3.38. Fati
1-5-65 . 7569-01839 g 3.38 atigue

Characteristics of

Figure 4.3.37. Effect of Annealed Tantalum
Sheet

Temperature on the

Fatigue Limit, Fatigue (Reference 4.12)
Ratio of Unalloyed

Arc-Cast Molybdenum
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TABLE 4.3.4
FATIGUE PROPERTIES OF Ti-55 BAR

(Ref. 4.5)
Alloy Ti-55
Form Bar
Condition Annealed
Stress Fatigue Strength — ksi
Tem{JS ;?ture Method Ratio Conscter;latsr sa tion at Cycles
Al R | (106) | (107)
-312 Rev bend o) -1 Smooth K =1 - 100
Notched K = 2.7 - 46
RT Smooth K =1 42 41
Notched K = 2.7 - 35
600 Smooth K = 1 22 21
TABLE 4.3.5
FATIGUE PROPERTIES OF Ti-70 SHEET AND BAR AT
ROOM TEMPERATURE (Ref. 4.5)
Alloy Ti-70
Condition Annealed
Stress Fatigue Strength — ksi
Form Method Ratio co Strisst' at Cycles
A R ncentration (105) (106) (107)
Bar Notched 00 -1 Smooth K =1 75 68 62
beam .
Notched K = 2.7 42 38 36
Sheet Direct 0.25 0.6 { Smooth K =1 - - 78
stress
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4.4 Irradiation Properties

4.4,1 Nuclear Cross Sections

Table 4.4.1 lists the microscopic and macroscopic absorption and scat-

tering and 8 refractory materials for thermal energy neutrons.

TABLE 4.4.1

THERMAL ABSORPTION AND SCATTERING CROSS SECTIONS

(Reference 4.20)

Absorption Scattering
Ele#lent 0_(barns) Ea(cm- ! ) 0_(barns) Zs(cm- 1)

Cb 1.16 0.0632 5 0.272
Ir 440 30.9 - 0
Mo 270 0.173 7 0.448
Re 86 8.16 14 1.33
Ta 21 1.16 5 0.276
Ti 5.8 0.328 4 0.226
v 5.0 0.352 5 0.352
w 19.2 1.19 5 0.310
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4.4.2 Radiation Effects

The effects of nuclear irradiation upon the tensile properties of Cb have
been investigated to a limited extent. Cb containing about 0.16% oxygen was ex-
posed to a neutron dose of 2.3 x 1020 neu,tron/cm2 of energies less than 0.6 ev
and 1 x 1020 neutron/cm'2 of energies greater than 0.6 ev. Irradiation is seen
to increasé the strength and decrease the ductility of Cb in much the same man-
ner as cold work. This effect has been attributed to the formation of lattice
vacancies created by neutron irradiation. At low temperature exposure (60°F)
thermal activation was not sufficient to allow interstitials to accumulate at these
sites of imperfections and yield point disappears at this result. However, by
annealing at about 400°F, thermal energy was sufficient to condense impurity
diffusivity and this resulted in additional increases in strength and the return of

yield point behavior 620 '

No data exists to illustrate the effect of irradiation on the properties of

Ir, Re, and V.

Figure 4.4.1 illustrates the effect of neutron irradiation upon the tensile
hardness and notch bar transition temperature properties of Mo. In general,
irradiation increases the yield strength of Mo and raises the ductile-brittle
transition temperature. In many cases the irradiation hardening is moderate
and does not reflect the significant embrittlement that may have occurred. Theo-
retically, these changes would not take place if irradiation was done at high
entiu;.gh temperatures; tests at 750°F and an estimated 3 x 1020 thermal nvt (3 x
10

embrittlement.

for 1 nv) indicated that still higher temperatures would be needed to avoid

Effect of irradiation in the properties of Ta is moderate. Commercially
pure Ta when subjected to an estimated integrated flux have 1. 1019 slow and
5x 1019 fast neutrons, showed an increase of about 20% in hardness and strength
with a decrease in ductility of about 20%. This irradiation also caused a slight

decrease in density and die measures and a slight increase in the electrical
4.1)

V‘ery little data are available to illustrate the effect of irradiation on the
properties of Ti. When commercially pure Ti-75A was exposed to a total flux

of 2.2 to 6.6 x 10°° nvt thermal neutrons, it increased in yield strength from

NAA-SR-8617, Vol III
' 4.33



59,500 to 105,000 psi. The ultimate strength increased from 81,200 initially to
105,000 psi after irradiation and the elongation decreased frbm 26 to 13.4%. The
results indicated that the effects had approached saturation. An increase of

6.7 to 7.7% in electrical resistivity was noted in Ti-75A after a similar exposure
of 2.2 to 6.6 x 10%° 20 nvt/cm2
Ti showed a lattice parameter increase of 0.14% by annealing at 700°C resulting

. . . 4.1
in a return to nearly the original parameter.( )

nvt thermal neutrons. After an exposure of 4 x 10

19 nvt fast neutrons

Tungsten exposed to 1 x 1019 nvt slow and 5 x 10
showed no significant change in the hardness. The electrical resistivity in-
creased nearly 40% and the density decreased 0.1 to 0.15%. After a similar
exposure a decrease of approximately 22% was observed in the tensile strength
of tungsten wire. However, the samples were brittle and difficult to align the

tensile grips and a decrease may not be entirely related to irradiation!

223 T T T T T
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S
o
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TENSILE STRENGTH
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T
r
1
s

UNIFORM ELONGATION (%), HARDNESS (ROCKWELL C),

REDUCTION OF AREA (%) AND NOTCHED BAR TRANSITION TEMPERATURE (°C +30°C)
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Figure 4.4.1. Effect of Irradiation on
Properties of Molybdenum
(Reference 4.13)
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5.0 USEFUL INFORMATION

5.1 Units Conversion

¢

-

1 atmosphere
cal (mean)
cal/gm-°C
cal/sec-cm-°C
cal/sec-cm?
cal/sec-cm?-°C
cm
cm

cm/sec
2

2

cm3

cm

cm

cm3
gm

gm/cm3

kg
kg/cm?
kg/cm?
kg/cm2
kw

1

m

m/sec
mm of Hg
Torr
Torr
watt/cm-°C

watt/sec -

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1 gm/cmz
1
1
1
1
1
1
1
1
1
1
1
1
1
1 2

watt/cm
1 watt/cmz- °C -

14.7 1bg/in.?
0.00397 Btu (mean)
1.0 Btu/lb,,-°F
241.8 Btu/hr-ft-°F
13,272 Btu/hr-ft?
7373 Btu/hr-ft2-°F
0.03281 ft

0.3937 in.

118.116 ft/hr
0.001076 ft2

0.155 in.2

3,531 x 1072 ft3
0.06103 in.3
0.002205 1bm,
62.43 1b,, /ft3
0.01422 psi

2.205 1b

0.9678 atm

2.048 1b_ /ft?
14.22 b /in.?
3415 Btu/hr
0.0353 ft3

39,37 in.

3.281 _ft/sec
0.001316 atm

1.0 mm of Hg
0.001316 atm

57.79 Btu/hr-ft-°F

0.000948 Btu
3171 Btu/hr-ft?
1761 Btu/hr-ft%-°F
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TABLE 5.2
TEMPERATURE C,ONVERSIONS*

459.4° to 0° * to 60° 61° to 290° 300° to 890° 00° to 3000°
C [+] C C C

C ¥ F C F F (o4 F C F F C. F F
=273 -459.4 -17.2 1 33.8 16.1 61 141.8 149 300 572 482 900 1652
-268 =450 -16.7 2 35.6 16.7 62 143.6 154 310 590 483 910 1670
-262 -440 -16.1 3 37.4 17.2 63 145.4 160 320 608 493 920 1688
~257 -430 -15.6 4 39.2 17.8 64 147.2 166 330 626 499 930 1706
-251 ~420 -15.0 5 41.0 18.3 65 149.0 171 340 644 504 940 1724
-246 -410 -14.4 6 42.8 18.9 66 150.8 177 350 662 510 950 1742
-240 ~400 -13.9 7 44.6 19.4 67 152.6 182 360 680 516 960 1760
-234 -390 -13.3 8 46.4 20.0 68 154.4 188 370 698 521 970 1778
-229 -380 -12.8 9 48.2 20.6 69 156.2 193 380 716 527 980 1796
-223 -370 -12.2 10 50.0 21.1 70 158.0 199 390 734 532 990 1814
-218 -360 -11.7 11 51.8 21.7 71 159.8 204 400 752 538 1000 1832
-212 -350 -11.1 12 53.6 22.2 72 161.6 210 410 770 549 1020 1868
=207 -340 -10.6 13 55.4 22.8 3 163.4 216 420 788 560 1040 1904
=201 -330 -10.0 14 57.2 23.3 74 165.2 1| 221 430 806 571 1060 1940
-196 -320 -9.4 15 59.0 23.9 75 167.0 227 440 824 582 1080 1976
=190 -310 -8.9 16 60.8 24.4 76 168.8 232 450 842 593 1100 2012
-184 =300 -8.3 17 62.6 25.0 ” 170.6 238 460 860 604 1120 2048
-179 ~290 -7.8 18 64.4 25.6 78 172.4 243 470 878 616 1140 2084
-173 -280 -7.2 19 66.2 26.1 79 174.2 249 480 896 627 1160 2120
-169 -273 -459.4 -6.7 20 68.0 26.7 80 176.0 254 490 914 638 1180 2156
-168 =270 -454 <6.1 21 69.8 27.2 81 177.8 260 500 932 649 1200 2192
-162 -260 -436 -5.6 22 71.6 27.8 82 179.6 266 510 950 660 1220 2228
-157 -250 -418 ~5.0 23 73.4 28.3 83 181.4 271 520 968 671 1240 2264
-151 -240 -400 4.4 24 75.2 28.9 84 183.2 277 530 986 682 1260 2300
-146 -230 -382 -3.9 25 77.0 29.4 85 185.0 282 540 1004 693 1280 2336
-140 -220 -364 ~3.3 26 78.8 30.0 86 186.8 288 550 1022 704 1300 . 2372
-134 =210 -346 -2.8 27 80.6 30.6 87 188.6 293 560 1040 732 1350 2462
-129 -200 -328 -2.2 28 82.4 3L 88 190.4 299 570 1058 760 1400 ‘2552
-123 -190 =310 -1.7 29 84.2 31.7 89 192.2 304 580 1076 788 1450 2642
-118 -180 -292 ~-1.1 30 86.0 32.2 90 194.0 310 590 1094 816 1500 2732
-112 =170 -274 -0.6 31 87.8 32.8 91 195.8 316 600 1112 843 1550 2822
-107 -160 -256 0.0 32 89.6 33.3 92 197.6 321 610 1130 871 1600 2912
=101 =150 -238 0.6 33 91.4 33.9 93 199.4 327 620 1148 899 1650 3002
-96 ~-140 -220 1.1 34 93.2 34.4 94 201.2 332 630 1166 927 1700 3092
-90 =130 -202 1.7 35 95.0 35.0 95 203.0 338 640 1184 954 1750 3182
-84 -120 -184 2.2 36 96.8 35.6 96 204.8 343 650 1202 982 1800 3272
=79 -110 =166 2.8 37 98.6 36.1 97 206.6 349 660 1220 1010 1850 3362
=73 -100 -148 3.3 38 100.4 36.7 98 208.4 354 670 1238 1038 1900 3452
-68 -90 -130 3.9 39 102.2 37.2 99 210.2 360 680 1256 1066 1950 3542
-62 -80 -112 4.4 40 104.0 , 37.8 100 212.0 366 690 1274 1093 2000 3632
-57 -70 -94 5.0 41 105.8 43 110 230 371 700 1292 1121 2050 3722
=51 -60 -76 5.6 42 107.6 49 120 248 377 710 1310 1149 2100 3812
~46 =50 -58 6.1 43 109.4 54 130 266 382 720 1328 1177 2150 3902
-40 -40 -49 6.7 44 111.2 60 140 284 388 730 1346 1204 2200 3992
-34 -30 .22 7.2 45 113.0 66 150 302 393 740 1364 1232 2250 4082
-29 -20 -4 7.8 46 114.8 71 160 320 399 750 1382 1260 2300 4172
-23 -10 14 8.3 47 116.6 7 170 338 404 760 1400 1288 2350 4262
-17.8 ] 32 8.9 48 118.4 82 180 356 410 770 1418 1316 2400 4352
9.4 49 120.2 88 190 374 416 780 1436 1343 2450 4442
© 10.0 50 122.0 93 200 392 421 790 1454 1371 2500 4532
10.6 51 123.8 99 210 410 427 800 1472 1399 2550 4622
11.1 52 125.6 100 212 413.6 432 810 1490 1427 2600 4712
1.7 53 127.4 104 220 428 438 820 1508 1454 2650 4802
12.2 54 129.2 i10 230 446 443 830 1526 1482 2700 4892
12.8 55 131.0 116 240 464 449 840 1544 1510 2750 4982
13.3 56 132.8 121 250 482 454 850 1562 1538 2800 5072
13.9 57 134.6 127 260 500 460 860 1580 1566 2850 5162
14.4 58 136.4 132 270 518 466 870 1598 1593 2900 5252
15.0 59 138.2 138 280 536, 471 880 1616 1621 2950 5342
15.6 60 140.0 143 290 554 477 890 1634 1649 3000 5432

*Locate temperature in middle column. If in degrees Centigrade, read Fahrenheit equivalent in right hand column; if in degrees Fahrenheit,
read Centigrade equivalent in left hand column.
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5.2 Useful Formulas

To convert vol % to wt % of an individual component in a mixture of

x and y:

R
(wt % of x)= (vol % of x) (—p—)

m

(vol % of x)(100 px)

~ {vol % of xNg, - py) R,

To convert vol % to wt % of an individual component in a mixture of x and y:

P
(vol % of x) = (wt % of x) (-ﬁr—n-)

X

(wt % of x)(100 py)
B (100 px) - (wt % of x)(px - py) '

where R and p is the density of the individual components prior to mixing and

pm is the density of the mixture.
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