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ISOTHERMS FOR THE U-UH3-H2 SYSTEM AT TEMPERATURES 
OF 700°-1050°C AND PRESSURES TO 137.9 MPa 

Abstract 

A new pressure system utilizing a 
heated internal pressure vessel was used 
to obtain pressure vs. composition iso
therms for the V~H system over the range 
700° - 1050°C at pressures up to 137.9 MP 
(1361 atm). The experimentally-determined 
"plateau" pressures are compared with 

The literature presents considerable 
data on the equilibrium H„ pressures of the 
U-UH--H system below temperatures of 450° 
C. 1* 2* 3* 1* In these investigations, glass-
quartz systems were used, since the disso
ciation pressures were less than 1 atm. 
Several Investigations extended the studies 
to 650 CC 5' 6' 7 using a metal apparatus to 
contain the greater pressures. Recently, 
there have been experiments involving the 
LMI system to temperatures of 846°C. 6* 9 

Most studies were made by desorbing UH~. 
In the majority of cases however, no analy
sis was presented for the uranium used. 

An apparatus capable of clean opera
tion at high pressure and temperature was 
developed, without which this work would 
not have been possible. 

ThiB section discusses the apparatus 
and instrumentation, and describes a 

values extrapolated from Lower temperatures 
and pressures previously obtained by other 
workers. The current investigation shows 
that, in contrast to the work of Chevalier, 
et al., the U-H system retains broad two-
phase plateaus at temperatures as high as 
1050°C. 

i This report describes absorption ex-
:he periments that extend the data to signifi-
)° cantly higher pressures and temperatures: 
i- 137.9 MPa (1361 atms) and 1050°C. The 
>- system that was developed for this work 

is, in principle, capable of pressures to 
es 344.7 MPa (3402 atm) and temperatures of 

1200°C.' 
Experiments that determine the criti

cal point,the temperature above which only 
one phase exists, remain to be done. In 
addition, a study of the effects of 0_ on 

y- the phase diagram may resolve some of the 
discrepancies found in the literature.3 

cartridge-type heater and a cascade 
pressure system. 

PRESSURE SYSTEM 

The cascade pressure system consists 
of a sample container, itself a pressure 

Introduction 

Experimental Apparatus 



vesse l , and .in external pressure v e s s e l . f t 

The gas pressure Lnslde the sample rnn-
t a inc r Is balanced wttli gas pressure In 
the external ves se l . Tills svstem allows 
n sample to be t rea ted (n a clean environ
ment i i . e . , the sample Is not exposed tt> 
the furnace or other extraneous environ
ment. The inner vessel can be loaded 
separa te ly under <\r using dry-box procedur. 
The small volume of the Inner vessel per
mits smaller volumes of yus to be used. 
Increasing the s e n s i t i v i t y of the expe r i 
ment . 

*The ex te rna l pressure vessel and t runion 
were designed and fabr icated by Harwood 
Engineering Co. 

Overall vii'ws oi the in t e rna l support 
ves s ' l are shewn in Kins. 1 .iml .'. TIK-
pressu-e man 1 fold Is shown in Vly.. I. 
Figure 4 shows the flow diagram. Hit* c y l 
indr ical space ava i l ab le inside l lie vessel 
measures 7 .b2 em di.im and ' i t . J em in length. 
The body ts constructed ot A I S I-'. 1-',<I s t e e l . 
Within the body are two eon.-i-iii r K- l i ne r s 
fabr icated of TVI'K Jlh s t a i n l e s s s i . r l . 
The I two rmos l l ine r is circumlYreiu ial Iv 
grooved (grooves are c r l s s - c i o s s e d ) to 
permi t escape of any outward-d i f f us ing 
Has. In t h i s . v, only the 1U> s t a i n l e s s 
s t ee l i s exposed to II., and never the 4340 
s t e e l , T'h' two vessel closures a re 
mai'lUner* from A-2«b s t ee l (Kin. r>) . The 

Fig. 1. Hydrogen pressure vessel in operating position. External pressure syntein is on 
left, HampXe end on right, (Harwood Engineering Co, vessel and trunlon,) 



ilydrogi'n pressure vessel in U'adtnR pos i t i on . E lec t r i ca l loads and thermocouple 
I'tmpcntiiitorti are tilwwn on loft. (Harwood Engineertns Co. vessel and t run lon . ) 



Fig. i . instrumentat ion, gaa manifold, sample charging system and sample dusorption 
vol u lies. 



T/C 

T/C 
(Ipr) 

Relief value 
0 = T / C ~ DVM 

O p O 
Relief valve 

H« From h.p. pump for 
external support 

Fig. 4 . Schematic diagram for dual pressure system. P/T - pressure t ransducer ; T/C 
therrnoccuple; P/S - power supply; DPT - d i f f e r e n t i a l pressure t ransducer ; 
DVM - d i g i t a l vol tmeter . 

c losure seal? consis t of a bron2e wedge 
r ing ; a lead ring (square in c ro s s - s ee -
r l o n ) : a Viton spring-loaded Sal Seal ; 
,1 removal r i ng , (square in cross s e c t i o n ) ; 
and a Splrolox r e t a i n e r r i n g . AH metal 
r ings wore coated with Teflon to reduce 

Reference to a company or product name 
does not Imply approval or recommenda
t ion of the product by Lhe Universi ty of 
Cal i fornia or the U.S. Energy Research 
and Development Administration to the 
exclusion of o thers tliat may he s u i t a b l e . 

Bal Seal Engineering Co. 
2.622/CWO.I99. 

Series 506/ 

TFE coating #6070, Crown fndustrial 
Prod. Co. 

friction in assembly and disassembly and 
to prevent scoring of the vessel bore, 
which was honed to an 8 "uin. finish. 

Electrical leads (with bayonet-type 
disconnects) and furnace control thermo
couples enter the closuTe through BeCu 
tones. These cones are insulated from 
the closure witH BN coated with 2902 

tt 
ep->ny. The leads u'e shown on the left 
side of Figs. I and 2. On the left are 
also a H- gas port and a pressure transducer 
which monitors the external pressure. The 
closure un the right has attached to it a 

Tra-Con, Inc. 



Fig. 5. Furnace (LLL design"> and pressure vessel closures. 

sample vessel (shown elsewhere), sample 
thermocouples, a H- inlet, a pressure trans
ducer, and plumbing. The entire system 
rests on a trunion so that loading may be 
done vertically. In actual operation, 
the vessel is positioned horizontally to 
reduce Internal convection currents. Cool
ing of the vessel wall is accomplished 
with an external water jacket. 

The external pressure is obtained by 
pumping purified dry H. (purified by pass
ing through molecular sieve and liquid N. 
traps) from a 37.9 MPa (375 atm) bottle. 
The H ? in the inner vessel was also puri
fied as described above. 

The charging system for H 0 absorption 
work is shown in Fig. 3, just below tlie 
glass view port. To the left of the 
charging system is shown a series of gas 
bottles that would be used to withdraw 
measured amounts of gas from a hydridcd 
sample in desorptLon experiments. 

An expanded view of the cartridge 
heater Is shown In Fig. 5. This view 
shows the bayonet-type of connectors for 
a 2-zone furnace, while Fig. 6 shows the 
connectors on a 3-zone heater assembly. 



Fig. 6* Terminals t'or a 3-zone furnace and 3 thermocouples. (LLL design.) 

Figure 7 shows the windings for a 3-zone 
furnace. The windings are made of 0.038-
cm diam KW Mo wire. The furnace core is 
Alundum, with dimensions of 1.9 cm i.d. * 
2, Si cm o.d., 0.079 cm groove depth, 0.079 
groove width, and 16 turns per 2.54 cm. 
The Alundum wall is 0.3 cm thick. Each 
Mo heater winding has 2 ft resistance at 
ambient Lemperaturej power density is ~ 

2 
165 W/in. at maximum operating temperature. 
The voltage drop across each turn is 9V. 

Norton Co. RA 4139 Alundum 

Thermocouples for heater control are 
inserted in alumina tubes and laid across 
the windings. Norton RA 6139 cedent insu
lates the windings and thermocouples. 
Figure 8 shows how connections are made 
to the inside terminals of the cartridge 
heater. The entire sub-assembly is then 
encased in two addir ional tubes of alumina, 
and a slurry of Al.,0 poured in the void 
spaces between insulated winding and the 
adjacent tube. A 316 stainless steel tube 
with two alumina end-pieces (Coors AD 85) 
houses the completed assembly. Lead 



Fig. 7. Molybdenum windings on furnace core, 
supports the core during windings. 

Hire is 0.038 cm diara. Metal rod 

plating is used on the outer surface of the 
stainless steel tube to avoid scratching 
the vessel bore when the cartridge is in
serted. A special tool, shown at the bot
tom of Fig. 5, is used to insert the 
cartridge. 

Heater terminals are machined from 
Berylco 25 BeCu. Thermocouple connectors 
depend on the type of couple used. They 
may be Cr/Al, Gerainol P/N., or W5Re/W26Re. 

The cartridge heater design allows 
removal of the furnace for repair without 
removing the pressure vessel closure into 
which it fits. With water cooling, the 
temperature of the uppermost surface of 
the outer vessel does not rise above 40°C 
when the sample temperature is at 1000°C 
and 137.9 MPa (1361 atm). At no time did 
the lead plate on the cartridge melt. For 
operation at these conditions) the power 
consumption for each heater was 1100 , 
920, and 1368 W. A heater like the one 
described was cycled through 11 runs be
fore failure occurred in the center 
winding. The heaters are operated above 
their nominal power rating. This accounts 
for the shorter lifetime. 

HEATER CONTROLS 

Controls for each winding consisted 
of a Leeds and Northrup strip-chart re
corder with current adjusting controller 
and a saturable-core reactor. As in the 
case of Ft wound furnaces, these windings 
need to be brought up to temperature slowly 
(~200°C/hr) until sufficient resistance is 
obtained in the wire, or burn-out may re
sult from excessive loading. In addition, 
the control couples must not contact cold 
H„ as it enters the vessel, or the temp
erature control system will not respond 
properly. 

SAMPLE CONTAINER 

An expanded view of the sample con
tainer, serving also as a pressure vessel, 
is shown in Fig. 9. It measures 1.8 cm 
o.d. by 1.15 cm i.d. The vessel was ma
chined from Mo bar stock.* The end of the 
tube is sealed Into its fitting with either 
a flat copper washer or a copper lens-
ring. Both are silver plated. The tube 

Winding nearest terminal. Climet Molybdenum 



Fig. 9. Expanded view of sample 
container. 

can now be sealed into the pressure vessel 
closure via the 59° cone shown on the end 
of the fitting. 

The seal does not become heated, so 
there is no expansion and contraction and 
therefore leaks are avoided. A fine 
thread in the fitting also aids in main
taining the seal. The Mo tube has been 
exposed to instantaneous overpressures of 
60 atm at 930°C without failure. 

All plumbing associated with the 
sample vessel is reduced in volume with 
spacers or by inserting 316 stainless steel 
wire. 

Figure 10 shows the location of a 
Mo crucible with reference to the inner 
pressure vessel. A cylindrical piece of 
U lies to the left of the crucible. In 
Fig. 11, in addition to a Mo crucible, 
are shown a Lucalox, W, at%6 a BeO crucible. 
The BeO has been found to be quite satis
factory where liquid regions begin to be 

Flfi, 8. Assembled furnace core with 
terminal connections. Surface 
of windings Is covered with. 
Alundum cement. *General Electric Co. 



Fig. 10. Crucible, sample, spacers, and Mo tube. Seals on closure are, left to right, 
wedge ring, lead ring, Sal seal, bronze ring, and retainer ring. 

formed. A closed-end Mo protection tube 
is inserted into the crucible where cylin
drical crucibles are used. This tube then 
houses the thermocouple, either bare or 
sheathed, and so prevents contaminating 
the hydride. In the W and BeO crucibles, 
a hole has been drilled horizontally in 
the crucible to accommodate a thermocouple. 
The hole can he seen in Fig. 11 at the 
lower end of the BeO crucible. In the 
other case, a closed-end He tube is not 
used, and the bare wire thermocouple Is 
inserted directly into the crucible. 1'he 
Mo and Lucalox crucibles are 1.1 cm diam 
x 3.175 cm long. The W and BeO crucibles 
are 4.3 cm long and 1.1 cm in diam. 

The metal and De cylinders extending 
from the closure in Fig. 10 are spacers 
which reduce the volume of the system, 
thus making it more sensitive to the detec
tion of pressure differences. A small 
stainless steel frit in the closure Is 
used to minimize gas surges and to pre

vent particulate natter from entering 
other parts of the system. 

THERMOCOUPLES 

A high temperature, high pressure H_ 
environment affects thermocouple wire in 
two ways. Changes in calibration occur due 
to pressure. Should there be any moisture 
or 0- present, corrosion occurs; the degree 
of deterioration depending primarily on 
temperature. The best behavior is found 
in W-Re and Geminol thermocouples, although 
Cr-Al was also used when temperatures weie 
not severe. 

Four thermocouple designs are shown 
in Fig. 12. Types 1 and 2 are bare-wire 
•hermocauples and types 3 and 4 are used 
for metal-MgO sheathed thermocouples. In 
types 1 and 2, 0.036 cm diam wire is thread
ed Into 0.0397 era holes in a 0.158 cm diam 
alumina insulator. In type 1, the wire 
is also threaded through 16° BeCu cones 

-10-
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Fig. 11. Crucibles. (From left to right: Mo, Lucalox, W, and BeO). 

3 
* 

• • 

Fig. 12. Thermocouple assemblies. Types 1 and 2 are bare wire; types 3 snd 4 are 
sheathed. 



and brazed in place. The cone Insulators 
are pyrophyllite or BN. The small cones 
with their Insulators are then placed in 
a larger 59° metal cone and thence into a 
fitting which Is subsequently held in 
position by the gland nut (Fig. 12). This 
sealing arrangement is good for the 
pressure rating of the fitting used. 

Type 2 is a design using a 1.43-cm 
o.d, pressure tube to house the flat 
gaskets. It is satisfactory to 4140 atm. 
However, in this design, we have intro
duced four wires instead of two wires as 
used in a Pressure Products design. The 
gaskets are Teflon and Micarta. The fitting 
above the gaskets is designed not to rotate 
in the 1.43 cm diam tube as It is pushed 
onto the gaskets by gland nut rotation. 
Thus, there is no rotation of the gaskets 
which tends to shear off the thermocouple 
wires. A fo-'r-hole alumina Insulator is 
used for the bare wire insulation. 

Types 3 and 4 are commercially 
available metal-sheathed (MgO insulated) 
thermocouples. The ones shown are 0.0794 
cm and 0.159 cm diam. They are brazed 
into a standard 59° cone high pressure 
fitting. Hydrogen will permeate through 
stainless steel at elevated pressures and 
temperatures. Conditions at which the 
leak occurs under pressure and temperature 
are not reproducible. We have had 0.0794 
cm diam sheaths withstand temperatures 
of 950°C at pressures of 89.6 HPa while 
others would leak at 8Q0°C and at 70.9 MPa 
in -10 hours of operation. Sheath 
materials are also available in Mo and W. 
The seal must be made as shown for Type 
3 or 4. The bare wire Geminol P/N couple 
has been the "tost versatile to temperatures 

of 1260°C in reducing atmospheres. After 
212 hours of exposure at 954°C, the change 
in emf is only 0.13 mv. The hot junction 
can be made with an oxy-acetylene torch. 
The calibration in listed In Appendix A. 
The mv output is less than that of 
Chromel-Alumel. The WSRe-W 26Re couple is 
also excellent for use in H„ atmospheres 
but the hot junction must be made in an 
inert atmosphere and it is brittle. 

INSTRUMENTATION 

The instrumentation is shown in Figs. 
1 and 3. Pressures were measured using 
Taber Teledyne pressure transducers. The 
pressure-sensing diaphragm is welded to 
the body. They were periodically compared 
with Bourdon gages (accurate to within 
0.1% of range) but the primary calibration 
was performed with a Ruska Instrument 
Corporation dead-weight gauge. The gauge 
has an overall accuracy of 0.012. The out
put of pressure transducers was displayed 
on digital voltmeters. 

Each thermocouple was supplied with 
its own tempe.lture compensation device 
(made by Consolidated Ohmlc Devices). 
The temperatures were also displayed on 
digital voltmeters, either 4 or 5-1/2 digit 
display. 

Leak detection was performed with a 
portable gas leak detector, (Uson Corp., 
Model 510B) whose working sensitivity to 

-3 
H„ is 10 cc/sec. This is equivalent to 
about 32.8 cc gas loss/24 hr. 

Volumes of the charging section and of 
the internal pressure vessel w^re deter
mined to ~l% by expansion of He from a 

series of calibrated steel vessels. 

-12-



Procedure 

GAS ANALYSIS 

The charge gas was analyzed and found 
to contain the following species (all values 
are in ppm); Ar < 1, 0 ?» N 2 8 , CH^ < 1, CO * 
1, C0„ <- 1, H 20 2, and THC < 1. 

SAMPLE PREPARATION 

The U specimens used in these experi
ments were machined from a block of extra-
high purity U metal. The elemental 
analysis is shown in Table I and was ob
tained by spark-source mass-spectroscopy. 
Note that the specimen analysis show 0„ and 
N„ to be especially low. 0- and N 2 analyses 
were obtained by neutron-activation 
analysis; H by vacuum fusion. 

A total of 105 ppm (0.01%) of the 
sample consisted of elements which could 
not combine with H so that if each avail
able U atom combined with three H„ atoms, 
the apparent maximum H to U ratio would be 
only 2.99. 

Uranium samples were machined as 
hollow cylinders so that a maximum surface 
area was exposed for hydrlding. Use of 
cylindrical shapes also allowed pressures 
to be uniform throughout the crucible 
when expansion of the hydride occurred. 
The U cylinder occupied 70% of the free-
volume of the cruc*ble. Samples (7-8 g) 
were prepared for hydrlding by degreaslng 
In Hu)venf, then cleaning in nitric acid 
and wiwer. Further cleaning and drying 
was done with washings In reagent grade 
ethano] and acetone. Weighing and loading 
into crucibles, which were previously 
vacuum di?g,ttf«ed at *t/00°C', watt performed 

under dry Ar. The Mo tube with its loaded 
crucible was attached to the vessel 
closure, the gland nut torqued, and the 
entire assembly transferred to the main 
pressure vessel. A gas line with a valve 
(0.159 i.d.) already under vacuum was at
tached to the sample container after re
moval of a. protective plug. The hook-up 
time (<1 min) and the small bore of the 
sample container precluded air contami
nation. Subsequent analysis shows that 
0- levels were low. After evacuating the 
glove-box Ar from the inner pressure 
vessel, the pressure vessel was back
filled with high pressure He, checked for 
leaks, ant] then evacuated with the 
temperature set at 200°C, Hydrogen was 
then introduced in measured amounts, and 
the sample allowed to cool. In this way, 
the stoichiometry of a U hydride could be 
determined on each activation cycle. To 
fully activate the sample, it was heated 
to 600"C while hydrogen was evacuated and 
then added again. 

This cycle was repeated four times 
before the actual experiment began. 
Failure to activate the sample results 
in a displaced isotherm on the Pressure 
Composition Isotherm (P-C-T) diagram, 
indicating lower H, content. 

ABSORPTION EXPERIMENTS 

All pressure-composition Isotherms 
were obtained by absorbing H in U. With 
the Inner prcSHurt* vessel und«?r vacuum 
and U sample in pia.ee, the temperature was 
ruined to a desired value and a quantity 
of 1L was added to the external pressure 

•U-
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TABLE I. 
Analysis* obtained on extra-high-purity V metal. 

Weight Percent U-235, 0.1634 
All impurity results are in ppm on a uranium basis. 

Results-ppm Results-ppm 

Ag 
Al 
As 
Au 

Be 
Bi 
C 
Ca 
Cd 
Co 
Cr 
Cu 
Fe 
Ge 
In 
K 
Li 
Hg 
Hn 

<10 
< 1 
< 0.1 
<10 
< 0.1 
< 0.3 
15 

<10 
< 0.2 
< 1 
< 2 

3 
13 
< 0.3 
< 0.3 
< It 

< 1 

Mo 
Na 
ffl> 
Ni 
P 
Pb 
Rb 
Sb 
Si 
Sn 
Ta 
Ti 
Tl 
V 
u 
Zn 
Zr 
H 
N 
O 

< 0.5 
1 

< 0.3 
3 

<50 
2 

<10 
< 1 
13 

< 2 
< 0.3 
< 0.3 
< 1 
< 0.3 
< 0.3 
10 

< 0.3 
3 
4 
5 

^Elemental analyaie was obtained by emission spectroscopy, Bpark source mass 
spactroacopy and vacuum fusion. 

vessel which would equal the expected 
pressure in tha inner vessel by the addi
tion of the firat aliquot of Hj. Some Hg 
was then admitted to tha inner veasel 
frost the calibrated charging system. A 
pressure transducer reading indicated the 
amount of H« sd<*4d. The temperature at 
the firat heater d'w 9. J slightly as 
cold H„ waa added, to Lhe system was 
then allowed to equilibrate until a 

uniform temperature again appeared. We 
recorded pressure and temperature if no 
further changes occurred In an additional 
30 min interval. Then, another aliquot 
of H. was added and the sample allowed 
to reach a new equilibrium. This 
procedure was repeated until the desired 
final pressure was reached at the 
temperature of interest. 



The procedure for locating P-C 
is )therms amounts to successive calcula
tions of how the H 2 is distributed between 
the hydride and the gas phase during each 
step of the experiment. The experiment is 
further complicated by the fact that gas 
exists at temperatures varying between 
room temperature and the temperature of 
the sample. In other words, the gas 
simultaneously occupies a hot volume and 
a cold volume. In addition, the expan
sion of the sample due to changes in 
density on hydriding (U metal p • 19.07; 
UH„, P • 11.4) can produce errors in the 
P-C-T diagram at high-gas densities 
because solid expansion reduces the internal 
free-gas-volume. Corrections must be made 
for this. 

The method for determining the P-C 
isotherm involves the following steps.* 
First, a mock sample of Ho (or Au for 
lower temperatures) is placed in the 
crucible in lieu of the U. A constant 
temperature run is made in which H, is 
added in aliquots and the pressure 
recorded. A plot is made of n moles of 
H„ added vs. pressure. However, this plot 
contains no allowance for the expansion 
of the various hydride compositions to 
be encountered in the actual run, so 
corrections are made as explained below. 

An actual run is now made with U at 
the same temperature and n aliquots of 
H 2 added are plotted vs. pressure. Thus, 

(n - n ) at a particular pressure repre
sents the number of moles of H ? absorbed. 
A rough plot Is obtained in this way. 
Corrections are made to n at the 

s 
"plateau" extremes due to expansion of the 
particular UH composition. In other 
words, because the hydride expands, de
creasing the free-gas volume of the in
ternal vessel, fewer moles (n - An), 
are needed to maintain a pressure than if 
there were no expansion in the UH . 

The correction may be made as ex
plained in the following paragraph, or by 
determining a calibration curve which 
uses a mock sample equal to the volume of 
UH for the particular UH being consid
ered. 

If V x - njZjRT/Pj, 
where 

V. » free volume at P. with a 
Mo mock sample 

P. - pressure with n. moles of 

n, - moles H2 needed to maintain 
Pj in the hot-cold system, 

Then when U is added to the system, the V. 
Is changed by some amount, AV, due co the 
formation of a UH and with the new volume 
<V- - AV), fewer moles of n. are required 
to maintain the same pressure. Therefore, 

V l - n i 2 i R T ' p 

The equation of state for llj has not been 
measured directly at both high tempera
tures and pressures. Northrup 8 has used 
another method* 

required to maintain the same pressure. 

and n„ becomes Che new n . See Appendix 
B for a numerical calculation. 

The number of mole* of H- Added were 
calculated using a program executed on a 



CDC 7600. These code calculations are 
accurate to better than ± 0.1X (2 o) for 
pressures to 110,3 MPa (1089 atm) over a 

The pressures-composition isotherms to 
1050°C and Co pressures of 137.9 NPa 
(1361 atm) are shown in Fig. 13. To our 
knowledge, this is the first report 
describing the phase-diagram at tempera
tures above 846°C. Future work will 
determine whether absorption and desorp-
tion isotherms are identical, although 
Llbou*"^ claims tnat no hysteresis exists 
above 450°C in the U-H system. The shapes 
of the Isotherms are consistent with the 
following interpretation. 

W e n V IB heated, it absorbs H- form
ing a single solid phase of H 2 dissolved 
in U. This process continues until the 
appearance of two-solid phases in equi
libria with H 2 and dependent on tempera
ture. They consist of 6-uranlum hydride 
and <"uranium metal saturated with H,. 
The "plateau" region thus formed is nearly 
independent of H. content over a long 
range and the pressure remains almost 
constant. With the further addition of 
it-, a alngle solid solution (U in 
ataicHlometrlc hydride) forms* represented 
by th? rapidly ascending portions of the 
lsoth*r*s. In Fig. 13, if the recorded 
valued do not represent true equilibria, 
they St least represent apparent equili
bria <>f sufficient stability to be physi
cally significant. 

Ttie stoichiowatry approaches (IHj at 
the lowtr tups rat urss but vary high 
prsiiarsa would bs naedad to gat UHj Q at 

temperature range of 0-100 DC. It should 
be noted that the H- gas for charging itf 

always at room temperature. 

o higher temperatures. As seen from the 
figure, the trend of experimental points 
indicates that the deviation from stolch-
iometry at the experimental pressures iff 

appreciable at higher temperatures. 
According to Llbowitz, the non-stoichio^ 
metric behavior of U hydride is due to 
H 2 vacancies rather than interstitial U 

ts and "higher temperatures wtilch accommodate 
es more vacancies. 1 1 Condon 1 2 presents an 

alternate model in which he considers 
the effect of 0„ contamination on the 

i- position of isothermal lines, tn our 
experiments, the 0„ levels increased frfm 
5 ppm in the as-received metal up to 
146-310 ppm in the hydrided samples. Tlie 
N_ content varied from 15-35 ppm. 

In Che region where the plateaus turn 
upwards, we have noticed that Che upturn 

ly is not as abrupt as might be expected. 
Slowness in attaining equilibrium may be 

a contributing factor, but this is only 
a guess. It Is speculated that at lOSO^C 
the Bingle phase region on the H^ rich 

e < 1 «A4* SKUAU hfs*tA at. a. U/U ratio of 2.23. 
At 1000'C the H/U ratio is 2.35. 

In our work to dace, we hove not 
reached the "critical point" where the 
two plateau edges (U-rtch and hydride-
rich aides) must coincide. Condon 1 2 hai* 
stated chat if the hydride remained so:id, 
a critical point may not be achieved be* 

luw -1800'C. In contrast ro the above, 
t Chevalier, «c al.,'* describe* a critical 

Results and Discussion 
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Fig. 13. Pressure-composition-temperature diagram for the U-UH--H„ system, absorption 
Isotherms. 

point of only 830*c, This c r i t i c a l point 
i s a lso lnconslstfinc with reported temper
atures as high as 1400°C, and with the two-
phase equilibrium pressures observed by 
Malleet and Tractate . 1 " It i s possible 
that Chevalier's sample reacted with so«e 

other material in the open-furnace environ
ment and fai led to consume H, at the higher 
temperature. We have observed incipient 
Fusion at IQ5Q*C in post mortem examination 
of th# sample, curl ier work ah'- fed that 
• s i t i n g occurred at about .. temperature. 1 



In Fig. 13, we observed that a slope 
occurs in the plateau pressures. It 
varies from a small total AP of 0.55 MPa 
(5.4 asm) in the 700°C isotherm to a AP 
of 6.89 MPa (68 atm) at 1000°C. Sloping 
plateaus have also been observed by North-
r u p . s , I G Several attempts have been made 
to explain the causes for a slope. Mc 
Quillart,17 In his work with Ti hydrides* 
attributes it to impurities. The plateau 
pressures of the Th dihydride measured 
by Nottorf 1 6 and Mallett and Campbell 1 9 

are also not constant, but increase with 
increasing H content. Libowltz 2 0 has 
shown that the existence of thermal grad
ients along the sample during the P-C-T 
measurements will lead to such a sloping 
plateau. We have also performed experi
ments deliberately varying the temperature 
flat-zone and found large slopes when this 
was done. If a reason has to be given at 
this time for our sloping plateau, it is 
probably small and undetected temperature 
gradients and not impurities, since we 
used very pure U in our work. However, we 
cannot exclude the possibility that if a 
sufficient number of points were taken 
along the plateau more than one slope might 
result indicating some phase change. 

Two lsochores are plotted in Fig. 1A. 
One is for a U hydride composition of 
UH-. 5 and the other is for UH, Q . Using 
the integrated form of the van't-Hoff 
equation/ 1 

4nP, Ho (atm) fr-*sr) 
for each composition we obtain a value of 
-26.4 Kcal/mole for the enthalpy ( A H ) * 

*&H m plateau AH. 
P 

for UH- Q . Extrapolating these values 
leads to -27.3 Krnl/mole for the apparent 
enthalpy of UH„ for th1; temperature r^ng^ 
700°C -1050°C. At lower temperatures 
(260-650°C) t a value of AH = -30.6 Keal/ 
mole (average value) was obtained by 
previous investigators. The AS values 
calculated from our data were -39.13 and 
-39.6 Kcal/°K/mole H„ respectively. 

Table XI compares data extrapolated 
From previous data at lower pressures and 
temperatures with our current investigation. 
Impurities affect the location of a plateau 
in that they raise the dissociation 
pressure. It should be noted that the 
values tabulated from previous work are 
for desorption experiments. 

A comparison was made of Northrup's 
and our data at the H-rich plateau termini 
for comparable temperatures. The 
comparison is shown tn Table III. 

Our UH values are slightly lower by 
-2-3% depending on the temperature selected. 
The variations in the data may be due to 
differences in experimental and calcula
tions! technique. 

HYDR1DED SAMPLE EXAMINATION 

rwo samples of hydrlded U were reclaimed 
for post-mortem examination. Figure IS 
shows a sample which had been hydrided at 
950*C to a stoichiometry of UH, ,., and 
then cooled for I hr under high pressure 
H„ until the pressure reached 43.9 atm at 
room temperature. The final composition 
was analyzed as UH„ ___ and the structure' 
Is seen to be porous, Figure 16 shows a 
sample trented at 1050°C to a composition 
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TABLE II. 

Comparison of thermodynamic properties for Uranium Hydride 

Temperature 
range- cC 

Enthalpy-
Kcal/mole 

Pressure atm 
Investigator 

Temperature 
range- cC 

Enthalpy-
Kcal/mole 800° 900° 1000° 1050° 

Spedding1 260-430 -30.8 160.7 181.1 765.5 1041.1 
Flotow & Abraham 2 300-420 -30.45 93.6 217.75 411.68 544.37 
Wlcke & Otto** 200-430 -30.5 148.8 326.6 666.8 898.2 
Mogard & Cabane 5 500-650 -30.7 139.5 319.8 639.6 843.8 
Libowitz & Gibb 7 450-650 -30.3 141.5 323.2 643.0 850.6 
Northrup 8 450-800 -30.6 a 139.7 b 323.2 639.6 847.2 
This Work 

(Absorption Only) 
700-1050 -27.3 127.6 b 270.l b 

(Average values 
535.5 b 

across 
748.5 b 

"plateau.") 

Northrup 8 reports an extrapolated value of -28.96 at 425°C, 

Indicates experimental value; all others are extrapolations. 

TABLE III. 

Comparison of Sandia Labs and LLL data at single-phase boundary region. 

Temperature 
°C 

uH x 

Sandia LLL AX 

846 2.7 2.62 estimated 0.08 
801 2.72 2.67 0.05 
700 2.8 2.73 0.07 

(Note: The UH values were obtained from comparable isotherms of the respective 
plotted data.) 



Fig. 15. Sample of uranium hydride, cooled under H , a f t e r treatment to 950"c. 
Composition a t 950V. uas U H

2 , 5 3 - F l n a l s toichiometry U '^ .gBy 

Fig . 16. Sample of uranium hydride , cooled under H,, a f t e r treatment to 1050°C. 
Composition a t 1050°C »aa UH „. Final stolcliiometry V\-12-



of U H n „.* It was also cooled under high 
pressure H„ until the pressure stabilized 
at 227 atm at room temperature. The final 
composition was UH_ _„. This sample indi
cates that Incipient Fusion had occurred. 
This was shown by the lack of porosity* 
rounding of particles, and the reflection 
of the contour of the BeO crucible. 
Figures 17 and 18 are polished specimens 
of the above two samples. Polishing was 
accomplished with 1 u (particle size) 
diamond dust in kerosene. The white 
stringers are U metal in a matrix of 
hydride. 

It appears from the final stoichio-
metry and the photomicrographs that 

The 1050°C isotherm on the P-C-T diagram 
was run on a different sample of U. 

• Isotherms for the U-UH^-UHj 
system have been determined from 700°C 

to IQ5Q°C. At the high temperature, It 
seems that the start of the single phase 
region on the hydrogen-rich side would 
begin at H/U ^2.23. At lOOO'C, it is 
at a H/U - 2.35. Incipient fusion haB 
been seen at ~1050°C. We believe that 
the phaae diagram can be extended to at 
least 12O0*C and 345 MPa (3402 atm) H, 
pressure in the present apparatus. Ap
parently the so-called "critical point" 
may be at lower temperature than previ
ously believed. 

slightly more free U is present in the 
1050°C sample, although there was 
sufficient H, to completely hydride it. 
In the 950°C sample, the amount of free 
U is - 1 % as determined by a Quantlmet 
720 image analyzer. In the 1050°C sample, 
it is -2.22. It is thought that H, did not 
penetrate the surrounding hydride to the 
metal stringers in the relatively Bhort 
cooling time. The H/U ratio of 2.72 in 
the 1050° sample could be due to 
accidentally sampling an unusually metal-
rich region. The location of white 
stringers in the micrograph suggests 
original U grain boundaries. In the 
fabrication of U hydride composites under 
isostacic pressures, one probably needs 
to hold the system at a constant 
temperature for an appreciable time for H„ 
to diffuse throughout the entire mass. 

• The use of an internal pressure 
vessel made of Mo, heated externally, 
and supported externally with H~ gas is 
possibly the cleanest apparatus for high 
temperature pressure work used to date. 
Both absorption and desorption experiments 
may be performed with it. 

• A method has been used whereby 
calculation of the density of H, in a 
variable temperature system has been 
avoided. This involves the use of 
calibration curves, and making appro
priate corrections for th VUexpansion. 

Summary 
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Fig. 17. Sample treated at 950*c to a 
stoichiometry of UK2.53. Cooled 
under high pressure Hj, The 
dark areas are voids. Final 
composition UH2.987- Magnified 
500X. Oxygen analysis 0 n two 
sections showed 146 ppm and 
210 ppm. Nitrogen analysis 
showed 20 ppra and 35 ppm, 
respectively. 

Fig. 18. Sample treated at 1050°C to a 
sloichiometry of VHQJJ. Cooled 
under high pressure Hg. 
Polished mechanically with 1 
diamond power. Cooled in one 
hour. Final composition UH2 72 
Magnified 500K. 

Fig. 19. Sample area adjacent to that in 
Fig. 18. 0 2 is 310 pp m; K 2 is 
15 ppm. 
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Appendix A 

"Ft 0 10 20 

0 ••.79 - .16 
100 . 9 0 1.04 1.17 

200 2.26 2.40 2.54 
300 3.66 3.80 3.94 
400 5.07 5.22 5.37 
500 6.57 6.73 6.89 

6 0 0 8.18 8.36 8.52 

700 9.84 10.01 10.18 
800 11.56 11.74 11.92 
900 13.35 13.54 13.72 

1000 15.20 15.39 15.58 

1100 17.11 17.30 17.50 
1200 19.05 19.25 19.45 
1300 21.06 21.26 21.47 
1400 23.10 23.31 23.52 
1500 25.20 25.41 25.62 

1600 27.30 27.52 27.73 
1700 29.46 29.68 29.90 
1800 31.65 31.87 32.09 
1900 33.86 34.08 34.30 
2000 36.08 36.30 36.53 

2100 38.32 38. 54 38.76 
2200 40.5] -VO. 76 40.98 
2300 42.76 

Driver Harr is Co. The pi 
negative leg cons i s t s of : 
thermocouple i s ± 4°F in 1 

Geminol P and N thermocoi 
emf in mV reference junct ion 

30 40 50 60 

- .027 . 1 0 . 2 4 . 3 7 

1.31 1.44 1.58 1.72 
2.68 2.82 2.96 3.10 
4.08 4.22 4.37 4.51 
5.52 5.67 5.82 5.97 
7.05 7.21 7.37 7.52 

8.69 8.85 9.02 9.19 
10.36 10.53 10.70 10.87 
12.10 12.28 12.46 12.63 
13.91 14.09 14.28 14.46 
15.77 15.96 16.16 16.35 

17.69 17.89 18.08 18.27 
19.65 19.85 20.06 20.26 
21.67 21.88 22.08 22.28 
23.73 23.94 24.15 24.36 
25.83 26.04 26.25 26.46 

27.95 28.16 28.38 28.60 
30.12 30.34 30.56 30.77 
32.31 32.53 32.76 32.98 
34.53 34.75 34.97 35.19 
36.75 36.98 37.20 37.42 

38.99 39.21 39.43 39.65 
41.21 41.43 41.65 41.87 

isltlve leg consists of a 20% 
\% Si in Si. The negative le 
:he range 0-500°Ft and 1 3/4% 

lple* 
at 32°F 

Change per 
70 80 90 °F 

. 5 0 . 6 3 . 7 7 .0133 
1.85 1.99 2.12 .0136 
3.24 3.38 3.52 .0140 
4.65 4.79 4.93 .0141 
6.12 6.27 6.42 .0150 
7.68 7.84 8.02 .0159 

9.35 9.52 9.68 .0166 
11.04 11.22 11.39 .0172 
12.81 12.99 13.17 .0179 
14.65 14.83 15.02 .0185 
16.54 16.73 16.92 .0191 

18.47 18.66 18.86 .0194 
20.46 20.66 20.86 .0201 
22.49 22.69 22.90 .0204 
24.57 24.78 24.99 .0210 
26.67 26.88 27.09 .0210 

28.81 29.03 29.24 .0216 
30.99 31.21 31.43 .0219 
33.20 33.42 33.64 .022] 
35.41 35.64 35.36 .0222 
37.65 37.87 38.10 .0224 

39.87 40.10 40.32 .0222 
42.09 42.32 42.54 .0222 

Cr, 1% Co balance Ni alloy. The 
; is magnetic. Accuracy of the 
above 500 DF. 
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Appendix B 

Calcula-ions to correct the placement of 
the P-X curve: 

7.8571 g U 

0.68154 - 0.4125 • 0.26904 

"2 " n l njUV/Vj) 

n 2 - moles of gas when UK 
forms 

"l • moles of gas when U 
present 

av - change in froe-gas vc 

v i " original volume. 
11.67 cc 

u 
p 

- 19.07 g/cc 
m,.M • 11.67 g/cc 

7.8665A9.07 • 0.4125 cc U 
(2.635 + 238.07) - 240.705 

240.705/238.07(7.8665) - 7.9536 g UHj 6 J 5 

7.9536/11.67 - 0.68154 cc UH, . , 

0.0295 (from n 

0.0295 (0.26904) 
11.67 

n, - 0.02882 • iww n 2 s 
to be subtracted 
from n-. tt> Ret 
notes absorbed at 
the it.irclrijl.ir 
pressure. 

n s - ( 0 . 0 / 3 0 ! - 0.028X2) 
•* Twrtv* nViBcrtiicii i 

then 

(molea H, iibnorbcd) 2 ntoms/noU* 
MoU'S I? metal 

TAL/grw 

http://it.irclrijl.ir

